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Limited information is available regarding the phytoplankton communities in the Arctic
Ocean, especially in the Chukchi Sea. We conducted research cruises in the Arctic Ocean
in the late summers of 2015, 2016, 2018, and 2019, and used 18S ribosomal DNA
metabarcoding to examine the dynamic changes in core phytoplankton. Environmental
factors were divided into three Groups: “surface layers in low latitude”, “subsurface
chlorophyll maximum layers in low latitude”, and “high latitude.” The phytoplankton
community was divided into two Groups. One Group, “the phytoplankton community in
lower latitudes affected by the Pacific Influx “, comprised Dinophyta (56.33%),
Bacillariophyta (22.28%), and Chlorophyta (20.77%), while the other Group, “the
phytoplankton community in higher latitudes affected by the Arctic Sea “, comprised
Dinophyta (57.51%), Bacillariophyta (10.71%), and Chlorophyta (27.57%). The common
phytoplankton taxa in Group of lower latitudes included 33 operational taxonomic units
(OTUs) (99.04%), while the other Group included nine OTUs (98.80%). In these groups,
OTUs #005 (Heterocapsa rotundata), #001 (Micromonas pusilla), and #003 (Chaetoceros
gelidus) were core OTUs (>5%). These core OTUs were significantly different between the
two Groups; OTU #001 and #003 were distributed at high relative abundance and rapidly
increased at higher latitudes. OTU #005 showed a relatively high abundance at lower
latitudes. Analysis of the indicator species revealed that 34 OTUs in lower latitudes and
only one OTU (#003) in higher latitudes were observed to have a strong value of >0.8. Our
results indicate that core phytoplankton taxa and community structures by latitudinal
differences are highly dependent on different water masses and show their dynamic
ecological responses to extreme environmental conditions.

Keywords: Arctic Ocean, core phytoplankton, latitudinal differences, 18S metabarcoding, nano- and
pico-phytoplankton
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INTRODUCTION

The Chukchi Sea, which is connected to the Arctic Ocean and
extends northwards, involves complex currents that facilitate the
northward transport of the Pacific waters through the Bering
Strait and exerts a significant impact on regional circulation,
freshwater supplements, and nutritional distribution
(Weingartner et al., 1998). Furthermore, the central northern
Chukchi Sea water mass significantly affects the transport
(Weingartner et al., 2005). Owing to the latitudinal differences
between the Pacific Ocean and the Arctic Ocean, the warm and
salty waters of the Bering Sea flow into the Chukchi Sea, resulting
in the melting of sea ice in summer (Shimada et al., 2006). Three
Pacific inflows enter the Chukchi Sea in succession, and these
water masses affect the Arctic Ocean. The first is water from the
Gulf of Anadir (AW), with low temperature and high salinity,
while the second and third are, respectively, waters from the
Bering Strait (BSW), having high temperature and salinity and
low silica characteristics, and from the Alaska Coast (ACW),
which is introduced after melting ice and has low salinity and low
nitrogen concentration (Grebmeier et al., 1988; Aagaard et al,
2006). Overall, the location of the Pacific summer waters and the
contents of the Chukchi Sea exert a significant impact on
physical conditions, nutrients, and phytoplankton communities
therein (Mordy et al., 2020; Wang et al., 2020).

Various Arctic research programmes have been conducted
over the past decade to understand how climate change affects
the Arctic marine ecosystems in the Chukchi Sea (Babin, 2020).
In particular, field research programmes in the Arctic Ocean
have greatly contributed to increasing our understanding of the
spatiotemporal and ecological roles of phytoplankton
communities in this region (Sukhanova et al., 2009; Joo et al,
2012). Seasonal changes in the environment with respect to solar
radiation, sea ice, water temperature, vertical stratification, and
influx of warm Pacific Ocean through the Bering Strait control
the primary production by phytoplankton in the Arctic Ocean
(Arrigo et al., 2012; Hill et al., 2018; Zhang et al., 2021).
Picophytoplanktons are a major component in the Arctic Sea.
There is a high occurrence of Micromonas in Beaufort Gyre
(Coupel et al., 2012; Coupel et al., 2015), while cryptophytes are
dominant in the Chukchi Sea (Fujiwara et al., 2014). The specific
composition of the phytoplankton community is influenced by
the water mass in the Arctic Ocean (Hamilton et al., 2008; Lee
etal, 2019). Therefore, understanding the magnitude and spatial
distribution of the phytoplankton community is essential to
better study the changing environments in the Arctic Ocean
(Stoecker and Lavrentyev, 2018).

Studies on the Arctic Basin are essential to determine the
extent of plankton productivity involving phytoplankton
biomass and biodiversity, and the factors affecting the shelves
and slopes of the Arctic Ocean (Codispoti et al., 2005; Joo et al.,
2012; Lee et al., 2012). On the shelves and slopes of the Chukchi
Sea, pelagic phytoplankton account for most of the primary
production, whereas ice algae are only important during the
short period of spring transition (Hill and Cota, 2005; Zhang
etal., 2021). Until recently, it was believed that the increase in the
primary production of phytoplankton in the ice-covered Arctic

Ocean only began after the sea ice had receded and the water
mass was stratified to provide sufficient light for photosynthesis
(Ardyna et al., 2020; Oziel et al., 2020). However, the massive
growth of phytoplankton under the Chukchi Sea ice in 2011
indicates that significant amounts of phytoplankton can grow
even in ice-covered seas (Arrigo et al., 2012). The discovery of
very high biomass and growth rates over a spatial range of more
than 100 km suggests that phytoplankton blooms under sea ice
are an important factor in the Arctic marine ecosystem, which
has thus far been overlooked (Arrigo et al., 2014). In the Chukchi
Sea, the pelagic ecosystem is greatly affected by the seasonal
melting of sea ice (Comeau et al,, 2011). For example, as the
Arctic sea ice decreases the phytoplankton biomass increases,
potentially increasing the primary productivity of the Arctic
Ocean by up to 20% (Arrigo and Van Dijken, 2011). In some
parts of the Arctic, earlier phytoplankton blooms can be induced
by early sea ice retreat, occurring widely throughout the Arctic
(Stroeve et al., 2014). However, a detailed understanding of the
dynamics of Arctic phytoplankton indicators remains elusive.

Metabarcoding has previously identified spatial and temporal
trends in phytoplankton communities (Jung et al., 2018; Kang
et al,, 2021) and can be a valuable tool for analysing plankton
biodiversity, even though the differences in rDNA copy numbers
are associated with genome size and biovolume in unicellular
eukaryotes (Prokopowich et al., 2003). Therefore, a semi-
quantitative approach was suggested because of the differences
in rDNA (Amend et al, 2010). This metabarcoding approach
may be advantageous for analysing pico-sized phytoplankton,
even though it has several technical limitations. For example,
Kang et al. (2021) reported that Bathycoccus prasinos was only
identified in the metabarcoding analysis even though this taxon
is a known important component of picoplankton in temperate
waters. Therefore, we suggest that metabarcoding is a rapid and
high-resolution analysis tool, particularly for the detection of
pico-sized phytoplankton communities. We aimed to evaluate
the changes in the phytoplankton community in response to the
changes in the water mass (in the Bering, Chukchi, and Arctic
Seas) between 64 °N and 80 °N and the variations in the surface
and subsurface chlorophyll maximum (SCM) layers. The
relationships between the phytoplankton community and the
environment factors (focused on water temperature),
particularly the changes in phytoplankton indicators, were
assessed in the Arctic Ocean during the summers of 2015-
2019. We used 18S rDNA metabarcoding and evaluated the
environmental factors at the surface and SCM depths to elucidate
the effects on the phytoplankton communities.

MATERIALS AND METHODS

Cruise Investigation and Analysis of
Environmental Factors

To understand the changes in phytoplankton communities with
increases in latitude, we collected sub-samples to analyse
phytoplankton communities and relevant environmental
factors in the water column between the Bering Strait, the
Chukchi Sea, and the Arctic Sea (70 sampling sites from 62°N
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to 80°N). In the present study, the Korean icebreaker research vessel
R/V Araon conduct surveys in 2015 (Cruise name: ARA06B), 2016
(ARAO07B), 2018 (ARA09B), and 2019 (ARA10B) as part of a polar
research programme (the Korea-Arctic Ocean Observing System
[K-AOOS] programme) at the Korea Polar Research Institute of
South Korea (Figure 1, Table S1). The sub-samples in the water
column were collected at the surface (1 m below the surface) and
SCM layer depths. Water samples were collected using a rosette
sampler with 20-L Niskin-type bottles (OceanTest Equipment, Inc.,
Ft. Lauderdale, FL, USA), equipped with a Sea-Bird 911 plus CTD
(Sea-Bird Electronics, Inc., Bellevue, WA, USA). Here, the SCM
layer was determined by realistic measurements using an in situ
Seapoint fluorometer (Sea Bird Electronics, Inc.). The SCM layer
was ascertained using a realistic measurement with an in situ
Seapoint fluorometer (Sea Bird Electronics, Inc.). The subsurface
chlorophyll maxima were estimated according to Martin et al.
(2010), and the layer was commonly located between 0.2% and
5% of the surface irradiance. The temperature, salinity, and
dissolved oxygen content were evaluated using an SBE 911 plus
system (Sea Bird Electronics, Inc.). A 100-mL aliquot of each sub-
sample was filtered through a 47-mm glass fibre filter (Whatman,
Clifton, NJ, USA), and the filtered seawater was stored in an acid-
cleaned polyethylene bottle in a deep freezer at —80 °C.
Subsequently, concentrations of dissolved inorganic nutrients,
such as dissolved inorganic nitrogen (DIN), including nitrite +
nitrate + ammonia, dissolved inorganic phosphorus (DIP), and
dissolved silica (DSi), were determined in each sample using a four-
channel continuous automatic analyser (QuAAtro, SEAL
Analytical, Germany).

18S rDNA Metabarcoding Analysis

To analyse the eukaryotic phytoplankton community, 2 L of the
surface and SCM layer samples were passed through a 0.2-pm
pore-sized filter (GTTP04700; Millipore, Bedford, MA, USA)

under < 100 Hg low vacuum pressure to isolate eukaryotes. The
filters were stored at —80 °C until DNA extraction. Genomic
DNA was extracted from eukaryotic plankton communities, and
metabarcoding analyses using 185 rDNA was performed as
previously described (Kang et al., 2021). The filter was cut into
eight several pieces for genomic DNA (gDNA) extraction. gDNA
was extracted using the DNeasy PowerSoil kit (Qiagen, Hilden,
Germany); the DNA samples were diluted to a final
concentration of 20 ng UL™". The quantity and quality of total
gDNA was determined using a Nano-drop (Nano-MD-NS;
SCINCO Ltd., South Korea). The V4-V5 region of the 18S
rDNA gene was targeted using Illumina-tagged forward
(TAReuk454FWD1) and reverse (TAReukREV3) primers
(Table S2). Although the replication experiment was not
performed, the samples for gDNA extraction were obtained
from the larger volume of 2 L. To obtain more accurate results,
polymerase chain reaction (PCR) was performed in three
separate tubes, and the contents were mixed in a tube.
Therefore, we believe that the change patterns in the
phytoplankton community are representative despite the lack
of replications in the field investigation (Jung et al., 2018; Kim
et al., 2021). The products from the first PCR reactions were
purified individually using a QIAquick PCR Purification Kit
(Qiagen, Hilden, Germany). The second PCR involved 10 cycles
using tags from the Nextera XT 96 Index Kit v2 (Illumina). The
DNA concentration was measured using the 2100 Bioanalyzer
(Agilent Technologies, Palo Alto, CA, USA). Equal amounts of
the PCR products from each sample were pooled; the combined
sample was analysed using the Mi-Seq platform (Illumina). The
raw sequencing data (Fastaq files) were obtained from the Mi-
Seq platform.

The raw sequencing data (Fastq files) were analysed using the
bioinformatic processes described in Jung et al. (2021). After
completing each sequencing, the data were pre-processed using

SN
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o
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FIGURE 1 | Sampling locations in the Arctic Ocean in the late summers during 2015-2019. A total of 70 sites were investigated during the ARA06B, 07B, 09B, and
10B cruises of the South Korean ice breaker research vessel Araon. SCM, subsurface chlorophyll maximum layer.
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Mi-Seq Control Software v2.4.1. The raw sequences were first
analysed using FastQC (Andrews, 2010) to check basic
parameters, such as GC %. The quality score distribution per
base was determined and the poor-quality sequences were
flagged. Ambiguous and chimeric reads were removed; the
noise sequences, with operational taxonomic units (OTUs) of
1, 2, and 3 reads, were removed at a cut-off of 97% (denoising).
The processed paired-end reads were merged using the fast
length adjustment of short reads software tool (Magoc¢ and
Salzberg, 2011). Following each sequencing, a quality check
was performed to remove short sequence reads (< 150 bp),
low-quality sequences (score < 33 in 18S rDNA analysis),
singletons, and non-target sequences. Using the Basic Local
Alignment Search Tool (Altschul et al, 1990), the sequence
reads were compared to those from the National Center for
Biotechnology Information database. Sequence reads with an E-
value < 107 were considered for further analysis. A pairwise
global alignment was performed for the selected candidates to
identify the most similar sequences. The taxonomy of the
sequence with the highest similarity was assigned to the
sequence read (species and genus levels with > 97% and > 94%
similarity, respectively). To analyse OTUs, the CD-HIT-OTU
software (Li and Chang, 2017) was used, for clustering and
obtaining the metagenomic functional information. To calculate
alpha-diversity, such as Shannon-Weaver diversity, Chao
richness, and Simpson evenness, we used the closed-reference
reported by Mothur (Schloss et al., 2009) and QIIME (Caporaso
et al., 2010), based on the OTU table.

Statistical Analysis

Pearson’s correlation analysis was performed to examine the
relationships between the measured parameters using SPSS
Statistics software v12 (IBM SPSS, Armonk, NY, USA). Cluster
analysis was performed via group average clustering using the
Bray-Curtis similarity method investigating the relative
abundances of phytoplankton groups. The most abundant (or
common) phytoplankton operational taxonomic units (OTUs)
indicated a relative abundance >0.1% in at least one sample.
Using the ranked similarity matrix, an ordination plot was
produced by non-metric multidimensional scaling (nMDS)
using PRIMER 6 (v6.1.13). To test the null hypothesis (no
significant difference between the Groups discriminated
according to the agglomerative clustering analysis), similarities
were analysed with ANOSIM (Clarke et al., 2001). Alpha
diversity (including Chaol, Shannon, and Simpson diversity
metrics) was analysed using the vegan of R Studio (Oksanen
et al,, 2022). The indicator species analysis or the indicator value
index (IndVal), developed by Dufréne and Legendre (1997), uses
the relative abundance and relative frequency of occurrence of
species in defined Groups obtained through hierarchical
clustering, to narrow a large number of species down to a few
species of interest that are the most characteristic of the defined
Groups. De Caceres and Jansen (2016) developed the
“indicspecies” methods in R Studio (v. 1.2.5042), based on the
WPGMA clustering method. The IndVal values range from 0
(not an indicator species) to 1 (maximum indicator ability).
Redundancy analysis (RDA) was used to investigate the

relationships between the indicator phytoplankton OTUs,
obtained using the IndVal methods, and the environment. A
Pearson correlation matrix was generated to identify the
correlated variables within this data set. Environmental
variables below the detection limits at most sites were removed
before running the RDA; only those contributing significantly to
the analysis (as assessed using the forward selection) were
included in the final RDA. The ratio of the eigenvalues of the
constrained first axis to the second unconstrained axis was
examined, because this ratio indicates the importance of a
variable in controlling the common OTU distributions (Ter
Braak, 1986). The RDA was calculated using the CANOCO
program version 4.55 (Ter Braak and Smilauer, 2002), and all
axes were tested for significance using the 999 unrestricted
Monte Carlo permutations. Heatmaps based on the most
abundant phytoplankton OTUs were plotted using ggplot2
(Wickham et al., 2016) in R Studio.

RESULTS

Changes in Summer Environmental
Factors in the Arctic Ocean

During this study, the water temperature and salinity gradually
decreased with increasing latitude. For lower latitude sites
between 64°N and 70°N, the mean water temperature was
6.84°C at the surface and 2.71°C in the SCM layer (Figure 2).
However, the water temperature, which displayed little difference
between the surface and SCM layers at most sampling sites at
latitudes higher than 72°N, was measured at a mean of below
0°C. Salinity showed a clear difference higher than 72°N between
the surface at a mean of 28.15 and the SCM layer at a mean of
31.30 (Figure 2). Thus, the water masses at lower latitude sites
(the Bering Strait and bordering area of the Bering Strait and the
Southern Chukchi Sea) showed relatively higher water
temperature and salinity, with little difference between the two
layers. For higher latitude sites (most of the Chukchi Sea and
Arctic Sea), the water temperature was below 0°C in all layers
and salinity was clearly distinguished with an mean of 29.28. In
particular, these sites are located near the ice edges. The DIN
concentrations in all surface layers were detected at mean of 0.05
UM, but their concentrations in the SCM layer were found to
have a mean of 4.10 uM (Figure 2). The DIP concentrations
were significantly correlated with changes in the DSi
concentrations (r>0.8 and p<0.001), particularly in the SCM
layer (Figure 2).

The environmental factors were stringently classified into
three Groups at a similarity of 90%, based on the results of the
nMDS analysis (Figure S1). One Group was mainly associated
with “effects of surface layers in lower latitude.” In this Group,
most sampling sites were below 72°N, water temperature was
1.77°C, salinity was 29.28, and DIN concentration was 0.059 LLM.
Another Group was associated with “effects of SCM layers at
lower latitudes,” with water temperature and salinity
measurements of -0.08°C and 31.61, respectively. The other
Group was associated with “effects of higher latitude.” In this
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FIGURE 2 | Changes in the environmental factors in the Arctic Ocean in the
late summers during 2015-2019. The temperature-salinity plots obtained from
each cruise. Plots of inorganic nutrient values [dissolved inorganic nitrogen
(DIN)-dissolved inorganic phosphorus (DIP), and dissolved silica (DSi)]
obtained from each cruise. SCM, subsurface chlorophyll maximum layer.

Group, the mean water temperature was -1.19°C, and the salinity
was 29.28 at the latitude range of 73-78°N. In particular, DIN
and DSi were detected at very low concentrations of 0.029 and
0.063 UM, respectively.

Changes in Summer Phytoplankton
Communities in the Arctic Ocean

The reads counts and summary statistics across the eukaryotic
phytoplankton communities in the present study are summarised
in Table S3. Briefly, the sequences and read counts were generated
at means of 45,706,854 and 51,972, respectively. The relative
abundance of the phytoplankton community (including
Dinophyta, Bacillariophyta, and Chlorophyta) was 61.83% in the
total 185 rDNA metabarcoding results. The phytoplankton
community was classified into two major Groups with 69%
similarity, using nMDS analysis (Figure 3A). Based on the
nMDS results for the phytoplankton community dataset, One
Group included “the phytoplankton community at latitudes
affected by the Pacific Influx,” comprising Dinophyta (56.33%),
Bacillariophyta (22.28%), and Chlorophyta (20.77%). The other
Group included “the phytoplankton community in the higher
latitudes affected by Arctic Sea,” comprising Dinophyta (57.51%),
Bacillariophyta (10.71%), and Chlorophyta (27.57%). Thus, the
phytoplankton taxa were significantly different between the two
Groups (Table 1). The SCM layer at the sampling site of ten in
ARAO06B (06B-10SCM) showed unique distribution characteristics
with increasing diatoms such as Genus Chaetoceros, Fragilariopsis,
and Thalassiosira. The resulting Venn diagrams showed overlaps

in the common phytoplankton OTUs (a relative abundance >0.1%
in at least one sample) in the two Groups and the 06B-10SCM
sampling site (Figure 3B). The number of common OTUs to all
groups was 31, accounting for 53.4% of the total number; 98.2%
(n=57) of the OTUs overlapped between the two Groups. There
were 1.7% (1 OTU) and 0% OTUs, respectively, at the lower and
higher latitudes in both Groups. The mean Shannon diversity was
3.17. In particular, the diversity index increased with increasing
latitude (Figure 3B) and significantly differed between the two
Groups (Table 1). Moreover, compared with the water depths
between the surface and SCM layers, the mean diversity index in
the surface and SCM layers were found to be 3.14 and
3.16, respectively.

Core Phytoplankton Operational
Taxonomic Units

The common phytoplankton taxa in each Group included 58
OTUs, and the accumulated relative abundance of these
common OTUs had a mean of 99.35% (Figure 4A, Table $4).
The common phytoplankton taxa in the Group at lower
latitudes included 33 OTUs, with a mean value of 99.04% of
the total relative abundance of phytoplankton. OTU #005
(Heterocapsa rotundata, Dinophyta), #001 (Micromonas
pusilla, Chlorophyta), and #003 (Chaetoceros gelidus,
Bacillariophyta) were identified as the core phytoplankton
taxa (>5%), with a mean relative abundance of 36.73%,
9.59%, and 3.58%, respectively (Figure 4B). In the Group at
higher latitudes, the common phytoplankton taxa included
nine OTUs with a mean relative abundance of 98.80%.
Similar to the presence of the common species at lower
latitudes, OTUs #005, #003, and #001 had a relative
abundance of 25.81%, 12.17%, and 17.91%, respectively.
These OTUs (#005, #003, and #001) were significantly
different between the two Groups (Table 1). OTUs #001 and
#003 were rapidly increased in higher latitudes. In particular,
OTU #001 was distributed at relative abundance of 19.06%.
OTU #005 showed a relatively high abundance in lower
latitudes. The common phytoplankton OTUs for IndVal
analysis were classified into two Groups based on the results
of cluster analysis, and 40 indicator species were selected
(Figure 5). Thirty-four OTUs at lower latitudes and one
OTU (#003) at higher latitudes had a strong value of >0.8. In
particular, #001 and #025 (Bathycoccus prasinos, Chlorophyta)
at the lower latitudes and #003 at the higher latitudes were
selected as indicator species.

Impact of Common Phytoplankton OTUs

in Relation to Environmental Factors
Pearson’s correlation analysis between the abundance of water
temperature and relative abundances of common planktonic
OTUs provided some insight into the relationship between the
stimulation and inhibition water temperature effects of the Arctic
Ocean (Figure 6). At lower latitudes, water temperature and
some phytoplanktonic OTUs [#005, #014 (Karlodinium
veneficum, Dinophyta), #025, #043 (uncultured dinoflagellate),
and Dinophyta group] showed significant positive correlations
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FIGURE 3 | Distribution of operational taxonomic units (OTUs) among phytoplankton communities in the Arctic Ocean. Nonmetric multidimensional scaling ("MDS)
plots by the Bray—Curtis dissimilarity method using phytoplankton datasets (A). All data were normalized by the fourth roots. (B) Venn diagram showing the shared
and unique common phytoplankton OTUs (a relative abundance >0.1% in at least one sample) among Groups based on nMDS results. Changes and correlations in
Shannon diversity by latitudinal difference (C).

TABLE 1 | Summary of phytoplankton community and alpha-diversity in the Arctic Ocean in the late summer seasons during 2015-2019.

Group One Group (lower latitudes The other Group(higher latitudes 06B- p
affected by the Pacific Influx) affected by the Arctic Sea) 10SCM value
Phytoplankton group Bacillariophyta 22.28 + 21.67 10.71 £ 11.57 19.57 <0.05
(relative abundance, %) Chlorophyta 20.77 £ 7.12 27.51 £ 9.50 20.59 <0.01
Dinophyta 56.33 + 16.53 57.51 + 9.50 58.92 N.S.
Others (including 0.62 +1.25 427 +2.18 0.92 <0.01
Pelgophyceae,
The most common Operational #001 (Micromonas pusilla, % 9.59 + 3.96 17.91 £ 6.18 9.48  <0.01
Taxonomic Units (OTUs) identity: 99.5%)
(relative abundance, %) #0083 (Chaetoceros gelidus, 3.58 + 8.07 12.17 £ 16.36 0.83 <0.05
% identity: 99.7%)
#005 (Heterocapsa 36.73 + 5.81 25.81 £ 7.44 26.44  <0.01
rotundata, % identity: 99.8%)
Numbers of total OTUs 167 £ 34 157 £ 30 102 N.S.
Alpha-diversity index Shannon diversity 3.03 £ 0.43 3.22 £ 0.37 275 <0.05
Chao1 Richness 215 + 49 208 + 47 128 N.S.
Simpson Evenness 0.71 £0.10 0.74 £ 0.05 0.79 N.S.

Data, Mean + standard deviation; NS, not significant.
The two Groups were obtained using nMDS analysis (see Figure 3A). Paired t-test were performed to estimate the significant differences between the two Groups.
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#003 (Chaetoceros gelidus, Bacillariophyta).

(see the caption of Figure 6), while changes in water temperature
were negatively correlated with OTU #018 (Uncultured diatom),
#028 (Fragilariopsis kerguelensis, Bacillariophyta), #051
(Florenciella parvula, Dictyochophyceae), and #058
(Pedinellales, Dictyochophyceae). Water temperature at higher
latitudes was positively correlated with #005, #020 (Chaetoceros
sp., Bacillariophyta), #033 (Thalassiosira sp., Bacillariophyta),
and Dinophyta. In particular, #014 and #025 in the Group at
lower latitudes and #020 and #033 in the Group at higher
latitudes increased with increasing water temperature at ranges
between -2°C and 5 °C (Figure 6). In the RDA biplot in Figure 7,
the lengths of the arrows indicate the relative importance of the
variables in explaining the dataset of the environmental factors
and indicator phytoplankton OTUs, whereas their angles relative
to the axes and to each other indicate the strength of their
correlation. RDA revealed seven environmental factors and 40

indicator phytoplankton OTUs in 70 sampling sites, accounting
for 17.2% and 15.4% of the variance explained along the first and
second axes, respectively. OTUs #001, #025, and #026
(Phaeocystis pouchetii, Haptophyta), involving all surface layers
at lower latitudes, were associated with water temperature and
salinity, while OTU #003, involving most SCM layers at higher
latitudes, was strongly associated with DIP, DIN, and
NOj; values.

DISCUSSION

Our study of the dynamics of phytoplankton communities
focused on core taxa using 18S rDNA metabarcoding.
Clustered phytoplankton communities were found to display
different characteristics based on latitude changes in the Arctic
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FIGURE 5 | Heatmap showing the phytoplankton indicator species in the Arctic
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heatmap displays the fourth root normalized data at the range of O to 3. Two
Groups were obtained from the nNMDS analysis presented in Figure 3.

Ocean (64-80°N). These communities were consistent with the
communities found in the warm waters that flow northward
through the Bering Strait into the Chukchi Sea and in the waters
influenced by summer ice melting in the Arctic area (Shiomoto
et al., 2002; Carmack and Wassmann, 2006). The difterences in
water masses in the Group pertaining to the effects of surface
layers in lower latitudes and in the Group pertaining to the effects
of SCM layers at lower latitudes (the Bering Strait and bordering
area of the Bering Strait and the Southern Chukchi Sea) were
divided by water temperature, salinity, and inorganic nutrients in
the surface and SCM layers. In the higher latitude sites (most of
the Chukchi Sea and Arctic Sea), the water temperature was
below 0°C in all the layers; they were clearly distinguished only
by salinity. The DIN concentrations in the surface layer were
negligible; they were up to 4 uM in the SCM layer; higher
concentrations were detected in ARA09B and 10B at some
sampling sites (higher latitudes over 74 °N). The DIN
concentrations are consistent with the areas of ice melting
edges (data not shown). Zhuang et al. (2021) reported that the
nitrogen concentration was higher in the higher latitudes (70-75
°N). The limitation of N concentrations could influence the
changes in the phytoplankton compositions, ranging from the
nano- and micro-sized phytoplankton taxa to pico-sized taxa.
The nMDS analysis (Figure 3) indicated that the composition of
the phytoplankton community did not change with the years, but
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FIGURE 6 | Significant Pearson correlations between common
phytoplankton operational taxonomic units and water temperature in the
Arctic Ocean. In the Group at lower latitudes, positive and negative
correlations were observed, whereas in the Group at higher latitudes, only
positive correlations were observed. Two Groups were defined according to
the nMDS results of analysis of the phytoplankton dataset (see Figure 3).

it changed with the latitude. This study area is located in a
transition zone influenced by the Pacific Water, East Siberian
Shelf Water, and Atlantic Water (Nishino et al., 2008). The
environmental characteristics are governed by the distribution of
these water masses (Jiang et al., 2013). The water masses passing
northward through the Bering Strait originate along with the
BSW with high salinity in the northern branch of the Bering
Slope Current (Aagaard, 1987; Coachman, 1992). In the Chukchi
Sea near the Arctic Sea, the transport of BSW dominates the heat
flux into the Chukchi Sea during the summer (Steele et al., 2004).
This helps drive the seasonal melting of sea ice (Spall, 2007). This
water mass has a strong influence on the water temperature,
nutrients, and phytoplankton activity in this important gateway
to the Arctic Sea (Springer and McRoy, 1993). Furthermore, the
ice retreat in the Chukchi Shelf occurred earlier than that in the
northern deep-sea areas in late summer (Wang et al,, 2020). In
the Arctic Sea, the low salinity on the surface could be attributed
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to the dilution due to the melting of the ice and the discharge of
freshwater into the high salinity in the SCM layer. Melting ice
reduces the salinity at the surface, causing strong halocline
formation and vertical differences in the water column (Wang
et al,, 2020), resulting in relatively lower chlorophyll a and
phytoplankton abundance in the Chukchi shelf (Joo et al,
2012). in vivo fluorescence and chlorophyll a concentrations
were higher in the SCM layer than that in the surface layer. In
particular, inorganic N concentrations were mostly limited to the
surface layers; the surface layer lacking N concentrations showed
a lower diversity index, while the relative abundances of
Chlorophyta increased above 74°N. The Arctic Sea is one of
the most N-limiting areas among the open seas (Brown
et al., 2015).

A predominant phytoplankton taxon, OTU #005 (H.
rotundata, Dinophyta), was present in almost all sampling
sites. There are no earlier reports to indicate why this OTU
was so abundant; the dominance of H. rotundata was first
recorded in this study. This dinoflagellate species is not
endemic to the Arctic and is found throughout the Arctic-
boreal biogeographical zone (Okolodkov and Dodge, 1996).
The presence of H. rotundata could be related to strong
summer transportation through the Strait and southern
Chukchi Sea and relatively abundant nutrient concentrations;
this dinoflagellate could quickly grow and move into the Chukchi
Sea (Lee et al., 2012). Stoecker and Lavrentyev (2018) reported
that H. rotundata occurs frequently in temperate low salinity
waters and that it could be an important mixotrophic alga in low
salinity, turbid waters, such as the coastal Beaufort Sea and Kara
Sea. In addition, Millette et al. (2017) reported that H. rotundata
is stimulated to feed through light limitation in winter.
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FIGURE 7 | Redundancy analysis (RDA) ordinations of 40 indicated phytoplankton operational taxonomic units (OTUs) analysed using indicator value index (IndVal)
and seven environmental factors from 70 sampling sites in the Arctic Ocean. The correlations between the environmental factors (red lines) and indicator species in
indicated phytoplankton OTUs (orange arrow lines) and the first two RDA axes are represented by the lengths and angles of the arrows, respectively. The OTU
number indicates the indicator phytoplankton species displayed in Figure 5.

Therefore, H. rotundata may be transferred to the Arctic
Ocean along with the ACW. The phytoplanktons predominant
in the Arctic Ocean include Dinophyta, Bacillariophyta,
Chrysophyceae, and Dictyochophyceae (Lovejoy et al., 20065
Lovejoy and Potvin, 2011). In addition, the observations of this
study are consistent with those of Lassen et al. (2010); groups of
larger phytoplankton species, such as diatoms and
dinoflagellates, dominate the warmer oceans than the smaller
Prasinophycean. Booth et al. (2002) reported that the Chukchi
Sea in the summer is often dominated by diatoms. Wang et al.
(2020) reported that the water mass of high-nutrient
concentrations in the Bering Strait is supplied by the Pacific
Ocean. However, inorganic nutrient concentrations, especially N
concentrations, were minimal in the Arctic Ocean (Zhang et al.,
2021). Therefore, H. rotundata accounted for more than 64% of
the Bering Strait could be influenced by the warmer waters from
the Pacific currents within the Arctic Circle (Okolodkov and
Dodge, 1996).

Other core pico- and/or nano-sized phytoplankton taxa, OTU
#001 (M. pusilla, Chlorophyta) and #003 (C. gelidus,
Bacillariophyta) were significantly more at the higher latitudes
(>74°N) (Table 1). In particular, C. gelidus and M. pusilla were
dominant in the Chukchi Sea and Arctic Sea below 0°C. The pan-
Arctic C. gelidus is widely distributed in the Arctic, and remains
abundant in the summer and early autumn seasons (Tremblay
et al,, 2006). In particular, this psychrophilic diatom thrives
despite the depletion of inorganic nitrogen concentrations at
near-freezing temperatures (Schiffrine et al., 2020). Micromonas
spp. are abundant in the Arctic Sea (Wang et al., 2020). The
picophytoplankton is a significant contributor to overall
productivity in the world’s oceans (Worden et al., 2015); it is
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more efficient in acquiring nutrients (Ardyna et al., 2011). Small-
sized phytoplankton can take up nutrients more efficiently
because of their high surface-to-volume ratio (Brussaard et al.,
2013). Moreover, Marquardt et al. (2016) described Micromonas
as an evolutionarily shade-adapted species, inhabiting regions in
the Arctic winter darkness. In particular, Micromonas growing at
low temperatures in the Arctic and enhancing CO, solubility are
regarded as potential “winners of climate change” (Brussaard
etal., 2013; Hoppe et al,, 2018). Therefore, during the summer in
the Arctic Ocean, the variability in phytoplankton biomass is
driven by changes in small-sized phytoplankton. The biomass
may further be suppressed by low levels of nutrients in the
surface water due to the well-stratified water conditions of the
Pacific (Wang et al., 2020).

Different common phytoplanktons were observed at different
latitudes; larger-sized diatoms and dinoflagellates appeared
mainly in the Bering Strait (lower latitudes) and pico-sized
chlorophytes appeared mainly in the northern Chukchi Sea
(higher latitudes). The selections of OTU #003 in the Group at
lower latitudes, and #001 and #025 (B. prasinos, Chlorophyta) in
the Group at higher latitudes were consistent with the ecological
appearance of these taxa. The phytoplankton community in the
Sub-Arctic Kongsfjorden ecosystem (Svalbard, Norway) showed
a predominance of nano- and picophytoplankton such as
cryptophytes, chlorophytes, prymnesiophytes, and
raphidophytes (Kulk et al, 2018; Payne and Roesler, 2019).
The distribution of the phytoplankton community in this study
is similar to that in the above reports and others (Coupel et al.,
2012). In this study, the occurrence of 11 phytoplankton OTUs
and one Dinophyta group were significantly correlated with the
changes in water temperature (Figure 6); five OTUs had a
positive correlation and four OTUs had a negative correlation
in the Group at lower latitudes, and only four OTUs had a
positive correlation in the Group at higher latitudes. This change
in Dinophyta and OTU #005 (H. rotundata) revealed that their
relative abundance increased with increasing water temperature.
In the Group at lower latitudes, the four OTUs (#018, #028, #051,
and #058) with negative correlations were potential
psychrophilic phytoplankton. Further studies to investigate
their ecological and physiological effects are warranted. RDA
revealed that specific phytoplankton taxa were associated with
environmental factors, such as salinity, water temperature, and
inorganic nitrogen. In particular, common OTUs (e.g. OTU
#001, #003, and #005) revealed ecological connections among
the partners of various trophic positions; OTU #003 was related
to the DIP factor in most SCM layers, while #001 and #005 were
associated with water temperatures in most surface layers.

CONCLUSION

Studies on the dynamics of core phytoplankton in the Arctic
Ocean can be used to understand the implications of Arctic
warming. The environmental factors were strongly divided into
three Groups: “effects of surface layers at lower latitude,” “effects
of SCM layers at lower latitude,” and “effects of higher latitude”.

The water masses that flow through the Bering Strait and
Chukchi Sea, as well as the low temperature and salinity in the
Arctic Sea, could be affected by the ice-melting process, because
the phytoplankton community structures are highly dependent
on the water mass types. OTU #005 (H. rotundata) is the
predominant taxon in the Arctic Oceans, but nano- and pico-
sized core phytoplankton such as OTU #003 (C. gelidus) and
OTU #001 (M. pusilla) may benefit from extreme climate
conditions and are regarded as a potential “winners of climate
change”. In addition, some phytoplankton (OTU #018, #028,
#051, and #058) showed potential psychrophilic activity.
Although the Arctic Ocean is a very important area of research
to interpret climate-related changes, such studies are limited by
the difficulties in accessing the investigation area. In addition,
limited information is available on the short-term environmental
impacts on the phytoplankton communities in the Arctic region.
Therefore, to investigate the effect of climate change on
phytoplankton communities of the pico-sized taxa through
long-term investigations, Arctic based field studies require
continuous efforts. This study elucidated the responses of the
phytoplankton community to latitudinal differences in late
summer seasons and phytoplankton interactions through
extreme environmental dynamics.
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