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In the Arctic Ocean, the northern Chukchi and East Siberian Seas (NCESS) are
vulnerable to climate change due to warming, sea ice melting, and surface
freshening. To investigate how local physical forcing affects phytoplankton
biomass and communities in this area, the multi-year (2015-2020) distributions
of summer (August) chlorophyll-a concentrations and size structures using data
collected by the Korea-Arctic Ocean Observing System (K-AOQOS) program were
investigated. The environmental characteristics and phytoplankton communities in
the study area showed east-west regional differences. It is characterized by warm
fresh waters and strong stratification to the east and cold saline waters and relatively
high nutrient and sea ice concentrations to the west. Despite the differences
between the east and west regions, patterns of the inter-annual variation in
phytoplankton biomass and communities were similar across the entire study
area, implying environmental controllers regulating phytoplankton in the NCESS.
Inter-annually, higher sea surface salinity and weaker water column stratification
were observed in 2017-2019 than in 2015 and 2020, implying the possibility of a
potential modulation by the Arctic Oscillation. The shallower nitracline depth and
higher surface nutrient concentrations since 2017 compared to the period from
2015-2016, indicate improved nutrient availability due to Atlantic water intrusion.
However, average insolation has been relatively low since 2017, with the exception
of August 2018. August mean phytoplankton biomass was highest in 2018 in the
study area (average 83.7 mgm™2) and was dominated by large-sized phytoplankton.
The low phytoplankton biomass in 2017 (23.9 mgm™) and 2019 (62.4 mgm™),
despite similar characteristics of nutrient concentration to 2018, is likely due to
lower average daily insolation in both years (206 uEm2d™* and 184 uEm2d*in 2017
and 2019, respectively) compared to the 2018 average (271 pEm2d™Y). These results
suggest that increased intrusion through upwelling of Atlantic water, along with
nutrient loading, could be a pivotal driving factor contributing to this enhanced
production in the NCESS, particularly under conditions where light levels are
sufficient for phytoplankton growth and bloom development.
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1 Introduction

The Arctic Ocean is undergoing dramatic changes such as the
rapid retreat of seasonal sea ice (Perovich, 2011), increase in river
discharge into the Arctic Ocean (Peterson et al, 2002), and
alterations in ocean circulation (Polyakov et al., 2020). Several
studies have examined the effects of these environmental changes
on marine ecosystems, particularly phytoplankton (Kahru et al,
2011; Ardyna and Arrigo, 2020). Phytoplankton are microscopic
algae that play a crucial role in marine ecosystems as primary
producers. Their growth and distribution are limited by several
factors including light and nutrient availability. The reduction in sea
ice cover over the past few decades has led to changes in the time for
which light is available to phytoplankton. This has resulted in a
longer growing season for phytoplankton and increased open-water
habitat for their growth. This has led to a 30% increase in annual net
primary production (NPP) in open waters between 1998 and 2012
(Lewis et al., 2020). However, other alterations in NPP have been
observed since 2012, when the minimum sea ice coverage was
recorded (Parkinson and Comiso, 2013). While the increase in open
water area slowed between 2012 and 2018, the annual NPP in ice-
free water continued to increase, which was attributed to increased
phytoplankton biomass, suggesting that an increased nitrogen
supply could be responsible for the increase in NPP since 2012
(Arrigo et al., 2008; Lewis et al., 2020).

Nutrient supply is subject to several environmental factors such
as river discharge, ocean circulation, atmospheric forcing, vertical
stratification, and upwelling along the slope, which have been
reported as potential causes of increased nutrient loading in the
Arctic Ocean (Tremblay et al., 2015; Oziel et al., 2022; Tuerena
et al., 2022), but there is no clear evidence of increased nitrate
supply to pan-Arctic pelagic ecosystems. While increased pan-
Arctic River inflows are expected to affect marine nutrient
distributions, the nutrient supply from rivers might be locally
important but does not appear to support a significant portion of
the Arctic NPP (Gibson et al., 2022).

In the Arctic Ocean, the Northern Chukchi and East Siberian
Seas (NCESS) are vulnerable areas where phytoplankton
community distribution is altered by sea ice concentration (SIC),
water mass distribution, and freshwater discharge (Coupel et al,
2012; Fujiwara et al., 2016; Lee et al., 2019). The spatial distributions
of the physical and chemical variables such as seawater temperature,
salinity, and nutrient concentrations support an east-west water
mass structure (Nishino et al., 2008). However, the eftects of these
environmental changes on marine phytoplankton remain poorly
understood. Although previous studies have reported data on
chlorophyll-a (chl-a) concentrations in the NCESS during specific
periods, these data have been used primarily as variables to explain
the results in the fields of phytoplankton physiology, marine
ecology, and biogeochemistry (Ko et al.,, 2020; Jung et al., 2021;
Kim et al., 2022; Ko et al., 2022). To explore how large-scale climate
and local physical forcing affect phytoplankton biomass and
communities in the NCESS, we investigated the multi-year (2015-
2020) distributions of summer (August) chl-a concentrations and
size structures using data collected by the Korea-Arctic Ocean
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Observing System (K-AOOS) program. As phytoplankton
dynamics play a crucial role in regulating marine biogeochemical
cycles and food webs, it is essential to understand the influence of
environmental changes on phytoplankton biomass and
size structure.

2 Materials and methods

2.1 Field surveys, measurements,
and calculations

The data for this study were collected from six research cruises
to the NCESS that were performed as part of the K-AOOS project.
(Table 1). Field surveys were conducted onboard the Korean
icebreaking research vessel ‘Araon’ every August of each year
from 2015 to 2020 (Figure 1). Vertical profiles of seawater
temperature, salinity, water pressure, water density (sigma-t),
chlorophyll fluorescence, and photosynthetically available
radiation (PAR) were obtained from casts of a Seabird 911plus
model CTD (Sea-Bird Electronics, USA). Surface PAR was
determined using a quantum sensor (LI-1400, LI-COR Inc., USA)
every 5 min along the cruise track.

To measure the nutrient and chl-a concentrations, water
samples were collected from four to six layers in the upper 100 m
using a 10 L PVC Niskin water sampler attached to a CTD rosette
system. The macronutrient concentrations including nitrate +
nitrite (NOx), ammonium, phosphate (P), and silicate (Si) were
measured onboard using standard colorimetric methods adapted
for use with a four-channel auto-analyzer (QuAAtro; Seal
Analytical, USA) according to the Joint Global Ocean Flux Study
(JGOFS) protocols described by Gordon et al. (1993). The total chl-
a concentration was determined onboard using samples
immediately filtered through glass-fiber filter paper (47 mm;
Gelman GF/F), extracted with 90% acetone for 24 h (Parsons
et al., 1984), and then measured in a fluorometer (Trilogy, Turner
Designs, USA), previously calibrated against pure chl-a (Sigma).
The water column integrated chl-a at each station was calculated
using linear interpolation. To determine the size-fractionated chl-a
concentration, water samples (300-500 mL) from the Niskin bottles
were sequentially passed through a cascade connection filtration

TABLE 1 Research cruise, sampling date, and number of stations per
cruise in northern Chukchi and the East Siberian Seas during summer
(2015-2020).

Cruise Year Dates Stations (n)
ARAO6B 2015 4 - 19 August 27
ARAO7B 2016 8 - 19 August 19
ARAOSB 2017 9 - 23 August 22
ARAO09B 2018 6 - 23 August 27
ARA10B 2019 9 - 23 August 21
ARA11B 2020 6 - 26 August 35
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FIGURE 1

Map showing stations and bathymetry of the northern Chukchi and
East Siberian Seas (NCESS). Stations were sampled in August during
multiple years (2015-2020). The gray line indicates the study area,
geographically divided into east and west, based on 170°W
longitude. The orange line indicates the current and circulation
elements.

system including a 20-um nylon mesh, a Nuclepore filter
(Whatman International, UK) with a pore size of 2 um, and a
Whatman GF/F filter (Sieburth et al., 1978). Thus, micro chl-a (>20
wm), nano chl-a (2-20 wm), and pico chl-a (<2 pm) were measured
directly. The percentage contribution of the size-fractionated chl-a
detected from each mesh size to the total chl-a (sum of size-
fractionated chl-a) was determined.

The euphotic depth (Zeu) was estimated as the depth at which
the PAR was 1% of its surface value. Nitracline depths (Znc) were
determined as the median of the shallowest depths where the
gradient of NO, + NO; was greater than 0.1 uM m™' (Coupel
etal, 2015). The mixed layer depth (MLD) was defined as the depth
at which the density change exceeded 0.05 kg m™ relative to the
reference value at a 5-m depth (Venables and Moore, 2010).
Vertical stratification of the water column was estimated by
averaging the Brunt-Viisili buoyancy frequency (N, BVF)
upper 100 m depth. N’ = (g/p)(9p/dz) where z is water depth
(m), p is the water density (kg m™), and g is the gravitational
acceleration (9.8 m s2) (Houry et al., 1987; Mojica et al., 2015). The
BVF represents the rate at which a small perturbation in
stratification re-equilibrates. Hence, it is a useful tool for
understanding the stability and vertical mixing of oceanic
water columns.

2.2 Satellite data

The daily SIC product of the Advanced Microwave Scanning
Radiometer 2 (AMSR2) was downloaded from the Institute of
Environmental Physics, University of Bremen, Germany (https://
seaice.uni-bremen.de/start/data-archive/) and used to obtain the 7
days average SIC prior to the sampling periods at individual CTD
stations, because the ice concentration can vary greatly during the
melting period. The retreat timing of the sea ice (Julian day) was
defined as the first day that SIC fell below 10% (Fujiwara et al.,
2014). The retreat speed of the sea ice (day) was defined as the
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difference between Julian days with 80% and 20% of SIC. The Arctic
Oscillation (AO) index values were downloaded from the National
Centers for Environmental Information, National Oceanic and
Atmospheric Administration, USA (https://www.ncei.noaa.gov/
access/monitoring/ao/). Winter AO is the average value from
November of the previous year to April of the current year,
derived from the monthly AO index from 2014 to 2020. AO is
the strength of the Northern Hemisphere Annular Mode and a
climatic pattern characterized by counterclockwise winds
circulating around the Arctic at 55°N latitude (Thompson and
Wallace, 1998).

2.3 Data analysis

Statistical analyses were carried out using the R4.0.5 software (R
Development Core Team, www.r-project.org) and supplemented
with the vegan package. Geographic maps and figures were created
using the ODV software (R. Schlitzer, Ocean Data View, http://
odv.awi.de, 2011). The spatiotemporal environmental variables of
the six cruises were summarized using principal component
analysis (PCA) based on normalized abiotic data from the surface
and subsurface chlorophyll maximum (SCM) layers, and the
differences between groups of samples were assessed by analysis
of similarities (ANOSIM) (Clarke and Gorley, 2006). To examine
the relationship between environmental variables and
phytoplankton biomass during cruises in the study area, we used
Spearman’s rank correlation for all datasets of normalized abiotic
data and the log-transformed and normalized biotic data because
most of the data did not satisfy the assumptions of normality.
Differences between years were examined using a one-way analysis
of variance (ANOVA; Kruskal-Wallis test) based on normalized
data (Clarke and Gorley, 2006).

3 Results

The eastern area includes the Chukchi Borderland and Chukchi
Plateau, and the western area includes the Chukchi abyssal plain
and the East Siberian continental shelf, each of which is separated
by the 170°W longitude (Figure 1).

3.1 Environmental variables

Over the six-year period (from 2015 to 2020), the
physicochemical environment of the ocean in summer (August)
showed complex spatiotemporal variations in the study area
(Figure 2; Supplementary Figure 1). The spatial distribution of
environmental variables in the NCESS supported a general east-
west variation (ANOVA test, p < 0.05), with relatively cold saline
waters, higher nutrient, and sea ice concentrations in the west, and
warm fresh and oligotrophic waters with low SICs in the east, which
is consistent with previous studies (Nishino et al., 2008; Lee et al.,
2019). Inter-annual variations in the August mean environmental
variables were complex, with significant differences between the
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years (ANOVA test, p < 0.05). The trends of the inter-annual
changes in the August mean variables were similar in the eastern
and western areas; however, their yearly variation ranges were larger
in the west than east. Thus, the characteristics of the west were
better characterized by averaging the entire area over the survey
period. In this study, we averaged and compared all stations to
understand the inter-annual variability of the environmental and
biological characteristics across the NCESS waters in August
(Table 2). August mean sea surface temperature was highest in
2019 (1.07 + 1.88°C) with not much variations in other years (-1.21
- -0.69°C). August mean surface salinity showed relatively low
values in 2015 (26.43 + 1.71) and 2020 (27.17 + 0.72), respectively.
The August mean surface nutrient concentrations were higher in
2017-2020 than in 2015-2016, which is consistent with the inter-
annual variation in nutrient concentrations above 50 m (Figure 3).
During our cruises, nitrate was nearly depleted at the surface of
most stations in the study area. The number of stations with surface
nitrate levels below the detection limit was lowest in 2019 (2 out of
21) and highest in 2020 (all stations). Although the SCM depth
(Zscm) was shallower in 2017-2020 than 2015-2016, the nutrient
concentrations in the SCM layer were higher after 2017 than in
2015-2016. The SICs were lower in the east than in the west, with
large inter-annual variations (Figure 4). Mean SICs were lower in
2019-2020 than in 2015-2018 in the western region. In the eastern
part of the study area, August mean SICs were lowest in 2019 due to
high sea surface temperatures. In 2019, sea ice retreated rapidly and
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early northward in the study area. The depth-averaged BVF, which
indicates water column stratification, was significantly correlated
with surface salinity (r = -0.80, p < 0.001), with high August mean
values in 2015 (4.80 + 1.07 x 107 s!) and 2020 (4.77 + 1.27 x 107* s~
') when the sea surface salinity was low, indicating strong water
column stratification driven by low surface salinity during these
years. The euphotic depth was deeper in 2015-2016 (48.5 + 12.4 m)
and shallower since 2017 (41.2 + 14.0 m), and the SCM depth and
nitracline followed a similar pattern to the euphotic depth,
becoming shallower since 2017 (Figure 5). The August mean
MLD was relatively deep in 2016 and 2017 (17.9 £ 6.1 m and
16.2 + 6.8 m, respectively), and ranged from 9.6 + 2.4 m to 12.8 +
4.8 m in other years. Zeu/Zscm was approximately 1 in 2015-2016
and has been above 1 since then, indicating that light conditions in
the SCM layer have been favorable for phytoplankton growth since
2017. The winter mean AO index was high in 2015 and 2020 but
low from 2016 to 2019, indicating a weak negative correlation with
the August mean surface salinity (r = -0.69, p = 0.128) (Figure 6A).
During the study periods, average daily insolation measured at the
research vessel was highest in 2018 (August mean + SD, 271 + 88
UEm™d") and lowest in 2019 (184 + 110 pEm>d™), with other
years ranging from 206 puEm>2d™" to 235 uEm™d™" (Figure 6B).
The spatiotemporal environmental variables of the six cruises
were summarized using PCA analysis (Figure 7). These two
principal components explained a large proportion (60.0%) of the
total environmental variability in the surface layer (Figures 7A, B)).
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Annual variations in physical and chemical variables in the (A) surface and (B) subsurface chlorophyll maximum (SCM) layers. The box plot represents
the data on the east and west sides during six cruises from 2015-2020. The central mark in the box is the median, and the edges of the box are the
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TABLE 2 Annual variations in abiotic and biotic variables (mean + standard deviation) during cruises in August.

10.3389/fmars.2023.1237150

Surface layer

Temperature (°C) -0.69 +0.48 -1.21 +0.21 -0.79 £ 0.93 -1.01 + 0.42 1.07 + 1.88 -0.78 +0.77
Salinity 2643 + 1.71 28.47 + 0.94 28.76 + 1.19 28.66 + 1.30 28.15 + 0.71 27.17 + 0.72
NOx (uM) 0.001 + 0.005 0.035 + 0.098 0.027 + 0.070 0.161 + 0.605 0.083 + 0.077 ND
P (uM) 0.57 + 0.07 0.58 + 0.06 0.68 + 0.13 0.63 +0.17 0.65 + 0.14 0.59 + 0.11
Si (LM) 2.10 £ 1.99 1.07 £ 0.82 5.06 + 2.28 1.58 + 4.59 513 +3.79 4.27 + 2.69
Total chl-a (ugL™) 0.09 + 0.06 0.14 + 0.18 0.37 + 0.58 131 +288 0.13 + 0.08 0.12 + 0.06
Micro-chl-a (%) 24.1+17.2 314 +214 183 + 15.1 58.0 +29.7 28.0 + 24.1 19.0 + 129
Nano-chl-a (%) 358 £78 37.1 £ 124 315+ 121 34.1 +22.8 331+ 126 384 + 114
Pico-chl-a (%) 40.1 £ 16.3 315+ 156 50.2 + 16.2 79+ 113 38.8 + 143 426+ 11.1
Subsurface chlorophyll maximum layer
Temperature (°C) -1.00 + 0.60 -0.93 + 0.55 -1.17 + 0.60 -1.20 + 0.49 -1.09 + 0.58 -0.92 + 0.58
Salinity 31.57 + 0.46 31.33 + 0.31 30.68 + 0.37 31.31 + 0.53 31.24 £ 0.50 31.04 + 0.79
NOx (uM) 5.24 +3.42 3.16 + 2.46 2.52 248 547 + 4.05 7.26 + 5.47 4.83 +3.46
P (uM) 115 £ 0.25 0.98 + 0.22 1.04 £0.23 1.19 £ 0.29 1.36 + 0.47 1.13 £ 0.28
Si (LM) 13.11 £ 7.49 8.58 +5.12 11.65 + 5.42 1248 £ 9.16 18.16 + 11.37 13.99 + 7.37
PAR (MEm*s™) 2.25+2.53 341 +3.54 427 £6.29 7.45 + 8.65 2.48 + 2.50 3.49 + 3.80
Total chl-a (ugL™) 2.24 +2.60 0.90 + 0.44 0.62 + 0.52 3.96 +3.92 3.04 + 4.41 131 +237
Micro chl-a (%) 59.1 +29.1 47.8 +28.8 23.9 +25.2 54.5 + 42.0 39.2 + 38.7 21.8 +23.9
Nano chl-a (%) 202 £ 115 219+75 30.0 £93 20.3 + 14.2 285+ 15.9 37.9 £ 11.0
Pico chl-a (%) 20.7 + 20.4 30.3 + 24.2 46.1 £21.2 25.2 +29.4 323251 403 £17.5
Abiotic and biotic variables at the stations
BVEF (x10™*s™) 4.80 + 1.07 3.05 + 0.62 3.08 +0.53 343 £0.71 4.02 + 1.36 4.77 £1.27
Znc (m) 435 £17.9 464 +19.8 342 +10.0 35.1 + 14.0 334 +11.9 334 +123
Zscm (m) 49.1 +12.0 454 +10.5 31.6 +10.8 35.6 + 16.7 39.5 £ 11.0 365+ 9.7
MLD (m) 9.6 2.6 179+ 6.1 162 + 6.8 9.6 +24 128 +48 10.1 3.0
Zeu (m) 49.4 £ 139 47.4 £ 104 39.7 + 14.2 41.6 £17.9 44.8 + 14.6 39.7 £9.5
Zeu/Zscm 1.00 + 0.17 1.05 + 0.12 1.33 +0.44 1.37 + 0.81 1.14 £ 0.29 1.14 £ 031
SIC (%) 34.3 +30.1 48.7 + 243 28.3 +40.2 414 +31.8 6.3 +20.9 33.3 +30.3
SIRT (Ordinal date) 228 + 16 238+ 9 230 + 16 234+ 17 214 11 224 + 24
SIRS (d) 30 + 14 32+19 18+ 13 23+ 14 13+6 20 + 14
meanNOx (LM) 1.77 + 1.39 1.07 + 0.81 0.51 +0.51 141 + 1.07 298 + 1.77 121+ 1.05
meanP (UM) 0.83 + 0.16 0.72 £ 0.11 0.79 + 0.12 0.81 +0.15 1.02 £ 0.21 0.80 + 0.12
meanSi (LM) 5.97 +3.92 3.63 +1.56 6.67 + 2.36 5.54 + 4.76 11.72 + 5.84 7.52 + 2.56
StNOx 26/27 15/19 18/22 16/27 2/21 35/35
Integrated chl-a (mgm™) 62.96 * 70.08 32.03 + 13.08 2391 + 22.39 83.73 + 71.69 62.38 + 67.13 34.72 + 36.10
Mean chl-a (ugL™) 0.69 + 0.88 0.28 +0.12 0.31 +0.35 1.37 + 1.57 0.80 + 1.20 0.35 +0.33

StNOx, Number of stations with NOx concentrations below the detection limit; ND, number of stations below the detection limit. The “mean” before the nutrients indicate the mean nutrient

concentrations upper Zscm.
See Figures 2 and 3 for abbreviations.
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FIGURE 3

Annual variations in depth-averaged nutrient concentrations in (A) the upper 50 m depth and (B) the SCM depth on the east and west sides of the

NCESS during cruises. See (Figure 2)

The results revealed that the environmental variables differed
spatially between the stations located on the eastern and western
sides of the study area (ANOSIM R = 0.080, p = 0.002). The west is
characterized by higher sea surface salinity, nutrients, and SICs,
whereas the east is characterized by strong stratification and greater
euphoric depth. The ANOSIM test revealed significant differences
between the samples taken in the six years (R = 0.127, p = 0.001).
The Zeu vector indicated sample groups in 2015 and 2016,
characterized by relatively deeper euphotic depths compared to
other years. From 2017 to 2019, the study area exhibited distinct
characteristics of western waters, with higher sea surface salinity
and higher surface nutrient concentrations. In the SCM layer, the
two principal components, which explained 60.7% of the total
environmental variability, discriminated the environmental
conditions of east-west area (ANOSIM R = 0.132, p = 0.001) and
six years [ANOSIM R = 0.074, p = 0.004) (Figures 7C, D)]. Overall,
it showed a similar pattern to the surface layer; however, unlike the
surface layer which showed large inter-annual variability, the east-
west variations were more pronounced.

3.2 Phytoplankton biomass and
size structure

Chl-a concentration, an indicator of phytoplankton biomass,
showed distinct spatiotemporal variations (Figure 8). Chl-a was
higher in the western than the eastern part of the study area, which
is consistent with previous results (Nishino et al., 2008; Lee et al.,
2019). The August mean chl-a across all stations were compared to
investigate how they changed over six years (Table 2). Mean chl-a
integrated throughout the water column was highest in August 2018
(83.73 + 71.69 mgm ) and lowest in 2017 (23.91 + 22.39 mgm ).
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The highest value in 2018 was due to high phytoplankton biomass
in both the surface and SCM layers. In 2015 and 2019, relatively
high depth-integrated chl-a values were observed compared to the
other years, mainly because of the high biomass in the SCM layer.
Even though the August mean of surface chl-a was slightly higher
(0.37 +0.58 gL™") in 2017 than in 2016 and 2020 (0.14 + 0.18 pgL"
and 0.12 + 0.06 ugL ™", respectively), when the mean integrated chl-a
was low (32.03 + 13.08 mgm™ and 34.72 + 36.10 mgm?>,
respectively), the lowest mean integrated chl-a was observed in
2017 due to lowest mean chl-a concentration in the SCM layer (0.62
+0.52 ugl™).

The phytoplankton size structure showed a spatial distribution
characterized by relatively high micro chl-a and diatom dominance
in the western waters, as confirmed by microscopic observations
(data not shown). In the eastern waters, phytoplankton biomass was
dominated by cells less than 20 pm in size. Temporally, both micro
chl-a dominance and diatom dominance were higher in 2018 and
2019, when water column integrated chl-a was high, suggesting that
the increase in phytoplankton biomass in the study area was mainly
driven by an increase in large size phytoplankton (> 20 um). In the
east, inter-annual variability in phytoplankton size structures was
not evident in the surface layer, but the dominance rate of small size
phytoplankton (< 20 um) in the SCM layer was higher in 2017-2020
(73.3 £ 29.1%) (with the exception of 2018) than 2015-2016 (45.7 =
29.2%). The size structure in 2018 and 2020 was dramatically
different from that in other years, with higher micro chl-a
dominance and lower nano and pico chl-a dominance in both the
eastern and western areas. In addition, in 2020, a higher dominance
rate of small size phytoplankton was observed in both western and
eastern waters.

Correlation analysis of abiotic/biotic variables in the surface and
SCM layers over the six-year study period showed that phytoplankton
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Annual variations of 7 days average sea ice concentration prior to sampling period, sea ice retreat timing (SIRT), and sea ice retreat speed (SIRS) in

the east and the west sides of the NCESS during the cruises.

biomass and size structure were significantly correlated with
physicochemical variables (Supplementary Table 1). Environmental
variables such as seawater temperature, salinity, nutrient
concentration, euphotic depth, and nitracline depth were
significantly correlated with the total chl-a concentration and size-
fraction chl-a dominance rate (p < 0.05) in both the surface and SCM
layers. Nutrient concentrations exhibited a positive correlation with
large size phytoplankton (> 20 pm) and a negative correlation with
small size phytoplankton (< 20 pum). Moreover, correlations with
other environmental variables such as seawater temperature, salinity,
and water column vertical structure were reversed between the large
and small size groups, indicating different spatiotemporal distributions
for different phytoplankton size groups. SIC was positively correlated
with the total chl-a and micro chl-a in the surface layer (p < 0.05),
indicating that SIC may be related to the distribution of large diatoms
in the surface layer of the NCESS. The mean value of BVF, which
represents water column stability, was significantly correlated with
chlorophyll concentration (r = -0.19, p < 0.05) and size-fraction
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chlorophyll dominance (p < 0.05) in the surface layer but not in the
SCM layer, indicating a correlation between surface phytoplankton
distribution and water column stability.

4 Discussions

4.1 Spatial variations of environments and
phytoplankton biomass

Phytoplankton communities in the NCESS during summer
(2015-2020) were influenced by spatial variations in physical and
chemical variables in the east-west water mass structure (Lee et al.,
2019; Ko et al., 2020). In the study area, the northern Chukchi Sea
(east), which is influenced by warmer, lower-salinity Bering Sea
Water inflow and the Beaufort Gyre, had a relatively higher surface
temperature, lower surface salinity, and lower SICs than the west.
Surface nitrate was depleted due to strong stratification, and
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phytoplankton biomass was low at most stations in the eastern area,
with a high dominance of small-sized phytoplankton in this area.
The western side of the study area and northern waters of the East
Siberian Sea were characterized by higher SICs, cold saline surface
waters, higher nutrient concentrations, and higher chl-a
concentrations dominated by larger-sized phytoplankton than
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those on the eastern side. Previous (Lee et al., 2019) and the
present studies generally exhibited environmental and
phytoplankton distribution characteristics along the east-west
water mass structure, but the present study showed more
pronounced inter-annual variation than spatial variation in
summer (August) during the six-year period from to 2015-2020.
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4.2 Sea surface salinity and vertical stability

During the study period, the mean sea surface salinity in August
was lower in 2015 and 2020 than in other years. Vertical stability
(BVF) was strongly negatively correlated with surface salinity (r =
-0.80, p < 0.001), with strong stratification in 2015 and 2020,
indicating that salinity affects the vertical structure of the water
column in colder waters, such as the Arctic Ocean (Timmermans
and Jayne, 2016). Surface freshening in the Arctic Ocean is well
documented (Proshutinsky et al., 2009; Carmack et al., 2016) and is
known to be caused by increased sea ice melting and river discharge.
Sea ice has both strengthening and weakening effects on water
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FIGURE 7

column stability. Sea ice melting supplies freshwater to the surface
and strengthens vertical stratification, whereas sea ice loss could
result in the deepening of the surface mixed layer due to the
increased exposure of the ocean surface to wind. During the
study period, SIC was positively correlated with surface salinity (r
=0.21, p < 0.01) and negatively correlated with BVF (r = -0.19, p <
0.05), indicating the influence of sea ice melt on surface salinity and
water column stability in the NCESS. However, the inter-annual
variation in sea-surface salinity is difficult to explain by complex
spatiotemporal variability.

Changes in the western limit and areas of the Beaufort Gyre, which
is characterized by low surface salinity, could also influence the
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(A) Annual variations in total chl-a concentration (ugL™) and size-fractionated chl-a (%) in the surface (left panel) and SCM (right panel) layers. Size-
fractionated chl-a indicates that micro chl-a (>20 um), nano chl-a (2-20 um), and pico chl-a (<2 pm). (B) Annual variations in depth-integrated and
depth-averaged chl-a concentrations on the east and west sides of the study area during the cruises.

physicochemical characteristics of the water mass east of the study area
(Bertosio et al., 2022a). Morison et al. (2012) suggested that runoff has
an important influence on the Arctic Ocean and established that the
spatial and temporal manifestations of runoff pathways are modulated
by the Arctic Oscillation rather than by the strength of the wind-driven
Beaufort Gyre circulation. During our study period, Arctic Oscillation
was higher in 2015 and 2020 than in 2016-2019. Correlation analysis
showed a negative correlation between the August mean surface
salinity and winter mean AO index (r = -0.69, p = 0.128). Field
surveys in the study area were conducted in 2021 and 2022. Upon
combining and analyzing the data from both years, a statistically
significant negative correlation was observed (r = -0.7332, p = 0.038)
(data not shown). Thus, the weak correlation in this study could be
attributed to the potential influence of sample size on the p-value. The
relationship between the AO index and environmental characteristics is
still complex and not fully understood. A 37-year archive of
observations showed that surface freshening potentially altered
nutrient fluxes and primary production in the Arctic Ocean
(Polyakov et al., 2020), thus, the influence of sea surface salinity on
phytoplankton distribution in the Arctic Ocean needs to be established
to predict primary production and marine ecosystems.
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4.3 Nutrient concentrations

Strong stratification of the water column weakened the supply
of nutrients from deeper layers to the surface. During the study
period, surface nutrient concentrations differed between the 2015-
2016 period and post-2017 periods, resulting in higher surface
nutrient concentrations and a shallower nitracline in the latter
period compared to the former (Figure 2). When comparing the
surface nutrient concentrations during 2015 and 2020, in a period
characterized by high water column stability, we observed that the
concentration of surface nutrients was relatively higher in 2020,
particularly in the upper 50 m of the water column, than in 2015
(Figure 4A). In August 2017, Jung et al. (2021) observed
unprecedentedly high surface nutrient concentrations at the
stations of the East Siberian Sea continental shelf and reported
that halocline shoaling due to Atlantic water intrusion may be
responsible. Bertosio et al. (2022b) reported that this phenomenon
continued from 2017 to 2020, with increasingly stronger impacts on
the Chukchi Sea. The synergistic effect of stratification weakening
due to high surface salinity and water mass uplift to the surface due
to Atlantic water intrusion may be responsible for the nutrient
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supply to the surface. Overall, the Atlantic-origin cold halocline
water intrusion that has occurred since 2017 may have lifted the
overlying nutrient-rich Pacific Waters to shallower depths, resulting
in higher surface salinity in the study area and a supply of nitrate to
the surface. Thus, while stratification was strong in both 2015 and
2020 owing to low surface salinity, the halocline uplift in 2020 may
have resulted in a different distribution of nutrients in the upper
layer than that in 2015. In the study area, nitrate is an important
limiting factor for summer phytoplankton distribution (Danielson
etal, 2017; Ko et al.,, 2020). Thus, the nutrient supply to the surface
may result in increased phytoplankton biomass. Phytoplankton
biomass may have been higher during 2017-2019, when both high
surface salinity and Atlantic water intrusion were observed. Our
results suggest that the high surface chl-a concentrations across the
ocean in 2018 were caused by increased surface nitrate
concentrations. However, low phytoplankton biomass was
observed in 2017 and 2019, which could not be explained by the
nitrate supply to the surface.

During periods of high phytoplankton biomass, the large
phytoplankton group exhibited dominance, whereas the small
phytoplankton group was more dominant during periods of low
biomass. The positive correlation of the large phytoplankton group
with nutrient concentrations and the negative correlation of the
small phytoplankton group with nutrient concentrations suggest
distinct responses to changes in nutrient levels between the two
groups. Such differences in response to nutrient concentration
indicate that nutrient supply to the surface layer of the study area
could lead to the prevalence of large size phytoplankton and an
increase in total chl-a. While the large and small size phytoplankton
are commonly associated with diatoms and flagellates in this area,
respectively (data not shown), the presence of small diatom cells,
large flagellate cells, and flagellate communities complicates our
understanding of the system. To gain a deeper understanding,
community studies utilizing microscopy or photosynthetic
pigments should be undertaken to discern the response of each
phytoplankton group to nutrient concentrations.

4.4 Limiting factors for
phytoplankton distribution

Jung et al. (2021) analyzed a dataset for 2015-2017, which is part
of the data used in this study and reported that surface chl-a
concentrations were higher in August 2017 than in previous years
in part of the East Siberian Continental Shelf owing to shoaling of
the nutricline by halocline water intrusions. However, the mean chl-
a concentration at all stations in the NCESS in 2017 was not
significantly different from that in previous years, probably
because of the localized effect of nutricline shoaling on
phytoplankton distribution. The surface nitrate concentrations
were still below the detection limit at most stations in 2017 (18 of
22 stations), and the August mean nitrate concentration at the
upper SCM depth was the lowest in 2017 (Figure 4B), indicating
nitrate limitation on phytoplankton growth over the NCESS during
this period. In 2019, the surface nitrate, phosphate, and silicate
concentrations were high at most stations, and they had the lowest
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number of stations with nitrate concentrations below the detection
limit in the surface layer (2 out of 21). Despite higher nutrient
concentrations at the surface layer in 2019, August mean surface
chl-a concentration was 10 times lower (0.13 + 0.08 },LgL'l) than in
2018 (1.31 + 2.88 ugL™") in the study area. Chl-a concentrations in
the SCM layer were slightly higher at some stations on the East
Siberian Sea continental shelf, but the average water column-
integrated chl-a concentration in the study area was
approximately 26% lower in August 2019 than in August 2018.

The low phytoplankton biomass in the study area in August
2019 could be attributed to several factors. Sea ice dynamics, nitrate
concentrations, grazing pressure, and light intensity may be
important limiting factors for phytoplankton growth during the
post-bloom period in August. First, the rapid timing and speed of
sea ice retreat and the low August mean sea ice concentration in
2019 (Figure 3) may have influenced the phytoplankton bloom
phenology, resulting in an early phytoplankton bloom (Fujiwara
etal, 2016; Lee et al,, 2019). The August mean nitrate concentration
in the upper SCM depth was highest in 2019 (Figure 4B) and is
unlikely to be a limiting factor for phytoplankton growth. Grazing
pressure at higher trophic levels is likely to be one of the limiting
factors for phytoplankton in 2019, as the mesozooplankton
abundance was reported to be slightly higher in August 2019 than
in August 2018 in the west (Kim et al., 2022). Finally, the mean daily
insolation was lowest in 2019 (average 184 WuEm>d™") in the six-year
survey. The low SICs in 2019 resulted in an increased light
penetration rate over the air-sea boundary layer. However,
reduced insolation may have reduced the intensity of light
penetrating the ocean and directly affected phytoplankton growth
in the water column. Interestingly, in 2018, the year with the highest
integrated chl-a concentration was also the year with strong
Atlantic water intrusion, high surface nutrient concentrations,
and the highest average insolation during the study period.
August 2020 also had low mean chl-a concentrations in the study
area, and along with 2017, these two periods were among the lowest
values for daily mean insolation. Nitrate limitation in
phytoplankton communities has been reported in many studies
using fleld observations and culture experiments in the Arctic
Ocean (Tremblay and Gagnon, 2009; Ko et al., 2020; Randelhoff
et al., 2020), however, reports on light limitation are rare.

4.5 Importance of light on
phytoplankton distribution

Light is a critical factor in phytoplankton growth and
productivity in the Arctic Ocean. During the summer, the Arctic
experiences nearly 24 h of daylight, which provides light for
phytoplankton to photosynthesize and grow. However, the extent
of sea ice in the Arctic has been declining owing to climate change,
which has led to changes in the amount and timing of light available
to phytoplankton. For example, sea ice loss leads to increased light
penetration into the ocean, which can stimulate phytoplankton
growth in certain areas (Lewis et al., 2020). Light transmittance is
considered to be a key factor in the availability of light for
phytoplankton in the water column, and the quantity of sunlight
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also plays a critical role. In this study, the euphotic depth was
shallower in 2017-2020 (41.2 + 14.0 m) compared to 2015-2016
(48.5 + 12.4 m). Shallowing the euphotic zone reduces the depth at
which phytoplankton can grow, causing the SCM layer to develop at
shallower depths and limiting phytoplankton growth because the
shallower SCM layer has a limited ability to receive nutrients from
the bottom. However, in the study area, nutrient concentrations in
the SCM layer were not low enough to limit phytoplankton growth
because a nitracline was uplifted by Atlantic water intrusion at
approximately the same time (2017-2020). The light environment
in the SCM layer, represented by Zeu/Zscm, also showed values
above 1 since 2017. This suggests that the depth of the euphotic
zone is deeper than Zscm, which means that more than 1% of the
surface light reaches the SCM layer, and that light is not likely to
limit phytoplankton growth. However, compared to 2015 and 2016
(averaging 225 UEm>d" and 235 pEm™>d’, respectively), the
amount of sunlight reaching the surface of the ocean has been
lower since 2017 (184 - 207 uEm™>d™) except for 2018, which
averaged 271 WEm>d™". Because lower solar irradiance reduces the
amount of light transmitted to the water column, the absolute value
of light may have decreased, although the proportion of light
reaching the depth of the SCM has increased since 2017. In fact,
the August mean of PAR observed at SCM depth was highest in
2018 (7.45 + 8.65 WEm2s™), 2019 (2.48 + 2.50 uEm2s™) was the
second lowest, and lowest (2.25 + 2.53 {Em%s™*) in 2015. Studies on
the effects of light on phytoplankton distribution during summer in
the Arctic Ocean are rare, but the growth and physiological
characteristics of phytoplankton responses to light have recently
been reported in NCESS waters (Ko et al., 2022; Shiozaki et al.,
2022). Therefore, further research is needed to understand the
effects of light on phytoplankton distribution in the study area.

5 Conclusions

The spatial distribution of environmental and biological
variables in the NCESS in August supported the hypothesis of a
general east-west variation, with relatively cold saline waters, higher
nutrient, sea ice, and chl-a concentrations with a prevalence of the
large size phytoplankton in the west (northern East Siberian Sea),
and warm fresh and oligotrophic waters, low sea ice concentrations,
and dominance of small size phytoplankton in the east (northern
Chukchi Sea). However, inter-annual variations were more
pronounced than spatial variations during the six-year period
from 2015-2020, indicating complex interactions between
environmental variables and phytoplankton communities in the
Arctic Ocean. Inter-annual variations of sea surface salinity affected
the water column stability. The intrusion of Atlantic water into the
study area since 2017 has led to shoaling of the halocline to
shallower depths, subsequently causing an increase in surface
salinity and providing nitrate to the surface, consequently
influencing the increase in phytoplankton biomass. During
periods of high phytoplankton biomass, the dominance of the
larger phytoplankton and the prevalence of the smaller
phytoplankton during periods of low biomass indicate that
different responses to changes in nutrient levels between the two
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groups occur, implying that nutrient supply to the surface layer of
the study area could lead to an increase in large-sized
phytoplankton and total chl-a. However, changes in the amount
and timing of light available to Arctic Ocean phytoplankton could
have complex effects on growth. In this study, although the depth of
the Zeu became shallow, the amount of sunlight reaching the ocean
surface decreased in 2017 and 2019. Our results imply that the
nutrient supply (sea surface salinity, water column vertical stability,
and nitracline shoaling) and increased light availability (SIC, Zeu,
and insolation) can stimulate phytoplankton growth, leading to an
increase in their biomass. Thus, the importance of light as a limiting
factor for phytoplankton growth, which has rarely been studied in
the study area, should not be overlooked when understanding the
impact of environmental changes on phytoplankton growth in
the region.
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