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A B S T R A C T

Sea ice in the Pacific Arctic Ocean has been rapidly decreasing over recent decades. However, knowledge of its 
effects on microplankton is limited. To elucidate the effect of sea ice reduction on the microplankton community 
of the Pacific Arctic Ocean, we examined the differences in the microplankton community and hydrography 
between 2019 and 2020. Based on the cluster analysis, the microplankton community was divided into six 
groups. In the southern Chukchi Sea, high cell densities were observed with high variability in group occurrence 
owing to the inflow of nutrient-rich Pacific water. In the northern Chukchi Sea, a 1-month inter-annual difference 
in sea ice melting timing induced changes in the microplankton community through hydrographical changes. 
Early sea ice melting stimulates the growth of phytoplankton species (Proboscia alata), which can utilize organic 
nitrogen compounds. In the marginal ice zone, a 10-day inter-annual difference in sea ice melting was observed, 
resulting in variations in hydrographic conditions; however, these changes did not affect the microplankton 
community. Our findings indicate that microplankton production and diversity respond differently to sea ice 
melting in varies by region in the Pacific Arctic Ocean.

1. Introduction

Sea ice in the Arctic Ocean has notably decreased over the past 
several decades, resulting in a considerably longer melting period 
(Stroeve et al., 2007; Comiso et al., 2008; Kwok and Rothrock, 2009; 
Zheng et al., 2021). The reduction in sea ice extent has increased the 
area and duration suitable for phytoplankton growth. Satellite obser
vations indicate that the annual primary production in the entire Arctic 
Ocean has increased by 57 % from 1998 to 2018 (Lewis et al., 2020; 
Shiozaki et al., 2022). This is a remarkable trend in the shelf of the 
Pacific Arctic Ocean (Arrigo et al., 2008; Pabi et al., 2008; Arrigo and 
van Dijken, 2015).

The Pacific Arctic Ocean is categorized into shelf and basin areas 
based on bathymetric depth. The Chukchi Sea, a shallow (approximately 
60 m) shelf area, connects the Pacific and Arctic Oceans and exhibits one 

of the highest primary productions in the Arctic Ocean owing to the 
inflow of nutrient-rich Pacific water (McRoy, 1993; Springer and 
McRoy, 1993). In contrast to this high primary production, the low 
feeding pressure exerted by zooplankton in the water column results in 
most phytoplankton descending to the seafloor, leading to the formation 
of localized high-density communities of benthos that feed on the settled 
phytoplankton (Grebmeier et al., 1988, 2006; Springer and McRoy, 
1993). Furthermore, it is a highly productive area worldwide, with an 
abundance of higher trophic level organisms such as seabirds and ma
rine mammals that feed on the benthos (Springer et al., 1996).

In the shelf area, ice algae production (mainly pennate diatoms) 
occurs in and under sea ice from April to June and rapidly proliferates 
with the melting of sea ice (Giesbrecht et al., 2019). Following the 
retreat of sea ice during summer, an increase in light penetrating 
through the ocean surface occurs. The influx of meltwater from sea ice 
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stratifies the surface water, increases the residence time of phyto
plankton within the surface layer, and creates favorable light conditions, 
that enable phytoplankton proliferation (mainly centric diatoms, such as 
Chaetoceros spp. and Thalassiosira spp.) (Horner and Schrader, 1982; 
Horner, 1984; Sakshaug, 1997; Hill and Cota, 2002; Arrigo et al., 2014). 
Increases in the frequency and area of autumn blooms (Ardyna et al., 
2014) have also been reported in addition to conventional spring 
blooms. In recent autumn seasons, seafloor blooms composed mainly of 
Thalassiosira spp. and Navicula spp. have been observed in the shelf area 
due to increase light reaching the seafloor caused by sea ice reduction, 
and these blooms may be detected as SCM and could exhibit higher 

chlorophyll a (chl. a) concentration values than those at the surface 
(Shiozaki et al., 2022). Wind-driven autumn blooms have also been 
reported, in which strong winds mix the surface water and supply nu
trients to the surface layer from the bottom layer, leading to the pro
liferation of micro phytoplankton, mainly Cylindrotheca closterium and 
Leptocylindrus danicus (Matsuno et al., 2015; Nishino et al., 2015; Yokoi 
et al., 2016).

In contrast, deep basin areas exhibit low productivity throughout the 
year (Arrigo et al., 2008) and decreased primary production owing to 
the inflow of nutrient-depleted water from the shelf area and strong 
stratification (Arrigo and van Dijken, 2015). The Canada Basin typically 

Fig. 1. Location of sampling stations in the Pacific sector of the Arctic Ocean during autumn 2019 and 2020.
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has a well-developed halocline with low salinity, low nutrients, and 
relatively warm temperatures in the shallow layer, as well as high 
salinity, high nutrients, and low temperatures deeper than the halocline 
(Aagaard et al., 1981). Recently, the decrease in sea ice and increase in 
freshwater volume owing to river water inflows have contributed to a 
deepening of the nutricline in the basin and strengthened the stratifi
cation, which may negatively affect primary production (McLaughlin 
and Carmack, 2010).

Phytoplankton communities in the Pacific Arctic Ocean are domi
nated by diatoms (Sergeeva et al., 2010; Giesbrecht et al., 2019). Di
atoms exhibit species-specific growth rates, carbon uptake rates, and 
photosynthetic efficiencies (Sakshaug and Slagstad, 1991; Goldman, 
1993). In nutrient-limited areas, such as basins, primary producers shift 
from micro-sized autotrophic organisms (diatoms) to pico-sized mixo
trophic plankton (flagellates) (Ardyna et al., 2011, 2017; Tremblay 
et al., 2009). Therefore, changes in the microplankton community 
composition associated with sea ice change affect primary production, 
carbon fixation, and higher trophic level organisms. Considering its 
importance, a comprehensive evaluation should be conducted in the 
Pacific Arctic Ocean. However, most studies on phytoplankton in the 
Pacific Arctic Ocean are based on short-term observations confined to 
specific locations or did not evaluate the effect of sea ice reduction. For 
example, early sea ice melt timing induces a decrease in ice algae 
abundance from the northern Bering Sea to Beaufort Sea (Fukai et al., 
2021). In the northern Bering Sea, diatom composition changes from sea 
ice-associated species to cosmopolitan species due to early sea ice melt 
timing (Fukai et al., 2019). In a broader area (e.g., Chukchi Sea and 
Beaufort Sea) of the Pacific Arctic Ocean, phytoplankton species 
composition and biomass are examined from spring to autumn 
(Sukhanova et al., 2009; Sergeeva et al., 2010), but the effects of sea ice 

reduction have not been sufficiently evaluated. In addition, even in cases 
where the effects of sea ice have been evaluated, most studies have been 
based on pigment analysis and satellite data. For example, Coupel et al. 
(2012) and Fujiwara et al. (2014) evaluated the effect of sea ice 
reduction on phytoplankton in the Pacific Arctic Ocean, but both studies 
were based on pigment analysis and did not provide detailed informa
tion on changes in species composition. Thus, our understanding of the 
effect of sea ice reduction on microplankton community composition 
and distribution across the entire Pacific Arctic Ocean remains limited.

This study aimed to elucidate the effect of sea ice reduction on the 
microplankton community in the Pacific Arctic Ocean. To examine the 
effect of sea ice melt timing on the microplankton community in the 
Pacific Arctic Ocean using data from two different years (2019 vs. 2020), 
we hypothesize that sea ice melt timing affects autumn hydrography and 
microplankton community composition.

2. Materials and methods

2.1. Field samplings

Surveys were conducted in the Chukchi Sea and Canada Basin of the 
Pacific Arctic Ocean from October 8 to 28, 2019, and October 8 to 21, 
2020, during the cruises of R/V Mirai, by the Japan Agency for Marine- 
Earth Science and Technology (Fig. 1, Supplementary Table 1). Water 
samples (1 L) were collected from the surface and the sub-surface chl. a 
maximum layer (SCM) (5.4–49.8 m) using buckets and Niskin bottles at 
36 stations (including those sampled multiple times: St. 19_39 [seven 
times], St. 19_40 [two times], St. 19_41 [two times], and St. 19_42 [two 
times]) in 2019 and 20 stations in 2020. The samples (112 in total) were 
fixed with acid Lugol’s (final concentration of 1 %). Simultaneously with 

Fig. 2. Horizontal distribution of melting day, time since sea ice melting, temperature, and salinity at the surface and sub-surface chlorophyll maximum layer in the 
Pacific sector of the Arctic Ocean during autumn 2019 and 2020.
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water sampling, vertical profiles of water temperature, salinity, and chl. 
a fluorescence values were obtained using con
ductivity–temperature–depth (CTD) measurements (SBE-9plus, SBE- 
3plus, and SBE-4C). Water samples for nutrient concentrations were 
collected in duplicate Spitz tubes (10 mL) from the same depth as the 
water samples, and the concentrations of nitrate, nitrite, ammonium, 
phosphate, and silicate were measured using an autoanalyzer (QuAAtro 
2HR, BLTEC Inc., Osaka, Japan) on board. In addition, the water sam
ples for chl. a concentration were collected and filtered through a glass 
fiber filter (GF/F, pore size 0.7 μm, Whatman), immersed in N-N 
dimethylformamide (Wako Pure Chemical Industries, Ltd.), and main
tained in the dark for at least 24 h to extract chl. a. After extraction, the 
chl. a concentration was measured in 2019 using the method by 
Holm-Hansen et al. (1965) and in 2020 using the method by Welsch
meyer (1994) with a fluorometer (10-AU, Turner Designs Inc.).

2.2. Sample analysis

The fixed samples were concentrated 46–69 × using siphon tubes 
(Sukhanova, 1978). From the concentrated samples, 500 μL was 
mounted on a ruled glass slide using a micropipette, identified, and 
counted under an inverted microscope (ECLIPSE Ts2R, Nikon) at 
200–400 × magnification. Diatoms, ciliates, and silicoflagellates were 
identified at the lowest possible levels (species or genus), and di
noflagellates were identified at the taxon level according to the methods 
proposed by Hasle and Syvertsen (1997), Hoppenrath et al. (2009), 
Maeda (1997), and Taniguchi (1997). The cells were counted using a 

minimum of 300 cells per sample.

2.3. Satellite data

The AMSER-2 sea ice concentration products provided by the JAXA 
Earth Observation Research Center were obtained using an online 
visualization application of the Arctic Data Archive System (https://ads. 
nipr.ac.jp/). Melt days were defined as the final days when sea ice 
concentration decreased below 15 %. Time since sea-ice melt (TSM) was 
defined as the period between the final day when the sea ice concen
tration decreased below 15 % and the sampling date.

2.4. Data analysis

The water masses in the study area were divided into three cate
gories: Bering–Chukchi Summer Water (BCSW), characterized by tem
peratures ranging from 0 to 7 ◦C and salinity levels of 30–33.5; 
Bering–Chukchi Winter Water (BCWW) with temperatures ranging from 
− 2 to 0 ◦C and salinity levels of 30–33.5; and Melt Water (MW) which 
exhibits temperatures from − 2 to 7 ◦C and salinity levels of 25–30, as 
described by Danielson et al. (2017).

To reduce bias for abundant species, the cell density data (X: cells 
L− 1) for each taxon/species were transformed to 4√X prior to cluster 
analysis (Quinn and Keough, 2002). Similarities between samples were 
examined using the Bray–Curtis index based on differences in species 
composition. To group the samples, similarity indices were coupled 
using hierarchical agglomerative clustering with a complete linkage 

Fig. 3. Horizontal distribution of nutrients and chlorophyll a at the surface and sub-surface chlorophyll maximum layer in the Pacific sector of the Arctic Ocean 
during autumn 2019 and 2020.
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method (an unweighted pair group method using the arithmetic mean) 
(Field et al., 1982). Similarity percentage (SIMPER) analysis was per
formed to determine the species that contributed to the top 50 % of total 
abundance for each group. Cluster and SIMPER analyses were conducted 
using PRIMER 7. A max-t test was conducted to evaluate the differences 
in sea ice melt dates and hydrographic parameters among the groups 
(Herberich et al., 2010). The tests were conducted using R software with 
the packages “multcomp” and “sandwich” (version 4.1.2, R Develop
ment Core Team, 2021).

The mixed layer depth at each station was defined as the depth at 
which the density changed by 0.03 σ from a depth of 5 m.

3. Results

3.1. Hydrography

The melt days were between May 6 and September 9, 2019, and 
between May 17 and August 21, 2020 (Fig. 2). A comparison of the melt 
days between the two stations located at approximately 73◦ N, 168.75◦

W revealed that St. 19_54 experienced a melt day on July 22, 2019, 
whereas St. 20_30 experienced a melt day on August 11, 2020. Based on 
this difference, we defined 2019 as the early sea ice melting year in the 

Pacific Arctic Ocean. The range of TSM was 40–175 days in 2019 and 
55–145 days in 2020 (Fig. 2). The marginal ice zone was defined as 
north of 75◦ N in 2019 and at St. 20_11 and St. 20_12 in 2020 based on 
the sea ice distribution for each year.

Water temperature in 2019 and 2020 ranged from − 1.6 to 6.4 ◦C and 
− 1.1 to 5.3 ◦C, respectively, and were higher in the shelf area and lower 
in the basin in both years (Fig. 2). Salinity ranged from 26.5 to 32.5 and 
25.2 to 32.7 in 2019 and 2020, respectively, and was higher in the shelf 
and lower in the marginal ice zone and Canada Basin in both years. In 
addition, localized low salinity was observed at St. 19_13 in the southern 
Chukchi Sea in 2019 (Fig. 2). For water mass distribution, in the shelf 
area of the southern Chukchi Sea, the BCSW was distributed on both the 
surface and SCM in both years. In the northern shelf area, the BCSW was 
observed in 2019, while the MW was observed in 2020 (Supplementary 
Fig. 1).

Regarding nutrients in 2019, nitrite and nitrate concentrations 
ranged from below the detection limit of − 17.5 μM, ammonium from 
below the detection limit of − 5.23 μM, phosphate from 0.45 to 2.24 μM, 
and silicate from 1.17 to 47.41 μM. In addition, these concentrations 
were relatively high at approximately 66–70◦ N, both at the surface and 
SCM (Fig. 3). In contrast, in 2020, nitrite and nitrate concentrations 
ranged from below the detection limit of − 16.49 μM, ammonium from 

Fig. 4. Horizontal distribution of the total abundance of protists at the surface (a and c) and chlorophyll a maximum layer (b and d) in the Pacific sector of the Arctic 
Ocean during autumns 2019 (a and b) and 2020 (c and d).
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below the detection limit of − 6.05 μM, phosphate from below the 
detection limit of − 2.24 μM, and silicate from 1.78 to 38.8 μM. These 
concentrations were relatively high at 68–72◦ N west of 165◦ W. The 
nutrient distribution showed similar trends in both years, with all nu
trients observed to be low at the northern stations and the N:P ratio 
below 16 across the entire study area, indicating that all the stations 
were nitrogen-depleted (Fig. 3).

Chlorophyll a concentrations ranged from 0.1 to 1.9 μg L− 1 and 
0.1–1.7 μg L− 1 in 2019 and 2020, respectively (Fig. 3). Localized high 
concentrations (1.9 μg L− 1) were observed in the surface layer of St. 
19_25 (72.5◦ N, 161.7◦ W) in 2019. In 2020, the maximum value (1.7 μg 
L− 1) was observed in the SCM layer (58 m) of St. 20_35 (Fig. 3). 
Although certain stations had localized high chl. a concentrations, the 
overall trend was that chlorophyll concentrations were higher at stations 
in the south. The depth of the mixed layer ranged from 8 to 51 m for both 
years (Supplementary Table 1).

3.2. Cell density

Total microplankton cell densities were 110–1.6 × 105 cells L− 1 in 
2019 and 180–4.6 × 105 cells L− 1 in 2020 (Fig. 4). The maximum value 
was detected in the surface layer at 0 m at St. 19_11 in 2019, and in the 
SCM layer at St. 20_35 in 2020. The comparison of total cell densities 
between the surface and SCM layers at the same stations throughout 
both years demonstrated similar patterns, with a correlation coefficient 
of 0.95 for total cell density between the surface and SCM at all stations 
except for St. 20_35. A total of 38 species belonging to 26 genera of 
diatoms (18 genera, 33 species in the central region, 7 genera, 4 species 
in the pennate) and 8 species belonging to 13 genera of ciliates were 
observed in both years (Supplementary Table 2). The cell density of 
diatoms was 144–4.6 × 105 cells L− 1 at all stations, and the contribution 
in total cell density ranged from 13.3 to 100 %. Throughout both years, 
diatoms accounted for > 50 % of the total cell density at 95 stations, and 
diatoms dominated 85 % of all the stations. The cell density of di
noflagellates was 0–6.2 × 103 cells L− 1 at all stations, and the total cell 
density ranged from 0 to 44 %.

3.3. Microplankton community

The cluster analysis showed that the microplankton community was 
categorized into six groups (A–F) according to a similarity of 54 % 
(Fig. 5a). Group A was distributed in the marginal ice zone (MIZ) in 
2019, with an average total cell density of 1.7 × 104 cells L− 1, and 
primarily comprised Leptocylindrus spp., dinoflagellates, and oligotrich 
(Figs. 5b and 6). SIMPER analysis showed that contribution rates of 
these taxa were 14.4 %, 13.8 %, and 11.3 %, respectively (Table 1). 
Group B was distributed in the northern shelf area in 2019 and had a 
higher proportion of diatoms such as Proboscia alata, Chaetoceros spp., 
and Pseudo-nitzschia spp. (Fig. 5b and 6, Table 1). Total cell density was 
5.0 × 104 cells L− 1, which was the highest among the six groups 
(Fig. 5b). Group C was distributed in the northern shelf area in 2020 and 
was dominated by diatoms such as Cylindrotheca closterium, Chaetoceros 
spp., and Proboscia alata (Fig. 5b and 6, Table 1). The total cell density 
was similar to that of group A (1.4 × 104 cells L− 1) (Fig. 5b). Group D 
was distributed at two stations in the margin ice zone in 2020, with a 
total cell density of 1.8 × 104 cells L− 1, and was dominated by the 
pennate diatom Nitzschia sp. 1 (Fig. 5b and 6, Table 1). Groups E and F 
were distributed in the Canada Basin at approximately 69◦ N (Fig. 6). 
Oligotrich and dinoflagellates were dominant, and the total cell density 
was low (Group E: 5.4 × 103 cells L− 1, Group F: 2.9 × 103 cells L− 1) 
(Fig. 5b).

The max-t test showed that all the environmental factors, except for 
nitrite and silicate, differed among the groups (Table 2). Group A, 
distributed in the MIZ, was characterized by a low water temperature 
(0.38 ± 0.70 ◦C), low salinity (29.26 ± 0.85), low chl. a (0.24 ± 0.06 μg 
L− 1), low nutrient concentration, and a relatively short TSM (75.85 ±
10.31 days) (Table 2). Group D, distributed in the MIZ, showed similar 
trends to group A but had significantly lower salinity (25.64 ± 0.39), 
ammonium concentration (0.07 ± 0.02 μM), and phosphate concen
tration (0.44 ± 0.20 μM), and a later melt day (228.00 ± 2.31 Julian 
day) and shorter TSM (57.00 ± 2.31 days) than group A (Table 2). 
Groups B and C exhibited apparent inter-annual differences in the 
northern shelf area, with significant differences observed in TSM, water 

Fig. 5. Cluster analysis results based on protist abundance using Bray–Curtis similarity connected with unweighted pair group method using the arithmetic mean (a). 
Six groups (A–F) were identified with similarity at 54 % (dashed lines). Numbers in the parentheses indicate the number of stations included in each group. Mean 
abundance and species composition of each group (b).
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temperature, and chl. a. Group B had an earlier sea ice melting date (176 
vs. 208 Julian days), longer TSM (112 vs. 83 days), higher water tem
perature (3.75 vs. 0.99 ◦C), and higher chl. a (0.93 vs. 0.28) than group C 
(Table 2). Note that nitrite and nitrate concentrations in both groups 
were low (0.71 and 0.92 μM) excluding a St. 19_13 (11.54–11.93 μM) 
from group B and St. 19_71 (16.82–17.53 μM) from group C.

By comparing the vertical distribution of water temperature and 
salinity in each community, the stations in group B showed stratification 
owing to the warming of the surface layer. In contrast, the stations in 
2020 showed stratification owing to the presence of surface water with 
low temperatures and salinity (Supplementary Figs. 2 and 3).

4. Discussion

4.1. Southern shelf

The southern Chukchi Sea shelf (south of 70◦ N) exhibited high total 
cell density and variability in community composition depending on the 
location in 2019 and at the SCM in 2020. The primary factors that in
fluence the microplankton community in the southern Chukchi Sea 
include the advection of the Pacific warm water and river water (Walsh 
et al., 1989; Hill et al., 2005; Fukai et al., 2020). Nutrient-rich Anadyr 

Water (AW), characterized by cold temperatures and high salinity, 
comprises the BCSW and flows through the west side of the Bering Strait. 
In contrast, nutrient-depleted Alaskan Coastal Water (ACW), which is 
relatively warmer and fresher, flows through the eastern side of the 
Bering Strait from the Bering Sea (Coachman et al., 1975; Hansell et al., 
1989; Danielson et al., 2017). The high salinity levels and relatively high 
nutrient concentrations at stations on the southern shelf indicate the 
distribution of AW. The high cell density in these stations was possibly 
sustained by the nutrient supply from AW (Walsh et al., 1989; Springer 
et al., 1996). In addition, low salinity water was present at St. 19_72 in 
2019. Sea ice and river water are the two sources of freshwater in this 
area; however, the TSM of St. 19_72 was 172 days, which was more than 
5 months after the sea ice retreated. Consequently, the low salinity was 
caused by the ACW, which carries a substantial amount of river water 
along the same longitudinal line as it meanders northward on the 
eastern side of the area (Springer and McRoy, 1993). In the adjacent 
northern Bering Sea, water masses and microplankton communities are 
closely related and change spatially synchronously, even in narrow areas 
(Fukai et al., 2020). Therefore, microplankton communities on the 
southern shelf of the Chukchi Sea vary among locations because 
different water masses flow from the south and change on a narrow 
spatial scale.

Fig. 6. Horizontal distributions of the six groups identified using Bray–Curtis similarity based on protist abundances (Fig. 5a) at the surface (a and c) and chlorophyll 
a maximum (b and d) in the Pacific sector of the Arctic Ocean during autumns 2019 (a and b) and 2020 (c and d).
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4.2. Northern shelf and slope

In the northern Chukchi Sea shelf and slope area, apparent inter- 
annual differences in the microplankton groups were observed: Group 
B dominated in 2019, and group C dominated in 2020. The difference in 
hydrography between the two groups was that group B experienced 
earlier sea ice melting (long TSM; 112.43 ± 21.58 days) and higher 
water temperature (3.75 ± 1.62 ◦C), whereas group C experienced later 
sea ice melting (short TSM; 82.79 ± 34.27 days) and distributed low- 
temperature (0.99 ± 1.22 ◦C) and relatively low salinity (30.21 ±
1.60) sea ice melted water.

Group B primarily comprised diatoms Proboscia alata, Chaetoceros 
spp., and Pseudo-nitzschia spp. In particular, St. 19_25 exhibited the 

highest cell density (1.3 × 105 cells L− 1) in group B, and the large diatom 
P. alata accounted for 80 % (1.0 × 105 cells L− 1) of the total cell density. 
In the Bering Sea shelf, a high cell density (7.0 × 105 cells L− 1) with a 
patchy distribution of P. alata was observed from late spring to summer 
(Sukhanova et al., 2006), and this study suggests that a similar phe
nomenon may occur in the northern Chukchi Sea. Sukhanova et al. 
(2006) concluded that the formation of localized high cell densities 
could be attributed to improved light availability and nutrient depletion 
associated with stratification owing to surface warming. Proboscia alata 
can assimilate silicate using ammonia and the organic nitrogen com
pound urea, even in environments with low nitrate concentrations 
(Goering and Iverson, 1981), which may promote the predominance of 
species with high organic nitrogen rather than inorganic nitrogen. The 
surface layer at St. 19_25 had a well-developed thermocline and a low 
nitrite and nitrate concentration of 0.19 μM. Other stations where group 
B was distributed also showed a low average nitrite and nitrate con
centration of 0.71 μM, excluding St.19_13. Urea is the primary form of 
nitrogen excreted by zooplankton in the Arctic Ocean (Conover and 
Gustavson, 1999). Although urea was not measured in this study, a 
relatively high concentration of organic nitrogen (urea) can be esti
mated on the northern shelf and slope because of the high abundance of 
zooplankton in the Pacific Arctic Ocean (Abe et al., 2020). Comparing 
the nutrient demand within diatoms, small diatoms with large surface 
area/volume ratios were positively correlated with nitrate concentra
tion, whereas large centric diatoms with small surface area/volume ra
tios, such as P. alata, were positively correlated with silicate 
concentration (Alves-De-Souza et al., 2008). Alternatively, P. alata 
dominance could be attributed to nitrogen depletion at all stations, 
while silicate remained relatively abundant. Therefore, the formation of 
group B can be described as follows: early sea ice melting → surface 
temperature increase by solar radiation → development of the thermo
cline → depletion of inorganic nitrogen on the surface → proliferation of 
species that can utilize organic nitrogen compounds (P. alata). The 
dominance of P. alata sustained by organic nitrogen is suggested by 
references and background information; however, this should be 
examined by fieldwork in the future.

In contrast, the dominant species in group C in 2020 were diatoms 
Cylindrotheca closterium, Chaetoceros spp., and P. alata, with an average 
total cell density of 1.4 × 104 cells L− 1, which was lower than that of 
group B. Cylindrotheca closterium, which was the dominant species in 
group C, is a cosmopolitan species that is also found in sea ice (Hop et al., 
2020). Therefore, this may be a species associated with sea ice in this 
area. The microplankton composition in the sea ice core was not 
investigated in this study; however, the volume of melted sea ice water 
was higher in group C than in group B (Supplementary Fig. 3), which 
could be attributed to the 1-month later melt day in group C (208.10 ±
32.41 Julian day) compared to that in group B (175.57 ± 26.85 Julian 

Table 1 
SIMPER analysis results to confirm the dominant species in each group identified 
by cluster analysis (cf. Fig. 5) in the Pacific sector of the Arctic Ocean during 
autumn 2019 and 2020.

Groups Species Mean abundance (cells L− 1) Contrib. (%)

A Leptocylindrus spp. 8205.2 14.35
Dinoflagellate 2323.9 13.82
Oligotrich 1001.0 11.31
Nitzschia sp. 1 1445.7 9.49
Chaetoceros spp. 1182.4 9.03

B Proboscia alata 29263.2 12.57
Chaetoceros spp. 4197.7 11.21
Pseudo-nitzschia spp. 1699.6 10.31
Cylindrotheca closterium 1840.8 9.83
Dinoflagellate 2103.4 9.23

C Cylindrotheca closterium 3485.5 19.19
Chaetoceros spp. 1864.0 18.05
Proboscia alata 5343.2 16.89
Dinoflagellate 704.0 15.91
Leptocylindrus spp. 797.5 11.43

D Nitzschia sp. 1 15691.0 36.99
Chaetoceros spp. 530.5 17.06
Thalassionema spp. 177.1 13.12
Cylindrotheca closterium 187.6 12.78
Proboscia alata 214.7 7.61

E Oligotrich 1413.9 24.77
Dinoflagellate 1369.8 23.77
Chaetoceros spp. 1976.6 18.85
Rhizosolenia spp. 51.5 11.69
Proboscia alata 82.1 7.49

F Oligotrich 757.9 21.91
Dinoflagellate 702.8 20.59
Silicoflagellates 101.7 11
Cylindrotheca closterium 467.7 9.5
Thalassionema spp. 298.0 9.3

Table 2 
Comparison of environmental factors between the groups identified by cluster analysis (cf. Fig. 5) in the Pacific sector of the Arctic Ocean during autumn 2019 and 
2020. Different superscript numbers indicate significant differences between groups. The superscript alphabets were added only on significant variables by the max-t 
test, and the order is from high to low alphabetically. No superscript alphabet means the inter-group difference in the variables was not significant. Values represent the 
mean ± S.D. Numbers in parentheses are the number of sampling dates belonging to each group.

Parameters Groups

A (40) B (14) C (29) D (4) E (4) F (9)

Melt day (Julian day) 217.05 ± 12.08b 175.57 ± 26.85c 208.10 ± 32.41b 228.00 ± 2.31a 161.00 ± 60.70c,d 142.22 ± 13.08d

TSM (day) 75.85 ± 10.31c 112.43 ± 21.58b 82.79 ± 34.27c 57.00 ± 2.31d 133.00 ± 62.40a,b 145.33 ± 17.85a

Temperature (◦C) 0.38 ± 0.70b,c 3.75 ± 1.62a 0.99 ± 1.22b,c − 0.72 ± 0.33c 1.85 ± 2.67a,b,c 2.44 ± 2.19a,b

Salinity 29.26 ± 0.85b 30.91 ± 0.90a 30.21 ± 1.60a,b 25.64 ± 0.39c 30.22 ± 1.18a,b 29.89 ± 2.03a,b

NO2+NO3 (μM) 0.26 ± 0.54 2.29 ± 4.25*1 2.04 ± 4.35*2 0.15 ± 0.16 4.71 ± 4.07 3.54 ± 5.00
NH4-N (μM) 0.15 ± 0.08b 0.94 ± 0.91a 1.23 ± 1.48a 0.07 ± 0.02c 2.14 ± 1.51a 1.70 ± 1.78a

PO4-P (μM) 0.64 ± 0.11a 0.82 ± 0.38a 0.77 ± 0.46a 0.44 ± 0.20b 1.03 ± 0.37a 0.91 ± 0.46a

Si (OH)4 (μM) 3.45 ± 2.28 8.31 ± 9.78 9.06 ± 11.50 3.84 ± 0.23 15.48 ± 10.41 11.51 ± 10.95
Fluorescence 0.24 ± 0.06b 0.93 ± 0.60a 0.28 ± 0.12b 0.32 ± 0.10b 0.31 ± 0.16b 0.25 ± 0.23b

*1. Average concentration excluding St.19_13 is 0.71 μM.
*2. Average concentration excluding St.19_71 is 0.92 μM.
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day). Melt day affects the magnitude and onset of spring blooms in the 
seasonal sea ice area (Leu et al., 2011; Fujiwara et al., 2016). Sea ice 
contains phytoplankton, mainly pennate diatoms. When the sea ice 
melts, it initiates a phytoplankton bloom (Nimei et al., 2011). Therefore, 
the TSM of group C, which was 1 month shorter than that of group B, 
retained a significant amount of sea ice water in the surface layer, 
resulting in a high density of sea ice-associated species in the area.In the 
southern shelf area, if strong winds (>15 m s− 1) blow in autumn, vertical 
mixing is physically enhanced, and nutrients are upwelled to the surface 
from a layer deeper than that of the halocline, resulting in the growth of 
diatoms on the surface (Crawford et al., 2020; Yokoi et al., 2016). A 
relatively shallow and weak stratification layer is required for this 
wind-driven mixing enhancement to facilitate nutrient supply (Nishino 
et al., 2015; Yokoi et al., 2016). However, the surface salinity of group C 
was 29.5, which is apparently lower than that of the range 31–32.7 
reported by Yokoi et al. (2016). Strong stratification owing to meltwater 
prevents nutrient supply from the lower layers, resulting in lower 
autumn primary production (Nishino et al., 2015). In this study, group C 
had an average thickness of melted water depth of 27.5 m and a strat
ification index of 222.86 J m− 2 (Ladd and Stabeno, 2012), which was 
higher than that of group B (108.00 J m− 2). From this difference, the 
remaining melted sea ice water on the surface possibly prevented the 
upwelling of nutrients deeper than that of the halocline to the surface, 
even when vertical mixing by wind occurred. Additionally, the average 
nitrite and nitrate concentration was 0.92 μM, excluding St.19_71, 
which showed unusually high values in group C. The reason for the low 
cell density in group C may be attributed to the following sequence: 
delayed sea ice melting results in thick melted water, which hinders 
nutrient supply from the lower layers. Consequently, phytoplankton 
growth is constrained by both low water temperature and insufficient 
nutrients.

4.3. Marginal ice zone

In the MIZ, group A was observed in 2019 and mainly comprised 
centric diatoms, Leptocylindrus spp. (L. danicus and L. minimus), di
noflagellates, and oligotrich ciliates. This group was characterized by a 
low water temperature (0.38 ± 0.70 ◦C), low salinity (29.26 ± 0.85), 
low chl. a concentration (0.24 ± 0.06 μg L− 1), low nutrient concentra
tion, and a short TSM (75.85 ± 10.31 days). The dominant species in 
group A, L. danicus and L. minimus, are cosmopolitan species that are 
widely distributed worldwide and appear in the North Atlantic Ocean, 
South China Sea, offshore California, and around Japan (Casas et al., 
1999; Chen, 1993; Cupp, 1943; Ishizaka et al., 1987; Kraberg et al., 
2010). In the same area, during August and September 2010, they 
appeared in relatively large numbers (174–858 cells L− 1 on average for 
the entire area) (Matsuno et al., 2014). These species were also domi
nant in the northern Bering Sea during the summer of 2017 and 2018, 
with high water temperatures, low salinity, low nutrient concentrations, 
and low chl. a concentrations (Fukai et al., 2020). As mentioned above, 
these features were observed in group A, indicating that water temper
ature does not influence the distribution range of these species. Lep
tocylindrus danicus occurs during the declining phase of the spring bloom 
(Hoppenrath et al., 2009). Consequently, group A may not characterize 
the MIZ but could be the group associated with nutrient depletion 
following bloom decline. As a biological feature, Leptocylindrus danicus 
can utilize urea under nitrate-limited conditions, similar to P. alata (Gao 
et al., 2020; Yang et al., 2016). Thus, the ability of these species to utilize 
various nutrients may have enabled them to proliferate in environments 
with low levels of inorganic nitrogen and become dominant in the 
group. Almost no occurrence of P. alata in the MIZ could be attributed to 
the water temperature. The P. alata cell density was higher in warmer 
years (maximum water temperature 4.1 ◦C) than in colder years (water 
temperature 1.3–1.9 ◦C) where the sea ice remained present (Sukhanova 
et al., 2006). We observed that the difference in water temperature 
between groups A and C (0.38 vs. 0.99 ◦C) indicates that P. alata was 

dominant in group C. However, it could not be dominant in group A, 
including MIZ, despite the inorganic nitrogen-poor environment. This 
finding indicates that P. alata may not be able to proliferate actively in 
the MIZ at low water temperatures.

In contrast, in 2020, group D, dominated by Nitzschia spp., was 
observed in the MIZ. Inter-annual hydrography changes in groups A and 
D showed that 10 days after the melt day could affect the lowest tem
perature (− 0.72 ± 0.33 ◦C) and salinity (25.64 ± 0.39); however, this 
finding is not conclusively explained owing to the limited data from only 
two stations in group D. A high cell density of Nitzschia sp. 1 was also 
observed at St. 19_MIZ, the northernmost station in 2019. Hop et al. 
(2020) indicated that Nitzschia frigida was observed from sea ice cores 
collected from the Arctic Ocean. Although Nitzschia sp. 1 observed in 
this study could not be identified at the species level by optical micro
scopy, its abundance in the MIZ suggests that this species may also be 
associated with sea ice (Hop et al., 2020).

5. Conclusion

Hydrographical differences among the areas characterized the 
microplankton community in the Pacific Arctic Ocean during autumn. In 
the southern Chukchi Sea, high cell densities were observed even during 
autumn owing to the inflow of nutrient-rich Pacific waters. In the 
northern Chukchi Sea and slope, apparent inter-annual differences were 
observed in the microplankton community, indicating that cell density 
and composition varied with sea ice melting timing via hydrographical 
changes. Early sea ice melting stimulates the growth of phytoplankton 
(P. alata and Leptocylindrus spp.), which can utilize organic nitrogen 
compounds. In the MIZ, cold-adapting species, including ice algae, were 
present in both years. Ten-day differences in sea ice melt days were 
observed between the years, which affected in-situ hydrography but not 
the microplankton community in the region. Our findings indicate that 
the response of microplankton to sea ice melting, in terms of production 
and diversity, varies by region. This type of case study should continue 
to develop prediction models based on diversity.
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Alves-De-Souza, C., González, M.T., Iriarte, J.L., 2008. Functional groups in marine 
phytoplankton assemblages dominated by diatoms in fjords of southern Chile. 
J. Plankton Res. 30, 1233–1243. https://doi.org/10.1093/plankt/fbn079.

Ardyna, M., Gosselin, M., Michel, C., Poulin, M., Tremblay, J.É., 2011. Environmental 
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