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Abstract: The seasonally ice-covered marine region of the European Arctic has experienced warming
and sea ice loss in the last two decades. During expeditions in August 2020 and 2021, new data on
size-fractioned primary production (PP), chlorophyll a concentration, phytoplankton biomass and
composition and carbon fixation rates in the dark were obtained in the marginal ice zone (MIZ) of the
Barents Sea, Nansen Basin and Greenland Sea to better understand the response of Arctic ecosystems
to ongoing climate changes. Four different situations were observed in the study region: (i) a bloom of
the large-cell diatom Podosira glacialis, whose biomass was trapped in a strong halocline at the edge of
a dense ice cover; (ii) a bloom of the chain-like colonies of Thalassiosira diatoms on the shelf in mixed
waters in fields of shallow ice that could be supported by “fresh” elements in the polynya condition,
as well as by terrestrial run-off and drifting ices; at the late stage, this bloom was accompanied by
intensive growth of Phaeocystis pouchetti; (iii) dominance of small-cell phytoplankton under weakened
stratification and the significant influence of the Atlantic water, depleted of microelements and
silicates; (iv) dominance of dinoflagellates of eutrophic water in the contact zone between the water
masses of Arctic origin and Atlantic origin in clear water under conditions of increased light intensity.
The >10 µm phytoplankton cell size group increased its relative contribution to PP as a response to
stratification, light and nutrient load associated with sea ice conditions. Small phytoplankton with
sizes < 2 µm formed the basis of total PP in the MIZ regardless of the state of the sea ice.

Keywords: primary production; phytoplankton size-class groups; carbon-to-chlorophyll a ratio;
diatoms; dinoflagellates; coccolithophores; dark carbon fixation rate; marginal ice zone; Nansen Basin;
Greenland Sea; Barents Sea; Norwegian Sea

1. Introduction

In the Arctic Ocean (AO), the area and thickness of the ice cover have been decreasing
during the last two decades [1,2]. Positive trends for the primary production (PP), registered
from satellite-based estimates [3–6], have been found for almost all seas of the AO. A
significant effect from the expansion of ice-free areas is observed in the seas exposed to the
strong influence of river runoff—the Kara, Laptev and East Siberian Seas (56%)—and to a
lesser extent in the seas influenced by the North Atlantic—the Barents Sea (24%) and the
Greenland Sea (10%).

The triggering factor for phytoplankton blooms in the Arctic Basin is the spring
increase in solar activity. Exceeding the threshold values of photosynthetically active radia-
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tion (PAR) under optically transparent annual ice causes a local increase in phytoplankton
biomass (PB), which is observed up to ~84–86◦ N (Amundsen and Nansen basins) [7,8].
Here, the phytoplankton growth rate increases from February (at ~71◦ N, Baffin Sea) and
reaches its maximum in April–May under conditions of the solid ice cover, i.e., two months
before its melting and destruction [9].

Spring phytoplankton blooms are observed during the seasonal ice breakup in the
European Arctic. Blooms develop in the marginal ice zone (MIZ) as a result of meltwater
entering the surface mixed layer (SML) and increasing water column stability, leading to
PB accumulation [5,10]. Phytoplankton bloom in summer and continue into the spring
bloom, which begins under ice cover in lenses of brackish water [11].

The high spatial heterogeneity of the hydrophysical characteristics of the MIZ leads to
redistribution of the light regime due to drifting ice fields, biomass and nutrients under the
influence of sporadic phenomena (mixing, eddies, etc.) [12]. Thus, the temporal develop-
ment of blooms does not follow a smooth curve (growth, peak, decline, post-bloom) within
the MIZ but is characterized by spatial patchiness in eddy structures [13]. Nevertheless, all
stages of the seasonal succession of phytoplankton can be simultaneously observed in this
zone [14].

Phytoplankton blooms with different compositions of dominant species that leave dif-
ferent biogeochemical “footprints” in the water column and affect element fluxes and
ecosystem functioning. An approach based on estimating the contribution of phyto-
plankton of different sizes to biomass and PP allows the characterization of the food
web, the carbon fixation rate and the amount of matter exported to the deep ocean [15].
In particular, the predominance of picophytoplankton (<2 µm) and nanophytoplankton
(2–20 µm) indicates the regeneration of organic matter through the microbial food web and
its accumulation in the euphotic zone (Zeu) due to the low sedimentation of small cells. In
contrast, the dominance of microphytoplankton (>20 µm) implies the high sedimentation
rate of recently assimilated carbon to the bottom. According to Falkowsky et al. [16], when
light conditions improve at the end of winter in seas with pronounced seasonal phenom-
ena or due to nutrient pulsation in the Zeu, the ecosystem is perturbed, which causes an
outbreak of large phytoplankton development. After resource depletion, the ecosystem
returns to an equilibrium state where regenerated PP prevails and that is dominated by
small phytoplankton.

In the European Arctic, diatom and haptophyte populations develop during the spring
bloom in response to system-wide environmental shifts and the increasing influence of
intermediate water of Atlantic origin (AW) on the productive layer observed since the
1990s [7,11,17]. Among haptophytes, Phaeocystis pouchetti dominates, inhabiting single cells
of ~5 µm size and colonies of cells of up to 2 mm. The successful development of this species
may be related to its adaptation to the rapid change in the light regime under the conditions
of drifting ice fields, low concentrations of nutrients and weak stratification [7,11]. Regional
diatoms belong to the microphytoplankton and, in contrast, are sensitive to the reduction
in both the ice cover area and ice thickness. It has been shown [18] that silicates may
decrease due to the increasing influence of AW. Picophytoplankton consists of endemic
Arctic picoeukaryotes and picocyanobacteria associated with both AW and Polar-origin
water (PW) [19–21].

There are limited estimates for PP and the contribution of different size groups of
phytoplankton in the MIZ at high latitudes. However, these studies are rather significant
under the conditions of the “atlantification” of the Eurasian Basin for understanding
the carbon cycle changes in the recent ocean. Therefore, our work aimed to study the
contribution of different size groups of phytoplankton to PP and chlorophyll a (Chl a)
concentration in the MIZ of the European Arctic seas.

The following questions are addressed in this study:

(i) How does the contribution of phytoplankton of different sizes to PP change at high
and low sea ice concentrations in the European Arctic in summer?
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(ii) What environmental factors influence the species and size structure of phytoplankton
in the European Arctic in summer?

2. Materials and Methods
2.1. Study Area and Fieldwork Description

The studied region is located in the area of interaction between two major water
masses, namely AW and PW. The data were obtained in the European Arctic during two
research cruises of the RV Akademik Mstislav Keldysh (the 80th in August 2020 and the 84th
in July–August 2021) [22,23]. The cruises covered the Norwegian, Greenland and Barents
Seas and Nansen Basin (Figure 1). Here, we report the results of the size-fractionated
structure of Chl a, phytoplankton and PP collected at ten stations located in the MIZ of
the study region. In the Nansen Basin, the stations (sts.) 6860 and 6861 were sampled
on August, 17th and 18th, 2020, respectively; sts. 7075 and 7078 on August, 11 and 12,
2021. The results for the Greenland Sea (sts. 7052–7055) and the northern Barents Sea (sts.
7092, 7098, 7100) were obtained in 2021 on August, 2nd and 3rd in the first area and on
August, 18th and 19th in the second one. In addition, four sampling stations were located
in contrasting areas of the southern Barents Sea (st. 6871 in 2020 and st. 7106 in 2021; both
stations were sampled on 22 August) and Norwegian Sea (st. 6838 on 8 August 2020 and
st. 7048 on 30 July 2021), free of seasonal ice cover, where the samples were also divided
into fractions.
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Figure 1. Location of stations sampled in the marginal ice zone and southern areas of the European
Arctic seas in August 2020 and 2021. Schematic of main current flow—the East Greenland current
(EGC) and the West Spitsbergen current (WSC). Fragments of Sentinel-1A/B quasi-synchronous radar
images retrieved for days of sampling in the MIZ (areas I, II, III and IV). No satellite imagery for the
Emiliania huxleyi bloom area (V) for days of sampling in 2021.
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2.2. Sampling, Hydrography, Light Conditions and Chemical Analyses

At all stations, CTD (conductivity–temperature–depth) casts were conducted. A
SBE9 + CTD underwater system (Sea-Bird Electronics Inc., Bellevue, WA, USA) was used,
interfaced with a sampling carousel of 24 Niskin bottles (10 L volume of each bottle). For
biological and chemical analysis, seawater samples were usually collected to at least 300 m.
Each sampling depth was determined in order to cover the SML, depth of maximum
change in the density of the water column, pycnocline, depth where the pycnocline ends,
fluorescence maximum and depth of Zeu. The SML was defined based on the value of
0.03 kg·m−3 deference in water density at the depth from the surface density (∆σ).

Incident PAR was continuously recorded using a LI–190SA planar sensor (LI-COR
Environmental, Lincoln, NE, USA) mounted on the foredeck high above a vessel’s deck. The
two LI-192SA sensors were used to measure the underwater irradiance before hydrocasts.
Each sensor measures the PAR from all angles in one hemisphere. The results of the
measurements were cosine corrected and expressed as photosynthetic photon flux density.

The PAR level for each sampling depth in the MIZ was calculated with the model:

PAR(z) = PAR(0−)exp(−Kdz), (1)

where PAR(0−) is the PAR just below the surface and Kd is the averaged vertical attenuation
coefficient of planar downwelling irradiance for the layer of 1% PAR depth. In the MIZ, the
ponded ice albedo (0.2) was used to obtain estimates of the surface layer scattering.

As a rule, the samples for hydrochemical analyses were collected at the same depths as
those chosen for measuring the biological parameters. Analyses of dissolved mineral phos-
phorous (PO4), silicate (Si(OH)4), nitrate (NO3) and nitrite (NO2) nitrogen were carried out
according to standard methods [24] on board the vessel using a UV-VIS spectrophotometer
HACH DR6000 (HACH-LANGE GmbH, Düsseldorf, Germany). The nitrate and nitrite
concentrations were summarized and presented as NO3. Total phosphorous weas analysed
as dissolved mineral phosphorous following mineralization (detected in 2021 only). The
detection limits for NO3, NO2 and PO4 were <0.02 µM and for NH4 and Si(OH)4 were
~0.05 µM.

2.3. Standing Stock of Phytoplankton

A 500 mL sample for the phytoplankton study was collected from each depth and
fixed with 40% neutralized formaldehyde to a final concentration of 1%. The phytoplankton
cells were concentrated by the twofold method. Initially, they were concentrated in vials by
settling for at least two weeks and decanted to a volume of 10 mL. Then, the precipitate was
poured into a test tube and, after settling for several days and decanting, the volume was
adjusted to 2–3 mL. The abundance of phytoplankton was determined by using an Ergoval
light microscope (Karl Zeiss, Jena, Germany) with 16 × 10 to 16 × 40 magnifications. Cells
with linear dimensions < 20 µm were counted using a Naujotte chamber (0.05 mL); the
large cells were counted using a Naumann chamber (1 mL). The cells were counted in
2–3 replicates depending on the concentration of cells. Unidentified species of the size
group 4–10 µm were assigned to the small flagellate group. Phytoplankton ≤ 2 µm is size
was assigned to the picoplankton group.

Cell volumes were calculated from cell geometry after measuring the size [25,26]. To
obtain estimates of the carbon biomass, we applied the allometric equations of Menden-
Deuer and Lessard [27]. Species identification was based on morphology and was con-
ducted following references [28,29] and the World Register of Marine Species (accessed on
1 March 2023 http://www.marinespecies.org). The trophic status of the identified species
was determined using the Northern European Microalgae database (accessed on 4 March
2023 http://nordicmicroalgae.org/) and other web sites (or links to individual species).

Samples for Chl a determination were collected from 8–12 depths ranging from 0 to
150 m. A 300 mL water sample was serially filtered through a 10 µm polycarbonate filter by
gravity filtration, a 2 µm polycarbonate filter (Millipore, Burlington, MA, USA) and a GF/F

http://www.marinespecies.org
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filter of 0.7 µm nominal pore size (Whatman, GB, Maidstone, UK). A filtration vacuum
of ≤200 mbar was used for 0.2 and 2 µm filters. The Chl a concentration was determined
fluorometrically in 90% acetone overnight extracts using a Trilogy Laboratory Fluorometer
model # 7200-000 (Turner Designs, San Jose, CA, USA), as described by Holm-Hansen [30].

2.4. Primary Production

PP was measured via the 14C uptake technique [31]. For each sampling depth, we
collected seawater and poured it into 3 borosilicate glass bottles of 310 mL in volume
(2 light and 1 dark). A total of 5–10 µCi of labeled bicarbonate solution (Amersham, GB)
was added to these. The samples were incubated in an on-deck-type incubator in the neutral
density aluminum screens that simulated the attenuation of PAR in the range from 90 to 1%
of the surface flux. We tested the irradiation scattering of the screens using BIC-2104Z1041
(Biospherical Instruments, San Diego, CA, USA) at four wavelengths (443, 490, 555 and
625 nm). The maximum irradiance transmission was a blue-green light spectrum (peak at
490 nm) that is close to the depth-related changes in the light spectrum for clear ocean [32].
The water was continuously pumped through the incubator to maintain the temperature
at an in situ value with an aquarium chiller TECO TK 1000 (TECO s.r.l., Ravenna, Italy).
The period of incubation was 24 h. At stations 6860 and 7054, the samples were incubated
for 8–l0 h in the sea, suspended at depths corresponding to their depth of sampling. In
situ incubations allow for exposing the samples to the natural temperatures and light
levels [33–35]. After incubation, the samples were filtered sequentially through 10 µm
and 2 µm polycarbonate filters (Millipore, Burlington, MA, USA) and 0.2 µm nylon filters
(Technofilter RME, Vladimir, Russia) under a low-pressure vacuum ≤ 200 mbar. All filters
were cleansed with 1% v/v hydrochloric acid to remove non-fixed inorganic 14C and then
transferred to glass scintillation vials to which 10 mL of scintillation cocktail (EcoLume, MP
Biomedicals, Santa Ana, CA, USA, or Ultima Gold XR, PerkinElmer, Inc., Waltham, MA,
USA) was added. The incorporated 14C was determined with a scintillation counter (TRI-
Carb TR, Packard, Detroit, MI, USA). The samples were counted 2 to 3 times until the counts
were close in number. DPM values were converted to daily productivity rates, assuming
5% isotope discrimination. For 2 stations where in situ incubations were performed, PP
was corrected by the daily PAR data.

Based on the PP measurements, the following further calculations were made:

(i) PChl—the particulate PP rate normalized to Chl a at individual depths that follow a
saturating function of daily light availability;

(ii) PC—the particulate PP rate normalized to the phytoplankton carbon biomass and
equivalent to a biomass grow rate = turnover rate [36,37].

2.5. Analysis of the Relationship between Phytoplankton and Environmental Factors

To assess the relationship between phytoplankton abundance indicators and various
environmental factors, single linear regression analysis was used, and the least squares
method was used to obtain model parameters. The p-value was established as less than
0.05. The Fisher–Snedecor test was applied to determine the model’s significance.

3. Results
3.1. Sea Ice Cover in August 2020 and 2021

Based on averaged data retrieved from the Sentinel-1A/B spaceborne synthetic aper-
ture radars for August 2020 and 2021, the sea ice conditions in the MIZ of the study region
differed significantly. In 2020 at stations 6860 and 6861 located in the Nansen Basin (~82◦ N),
a northward shift of the compact ice cover edge was observed (Figure 1 (area I)). The edge
of the compact ice cover retained its quasi-stationary position at stations 7075 and 7078,
whereas in general, the basin was free of dense ice cover (Figure 1 (area II)). The transport
of broken ice in a southwestern direction was observed in the northern part of the Barents
Sea (Figure 1 (area IV)), where the stations were located in the Kvitøya Trough (st. 7092)
and east of Kvitøya Island at the branch of the inflow from the Franz Victoria Trough (sts.
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7097 and 7100). In the Greenland Sea (Figure 1 (area III)), sts. 7052–7055 were located
~10 km from floating ice in highly dynamic turbulent waters at the periphery of the East
Greenland Current.

3.2. Physical, Optical and Chemical Conditions

The depth of the SML in the MIZ varied from 1 to 4 m in the Nansen Basin and in the
Greenland Sea, from 7 to 11 m in the Barents Sea and reached 15–16 m at stations remote
from the MIZ in the Norwegian and Barents Seas. At st. 7106 only, the SML extended
by 35 m. In the Greenland Sea, the intrusion of PW into warmer AW created specific
hydrological conditions in which “fingers” of PW were detected at different depths: a
narrower cold core at depths of 15–40 m at sts. 7054 and 7055 (Figure 2). In the northern
Barents Sea (Kvitøya Trough), the salinity stratification at st. 7092 was relatively weak
(∆σ 0.9 kg·m−3), allowing mixing. This corresponds to the low sea ice concentration in
satellite images (Figure 1 (area IV)). Near the Mohns Ridge (Norwegian Sea), thermal
stratification was disrupted (∆σ 0.4 kg·m−3 in 2021). In 2020, the SML warmed more: TSML
9.8 vs. 8.1 ◦C in the Norwegian Sea and 9.4 vs. 8.0 ◦C in the southern Barents Sea.
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Figure 2. Vertical profiles of density (kg·m−3), salinity (PSU) and temperature (◦C) in the five
areas: Nansen Basin (a,e,i), Greenland Sea (b,f,j), Barents Sea (c,g,k) and the southern areas of the
Norwegian and Barents Seas (d,h,l). The color of each profile shows the sampling station as at
Figure 1. The stratification was salinity dependent within the marginal ice zone and defined by
warming in the southern areas.
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The underwater light level was highest in the Nansen Basen at st. 7075, where the
compensation irradiance (0.4 mol quanta·m−2·day−1 [7,9,38,39]) reached a depth of 44 m
(Figure 3). The EGC contained water of polar origin and the zone of net phytoplankton
growth was also much deeper (33–38 m). At other stations located in the MIZ, this boundary
varied at depths from 25 to 31 m. The light conditions for photosynthesis were least
favorable at st. 6871 (18 m) in the southern Barents Sea, where the thermal stratification was
stronger (∆σ 1.1 kg·m−3) than at st. 7106 (∆σ 0.6 kg·m−3). The most transparent waters
among the southern areas were at st. 7048 (34 m) in the Norwegian Sea.
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Figure 3. Vertical profiles of fluorescence signal and daily PAR (mol quanta·m−2·day−1) in the
five areas: Nansen Basin (a,e), Greenland Sea (b,f), Barents Sea (c,g), and the southern areas of the
Norwegian and Barents Seas (d,h). There are no fluorescence signal data from sts. 6838, 6860, 6861
and 6871 as the fluorimeter was broken in 2020. The red dots denote the depth of the compensation
PAR value.

A distinctive feature at the stations during the tests carried out in August 2021 in
the MIZ of the Nansen Basin and Greenland Sea was the high concentrations of Si(OH)4
(>2 µM) in the SML, indicating non-intensive diatom growth (Figure 4). In 2020, low levels
of Si(OH)4 corresponded the growth of silicate-consuming phytoplankton within the Zeu.
43% of PP variability and 41% of the Chl a concentration in the >10 µm phytoplankton group
were explained by Si(OH)4 (Table S1). NO3 concentrations were substantially depleted
(<0.5 µM) within the MIZ during both study periods, with the exception of st. 6861 and
st. 7075 (1–3 µM). The PO4 concentration varied from 0.1 to 0.4 µM. In the Norwegian
Sea, nitrogen supply to the Zeu (NO3 ~3 µM at st. 6838) may be a result of the interaction
of currents over the underwater ridge area. In the southern Barents Sea (st. 6871), under
the influence of relatively strong thermal stratification, the NO3 concentration reached
analytical zero and the PO4 concentration decreased below the limit value (0.06 µM). The
deep maximum of the NH4 concentrations was observed at different depths below the
halocline and was present in all seas except for at st. 7075 in the Nansen Basin (Figure 5).
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The highest concentrations were measured in the MIZ of the Greenland and Barents Seas
(1.2–1.6 µM). These NH4 concentrations corresponded to the maximum of the fluorescence
signal (R2 = 0.36). In contrast, organic phosphorus was mainly concentrated in the SML (up
to 0.4–0.6 µM). The Barents Sea MIZ was distinguished by a local increase in phosphorus
concentration at the Zeu boundary: organic at st. 7097 (up to 0.9 µM) and inorganic at st.
7100 (up to 1.3 µM).
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Figure 4. Vertical profiles of the sum of nitrate and nitrite nitrogen, dissolved silicate and dissolved
inorganic phosphorus (µM) in the five sampling areas: Nansen Basin (a,e,i), Greenland Sea (b,f,j),
Barents Sea (c,g,k), and the southern areas of the Norwegian and Barents Seas (d,h,l).
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Figure 5. Vertical profiles of dark bicarbonate fixation (mg·m−3·d−1), dissolved organic phosphorus
and ammonium nitrogen (µM), the share of pheophytin in the total concentration of chlorophyll a
and pheophytin (%) in the five areas: Nansen Basin (a,d), Greenland Sea (b,e), Barents Sea (c,f), and
the southern areas of the Norwegian and Barents Seas (g).

3.3. Phytoplankton Composition

The composition of diatoms at stations within the MIZ varied; low concentrations
of Si(OH)4 were observed in the Zeu (Table S2). In the Nansen Basin, the large diatom
Porosira glacialis accounted for the majority of PB above the halocline at the stage of peak
bloom [40,41]. The Thalassiosira spp. T. gravida, T. nordenskioeldii and T. rotula were dominant
at most depths in the Kvitøya Trough in the northern Barents Sea (Figure 6). P. glacialis and
Fossulaphycus arcticus (previously known as Fosulla arctica) also made up a considerable
share of the PB and could indicate the presence of nutrients from local upwelling. East of
Kvitøya Island, Thalassiosira cells were abundant at depths below 15–20 m, where nutrient
availability was higher (Figure 4). Large heterotrophic dinoflagellates (Gyrodinium lacryma,
Protoperidinium brevipes and P. islandicum) dominated in the SML, whereas small flagellates
(4–8 µm; st. 7097) and P. pouchetti (st. 7100) reached high abundance at the base of Zeu. A
feature of these two stations was also the presence of vegetative cells of Dictyocha speculum
and Dictyocha speculum below the halocline. At all other stations, only chrysophyte spores
were found.
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Figure 6. Phytoplankton abundance (%) and primary production by various phytoplankton size
groups (%) in the Nansen Basin (a–d), the northern (e–g) and southern parts of the Barents Sea (m,n)
and the Greenland (h–j) and Norwegian Seas (k,l). Taxonomy information is absent for st. 7054,
as sampling was not performed; thus, data on size-fractioned primary production for this station
was compared with taxonomy information for st. 7053, which was the most similar one for most
other parameters.
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At stations with relatively high concentrations of Si(OH)4 in the Nansen Basin, Rhi-
zosolenia hebetata, a diatom living in symbiosis with diazotrophic cyanobacteria in the
tropics, contributed significantly to the biomass [42–46]. Thalassiosira spp. were found
only at the early stage of bloom. The composition of heterotrophic dinoflagellates in the
SML was less diverse (Gyrodinium spp. and Gymnodinium wulffii). In the Greenland Sea,
the halocline was dominated by the genus Gyrodinium and the mixotrophic Prorocentrum
minimum. Large diatoms (Eucampia groenlandica, Fragilariopsis cylindrus, Thalassiosira spp.,
Rhizosolenia spp. and P. glacialis), numerous spores and cysts in single amounts were found
in cold water intrusions.

During the bloom of Emiliania huxleyi (>106 cells·L−1) in the southern Barents Sea, the
high species diversity of dinoflagellates (28 species) was observed in both 2020 and 2021
(sts. 6871 and 7106). However, in 2021, the bloom area of E. huxleyi was characterized by a
low density of detached coccoliths (104–105 cells·L−1). Very low phytoplankton abundance
was observed in the Norwegian Sea (sts. 6838 and 7048). In 2020, the coccolithophores
Coccolithus pelagicus and E. huxleyi, the diatoms Chaetoceros borealis, R. styliformis and R.
hebetata and the dinoflagellates Dinophysis spp., Gymnodinium spp. and G. lacryma were
represented in the samples. In 2021, cells of C. pelagicus, C. borealis, Tripos spp. and
Gymnodinium spp. were found.

3.4. Size Distribution of Phytoplankton Carbon Biomass and Chlorophyll a

Phytoplankton of sizes > 10 µm contributed 80 ± 26% of the total PB in the MIZ
but was less significant in the southern regions at different stages of the summer bloom
(56 ± 30%). The maximum PB values were observed within the SML in the Kvitøya Trough
(up to 112 mgC·m−3) and in the Nansen Basin (up to 799 mgC·m−3) near the edge of
dense ice cover, as well as in the halocline layer (up to 27 mgC·m−3) in the Greenland
Sea (Figure 7). In other cases, the distribution of biomass across the Zeu was relatively
constant (2.7 ± 4.8 mgC·m−3). In the southern Barents Sea, the PB was high (17 ± 9.3 and
20.2 ± 11.0 mgC·m−3 in 2020 and 2021, respectively), in contrast to the Norwegian Sea,
where the PB was very low (0.5± 0.2 and 0.2± 0.1 mgC·m−3 in 2020 and 2021, respectively).

Analysis of the relationships between phytoplankton and environmental factors
showed that their abundance influenced the organic phosphorus concentration and fluo-
rescence signal. For both relationships the coefficient of determination was 0.36. Similar
positive relationships with the indicated environmental factors were found for phytoplank-
ton < 2 µm (R2 = 0.34 and R2 = 0.15, respectively). Diatom biomass explained 99% of the
variation in autotrophic and total PB. Dinoflagellates were positively correlated with water
temperature (R2 = 0.28) and NH4 concentration (R2 = 0.32). Chrysophyte abundance tended
to increase with the concentrations of PO4 (R2 = 0.29) and NH4 (R2 = 0.29).

The biomass of heterotrophic species (mainly dinoflagellates) has always been high
in the SML. In the Greenland Sea, this value reached 13 mgC·m−3. The biomass of these
species increased with a decreasing NO3 concentration (R2 = 0.22).

Areas free of seasonal ice cover were also characterized by a relatively constant Chl
a concentration of 0.6 ± 0.3 mg·m−3 in the Zeu. Within the MIZ, the maximum PB at
depth was accompanied by a 2–8-fold increase in the Ch a concentration relative to the
Chl a concentration in the surface layer. The deep maximum was observed in the Nansen
Basin, with a peak value of 13.1 mg·m−3 (st. 6860). In the Kvitøya Trough, the deep Chl a
maximum was less noticeable (st. 7092; peak value 6.3 mg·m−3). In the Greenland Sea, this
maximus had a small magnitude (up to 2.2 mg·m−3).

To the east of Kvitøya Island (sts. 7097 and 7100) at the base of Zeu, the deep maximum
of PB was not observed. However, the Chl a concentration increased from 17 to 32 times (up
to 4.2–4.9 mg·m−3) in comparison with the surface value; 74 ± 19% of this concentration
was Chl a in the > 10 µm phytoplankton group. In the Greenland Sea, the contribution of
phytoplankton > 10 µm to Chl a was clearly low in PW “tongues” in the absence of settled
diatom cells (the Chl a peak value is relatively low). In the Nansen Basin in 2021, more than
half of the Chl a (61 ± 11%) was found in cells < 2 µm in size. Thus, the total Chl a content
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was higher in the Zeu at stations dominated by diatoms (42–118 mg·m−2) and relatively
low (19–29 to 17–21 mg·m−2) in the MIZ and in regions free of seasonal ice cover where
their share was low.
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Figure 7. Vertical profiles of chlorophyll a concentration (mgC·m−3), phytoplankton biomass
(mgC·m−3) and primary production (mgC·m−3·d−1) in the sampling locations: Nansen Basin (a,e,i),
Greenland Sea (b,f,j), Barents Sea (c,g,k), and southern areas of Norwegian and Barents Seas (d,h,l).

In general, the share of phaeophytin a in the total concentration of Chl a and the
amount of phaeophytin a increases with increasing depth, as the passage of Chl a through
the digestive tract of zooplankton favors the formation of pheophytin a. Similar profiles in
the Greenland Sea indicate a similar phenomenon at these stations.
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Within the MIZ, the deep fluorescence signal increased more strongly than the increase
in Chl a concentration at the depth of its concentration maximum (up to 100–170 times),
which is associated with a change in the pigment composition. The strongest relationships
between the fluorescence and Chl a concentration were obtained for the <2 and 2–10 µm
groups. The strong relationship (R2 = 0.52) between fluorescence and chrysophyte abun-
dance is most likely a coincidence, as this group was represented predominantly by spores.
On the other hand, the strongest signal peaks were observed in the northern Barents Sea,
where chrysophytes were active. The signal intensity increased by 28% with increasing
temperature and by 27% with increasing salinity.

3.5. Primary Production and Grouping of Stations in Relation to Bloom Study

Regarding nutrient depletion, the sts. 7075 (TSML −1.62 ◦C) and 6861 (TSML −1.44 ◦C)
represented the early bloom stage due to the elevated NO3 concentrations. Among the
remaining stations in the MIZ, the conditions at three of them (sts. 6860, 7078 and 7092;
TSML from −1.49 ◦C to −0.11 ◦C) corresponded to the bloom peak stage due to the high
values of PP and Chl a above the halocline, whereas the conditions at the rest of the stations
(sts. 7052–7055, 7097, 7100; 0.51–2.82 ◦C) corresponded to the advanced phase of the bloom
or the late stage of the bloom due to the occurrence of deep Chl a maximums and PP at
depths from 25 to 40 m. The conditions in the areas free of seasonal ice cover corresponded
to different stages of the summer phytoplankton bloom: bloom peak with high PP (sts.
6838 and 7106) and pre-bloom (st. 7048) or bloom end with extremely low PP (st. 6871).

Surprisingly, similar values for integrated PP at the peak bloom stage in 2020 and
2021 were observed in the Nansen Basin: 462 and 469 mgC·m−2·d−1. In the Greenland
Sea, PP reached 618 mgC·m−2·d−1. In the northern Barents Sea (st. 7092), at the peak
bloom stage, the PP was much higher than in the Nansen Basin (1109 mgC·m−2·d−1).
This value was comparable with the PP of the summer maximum in the Norwegian Sea
(1002 mgC·m−2·d−1). In 2021, the PP at this station was an order of magnitude lower
(160 mgC·m−2·d−1). In the southern Barents Sea, despite the high PB, the PP did not exceed
45 mgC·m−2·d−1 in 2020 and reached 679 mgC·m−2·d−1 in 2021. This corresponded to a
very strong nutrient depletion in the Zeu in 2020.

3.6. Biomass-Specific Carbon Assimilation

The acclimation of phytoplankton to different light conditions explains the weak rela-
tionship of the ratio of carbon (C) biomass to Chl a concentration (C:Chl a) with PAR within
the MIZ (Figure 8). During the bloom peak stage, the C:Chl a ratio (up to 22–61) increased
as a result of PB accumulation over the halocline. At the stage of bloom decline, high values
of the ratio (up to 52–67) were observed in the SML. The highest C:Chl a ratio (21 ± 31,
up to 101–126 in the SML) was observed in the > 10 µm phytoplankton group. Extremely
low ratio values (0.4 ± 0.3) for phytoplankton acclimated to low light were observed at
the early bloom stage. In addition to the light conditions, the C:Chl a ratio is sensitive to
nutrient concentrations. In the southern regions of the European Arctic, the average C:Chl
a ratio was 0.9 ± 0.5 and 33 ± 24 in the Norwegian and Barents Seas, respectively, which
have a good supply of nutrients and severe resource deficiency, respectively.

The rates of biomass turnover in the MIZ were also independent of the daily PAR.
The PC values ranged from 0.1 to 31 (8 ± 9) d−1 in the SML and appeared to increase
with early-stage blooms. Unrealistically high PC values (13–14282 d−1) were obtained
for phytoplankton < 2 µm in size. The PC of phytoplankton > 10 µm in size averaged
5± 12 d−1 in Zeu, whereas phytoplankton 2–10 µm in size averaged 12± 11 d−1. In contrast,
the PChl was strongly dependent on irradiance, the nature of which was described by a non-
linear photosynthesis–irradiance model in the presence of photoinhibition. For the data
set from all stations in the MIZ plotted together, the maximum for photosynthesis reached
30 mgC·mgChl−1·d−1. Phytoplankton < 2 µm in size had the highest maximum PChl value
(104 mgC·mgChl−1·d−1), and the lowest value was obtained for phytoplankton > 10 µm in
size (22 mgC·mgChl−1·d−1). The corresponding daily irradiance optimum for these groups
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was 3.8 and 5.5 mol quanta·m−2·d−1, respectively. The lowest saturating light intensity
was obtained for phytoplankton < 2 µm in size (1.2 mol quanta·m−2·d−1). Photoinhibition
in this group potentially started at a high light intensity of 11.5 mol quanta·m−2·d−1, which
was only achieved in the Greenland Sea on some days of the study.

J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 14 of 28 
 

 

early-stage blooms. Unrealistically high PC values (13–14282 d−1) were obtained for phyto-
plankton <2 µm in size. The PC of phytoplankton > 10 µm in size averaged 5 ± 12 d−1 in Zeu, 
whereas phytoplankton 2–10 µm in size averaged 12 ± 11 d−1. In contrast, the PChl was 
strongly dependent on irradiance, the nature of which was described by a non-linear pho-
tosynthesis–irradiance model in the presence of photoinhibition. For the data set from all 
stations in the MIZ plo ed together, the maximum for photosynthesis reached 30 
mgC·mgChl−1·d−1. Phytoplankton < 2 µm in size had the highest maximum PChl value (104 
mgC·mgChl−1·d−1), and the lowest value was obtained for phytoplankton > 10 µm in size 
(22 mgC·mgChl−1·d−1). The corresponding daily irradiance optimum for these groups was 
3.8 and 5.5 mol quanta·m−2·d−1, respectively. The lowest saturating light intensity was ob-
tained for phytoplankton < 2 µm in size (1.2 mol quanta·m−2·d−1). Photoinhibition in this 
group potentially started at a high light intensity of 11.5 mol quanta·m−2·d−1, which was 
only achieved in the Greenland Sea on some days of the study. 

The maximal value of PChl for total PB varied with the bloom phase: at the early stage 
the PChl was up to 29 mgC·mg·chl–1·d–1 and reached 47–51 mgC·mg·chl–1·d–1 at the peak and 
late stages of the bloom. This may reflect the increase in regenerated PP during the ice 
melt period. For example, the maximum value of PChl increased from 30 mgC·mg·chl–1·d–1 
at the early stage to 51 mgC·mg·chl–1·d–1 at the stage of peak bloom in the Nansen Basin 
and to 307 mgC·mg·chl–1·d–1 during the peak bloom at the station in the Kvitøya Trough. 
Conversely, the maximum value of PChl for phytoplankton > 10 µm in size decreased from 
37 mgC·mg·chl–1·d–1 at the early stage to 12 mgC·mg·chl–1·d–1 at the stages of peak bloom, 
which was consistent with increased nutrient limitation. In the southern regions studied 
in 2020, a high maximum value of PChl was recorded during the period of maximum ac-
tivity of the ecosystem in the Norwegian Sea (125 mgC·mg·chl–1·d–1), and a very low PChl 
value (9 mgC·mg·chl–1·d–1) was observed in the Barents Sea during the termination of E. 
huxleyi growth. In 2021, the photosynthetic rates were 20 and 40 mgC·mg·chl–1·d–1, respec-
tively. 

(a) (b) (c) 

0

10

20

30

40

50

60

0 3 6 9 12

PC
hl

( m
gC

 · 
m

gC
hl

-1
·

d-1
)

Daily PAR ( mol quanta · m-2 · d-1 )

0

15

30

45

60

0 3 6 9 12

C
 : 

C
hl

 a

Daily PAR ( mol quanta · m-2 · d-1 )

0

20

40

60

80

100

120

0 3 6 9 12

PC
( d

-1
)

Daily PAR ( mol quanta · m-2 · d-1 )
J. Mar. Sci. Eng. 2023, 11, x FOR PEER REVIEW 15 of 28 
 

 

(d) (e) (f) 

Figure 8. Relationship between PAR and chlorophyll-a-specific primary production (a), size-frac-
tioned primary production of phytoplankton < 2 µm in size (d), phytoplankton 2–10 µm in size (e) 
and phytoplankton > 10 µm in size (f) in the marginal ice zone of the Nansen Basin and the Green-
land and Barents Seas. Data were fi ed to Pla  and Gallegos hyperbola y = A(1 − e−αPAR/A/eβPAR/A), 
where A, α and β are the parameters of the model [47]. In (f), removing the two maximum values 
from the data set did not change the fit. No dependences for phytoplankton carbon biomass to chlo-
rophyll a ratio (b) and biomass turnover rate (c) on PAR were obtained. 

3.7. Bicarbonate Uptake in the Dark 
Dark carbon fixation (DCF) is relevant to a wide range of metabolic groups (hetero-

trophs, chemoautotrophs and phototrophs capable of maintaining C fixation in the dark). 
Using data from the size-fractioned samples, we compared the share of inorganic C fixed 
by different size groups of microorganisms with the total assimilated C in the dark. In the 
MIZ, the share of plankton < 2 µm in size in DCF was relatively constant, ranging from 56 
to 61% (Figure 9). This means that bicarbonate uptake in the dark may be dominated by 
chemotrophs or heterotrophic bacteria. This is consistent with the low availability of labile 
C in the MIZ. The share of nanoplankton (2–10 µm in size) in DCF tended to increase as it 
approached the peak-bloom in the MIZ, as well as in the southern regions where the peak-
bloom situation was observed. In contrast, the content of the >10 µm group in DCF was 
increased at the early bloom stage and at the late bloom stage. This may reflect the high 
share of heterotrophs in the >10 µm group (36–76%) during these periods or other factors 
related to the phase of the phytoplankton bloom. 

0

10

20

30

40

50

60

0 3 6 9 12

PC
hl

( m
gC

 · 
m

gC
hl

 -1
·

d-1
)

0

10

20

30

40

50

60

0 3 6 9 12

PC
hl

( m
gC

 · 
m

gC
hl

 -1
·

d-1
)

Daily PAR ( mol quanta · m-2 · d-1 )

0

50

100

150

200

250

300

0 3 6 9 12

PC
hl

( m
gC

 · 
m

gC
hl

 -1
·

d-1
)

Figure 8. Relationship between PAR and chlorophyll-a-specific primary production (a), size-fractioned
primary production of phytoplankton < 2 µm in size (d), phytoplankton 2–10 µm in size (e) and
phytoplankton > 10 µm in size (f) in the marginal ice zone of the Nansen Basin and the Greenland and
Barents Seas. Data were fitted to Platt and Gallegos hyperbola y = A(1 − e−αPAR/A/eβPAR/A), where
A, α and β are the parameters of the model [47]. In (f), removing the two maximum values from the
data set did not change the fit. No dependences for phytoplankton carbon biomass to chlorophyll a
ratio (b) and biomass turnover rate (c) on PAR were obtained.

The maximal value of PChl for total PB varied with the bloom phase: at the early
stage the PChl was up to 29 mgC·mg·chl−1·d−1 and reached 47–51 mgC·mg·chl−1·d−1

at the peak and late stages of the bloom. This may reflect the increase in regenerated
PP during the ice melt period. For example, the maximum value of PChl increased from
30 mgC·mg·chl−1·d−1 at the early stage to 51 mgC·mg·chl−1·d−1 at the stage of peak bloom
in the Nansen Basin and to 307 mgC·mg·chl−1·d−1 during the peak bloom at the station in
the Kvitøya Trough. Conversely, the maximum value of PChl for phytoplankton > 10 µm in
size decreased from 37 mgC·mg·chl−1·d−1 at the early stage to 12 mgC·mg·chl−1·d−1 at the
stages of peak bloom, which was consistent with increased nutrient limitation. In the south-
ern regions studied in 2020, a high maximum value of PChl was recorded during the period
of maximum activity of the ecosystem in the Norwegian Sea (125 mgC·mg·chl−1·d−1),
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and a very low PChl value (9 mgC·mg·chl−1·d−1) was observed in the Barents Sea dur-
ing the termination of E. huxleyi growth. In 2021, the photosynthetic rates were 20 and
40 mgC·mg·chl−1·d−1, respectively.

3.7. Bicarbonate Uptake in the Dark

Dark carbon fixation (DCF) is relevant to a wide range of metabolic groups (het-
erotrophs, chemoautotrophs and phototrophs capable of maintaining C fixation in the
dark). Using data from the size-fractioned samples, we compared the share of inorganic C
fixed by different size groups of microorganisms with the total assimilated C in the dark. In
the MIZ, the share of plankton < 2 µm in size in DCF was relatively constant, ranging from
56 to 61% (Figure 9). This means that bicarbonate uptake in the dark may be dominated
by chemotrophs or heterotrophic bacteria. This is consistent with the low availability of
labile C in the MIZ. The share of nanoplankton (2–10 µm in size) in DCF tended to increase
as it approached the peak-bloom in the MIZ, as well as in the southern regions where the
peak-bloom situation was observed. In contrast, the content of the >10 µm group in DCF
was increased at the early bloom stage and at the late bloom stage. This may reflect the
high share of heterotrophs in the >10 µm group (36–76%) during these periods or other
factors related to the phase of the phytoplankton bloom.

1 
 

 Figure 9. Percent distribution for the various fractions of the dark carbon fixation rate that were
determined in the plankton < 2 µm in size (blue-colored section of diagram), plankton of 2–10 µm in
size (pink-colored section) and plankton > 10 µm in size (grey-colored section) at the early-bloom
(a) and peak-bloom (b) stages in the Nansen Basin and at the bloom stage in the northern Barents Sea
(c), Greenland Sea (d), Norwegian Sea (e) and the coccolithophorides late-bloom stage in the southern
part of the Barents Sea (f). Histograms show vertical variations in the percentage contribution to
the phytoplankton biomass of autotrophic (A), heterotrophic (H) and mixotrophic (M) species and
species of unknown trophic type (U).
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To avoid the potential effect of phototrophs as much as possible, we applied a cor-
rection to the measured rates by using the share of plankton < 2 µm in size in DCF (if the
fractionalization of sample was not performed). The calculated rates of DCF ranged from
0.09 to 4.17 mgC·m−2·d−1. Two peaks characterized the vertical profiles of DCF—at the
surface and in the halocline in the Barents Sea (Figure 10). In the Greenland Sea, the peaks
were observed at or slightly below the halocline. However, at the peak-bloom stations
in the Nansen Basin, the DCF values were distributed monotonically with depth. The
temperature did not explain the variability in bicarbonate uptake in the dark with depth.
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Figure 10. Vertical profiles of dark bicarbonate fixation (mg·m−3·d−1) and the share of pheophytin
in the total concentration of chlorophyll a and pheophytin (%) in the five areas: Nansen Basin (a,e),
Greenland Sea (b,f), Barents Sea (c,g), and the southern areas of Norwegian and Barents Seas (d,h).

A relationship between both PP and dissolved organic phosphorous and DCF was not
found. Comparing the rates of DCF above and below the halocline with biotic and abiotic
factors, we found only a weak relationship between DCF and dissolved organic phospho-
rous in samples from the overlying halocline. Here, the dissolved organic phosphorous
concentrations explained 27% of the DCF variability. The coefficients of determination
in different fractions were highest for almost all biological parameters calculated for the
2–10 µm group (Table S1). This can be interpreted as the active feeding of bacteria and
small phytoplankton in this group.

4. Discussion
4.1. Size Distribution of Phytoplankton Chlorophyll a, Biomass and Primary Production Relative to
Previous Studies

The data obtained are close to the available published data for the northern Barents
Sea and the Nansen Basin (from 75◦30′ to 82◦25′ N), where in May–July 2003–2005 the
integrated PP reached 1475 mgC·m−2·d−1 and the maximum concentration of Chl a was
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13 mgC·m−3 [48]. Our estimates of the total Chl a concentrations were lower than in the
cited paper (up to 588 mg·m−2), partly because the authors performed calculations for a
greater depth, which exceeded the real depth of Zeu. Other studies [49–51] report values
for the Chl a concentration of < 200 mg·m−2, which also exceed the above estimates. In the
northern Greenland Sea (the Fram Strait area) during May–July 1984–1985, the mean PP
value was 426 mg·m−2 and the Chl a concentrations ranged from 87 to 185 mg·m−2. All
these studies were conducted until early August and occurred during the start of the first
phytoplankton bloom of the year in the MIZ dominated by diatom algae.

In previous periods, the contribution of phytoplankton > 10 µm in size to the total Chl
a concentration was as high as 81% and the contribution to the integrated PP was 69% [48].
Our estimates of group contributions to the Chl a concentration (61.1–84.3%) at diatom
bloom stations in the MIZ are consistent with the published data. However, in contrast to
previous studies, the contribution of phytoplankton > 10 µm in size to the integrated PP
did not exceed 34%. These differences reflect the higher Chl a concentrations in the cells,
which is characteristic of phytoplankton adapted to low light levels, primarily diatoms [52].

The dominance of phytoplankton > 10 µm in size during the spring bloom is due to
the high growth rate of diatoms. The concentration of nutrients allows them to grow faster
than other cells in the environment [53–55]. When diatom growth is limited by NO3 and
Si(OH)4, sufficient nutrients are maintained in the Zeu to allow dinoflagellates to grow
successfully [56]. During our studies in the Greenland Sea, the conditions were favorable
for this phenomenon: a stratified layer with low salinity, where cysts had more time for
proliferation. The most abundant species, P. minimum, is usually dominant in brackish
eutrophic estuaries [57,58]. This species develops when cells encounter high nutrient
concentrations and increased light. The dominant phytoplankton groups were found to be
more affected by meltwater input than by temperature in this area [59].

In situ measurements of PP samples deployed on a on buoy at sts. 6860 and 7054
allowed us to confirm the accuracy of the vertical distributions obtained at other stations
by simulating the in situ conditions. In combination with synchronous measurements of
the Chl a concentration and phytoplankton cell size, this also allowed us to understand
the adequacy of the measured PP and hence of the biomass growth rates specific to Chl a
and C. The latter reached very high values (up to 7.8 d−1) in situ, significantly exceeding
the theoretical growth rates for low water temperatures [60,61]. A possible source of these
discrepancies in our 14C uptake experiments may be an underestimation of the biomass
of autotrophs < 2 µm in size, since we consider their production (biomass) and Chl a to
be fully accounted for on filters with a pore size of 0.2 µm. When the PB growth rates
of autotrophs > 10 µm in size are taken into account, it is still highly underestimated, up
to 4–5 d−1 at advanced bloom stages and up to 51 d−1 at the early bloom stage in the
Nansen Basin.

In terms of nutrient availability, this suggests that interaction with sharply contrasting
meltwater in the MIZ leads to increased phytoplankton growth rates near the halocline.
Permafrost meltwater, glacier outflows, coastal erosion and river runoff with elevated
concentrations of micronutrients, silicates and stocks of organic matter containing element-
binding ligands are thought to be the source of their input to lower latitudes through the
“gateway to the Arctic” [62–65]. Macro- and microelement additions in the Arctic–Atlantic
matter exchange zone in the Fram Strait increased phytoplankton growth intensity near
Svalbard [66]. North of Svalbard, a tendency for a decrease in Si(OH)4 concentration was
found [67]. Thus, high concentrations of sea ice in 2020 in the Nansen Basin could contribute
not only to the accumulation of biomass in the halocline but also to the intensification
of diatom blooms that provide phytoplankton with deficient elements [40,41]. In the
area of Kvitøya Island, the content of terrigenous matter should have been higher, which
could support the Thalassiosira bloom on the Barents Sea shelf as their bioavailability
increased [63,68–70].

The strong dependence of chrysophytes on the environmental conditions and biologi-
cal variables revealed in our studies forces us to pay attention to the dominant species in
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this group—autotrophic silicoflagellates Dictyocha speculum that are ~30 µm in size and
mixotrophic Dinobryon balticum that are ~40 µm in size. They often form blooms in the
spring in transactional areas, where an interaction between brackish and saline waters
occurs [71,72]. The optimum temperature for their development is above 10 ◦C. Thus, the
intensive growth in the MIZ may be a sign of ongoing climate change.

A two-dimensional vertical model cannot be assumed to account for all phytoplankton
growth factors within the MIZ, where the meltwater layer is highly displaced relative to the
underlying layer. In 2020, based on the concentration of Si(OH)4 at a 100 m depth (where
biological consumption is low), the biomass of P. glacialis could be about 221 mgC·m−3 and
the calculated PP (442 mgC·m−3·d−1) was comparable to the measured value [73]. The
detection of E. huxleyi cells in appreciable concentrations in the halocline in the Nansen
Basin in 2021 (where the PC reached 51 d−1) indicates a dramatic change in the biomass in
the Zeu due to advection. In the Western Spitsbergen Current, in situ production of biomass
can be 5–50 times lower than the advective production [74]. Thus, our data confirm the
published data showing that the contribution of advective PB is very large. Obviously, this
is why we obtained such high estimates for the growth rates at halocline depth in the MIZ.

4.2. Phytoplankton Bloom Dominated by Small Phytoplankton in the MIZ

The dominance of small cells at the highest latitudes is confirmed by the results of op-
tical observations at autonomous stations [8,9,75,76]. In the central AO (~83–88 N), which
received meltwater in August 2010, the abundance of phytoplankton < 2 µm in size varied
from 1.58× 106 to 9.47× 106 cells·L−1 and the contribution to the total chlorophyll a concen-
tration ranged from 44 to 80% [77]. Our data on the contribution of phytoplankton < 2 µm
in size to the Chl a concentration in the Nansen Basin in 2021 are in good agreement with
the results of the published data. The measured abundance values were much lower (about
104–105 cells·L−1) because we did not use methods that allow counting the number of small
cells in the total volume (flow cytometry or counting in an epifluorescence microscope).

Small cells are characterized by a low ratio of cell surface area to cell volume and
an increased microcellular nitrogen content, which is an advantage under conditions of
nutrient limitation [55,78,79]. They account for up to 90% of phototrophic biomass in
oligotrophic areas. However, at the early bloom stage, nutrients do not limit phytoplankton
growth. Therefore, a possible reason for the dominance of small cells in the Nansen Basin
in August 2021 could be the variable light regime under conditions of weakened ice cover
and intense mixing, as evidenced by either the complete absence or deep location of the
Chl a maximum. At critical PAR levels, the high photosynthetic efficiency of phytoplankton
< 2 µm in size is facilitated by the large light absorption capacity of the Chl a unit in the
cell (in the absence of the “package effect”) [80,81]. Arctic diatoms require time to adapt
to the changing light conditions, which occurs faster with gradual increases in light than
with rapid transitions from a strong to weak light level [7,52,82]. Therefore, a variable light
regime among drifting ice is less favorable for them.

According to Zhang et al. [77], all major taxonomic divisions of phytoplankton were
represented in the < 2 µm group in the North Pole area. This distinguishes this group from
large phytoplankton, where Chlorophyta and Phaeocystis dominate in terms of cell number.
Diatoms (Chaetoceros, Thalassiosira, Actinocyclus, Pleurosigma and Navicula) accounted for
2 to 80% of the total Chl a concentration. It is possible that in the Nansen Basin in 2021,
diatoms < 2 µm in size dominated, for which the growth limiting factors of large cells were
irrelevant. Silicate production (= silicate depletion rate) was more dependent on cell volume
than the growth rate or frustule thickness. However, on the scale of days, the influential role
of the growth rate increases [83]. Diatoms with smaller cells are expected to have slower
growth rates than diatoms with larger cells because they develop in diatom-inhospitable
conditions where silicate uptake is reduced [67].

Finally, the different ecology of species largely explains the wide range of light levels
that are optimal for photosynthesis in phytoplankton < 2 µm in size, which we revealed by
fitting field measurements to the theoretical model. It can be assumed that the low threshold
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of photosynthetic light saturation is related to diatoms (1.2 mol quanta·m−2·d−1), which,
like the large species, contributed to the formation of the deep Chl a maximum at the base of
the Zeu. In contrast, the lack of photoinhibition at PAR > 5.6 mol quanta·m−2·d−1 obtained
for phytoplankton > 10 µm in size was associated with a change in the composition of the
community of small cells and the occurrence of species inhabiting environments with high
light intensities, such as the unicellular green algae Micromonas (group Mamiellophyceae)
or Arctic endemic cyanobacteria [19,21,84,85]. It has recently been shown that these algae
can be adapted to a variety of ecological niches [86].

4.3. The Contribution Mixotrophs and Zooplankton to Ecosystem Dynamic

Nanophytoplankton is the most effective primary producer because it combines the
advantages of both larger and smaller phytoplankton [55,87]. This group appears to have
compromised on cell size and nutrient availability.

Phaeocystis is a representative of cold-water communities living at temperatures < 6 ◦C [88].
Some reviews consider Phaeocystis blooms as the second annual maximum of phytoplank-
ton development in the Arctic. However, simultaneous co-dominance of diatoms is also
often reported [7,49,50]. This is consistent with data from the northern Barents Sea, where
we observed co-dominance with diatoms in cold water at temperatures of around −1 ◦C.
Haptophytes are often mixotrophic and dominate the microbial food web. Phaeocystis
phagotrophy was proved only for some species, although previously viable cells of P.
pouchetii were found under polar night conditions [88]. According to indirect data, het-
erotroph activity increases in depths where Phaeocystis vegetated during our studies.

The coexistence of classical and microbial food webs was observed in the Kongsfjord
of the Svalbard all year round and in the MIZ of the central Barents Sea in summer [89,90].
In the northernmost regions, similar conditions seem to occur. Calanus glacialis is widely
distributed in cold PW of the northern Barents Sea and probably has a two-year life cycle
in ice-covered PW [91,92]. During our studies, the abundance of Chaetoceros spp. could be
controlled by zooplankton at stations of bloom decline, where signs of heterotrophic activity
were obtained. Thalassiosira can resist grazing and sedimentation by forming chains [93,94].
In a previous study [17], the high particulate silica content in the trapped samples was
explained by the presence of chain-forming species of Thalassiosira in the northwestern
Barents Sea.

Many researchers have highlighted the significant role of nanoflagellates in the PP of
Arctic seas [89,95]. The reduced and comparable concentrations of Chl a in phytoplankton
of 2–10 µm in size within the MIZ indicate a high share of heterotrophs in nanoplankton
and explain the low biomass and high level of PP and DCF of the 2–10 µm group in our
studies. A high abundance of mixotrophic ciliates may also be responsible for the reduced
Chl a concentration in phytoplankton 2–10 µm in size. Ciliates, such as Mesodinium rubrum
(Myrionecta rubra), Laboea strobila and various Pseudotontonia, Spirotontonia and Strombidium
use plastids sequestered from chlorophytes, cryptophytes, haptophytes and stramenopiles
to obtain energy and metabolic products from photosynthesis [96–99].

In both years at the studied stations in the Barents and Norwegian Seas, located at
approximately the same latitude (72.4 and 73.4◦ N), the PP differed by two times and the
PB by two–three orders of magnitude. At similar temperatures in the SML during each
study period, the initial supply of nutrients and zooplankton grazing may influence the
PP within the Zeu. The physical, chemical and biological data from the stations in the
Norwegian Sea obviously indicate upwelling of water from the deepest layers under the
fluctuation of currents responding to underwater rise. Cyclonic eddies also prevail on the
eastern slope of the ridge and can contribute to the supply of nutrients to the Zeu [100].
This may lead to increased PP level, which is consistent with previous estimates of PP
in the area [101]. According to research carried out by the Working Group on Integrated
Ecosystem Assessments for the Norwegian Sea, the summertime biomass of zooplankton
is relatively high in the northeastern area of the Mohns Ridge [102] and has reached
12–14 g·m−2 in recent years [103]. Export production in the summer period is nearly absent.
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Fluxes of organic matter to the seabed only increase in the autumn [104–106]. This means
that zooplankton from the upper water layer was a potential active feeder and controlled
the PB in the ridge area and in the Norwegian Sea as a whole [107].

The poleward expansion of E. huxleyi in the European Arctic is one of the most
pronounced traces of ongoing climate changes [108–110]. The expansion of E. huxleyi is
limited by a water temperature of 4 ◦C. Low salinity is also an unfavorable factor for the
development of coccolithophores. Thus, in the Baltic Sea, their abundance decreases rapidly
along the salinity gradient and the ecological niche is occupied by other haptophytes in the
summer [33,111,112]. The reasons for the wide distribution of E. huxleyi in the southern
Barents Sea have not been fully elucidated [108,109]. Low NO3 concentrations in the North
Sea have been found to be associated with bloom formation rather than PO4 [113]. It has
also been reported [113,114] that E. huxleyi blooms occur at shallow SML depths and high
surface PAR levels. In the bloom area, E. huxleyi can provide >30% of the organic carbon
fixation [115]. In mixed communities, their cells usually account for 5–40% of the PB. Our
results are consistent with the data, according to which a decrease in the PP and Chl a values
was observed in bloom patches compared with the surrounding waters (three-fold decrease
in PP) [113]. The high irradiance level affects carbon fixation in organic compounds and
the biochemical composition of organic matter newly synthesized by coccolithophores. The
low values of PP measured in 2020 in the advanced bloom stage may be characteristic of
the study area of the southern Barents Sea. Their low values were a result of an atypically
high contribution to the PB (from 22 to 90% of the PB within Zeu) (st. 6871). In 2021, st.
7016, contrary to our predictions, was outside the E. huxleyi bloom area due to a cloudy
sky during the sampling period (actual satellite data not available). The remaining species
indicated in this area were the primary producers that resulted in the high PP level. Among
the > 10 µm phytoplankton group, autotrophic dinoflagellates prevailed in the area in 2021.
In contrast, heterotrophic dinoflagellates were the most abundant in the E. huxleyi bloom
area in 2020.

According to long-term observations during the period 1986–2020 [90], the zooplank-
ton biomass was lower in the coastal and shallow bank waters of the Barents Sea. In the
southern areas of the AW inflow in the west, zooplankton biomasses increased due to the
growth of the second summer generation of Calanus finmarchicus. The presence of coccol-
iths may limit zooplankton grazing, which causes the relatively high PB in the southern
Barents Sea [116,117]. However, recent mesocosm-based experiments have shown that the
possession of coccoliths does not provide E. huxleyi effective protection from grazing [118].
In our analysis, when calculating the post-incubation carbon biomass, we considered phy-
toplankton cells that could potentially be consumed by zooplankton during incubation, as
we did not remove zooplankton from the samples. In communities dominated by coccol-
ithophorids, the PB was increased, which may indicate less intensive zooplankton feeding
(compared with the Norwegian Sea).

4.4. Dark Bicarbonate Fixation as a Bacterial Heterotrophic Production Indicator

In this study, we found high rates of DCF corresponding to the same range as the
bacterial heterotrophic production rates (0.09–153 mgC·m−3·d−1) commonly reported for
the various freshwater and marine ecosystems [119–123]. It is the integrated DCF values
within the MIZ (25–104 mgC·m−2·d−1) that are consistent with estimates of the integrated
bacterial heterotrophic production (<30–170 mgC·m−2·d−1) in Kongsfjord (Western Sval-
bard) [87], where a combination of local glacial and freshwater runoff and AW inflow drives
the environmental conditions.

Recent data show [37,87,119–123] that photosynthetic production of organic matter
and bacterial heterotrophic production under oligotrophic conditions can be temporally
disconnected at daily to seasonal scales. This may explain the weak correlation of DCF with
most of the marine indices considered and the poor correspondence of DCF to the bloom
stage in the MIZ. This is clearly demonstrated in the Nansen Basin, where the rates of
DCF increased at the early-bloom stage when the opposite would be expected. In contrast,
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we obtained a weak correlation between DCF and dissolved organic phosphorous in the
MIZ of the Barents Sea, where the rates of DCF increased. The observed differences can be
explained by the fact that the dark uptake of bicarbonate is noticeably different among the
Arctic heterotrophs, whose composition depends on many factors, including the quality
and quantity of labile organic C [70,124]. Combining measurements of the incorporation of
bicarbonate, leucine and thymidine into the bacterial biomass with data on the composition
of microorganisms can provide a better understanding of the biogeochemical role of bacteria
in the MIZ.

5. Conclusions

We observed different situations in the MIZ in August 2020 and 2021. In 2020, the
bloom of the centric diatom P. glacialis developed on the halocline in the Nansen Basin
where there was dense ice cover with a high total PB in the Zeu (2.1 gC·m−2). In 2021,
when ice cover was sparse, low-gradient stratification favored the rapid sedimentation of
large cells of Rhizosolenia (0.2 gC·m−2). The phytoplankton was dominated by a fraction
of small phytoplankton < 2 µm in size. In the northern Barents Sea, the fields of shal-
low ice were dominated by Thalassiosira, which was capable of resisting a rapid sinking
(1.9 gC·m−2). Phaeocystis and small flagellates were important in this bloom. Under in-
creased light intensity conditions in the Greenland Sea, the ecosystem of the MIZ was
based on mixotrophic–heterotrophic dinoflagellates dominated by the eutrophic water
dinoflagellate P. minimum (0.4 gC·m−2).

In all conditions considered, phytoplankton < 2 µm in size formed the basis of the
particulate PP (47–69%) and phytoplankton > 10 µm in size prevailed in the total PB
(88–99%). The trophic interactions between classical and microbial food webs in MIZ seems
to be weakened, and the sites of growth and accumulation of phytoplankton > 10 µm in
size were highly spatially disconnected. From the early stage to the late stage of the bloom,
the biomass-specific carbon fixation rate decreased, whereas the chlorophyll-specific carbon
fixation rate increased. These rates reached their maximum values at depths with irradi-
ance in the range of 3.5–5 mol quanta·m−2·d−1, which is optimal for the phytoplankton
photosynthesis with sizes > 10 µm and <2 µm. In the late stage of the bloom, diatoms
increased the Chl a content in cells at the base of the Zeu, where the biomass and activity of
phytoplankton < 10 µm was also high (74% of the PB and 60% of the PP). In this case, the
microbial food web, in addition to increasing nutrient concentrations, contributed to an
increase in diatom production.

We found that the saturating light intensity for phytoplankton < 2 µm in size was
the lowest among the selected size groups (1.2 mol quanta·m−2·d−1) and photoinhibition
began at high light intensities (11.5 mol quanta·m−2·d−1). This means that the PP by small
phytoplankton formed the basis of the total PP in the MIZ irrespective of the sea ice cover
state. In contrast, phytoplankton > 10 µm in size responded to the light, stratification, and
macro- and micronutrient concentrations that were related to the sea ice cover conditions.

At the stage of the peak bloom in the Nansen Basin, the remarkably close PP levels
indicated the ecological flexibility of pelagic ecosystems in the European Arctic during
global climate change; this flexibility allowed the PP to be maintained at maximum level.
However, transformation of phytoplankton-based carbon cycle occurs as a result of adapta-
tion of primary producers to changes in environmental conditions, the consequences of
which are still poorly understood. Ice cover serves as one of the most important factors in
switching the PP regime from the dominance of large phytoplankton to the dominance of
small phytoplankton and the transition from the perturbed state to the balanced state under
the influence of water column stratification and light conditions. In the Norwegian Sea
and southern Barents Sea, we emphasized two possible summer scenarios for the northern
parts of the European Arctic in case of continued ice cover reduction and surface water
layer warming.
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MIZ marginal ice zone
PAR photosynthetically active radiation
PB phytoplankton carbon biomass
PChl chlorophyll-specific particulate primary production rate at individual depths
PC carbon-specific particulate primary production rate at individual depths
PP particulate primary production at individual depths
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SML surface mixed layer depth
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