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Introduction: Sea ice extent increased in the Pacific Arctic Ocean during 2021
owing to the reversal of the Beaufort Gyre, unlike in previous years. The increased
sea ice concentration may restore the marine ecosystem to its previous state;
nevertheless, the precise conditions and mechanisms involved remain unclear.

Methods: In this study, the 2008—-2017 period was defined as “the sea ice retreat
year,” and its zooplankton community distribution representative was estimated
using generalized dissimilarity modeling (GDM). Subsequently, we assessed the
effect of delayed sea ice melt on the zooplankton community by comparing the
zooplankton community of the sea ice retreat year with that in 2021.

Results: In GDM, numerous satellite parameters significantly affected the
zooplankton distribution, with the highest effect during the open-water period
and annual primary production (APP) and the lowest in water temperature. The
effect of APP and temperature on zooplankton similarity was high around the Bering
Strait owing to the advection of Pacific copepods (Eucalanus bungii, Metridia
pacifica, and Neocalanus spp.) and synchronized inflow of warm Pacific water.
Under significant warming scenarios (Shared Socioeconomic Pathway [SSP]1-2.6
and SSP5-8.5), GDM-based multiple effects predicted that the zooplankton
communities in high latitudes will be more affected than those on the southern
shelf (northern Bering Sea to southern Chukchi Sea). In 2021, the total abundance
across the northern Bering Sea to the Chukchi Sea shelf region was lower than that
of the community during the sea ice retreat year. However, certain species (Limacina
helicina and Pacific copepods) increased locally (northern Bering Sea and Barrow
Canyon) because of the increasing volume of Pacific origin water.
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Discussion: Contrary to the reported increase trend on zooplankton, low primary
productivity and phenological mismatch for zooplankton may prevail in the
Pacific Arctic Ocean, resulting in a low abundance during autumn 2021.

KEYWORDS

Beaufort Gyre, biodiversity model, prediction, taxonomic diversity, increase in sea

ice extent

1 Introduction

In recent years, the Arctic Ocean has warmed at a rate thrice the
global average, resulting in a rapid reduction in sea ice coverage
during summer (Duarte et al, 2012). This sea ice retreat has
explicitly been significant in the Pacific Arctic Ocean, as indicated
through satellite observations (Markus et al.,, 2009). This results
from high winter temperatures that inhibit sea ice growth and south
winds in the Beaufort Sea, pushing the sea ice northward (Comiso
et al.,, 2008), and a feedback effect where reduced sea ice contact
with the Alaskan coast accelerates the sea ice circulation (Shimada
et al., 2006). Along the Alaskan coast, the inflow of warm Pacific
water from the Bering Sea is the most crucial factor for sea ice
retreat (Shimada et al., 2006). This water transports a significant
amount of oceanic heat to the Pacific Arctic Ocean (Woodgate et al.,
2010), and its inflow increased in volume from 2001-2014
(Woodgate, 2018).

The inflow of Pacific water affects both marine environmental
conditions and ecosystems. Anadyr water that originates from the
Anadyr Bay is cold and nutrient-rich. It consistently supports high
primary production in the northern Bering Sea and southern
Chukchi Sea (Springer and McRoy, 1993; Cota et al., 1996).
Additionally, this water and Bering shelf water transports Pacific
copepods to the Arctic Ocean (Matsuno et al., 2011; Ershova et al.,
2015; Pinchuk and Eisner, 2017). In contrast, Alaska Coastal Water,
flowing northward along the Alaskan coast, is warm with low
nutrient levels, inhabiting coastal zooplankton and hydrozoa
(Pinchuk and FEisner, 2017). The inflow of these Pacific waters
varies seasonally, peaking during summer (Woodgate, 2018). In
response to these seasonal variations, the zooplankton communities
undergo monthly alterations (Kimura et al., 2020).

Key responses in zooplankton are shifts in phenology, body size,
geographical range, and contribution to the biological carbon pump

Abbreviations: GDM, generalized dissimilarity modeling; APP, annual primary
production; SSP, Shared Socioeconomic Pathway; CPR, Continuous Plankton
Recorder; AMSR-2, Advanced Microwave Scanning Radiometer 2; AMtemp,
annual median temperature; AMchl, annual median chlorophyll a; ADS, Arctic
Data Archive System; CTD, Conductivity Temperature Depth; IMT, integrated
mean temperature; IMS, integrated mean salinity; Ichl, integrated chlorophyll a;
SST, sea surface temperature; Schl, sea surface chlorophyll a; PC1-3, principal

components 1-3; SIMPROF, similarity profile.
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toward warming (Ratnarajah et al,, 2023). In the Pacific Arctic Ocean,
numerous studies have been conducted on the relationship between
sea ice alteration and the community structure of zooplankton. For
example as phenological changes, in the northern Bering Sea, the sea
ice melt season began a month earlier than usual in 2018, which
delayed the spring phytoplankton bloom and resulted in chlorophyll
a concentrations ten times lower than usual (Huntington et al., 2020).
Additionally, this has been reflected in the secondary producers
(zooplankton), with reports of delayed reproductive timing in large
copepods (Kimura et al., 2022). As size changes, it has been indicated
that the reduction in zooplankton size class during summer reduces
energy transfer efficiency to higher trophic levels (Kumagai et al,
2023). Regarding geographical range in zooplankton, time-series data
analysis of the zooplankton communities in the Chukchi Sea during
the 1946-2012 period revealed an increasing abundance of Pacific
copepod Neocalanus spp. and Arctic copepod Calanus glacialis
(Ershova et al., 2015). Abe et al. (2020) assessed temporal
alterations in the horizontal distribution of zooplankton
communities in the Pacific Arctic Ocean using samples from 2008-
2017. As significant environmental drivers to the abundance of C.
glacialis, positive effects by the open period of sea ice and integrated
mean salinity (IMS), and a negative effect by annual mean
temperature were revealed in the Chukchi Shelf using generalized
linear modeling. Therefore, studies based on long-term datasets have
only analyzed the relationship between sea ice alteration and specific
species, and it remains unclear how the entire zooplankton
community may alter.

To evaluate the relationship between the entire zooplankton
community and sea ice alteration, a long-term data set with a strong
statistical approach is required. For example, broad-scale
biogeographic patterns on zooplankton communities across the
entire Southern Ocean are predicted by Generalized dissimilarity
modeling (GDM) using Continuous Plankton Recorder (CPR) data
(Hosie et al., 2014). GDM is a statistical method used to predict the
distribution of biological communities over broad spatial scales
(Ferrier et al., 2007). It statistically connects biological community
data from field surveys with environmental variables derived from
satellite images to estimate community similarities over broad
spatial scales (Ferrier et al., 2007). GDM based on freshwater fish,
large invertebrates, and environmental variables has been used to
classify terrestrial rivers for appropriate ecosystem management
(Leathwick et al., 2010). Additionally, GDM can be used to generate
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predictive models of biological distributions by adjusting the
environmental variables as required (Ferrier et al., 2007).
Therefore, GDM is anticipated to elucidate the relationship
between sea ice alterations and zooplankton communities.

The sea ice decline trend is inconsistent in the Pacific Arctic
Ocean, and irregular phenomena have been observed locally in
recent years (Stabeno and Bell, 2019; Moore et al., 2022). In the
northern Bering Sea, no clear trend in sea-ice extent has been
observed (Walsh et al., 2017), however, a remarkably low sea-ice
extent in winter 2017-2018 with no cold pool is reported (Cornwall,
2019; Stabeno and Bell, 2019). In the northern Chukchi Sea and the
Beaufort Sea, the Beaufort High disappeared during the winter of
2020, causing a counterclockwise reversal of the Beaufort gyre
(Ballinger et al., 2021; Moore et al., 2022). This is because
enhanced cyclone activity over the central Arctic collapsed the
Beaufort High during winter (Ballinger et al., 2021; Moore et al.,
2022). In that case, sea ice in the Beaufort Sea shifted eastward and
was transported from the Chukchi Sea to the Beaufort Sea, resulting
in an increase in sea ice concentrations in 2021 (Moore et al., 2022).
This delayed sea ice retreat is believed to affect zooplankton with
shorter life cycles; however, detailed studies on this phenomenon
have not been reported in the Pacific Arctic Ocean.

In this study, the 2008-2017 period was defined as the sea ice
retreat year, and its representative zooplankton community
distribution was estimated using GDM. Subsequently, we assessed
the effect of delayed sea ice melt by comparing the zooplankton
community of the sea ice retreat year with that in 2021.

2 Materials and methods

2.1 Satellite data

Raster data for the Pacific Arctic Ocean from 2008-2021 were
derived from the Advanced Microwave Scanning Radiometer 2
(AMSR-2) operated by the JAXA Earth Observation Research
Center. These data include the open-water period (days), melt day,
annual median temperature (AMtemp, °C), annual median
chlorophyll @ (AMchl, ug L"), and annual net primary production
(APP, mg C m™ yr'"). The data have a daily time frequency and a
spatial resolution of 72 km because the spatial resolution can offer the
highest number of field stations without lacking a part of these
satellite data at the station. Based on the open water period and melt
day, the 2008-2017 period and 2021 were defined as the early sea ice
melt year and delayed sea ice melt year, respectively (Supplementary
Figure S1). Additionally, sea ice edge data for September 22, 2021—
the median date of the 2021 survey period—were obtained from the
VISHOP of the Arctic Data Archive System (ADS) (https://
ads.nipr.ac.jp/vision-contents).

2.2 Field samplings
Sampling was conducted at 385 stations in the Pacific Arctic Ocean

bounded by 64-79°N and 174°E-133°W during August-October 2008,
September—October 2010, September—October 2012, August-October
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2013, September 2014, September 2015, August-September 2016,
August-September 2017, and August-October 2021 (Supplementary
Figure S2). Field samplings were conducted aboard either the R/V
Mirai or Canadian icebreaker Amundsen. Zooplankton samples were
collected by vertical towing a NORPAC net (0.45 m mouth diameter,
335 um mesh) from a depth of 150 m (for stations deeper than 150 m)
or from 7 m immediately above the seafloor (for stations shallower
than 150 m) to the surface. The zooplankton samples were immediately
fixed in 5% buffered formalin. The volume of water filtered through the
net was calculated from the rotation number of a one-way flow meter
(Rigosha Co., Ltd., Bunkyo-ku, Tokyo, Japan) attached to the center of
the net mouth. At each station, vertical profiles of water temperature,
salinity, and chlorophyll a (Chl. a) were measured using a
Conductivity, Temperature, Depth (CTD) profiler (Sea-Bird
Electronics Inc., SBE911 plus). The zooplankton abundance and in-
situ hydrography data during 2008-2017 were obtained from Abe
et al. (2020).

2.3 Sample analysis

Zooplankton fixed samples (n = 46) from 2021 were divided into
1/4-1/8 sub-samples using a Motoda splitter (Motoda, 1959).
Zooplankton in the subsamples were identified and counted for the
taxonomic level (Order-Phylum) under a dissecting microscope
(SMZ-10; Nikon). Copepods were identified at the species or genus
level based on Brodsky (1967). Owing to the morphological similarity
between C. glacialis and Calanus marshallae (Frost, 1974), these
species were not distinguished and were counted as C. glacialis/
marshallae. Zooplankton abundance (ind. m™2) was calculated using
the filtered water volume (F: m™) calculated using the data of
flowmeter, tow distance (L), split ratio (s), and the number of each
species/taxon (N, ind.) using the following equation.

N XL
X §

Abundance =

To examine stages of Limacina helicina at their highly abundant
stations, twenty L. helicina individuals were randomly selected from
a sample collected north of St. Lawrence Island in 2021. Their shell
sizes were measured using an eye-piece micrometer under a
microscope to calculate their average size.

2.4 General zooplankton community in the
sea ice retreat year based on GDM

GDM was created using the “gdm” package in R [version 4.3.2,
R Core Team (2023)] to obtain the zooplankton community
distribution representative of the sea ice retreat year (cf. Ferrier
et al,, 2007). Supplementary Figure S3 illustrates the GDM process
in this study. Zooplankton abundance (ind. m™?) for 2008-2017 was
used as in-situ biological data. For the in-situ environmental data,
integrated mean temperature (IMT), integrated mean salinity
(IMS), integrated chlorophyll a (Ichl), sea surface temperature
(SST), and sea surface chlorophyll a (Schl) were calculated. The
integrated depth was the same as the net towing depth (i.e., from a
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depth of 150 m or from 7 m immediately above the seafloor) at each
station. Satellite data (open-water period, melt day, AMtemp,
AMCchl, and APP) from sampling stations were extracted from the
raster data (cf. 2.1). These datasets were incorporated into the GDM
to select significant data from satellite observations (Supplementary
Figure S3) (cf. Ferrier et al., 2007). Environmental variables were
fitted by the I-spine function, and the sum of I-spline coefficients
was obtained (Supplementary Figure S4). Subsequently, the satellite
raster data for each year from 2008-2017 were averaged using the
“abind” package in R. The average satellite data, where statistically
significant relationships were observed through GDM (open-water
period, AMtemp, and APP in our case), were incorporated into the
model, and principal component analysis was conducted. The
obtained principal components 1-3 (PC1-3) were converted to
RGB values, yielding a zooplankton distribution for the average sea-
ice melt years (2008-2017).

Additionally, the PC1-3 values (n = 6420) were extracted and
normalized (subtracting means and dividing by standard deviation).
A matrix of similarity index using Euclidean distance was created for
a cluster analysis using PRIMER v7 software. Based on the resulting
similarity matrix, a dendrogram was constructed using the mean
linkage method (Unweighted Pair Group Method using Arithmetic
mean [UPGMA]: group average method) to partition the data into
numerous groups at any desired similarity level. Subsequently, the in-
situ zooplankton abundance corresponding to each group from
2008-2017 was extracted. Indicator Value of Species (IndVal)
(Dufréne and Legendre, 1997) was used to identify the indicator
species for each group, and a similarity percentage (SIMPER) analysis
(Clarke, 1993) was used to determine the contribution of each
species/taxonomic group to the similarity among groups.

2.5 Data analysis based on zooplankton
samples from 2021

The zooplankton abundances from 2021 (ind. m™>) were
transformed into fourth roots, and the Bray-Curtis similarity index
(Bray and Curtis, 1957) was used to calculate the sample similarities.
Based on the resulting similarity matrix, a dendrogram was
constructed using the mean linkage method (UPGMA) to partition
the data into numerous groups at any desired similarity level. To
determine whether clustering was statistically significant at the 5%
level, similarity profile analysis (SIMPROF) was performed. To
identify the indicator species, IndVal and SIMPER were conducted.
Cluster, SIMPROF, and SIMPER analyses were conducted using the
PRIMER v7 software (PRIMER-E Ltd., Albany, Auckland, New
Zealand), and IndVal calculations were performed using Excel.

2.6 Assessing the effect of environmental
variables on zooplankton similarity

To assess how environmental alterations affected the similarity
index of zooplankton communities, datasets were created using
arbitrarily varied satellite data (open-water period, AMtemp, and
APP), for which statistically significant relationships were observed
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using the GDM. We assessed the warming scenarios in IPCC AR6
(Shared Socioeconomic Pathway [SSP]1-2.6 and SSP5-8.5) by
incorporating parameter alterations based on previous studies
(Bryndum-Buchholz et al., 2019; Lotze et al., 2019; Nakamura
and Oka, 2019; Overland et al., 2019; Khosravi et al., 2022). Sea
surface temperature will increase by 1.8 and 4.4°C in the SSP1-2.6
and SSP5-8.5 scenarios, respectively (Overland et al., 2019; Khosravi
et al., 2022). Regarding the open water period, the surface
temperature increased by 2°C with a 99-day extended open water
period in the Chukchi Sea under the SSP1-2.6 scenario (Crawford
et al.,, 2021). The SSP5-8.5 scenario also showed a 5.5°C increase
with 270 days in open water period in the Chukchi Sea (Crawford
etal, 2021). According to the model projections in the Chukchi Sea
(Overland et al., 2019; Crawford et al., 2021; Khosravi et al., 2022),
1.8°C increase with 90-days extended of open water period in SSP 1-
2.6 and 4.4°C increase with 150-days extended of open water period
(due to minimum open water period in the Chukchi Sea was 120
days) in SSP 5-8.5 were set as a condition until 2100. Primary
production also increases by 5 and 10% until 2100 in the SSP1-2.6
and SSP5-8.5 scenario, respectively (Bryndum-Buchholz et al,
2019; Lotze et al.,, 2019; Nakamura and Oka, 2019). Following the
alternated conditions, the spatial changes in the zooplankton
similarity index were assumed using the “predict” function in R
(Supplementary Figure S3). The similarity index is an absolute
value. A low value means no change in the zooplankton community
in the simulated condition (e.g., 1.8 °C increase). However, the high
zooplankton similarity index suggests that the group where the high
value is showing could be changed to a different neighboring group.

3 Results
3.1 Hydrography

The open-water period in 2008-2017 ranged from 150-240 days in
the southern Chukchi Sea and was shorter at higher latitudes
(Figure 1). A similar trend was observed in 2021, although the
Chukchi Plateau and Canada Basin demonstrated a shorter open-
water period than that in 2008-2017. Melt days ranged from 120-270
days during 2008-2017, with later melt days occurring at higher
latitudes (Figure 1). Melt days for 2021 were similar to those of
2008-2017 in the southern Chukchi Sea but significantly later from
the northern Chukchi Sea to the Chukchi Plateau. AMtemp was similar
between 2008-2017 and 2021, with higher values observed in bays
along the coast of Alaska. The AMchl concentration in the Bering Strait
ranged from 2-3 pug L™ during 2008-2017, but was slightly lower at 1-2
ug L' in 2021 (Figure 1). Additionally, in the Chukchi Sea, it ranged
from 0-2 pug L' during 2008-2017, but was low at 0-1 pg L™ in 2021.
APP in the Bering Strait during 2008-2017 was 120000-160000 mg C
m? yr’l, which was not observed in 2021 (Figure 1). However, areas
with 80,000-120,000 mg C m™ yr'" expanded in the northern Bering
Sea and the southern Chukchi Sea. Additionally, in the Beaufort Sea,
APP ranged from 0-40000 mg C m™ yr" during 2008-2017, but the
40000-80000 mg C m™ yr! range was partially expanded by 2021.

Regarding the in-situ hydrological environment data, the IMT
ranged from -1.4-7.8°C, with lower and higher values in the
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FIGURE 1

Average images from 2008 and 2017 (left panel) and the image from 2021 (right panel) illustrates open-water period, melt day, annual median
surface temperature, annual median surface chlorophyll a, and annual net primary production, all derived from satellite observations during summers

in the Pacific Arctic Ocean.

Beaufort Sea (-1-1°C) and the Chukchi Sea (2-7.8°C), respectively
(Figure 2). In 2017, numerous stations exhibited higher
temperatures (6-7.8°C) than usual. The IMS ranged from 26.9-
33.2, with no apparent interannual variation during 2008-2017.
However, in 2021, it was low (28.9-30.0) in the Chukchi Sea and
south of the Bering Strait, specifically along the coast (Figure 2). Ichl

Frontiers in Marine Science

ranged from 6.9-290.4 mg m™ and was higher in the Chukchi Sea
and lower in the Canada Basin and Beaufort Sea during 2008-2017
(Figure 2). However, in 2021, it was high in the Hanna Shoal to
Canada Basin (7.8-76.7 mg m™) and low in the Chukchi Sea (6.8-
31.4 mg m?). High values (105.2-175.5 mg m™?) were observed in
the Bering Strait from 2015-2017, but were lower in 2021.
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Interannual alterations of the in-situ hydrographic parameters from 2008-2021 during summers in the Pacific sector of the Arctic Ocean.

3.2 GDM

The GDM results identified nine significant variables: six in-situ
hydrological variables (geographic distance, depth, IMT, IMS, Ichl,
and Schl) and three satellite data (open-water period, AMtemp, and
APP) (Supplementary Figure S4). Spline regression shapes roughly
fell into three categories: those that sharply increased at low variable

Frontiers in Marine Science

values (geographical distance, depth, and Schl), those that increased
gradually (IMS, Ichl, and open-water period), and those that
increased at high variable values (IMT, AMtemp, and APP).
Specifically, the Schl (total I-spline coefficient 0.704) and IMT
(total I-spline coefficient 0.505) had large maximum values,
indicating their influence on the model. Additionally, the open-
water period (total I-spline coefficient 0.398), AMtemp (total I-
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spline coefficient 0.233), and APP (total I-spline coefficient 0.193)
were relatively high-influential variables.

3.3 Zooplankton communities during
2008-2017

The cluster analysis based on PC1-3 values from GDM between
2008-2017 identified eight groups in the Pacific Arctic Ocean, with
a distance of 1.73. High abundances of C. glacialis/marshallae,
Pseudocalanus spp., and E. bungii were identified in the southern
Bering Strait, Bering Strait, and Southern Chukchi Sea groups,
respectively (Figure 3; Table 1). Appendicularians and barnacles
were more abundant in the Bering Strait, whereas Acartia spp. and
M. pacifica were more abundant in the Southern Chukchi Sea
(Table 1). The Chukchi and East Siberian Seas group occurred on
the central shelf (Figure 3), with higher abundances of
Pseudocalanus spp. and chaetognaths. Calanus hyperboreus,
Metridia longa, Microcalanus spp., and L. helicina were the most
abundant species in the Northwind Ridge group (Table 1). The area
from the slope to the Beaufort Sea was occupied by the Barrow
Canyon and Beaufort Sea group, which had the highest number of
species. Additionally, this group had the highest mean abundance of
C. glacialis/marshallae, with chaetognaths as indicator species.
Canada Basin group identified in the Canada Basin had a
relatively low average abundance. C. glacialis/marshallae and M.
longa were abundant in this group, with hydrozoa as
indicator species.

3.4 Zooplankton community in 2021

In 2021, a cluster analysis based on zooplankton abundance
identified six groups (Figure 4A). These groups were named based

72°N

68°N

170°E

160°E 180°

FIGURE 3

170°'W
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on their distribution areas: 21_off Barrow (three stations), 21_Slope
(10 stations), 21_Bering Strait (five stations), 21_Hanna Shoal
(seven stations), 21_Chukchi Sea (18 stations), and 21_Coast
(three stations) (Figures 4A, B). Three groups, 21_Slope,
21_Chukchi Sea, and 21_Coastal, exhibited low average
abundance (< 10,000 ind m™) (Table 2). In the south of the
Bering Strait, the 21_Bering Strait was observed, characterized by
a high abundance of Pacific species, such as Metridia pacifica and E.
bungii, with Pseudocalanus spp. and L. helicina being the most
abundant among the six groups. In the central Chukchi Sea, two
groups, 21_Chukchi Sea and 21_Coast, exhibited a low mean
abundance and high abundance of C. glacialis/marshallae and
chaetognath, respectively. In the 21_Hanna Shoal observed near
the sea ice edge, the number of species was relatively low and the
abundance of appendicularia and barnacles was significantly high
(Table 2). 21_off Barrow had the highest average abundance, with C.
glacialis/marshallae accounting for approximately one-third of the
total abundance. Additionally, Arctic species, such as C.
hyperboreus and Pacific species, including Neocalanus cristatus,
Neocalanus flemingeri, and Neocalanus plumchrus, were the most
abundant among the six groups. 21_Slope was identified from the
slope to the Canada Basin, where Cyclopoida, M. longa, and
Microcalanus spp. were abundant, with Paraeuchaeta glacialis
selected as an indicator species.

3.5 Comparison of in-situ environmental
conditions among communities

Comparing the 21_Bering Strait group and Bering Strait and
Southern Chukchi Sea group, the IMT in 21_Bering Strait was
approximately 1°C lower than that in Bering Strait and Southern
Chukchi Sea group (2.25°C vs. 3.68-3.92°C) (Tables 3, 4; Figure 5).
The IMS was < 30 in the 21_Bering Strait, clearly lower than that in

‘

© Bering Strait
@ Southern Chukchi Sea
O Chukchi and East Siberian Seas
O Northwind Ridge
Barrow Canyon and Beaufort Sea
Canada Basin

160°W 150°W 140°'W

Horizontal distribution groups identified using a cluster analysis based on principal component (PC) values from generalized dissimilarity modeling

(GDM) using the 2008-2017 data set.

Frontiers in Marine Science

07

frontiersin.org


https://doi.org/10.3389/fmars.2025.1484609
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hibino et al. 10.3389/fmars.2025.1484609

TABLE 1 Mean abundance of mesozooplankton in the groups identified using a cluster analysis through generalized dissimilarity modeling (GDM)
using the 2008-2017 data set (cf. Figure 3) in the Pacific Arctic Ocean.

GDM (2008-2017) Groups

Sl . Barrow .
Species/Taxon Bering Southern and East  Northwind Canyon and Canada  Chukchi
Strait (6) Chukchi Sea Siberian Ridge Beaufort Sea Basin Plateau
(34) Seas (44) (124) (14) (14)
(3]
Copepoda
Acartia spp. 127 1,574* 959 651 1,223 62 333
Aetideopsis spp. 0 0 0 2 0 0 0
Calanus glacialis/marshallae 2,404% 4,955% 5,496 16,494* 14,602* 5,246* 5,711%
Calanus hyperboreus 0 0 3 205 85 149 186
Centropages spp. 2,594 2,400 1,096 85 104 2 26
Copepoda nauplii 0 0 0 0 0 0 0
Chiridius spp. 0 4 7 33 9 3 5
Cyclopoida 471 2,239 1,689 3,109* 2,183 1,236 2,960*
Epilabidoera spp. 0 23 2 0 1 0 0
Eucalanus bungii 978 1,599 411 5 28 1 1
Eurytemora spp. 0 580 58 2 8 0 0
Gaidius brevispinus 0 0 0 5 6 0 11
Gaetanus tenuispinus 0 0 2 7 6 7 5
Harpacticoida 0 0 0 0 0 0 0
Heterorhabdus spp. 0 0 10 16 7 27 42
Metridia longa 10 82 24 1,373* 1,022 741* 1,550*
Metridia pacifica 925 7,381* 3,137 13 27 1 0
Microcalanus spp. 0 202 61 606 320 255 614
Neocalanus cristatus 9 42 9 1 4 0 1
Neocalanus flemingeri 54 57 42 15 32 0 2
Neocalanus plumchrus 0 94 25 0 11 0 0
Paraeuchaeta glacialis 0 0 0 111 61 95 126
Pseudocalanus spp. 6,612* 24,149* 18,545* 11,016* 20,885 2,040* 7,377*
Racovitzanus antarcticus 0 0 0 1 0 0 0
Scaphocalanus spp. 0 4 0 2 2 5 3
Scolecithricella spp. 0 30 17 16 13 10 38
Spinocalanus spp. 0 64 4 6 11 16 3
Temorites brevis 0 0 0 19 11 13 10
Tortanus spp. 0 6 1 3 0 0 0
Amphipoda 18 60 44 13 29 20 29
Appendicularia 9,080* 3,448 2,267* 2,606* 2,288* 578* 2,246
Barnacle 34,628* 6,708 2,645 2,829 1,875 82 773
Bivalvia 248 1,040 1,268 52 110 1 4
Chaetognatha 900 712* 866* 1,106 1,241* 248 712

(Continued)

Frontiers in Marine Science 08 frontiersin.org


https://doi.org/10.3389/fmars.2025.1484609
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Hibino et al.

TABLE 1 Continued

10.3389/fmars.2025.1484609

GDM (2008-2017) Groups

Chukchi
: Barrow :
Sl . Southern and East  Northwind Canada = Chukchi
pecies/Taxon Bering : o : Canyon and "
Strait (6) Chukchi Sea Siberian Ridge Y S Basin Plateau
(34) Seas (44) (124) (14) (14)
()]
Copepoda
Echinodea larva 5,798 3,843 6,993 813 1,813 0 63
Clione limacina 0 15 27 11 27 5 8
Eubrachyura zoea 0 18 11 2 10 0 0
Evadne spp. 0 340 4 13 2 0 0
Euphausiacea 45 313 289 32 75 6 12
Hydrozoa 474 689 1,806 1,643 1,295 740* 589
Isopoda 0 8 11 8 4 2 11
Limacina helicina 0 193 361 533 199 38 288
Ostracoda 0 4 1 99 50 33 84
Podon spp. 752 645 293 8 7 0 0
Polychaeta 261 3,377 929 551 1,140 39 84
Total abundance 66,391 66,899 49,415 44,114 50,826 11,702 23,907
Number of species 20 35 37 41 42 30 33

Bold numbers indicate IndVal values > 25% for that group. *Represents the top 50% of species in each group according to SIMPER analysis. Numbers in () represents N the number of

sampling stations.

the Bering Strait and Southern Chukchi Sea (averages of 32.39 and
31.67, respectively). Additionally, although the APP range in the
21_Bering Strait was broad (Figure 5), it was higher than that in the
Bering Strait and Southern Chukchi Sea (134,028 mg C m™ yr' vs.
69,907-115,452 mg C m™ yr'").

The 21_Chukchi Sea group corresponds to the Southern
Chukchi Sea and Chukchi and East Siberian Seas groups. The
IMS in the 21_Chukchi Sea was lower than that in the GDM
groups (29.53 vs. 31.67-31.78) (Tables 3, 4; Figure 5). Ichl was lower
in 21_Chukchi Sea than that in Southern Chukchi Sea and Chukchi
and East Siberian Seas (19.03 mg m™ vs. 39.93-55.33 mg m~). In
contrast, the APP average in the 21_Chukchi Sea was approximately
20000 mg C m™” yr'' higher than that in the GDM groups
(Tables 3, 4).

The 21_Coast group corresponds to the Chukchi and East
Siberian Seas in the GDM group. IMS in the 21_Coast group was
below 30 and lower than that in the GDM groups (28.73 vs. 31.78)
(Tables 3, 4; Figure 5). The APP in the 21_Coast group was
significantly higher than that in the Chukchi and East Siberian
Seas groups (120,444 mg C m™ yr' vs. 41,716 mg C m™> yr™).

Comparing the 21_Hanna Shoal group and Chukchi and East
Siberian Seas and Barrow Canyon and Beaufort Sea groups from
GDM, Schlin the 21_Hanna Shoal group was lower than that in the
GDM groups (0.43 pg L™ vs. 0.59-1.56 pg L") (Tables 3, 4;
Figure 5). The average of AMtemp in 21_Hanna Shoal was below
0°C on average, lower than that in the GDM groups (-0.10°C vs.
2.44-3.92°C).
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No significant differences were observed between the 21_off
Barrow group and Barrow Canyon and Beaufort Sea groups in the
in-situ environmental conditions (Tables 3, 4; Figure 5).

The 21_Slope group corresponds to the Northwind Ridge,
Barrow Canyon and Beaufort Sea, and Canada Basin groups from
GDM. AMtemp in the 21_Slope group was approximately 1°C
lower than that in the GDM groups (0.21°C vs. 1.41-2.44°C)
(Tables 3, 4; Figure 5). Additionally, the AMtemp in the 21_Slope
was approximately 2°C lower than that in the 21_off Barrow, and
the average APP was approximately 30,000 mg C m™ yr™' lower.

3.6 Predation of the zooplankton
community alteration

First, the effect on the zooplankton similarity index was high in
the open-water period, whereas it was relatively low in water
temperature and APP based on the maximum values in each
parameter (Figure 6). Spatially, the increasing open-water period
(SSP1-2.6, SSP5-8.5) had a significant effect at higher latitudes near
the Chukchi Plateau (sea ice edge in autumn), indicating potential
alterations in the community composition of the Northwind Ridge
and Chukchi Plateau. In contrast, the increasing open water period
did not affect the zooplankton community in the Chukchi Sea and
the East Siberian Sea. As the temperature shifted from moderately
warm (SSP 1-2.6) to highly warm (SSP 5-8.5), the area of alteration
in the similarity index extended northward from the northern
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Bering Sea to the northern Chukchi Sea (Figure 6), but the effect on
the similarity index was small (0.008-0.012) comparing to the other
parameters (i.e., open water period and APP). The warm conditions
did not affect the zooplankton in the northern Bering Sea and
Alaskan side near Bering Strait. For the APP, alterations in the
similarity index were primarily observed around the Bering Strait
and Anadyr Bay, and higher APP induced more effect on the
similarity. In contrast, no effect on the zooplankton similarity
index by APP increase was seen in the north of 70°N. In the
multiple effects of the open-water period, AMtemp, and APP, SSP5-
8.5 exhibited a more remarkable similarity index alteration than the
SSP1-2.6 scenario. The two scenarios had similar spatial variations
in the zooplankton similarity index; the highest value was in the
higher latitudes near the Chukchi Plateau. The effect on
zooplankton similarity gradually decreased from the higher
latitude to the shelf region, and a moderate effect was seen at the
Bering Strait (Figure 6).
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4 Discussion

4.1 Analysis of the zooplankton
communities using GDM

GDM is a statistical method that connects species diversity in
ecosystems with environmental variables, enabling the prediction of
biological distribution over broad spatial scales (Ferrier et al., 2007).
Because of its usefulness, it has been applied in the formulation of
ecosystem conservation management plans (Ware et al,, 2018). For
example, GDM based on freshwater fish, large invertebrates, and
environmental variables has been used to classify terrestrial rivers for
appropriate ecosystem management (Leathwick et al., 2010).
Additionally, in northwestern Australia, it is used to select suitable
observation sites to monitor the distribution of terrestrial
invertebrates (Ashcroft et al, 2010). An example of using GDM
with marine zooplankton communities is a study that used CPR data
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TABLE 2 Mean abundance of mesozooplankton in the groups identified through cluster analysis in 2021 (cf. Figure 4) in the Pacific Arctic Ocean.

Species/Taxon

2021 Groups

21_Bering Strait 21_Chukchi Sea 21_Coast 21_Hanna Shoal 21_off Barrow 21_Slope
(5) (18) 3) (7) 3) (10)
Copepoda
Acartia spp. 219 64 147 187 293 47
Aetideopsis spp. 0 0 0 0 10 0
Calanus glacialis/marshallae 412* 1,965% 3,335* 2,874* 10,559* 2,686*
Calanus hyperboreus 0 0 0 0 659 233
Centropages spp. 11 2 0 0 0 0
Copepoda nauplii 0 0 0 0 38 11
Chiridius spp. 0 0 0 0 0 0
Cyclopoida 181 202 98 484 436* 680*
Epilabidoera spp. 9 0 0 0 0 0
Eucalanus bungii 1,037* 75 0 0 36 3
Eurytemora spp. 0 0 0 0 0 0
Gaidius brevispinus 0 0 0 0 0 0
Gaetanus tenuispinus 0 0 0 0 0 0
Harpacticoida 0 4 0 0 0 0
Heterorhabdus spp. 12 5 0 0 0 0
Metridia longa 13 0 0 28 256 619*
Metridia pacifica 547 1 0 0 112 203
Microcalanus spp. 119 38 0 0 87 865*
Neocalanus cristatus 0 3 0 0 162 0
Neocalanus flemingeri 8 70 0 124 505 130
Neocalanus plumchrus 19 102 40 39 567 146
Paraeuchaeta glacialis 0 0 0 0 28 49
Pseudocalanus spp. 7,122* 2,433* 495 4,046* 11,414* 1,778*
Racovitzanus antarcticus 0 0 0 0 0 0
Scaphocalanus spp. 0 2 0 0 17 6
Scolecithricella spp. 0 0 0 0 0 6
Spinocalanus spp. 5 3 0 0 0 9
Temorites brevis 0 0 0 0 0 0
Tortanus spp. 0 3 0 0 0 0
Amphipoda 17 16 40 34 17 8
Appendicularia 1,231% 843* 10 6,657* 1,491* 487%
Barnacle 738 197 0 2,063 2,281 93
Bivalvia 0 0 0 0 0 0
Chaetognatha 536* 638* 892* 710 1,022* 435
Echinodea larva 0 0 30 234 0 0
Clione limacina 20 0 0 0 36 7
(Continued)
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TABLE 2 Continued

Species/Taxon

2021 Groups

10.3389/fmars.2025.1484609

21_Bering Strait 21_Chukchi Sea 21_Coast 21_Hanna Shoal 21_off Barrow
(5) (18) (3) (7) (3)

Copepoda

Eubrachyura zoea 4 12 0 0 29 0
Evadne spp. 0 0 0 0 0 0
Euphausiacea 48 74 60 0 0 43
Hydrozoa 129 127 180 83 198 45
Isopoda 0 0 0 0 0 0
Limacina helicina 7,026* 38 0 12 17 94
Ostracoda 0 2 0 0 93 48
Podon spp. 0 0 0 0 0 0
Polychaeta 168 10 50 680 273 31
Total abundance 19,631 6,928 5,376 18,254 30,637 8,761
Number of species 24 26 12 15 26 26

Bold numbers indicate IndVal values > 25% for that group. *Represents the top 50% of species in each group according to SIMPER analysis. Numbers in () represents N the number of

sampling stations.

for the entire Antarctic Ocean (Hosie et al., 2014). They predicted the
general spatial distribution of the surface zooplankton community
each month based on more than 25,000 in-situ biological data using
GDM and cluster analysis (Hosie et al., 2014). This study used GDM
to determine the representative zooplankton community distribution
in the Pacific Arctic Ocean from 2008-2017 (sea-ice retreat years)
and predict community alterations owing to environmental
fluctuations in two scenarios. Because this method can estimate

zooplankton communities over broad spatial scales by combining
the biological similarity index and satellite data, GDM can directly
contribute to generating insights into the conservation and
management of biodiversity (Hosie et al., 2014).

Three satellite data (open-water period, AMtemp, and APP)
were selected as significant parameters associated with the
zooplankton community in the GDM. Regarding the open-water
period and APP, the open-water period was extended by 3.5 days

TABLE 3 Inter-group comparison of hydrography and satellite data during 2008-2017 in the Pacific Arctic Ocean.

GDM (2008-2017) Groups

Bering Southern = Chukchi and Northwind Barrow Canada Chukchi
Strait Chukchi East Siberian Ridge Canyon Basin Plateau
(®) Sea EN (44) and Beaufort (14) (14)
(34) (65) Sea
(124)
IMT (°C) 3.68 3.92 2.98 -0.64 0.64 -0.48 -0.99
IMS 32.39 31.67 31.78 31.36 31.54 3045 31.37
Ichl (mg m™) 126.33 5533 39.93 27.75 37.77 19.35 26.11
SST 4.40 5.83 4.08 112 2.87 112 033
Schl (ug LY 7.52 226 1.56 0.28 0.59 0.12 021
Open period (days) 244.0 198.6 156.7 77.4 100.1 64.1 59.5
MeltDay 1182 142.8 171.4 216.1 2017 216.2 226.1
(Julian day)
Amtemp (°C) 4.40 5.14 3.92 1.41 2.44 1.42 0.84
Amchl (ug L) 4.149 2.998 0.802 0.110 0.831 0.092 0.087
APP (mg C m™yr") 115,452 69,907 41,716 8,642 17,146 7,360 5,132

Values represent the mean. The groups are identified through cluster analysis during 2008-2017 using GDM (cf. Figure 3).
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TABLE 4 Inter-group comparison of hydrography and satellite data in 2021 in the Pacific Arctic Ocean.

2021 Groups
21_Bering Strait 21_Chukchi Sea 21_Coast 21_Hanna Shoal 21_off Barrow 21_Slope

(5) (18) (3) (7) (3) (10)
IMT (°C) 225 242 4.93 -0.05 1.21 -0.34
IMS 29.50 29.53 28.73 29.44 31.18 30.88
Ichl (mg m™) 62.41 19.03 25.90 24.71 35.64 35.08
SST 3.30 3.54 5.13 0.60 3.63 112
Schl (ug L) 2.90 0.85 1.23 043 0.75 0.28
Open period (days) 193.0 145.7 176.0 83.3 92.3 70.5
MeltDay 139.0 165.9 151.0 219.9 2117 219.2
(Julian day)
AMtemp (°C) 422 3.48 425 -0.10 225 021
AMchl (ug L) 1.826 1.203 1.469 1.026 2.098 1.081
APP (mg C m?yr) 134,028 88,783 120,444 19,735 53,977 20,039

Values represent the mean. The groups are identified through cluster analysis in 2021 (cf. Figure 4).

per decade based on satellite observations from 2003-2009 in the ~ 2020; Abe et al, 2021). Considering these oceanographic
northern Bering and Chukchi Seas (Markus et al, 2009), backgrounds, the affected region (i.e., Bering Strait and Gulf of
consequently increasing chlorophyll a concentration (Grebmeier,  Anadyr) by increased APP is reasonable. In the present study,
2012). In this study, the multiple effect model under significant  however, since atmospheric parameters (e.g., wind direction) could
warming scenarios (SSP1-2.6 and SSP5-8.5) indicated that  notbe included in GDM, the detailed impact of atmospheric forcing
ecosystem alterations were more significant at higher latitudes,  via sea-ice extent and water property should be investigated in
whereas the effect was smaller in the previously studied regions  the future.
(northern Bering Sea to southern Chukchi Sea). However, in the A significant effect of AMtemp on zooplankton similarity was
previously studied region, alterations in sea ice melt timing  observed from the northern Bering Strait to the southern Chukchi
have been reported to affect phytoplankton bloom dynamics  Sea in a +1.8°C scenario. This is attributed to the inflow of warm
(Huntington et al, 2020; Kikuchi et al, 2020) and zooplankton  Pacific water from the Bering Sea to the Chukchi Sea (Woodgate,
reproduction and community alterations (Kimura et al, 2022).  2018; Spear et al, 2019), resulting in the advection of Pacific
Because GDM cannot predict these seasonal or phenological  copepods (E. bungii, M. pacifica, Neocalanus spp.) (Matsuno
alterations in plankton productivity and composition, alternative et al., 2011; Kim et al,, 2020). On the other hand, in the +4.4°C
models are required. In this study, although melt day was not  scenario, the affected area of zooplankton similarity was predicted
selected as a significant variable in GDM, its significance may be  to be extended to the north, covering the whole shelf region, and the
increased by considering specific seasons and regions (Huntington  alternation value (approximately 0.008) in zooplankton similarity in
et al.,, 2020; Kimura et al., 2022). the southern Chukchi Sea was no difference between the +1.8°C and
In this study, the effect of APP alterations on zooplankton  +4.4°C scenarios. This means that the zooplankton community in
similarity was primarily observed around the Bering Strait.  the southern Chukchi Sea will reach the maximum changes by 1.8°
However, this is misaligned with the region where sea ice melting ~ C warmer conditions, but in the northern Chukchi Sea, East
is more pronounced. Therefore, it is not because of the effect of sea  Siberian Sea, and Beaufort Sea, zooplankton community will be
ice melting but rather the susceptibility of the region to the inflow of  drastically changed by 4.4°C warmer condition.
nutrient-rich Pacific water (Springer and McRoy, 1993; Cota et al., From the above, GDM using extensive field and satellite data is
1996). Zooplankton similarity in the Gulf of Anadyr was also  a valuable method for obtaining general patterns in biological
sensitively affected by the increase in APP. In the region, cyclonic  distribution. In contrast, one disadvantage of GDM is that the
circulation caused the upwelling of deeper water from the Bering  environmental parameters do not entirely explain the variation in
basin and continued the supply of nutrients to the surface layer,  biological parameters owing to limited satellite data significantly
resulting in intensive phytoplankton bloom (Clement et al., 2005;  related to zooplankton. In our case, sea ice concentrations, which
lida and Saitoh, 2007). In low sea-ice production year at Anadyr  may affect the zooplankton community, could not be included in
polynya, which is identified as one of the most active polynyasinthe = the GDM. Sea ice parameters (e.g., concentration, thickness, snow
Northern Hemisphere, the bottom water is occupied by Pacific-  depth) derived by satellite observation are primary important
origin water, and southerly wind drive advection of the bottom  factors in controlling solar radiation underwater (Light et al,
water from the Bering basin region to shelf (Basyuk and Zuenko,  2008), nutrients and ice-algae dynamics (Melnikov et al., 2002),
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Inter-group comparison of hydrographic data from 2008-2021 in the Pacific Arctic Ocean. The groups are identified using cluster analysis and

generalized dissimilarity modeling (GDM) (cf. Figures 3, 4).

phytoplankton bloom (Ji et al., 2013). These physical and biological
triggers relate zooplankton distribution and behavior (e.g., diel
vertical migration) (Darnis et al., 2017), grazing activity
(Campbell et al.,, 2009), growth and reproduction (Kimura et al.,
2020, 2022). If these sea-ice parameters could be included in the
GDM, the model would explain the zooplankton distribution and
be able to predict the community under the sea ice. To accomplish
the improvement in the model, continuous field surveys over a
broad area using an icebreaker are necessary to obtain the in-situ
data under sea ice.

4.2 The effect of delayed sea ice melt on
the zooplankton community

Describing the interannual differences in certain species by area,
the abundance of L. helicina in the Bering Strait and southern
Chukchi Sea in 2021 was higher than that during 2008-2017 (7,026
vs. 0-193 ind m™>) (Tables 1, 2) and was dominated by small
individuals (data not shown). L. helicina is a hermaphrodite with

Frontiers in Marine Science

developmental stages classified by shell length: veliger larvae
(< 0.3 mm), juveniles (0.3-4.0 mm), male adults (4.0-5.0 mm),
and female adults (> 5.0 mm) (Lalli and Wells, 1978). The majority
of the L. helicina observed in 2021 averaged 0.27 mm, indicating a
dominance of veliger larvae in the population of 2021. L. helicina is
omnivorous, feeding on phytoplankton from spring to summer and
organic particles from autumn to winter (Gannefors et al., 2005). In
the Canada Basin, they spawn primarily from spring to summer,
with smaller spawning events occurring in autumn (Kobayashi,
1974). In the regions around Spitsbergen Island, veliger larvae and
juveniles were observed in spring, adults in July, and veliger larvae
in September, indicating spawning from late summer to fall
(Gannefors et al,, 2005). In the 21_Bering Strait, there was
minimal alteration in the melt day and Ichl compared with the
community by GDM, but lower IMT and higher APP were observed
(Tables 3, 4). In the northern Bering Sea, cold Anadyr water from
Anadyr Bay flows in, forming cold water masses with upwelling
along the Siberian coast northwest of St. Lawrence (Kawaguchi
et al., 2020). It contains high levels of nutrients, resulting in high
primary production and chlorophyll a concentrations (Springer and

14 frontiersin.org
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FIGURE 6

Spatial distribution of predicted environmental effects on the zooplankton

community similarity analyzed using generalized dissimilarity modeling

(GDM). The scenario is based on IPCC AR6 (SSP1-2.6 and SSP5-8.5) (Bryndum-Buchholz et al.,, 2019; Lotze et al,, 2019; Nakamura and Oka, 2019;

Overland et al.,, 2019; Crawford et al.,, 2021; Khosravi et al., 2022).

McRoy, 1993; Cota et al., 1996). In this study, the high abundance of
veliger larvae resulted from the nutrient supply within the euphotic
zone, provided by cold Anadyr water with high nutrients. This
results in an increase in phytoplankton and triggers the
reproduction of this species.

In 2021, the communities in the northern Chukchi Sea
(21_Chukchi Sea group, 21_Coast group, and 21_Hanna Shoal
group) were significantly reduced in total abundance because of
delayed sea ice retreat. Among these, the 21_Coast group exhibited
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an earlier melt day, higher IMT (4.93°C), and lower IMS (28.7) than
the other two communities. This region is characterized by the
formation of polynyas owing to easterly winds (Hirano et al., 2016,
2022) and the inflow of warm Alaska Coastal Current along the
Alaskan coastline (Pickart et al., 2023). The Alaska Coastal Current
contains a high abundance of hydrozoa, which were relatively more
abundant in the 21_Coast group (Table 2). The 21_Hanna Shoal
group had the highest abundance of appendicularians in 2021. In
2021, this region was at the sea ice edge during the sampling period,
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and both the IMT and IMS were low (Table 4). Higher abundances
of appendicularians, specifically Oikopleura vanhoeffeni, have been
observed near the sea ice edge (Hopcroft et al., 2010). The increase
in appendicularian abundance observed in this group was likely due
to the dense distribution near the ice edge.

21_oft Barrow, which occurred in the downstream region of the
Barrow Canyon, exhibited an increase in the abundance of Pacific
copepods (N. cristatus, N. flemingeri, and N. plumchrus)
(Tables 1, 2). Based on mooring observations from 2002-2021 at
the Barrow Canyon, the average flow rate in August from 2002-
2020 was 852863 m°> s, whereas the average flow in 2021 was
1200969 m> 5™, approximately 1.4 times higher in 2021 than that
during 2002-2020. In summer, the Barrow Canyon is dominated by
Pacific-originated Alaskan Coastal Water and Bering Shelf Water
(Gong and Pickart, 2015; Itoh et al., 2015), where numerous Pacific
copepods appear (Ershova et al., 2015). Therefore, in 2021, warm
Pacific waters (Alaskan Coastal Water and Bering Shelf Water)
flowed into the Barrow Canyon in greater volume than in previous
years, likely resulting in higher abundances of the Pacific copepods.

Ocean warming influences key responses in zooplankton, shifts
in phenology, geographical range, body size, and contribution to
biological carbon pumps (Ratnarajah et al., 2023). Because of the
progressive warming of the Arctic Ocean, the zooplankton
community in the Chukchi Sea became similar to that observed on
the eastern central shelf of the Bering Sea. Additionally, there is a
proposed scenario that the ecosystem’s production is transitioning
from being benthos-centered to focusing on pelagic zones, such as
zooplankton and fish (Huntington et al.,, 2020). Using a historical
data set, a significant increase in zooplankton biomass is known from
1946 to 2012, with an average increase of 10 mg dry weight m™
(Ershova et al, 2015). Small copepods (Pseudocalanus spp. and
Centropages abdominalis) are estimated to be increased in warm
years (Kim et al., 2022). Large copepod C. glacialis/marshallae will be
increased associated with warmer surface temperatures and longer
open water periods (Abe et al., 2020). All these studies emphasize
that zooplankton abundance will increase in warmer conditions.
Contrary to the unilateral trend of sea ice decline, this study
observed alterations in the zooplankton community during a
uniquely delayed sea ice melt using the GDM. The high sea ice
concentration has been attributed to the reversal of the Beaufort Gyre
(Moore et al., 2022). The sea ice concentration in the Beaufort Sea
during the summers of 2020 and 2021 accounted for approximately
10% of the total sea ice concentration in the Arctic Ocean, which is
twice the average from 2007-2021 and equivalent to the contribution
rate before 2007 (Moore et al., 2022). Additionally, the reversal of the
Beaufort Gyre was observed in the winter of 2017 (Babb et al., 2020;
Moore et al,, 2022) and is indicated to occur more commonly with
thin sea ice (Moore et al., 2022). In general, thinner sea ice may
increase primary production by facilitating the penetration of more
solar radiation (Mundy et al., 2009; Arrigo et al., 2014; Assmy et al.,
2017). On the other hand, the increase in sea ice concentration
resulting from the reversal of the Beaufort Gyre likely brings
temporary benefits to ice-dependent species (polar bears) (Laidre
et al, 2020), although the effects on the marine ecosystem remain
unclear. This study observed an increase in zooplankton abundance
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owing to the increased inflow of Pacific water but was limited to
specific species (L. helicina and Pacific copepods) and regions (the
northern Bering Sea and Barrow Canyon), with overall abundances
reducing across the northern Bering Sea to the Chukchi Sea
shelf region. Low primary productivity owing to prolonged sea ice
coverage may be a significant factor (Mundy et al., 2009; Arrigo et al.,
2014; Assmy et al,, 2017). Additionally, there are recent concerns
regarding phenological mismatches in the food web of the Pacific
Arctic Ocean (Huntington et al., 2020). In 2021, mesozooplankton’s
unfavorable conditions (low primary productivity and phenological
mismatch) may prevail in the shelf region, resulting in a
low abundance.
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