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The spatio-temporal distributions of the epipelagic mesozooplankton community in the
western Ross Sea region marine protected area (RSR MPA) were investigated.
Mesozooplankton surveys were conducted in February 2018, January 2019, and
March 2020 from an approximate depth of 200 m to address the essential
environmental factors influencing the mesozooplankton community structure. Our
results showed that the mesozooplankton community of the western RSR MPA could
be affected by the various ecological factors, depending on their temporal and spatial
variations. The commmunity structure in 2018 was distinguished by its chlorophyll-a (Chl-a)
concentration during the summer bloom phase in the late summer. Taxa observed in 2019
were divided into four significantly different groups according to the body size of the
community composition. This differentiation could be derived from predation pressure,
inducing a trophic cascade. Taxa in the 2020 samples were separated into five different
groups based on temperature; during the 2020 survey, the water temperature was low
and sea ice covered the whole continental shelf in the Ross Sea. Additionally, comparing
the results from the three interannual surveys, although the communities clustered
according to the survey period, the continental shelf groups were quite dissimilar
despite overlapping geographically. Taken all together, the mesozooplankton
community of the western RSR MPA changed according to changes in several
ecological factors, such as temperature, Chl-a concentration, and predation pressure.
The occurrence of summer blooms and the decline in water temperature mainly regulated
the mesozooplankton community structure in the late summer.

Keywords: mesozooplankton, community structure, Ross Sea region marine protected area (MPA), late summer
bloom, epipelagic
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INTRODUCTION

The Ross Sea region marine protected area (RSR MPA), which is
a large Antarctic embayment, hosts the most productive and
highest phytoplankton biomass in the Southern Ocean (Smith
et al., 2003; Smith et al., 2011; Kaufman et al., 2014; Cummings
et al., 2021). In the western Ross Sea, the shelf water (SW) which
is mostly from the Polynya region, flows northward and then
mixes with modified circumpolar deep water (MCDW), which
intrudes northward into the western Ross Sea (Smith et al., 2014;
Davis, 2016). As a result, nutrients are brought in by the MCDW,
resulting in high levels of primary production (Smith et al., 2007;
Smith et al., 2014). The Ross Sea is also an ecologically important
area that supports numerous top Antarctic predators such as
penguins, seals, and cetaceans (Nelson and Smith, 1986; Picco
et al., 2017; Smith et al., 2017). In addition, the Ross Sea is
considered a biodiversity hotspot and is one of the least human-
impacted marine environments in the world because of its
remoteness, extreme environments, and extensive ice cover
(Smith et al., 2007; Cummings et al., 2021). The largest marine
protected area (MPA) was established in the Ross Sea region in
December 2017. Basic information on the ecological
communities in this region is needed to better understand the
ecological structure of the area; therefore, scientific surveys and
monitoring programs are required (CCAMLR, 2016; Jabour and
Smith, 2018; Cummings et al., 2021). We conducted several
oceanographic investigations in the western RSR MPA to
improve our knowledge of the mesozooplankton community.
Zooplankton is the main intermediate component in food webs
connecting the primary producers with higher trophic levels
(Picco et al., 2017; Smith et al.,, 2017; Pakhomov et al., 2020).
While many studies have focused on macrozooplankton in the
Ross Sea, including Euphausia superba and E. crystallorophias
(Smith et al., 2003; Schmidt and Atkinson, 2016; Smith et al., 2017;
Leonori et al,, 2017; Vereshchaka et al., 2019; Kang et al., 2020),
mesozooplankton have received relatively little attention.
According to previous studies, the mesozooplankton community
of the Ross Sea is dominated by copepods and the pteropods
(Limacina helicina antarctica) (Hopkins, 1985; Hopkins et al,
1987; Pane et al,, 2004; Elliott et al., 2009; Stevens et al., 2015;
Smith et al.,, 2017). The dominant copepods include Metridinidae,
Euchaetidae, Calanidae, Oithonidae, Clausocalanidae, and
Oncaeidae (Hopkins, 1987; Pane et al., 2004; Stevens et al., 2015;
Grillo et al,, 2020; Smith et al., 2017). Although large species tend
to be more frequent at higher latitudes, small copepods including
the Oithonidae, Clausocalanidae, and Oncaeidae, are dominant in
the northwestern Ross Sea (Stevens et al., 2015; Evans et al., 2020;
Grillo et al., 2020). Previous surveys of the mesozooplankton
community structure in relation to environmental factors in the
Ross Sea have been conducted mainly in McMurdo Sound and
Terra Nova Bay where major support facilities such as McMurdo
Station and Mario Zucchelli Station are located (Hopkins, 1985;
Carli et al., 2000; Smith et al., 2007; Elliott et al., 2009; Smith et al.,
2017). Although Stevens et al. (2015) and Grillo et al. (2020) studied
the copepod community in the western Ross Sea, including the open
sea, they detailed the community composition of copepods and not
their distribution or relationship with environmental factors. In

order to build on the information provided by previous studies, the
mesozooplankton community structure in the western Ross Sea still
requires further study.

In this paper, we investigate the spatiao-temporal variations in
the mesozooplankton community structure in the western RSR
MPA from 2018 to 2020. Additionally, we examine how the
mesozooplankton community is related to environmental factors
based on the reported community structure. Based on these results,
the interrelationship between mesozooplankton and environmental
factors such as temperature or chlorophyll concentration is
discussed. Transitions in the community structure in response to
temporal changes are also explained in this study. In particular, the
community structure in the late summer coinciding with the
summer bloom and decline in the water temperature is examined
in this study. Given the role of the mesozooplankton as an
intermediate component in food webs, the results of this study
are helpful for understanding the transfer of the trophic dynamics
and the future change in the mesozooplankton community in the
RSR MPA caused by global warming,

MATERIALS AND METHODS

Oceanographic and biological data were collected in the western
RSR MPA during three cruises on the Korean icebreaking
research vessel (IBRV) Araon (Figure 1). ANAO8C was
undertaken at twelve sampling stations from 25 February to 1
March 2018. ANA09B was conducted at 15 sampling stations
from 16 to 21 January 2019. ANA10C was performed at 13
sampling stations from 14 to 31 March 2020.

Data Collection and Sample Processing
Mesozooplankton were vertically collected from an approximate
depth of 200 m by using a Bongo net (mesh size: 330 um, mouth
diameter: 0.6 m) equipped with a flow meter. The water volume
was estimated by multiplying the mouth area of the net by the
maximum depth reached (200 m). The collected samples were
quantitatively subsampled using a Folsom plankton splitter. The
collected samples were immediately fixed in 5% filtered seawater
formalin and then transported to the laboratory. The observation
and identification of the samples were carried out under a
dissecting microscope (Zeiss STEMI SV8). If necessary, the
appendages were dissected and observed under a compound
microscope (Olympus BX51).

Seawater temperature (Temp), salinity (Sal), dissolved oxygen
(DO), and fluorescence were obtained by using a conductivity-
temperature-depth (CTD) system (Sea-Bird, SBE 911plus) with
an oxygen sensor at all sampling stations. All data were averaged
into 1-m depth intervals to eliminate undesirable noise.

Water samples to measure chlorophyll-a (Chl-a) and
nutrients (PO, NO3;+NO,, NH,, and SiO,) were collected
from the surface to 100 m using a 10-L PVC Niskin water
sampler attached to a CTD sampler, but this sampling was not
conducted in 2020. The collected samples (0.3 to 0.5 L) for Chl-a
concentration were filtered through 25 mm GF/filter paper
(Whatman, 0.7 um pore). Then, the water samples (0.6 to 1.0
L) were filtered continuously through 20 pm and 5 pm
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FIGURE 1 | Map of the research area showing sampling stations from 2018 to 2020 in the western Ross Sea region marine protected area (RSR MPA). Arrows
represent the Ross Sea Gyre (dark red), SW (light blue), and MCDW (light red). SW, shelf water; MCDW, modified circumpolar deep water.

membrane filters (47 mm), and 47 mm GF/F filters (Whatman,
0.7 um pore). Size-fractionated Chl-a was treated as Chl-a,icro
(over 20 um), Chl-@nqane (5-20 um), and Chl-apic, (0.7-5 pm)
(Liu et al, 2013). All filtered samples were extracted in 90%
acetone in the dark for 24 hours (Parsons et al., 1984), and then
Chl-a concentrations were measured using Trilogy (Turner
Designs, USA). Samples for nutrient concentration on board
were immediately stored in a refrigerator at 4°C prior to chemical
analyses. All nutrient samples were analyzed within two days.
Each nutrient concentration was measured using standard
colorimetric methods adapted for use on a 4-channel
continuous Auto Analyzer (QuAAtro, Seal Analytical).

For the following analyses, the surface and average values of
Temp, Sal, and DO from each sampling station were used. The
distinction between surface and average value was indicated by
subscripts (e.g., Tempgyrface and TeMPayerage) for each data. Only
average values were applied for the Chl-a and nutrients. The
average values were calculated from the surface to 100 m for Chl-
a and nutrients and from the surface to 200 m for Temp, Sal, and
DO. The values of Chl-a.y., concentrations in 2020 were
converted from the fluorescence values by the equation derived
from the relationship between total Chl-a,,, and fluorescence
values of the 2018 and 2019 surveys.

Data Analysis
Species richness (Margalef D), diversity (Shannon-Wiener H'),
and evenness (Pielou’s J') were calculated to explain the

characteristics of the mesozooplankton community (Margalef,
1958; Shannon and Weaver, 1963; Pielou, 1966). The following
equations were used to calculate the three indices:

N

H’ = — S Pi(InP))

g B
" InS
D=(S-1)/InN

where H' is the observed diversity index; P; is the proportion of
the ith species in the population; S is the total number of species;
and N is the total number of individuals.

All multivariate analyses in this study were performed by using
the PRIMER v7 package (Clarke et al.,, 2014; Clarke and Gorley,
2015) and PERMANOVA+ for PRIMER (Anderson et al., 2008).
For the biotic analyses, a log transformation (X+1) was carried out
before analyses to decrease the influence of highly abundant
species in the following analyses (Majewski et al, 2017). A
resemblance matrix based on Bray-Curtis dissimilarity was
created to identify between-station dissimilarities. Hierarchical
cluster analyses (CLUSTER) were conducted based on the Bray-
Curtis dissimilarities using group-average linking. As a result, the
mesozooplankton community was divided into several groups
according to the group similarity. Similarity profile (SIMPROF)
permutation tests were simultaneously performed with CLUSTER
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to determine whether the separated groups exhibited statistically
significant (P < 0.05) differences (Clarke et al., 2008). The null
hypothesis was rejected if the significance level (P) was <0.05. The
groups including only one station were considered outliers and
removed from further analyses (Valesini et al., 2014). Nonmetric
multidimensional scaling (nMDS) ordination was performed to
depict the spatial patterns associated with the sampling stations.
PERMANOVA was carried out to verify differences between
groups. Similarity percentage (SIMPER) analyses were
conducted to determine which species contributed to the
observed differences between groups. Principal coordinate
analyses (PCoA) were conducted to depict correlations with
species and environmental factors that contributed to group
differences based on the SIMPER analysis.

For the environmental analyses, draftsman plots were
constructed based on environmental data to select an
appropriate transformation (Valesini et al., 2014). As a result,
log transformations (X+1) were carried out for Salyyerage and
DOsurface in 2018, Salsurface) DOsurface’ DOaverage> PO4’ NO3+NOZ>
and NHy in 2019, and Salg .. in 2020. All the environmental data
were normalized to ensure that the variables had the same scale
(Valesini et al., 2014). A resemblance matrix of environmental
data was created based on the Euclidean distance dissimilarity. A
PERMANOVA was performed to test whether environmental
factors had statistically significant (P < 0.05) differences
according to the zooplankton community groups. The
biological-environmental (BIOENV) procedure was used to
explore which environmental factors best explained the
differences in the mesozooplankton communities. A
nonparametric multivariate linkage tree (LINKTREE) was
performed to determine which environmental factors divided
different assemblage groupings based on the environmental
factors derived from the BIOENV analysis.

RESULTS

Environmental Factors

The ranges of the environmental factors among the sampling
stations are summarized in Table 1 and Figures 2, 3. When
comparing environmental factors by year, these factors
represented significant differences across the three surveys
(pseudo-F = 9.7102, P < 0.05). Additionally, the Tempgy,face
was highest (0.12°C) in 2019 and lowest (-0.19°C) in 2020. The
Tempayerage in 2018 and 2019 showed a small difference, but a
relatively wide temperature range, from -1.89 to 0.13°C, was
observed in 2020. Although the temperature in 2020 had a wider
range than that observed in 2018 and 2019, similar salinity values
were observed each year. Both DOgyrface and DO,yerage showed
similar patterns each year and tended to show opposite trends to
Tempgurface: DOsurface ANd DOjyerage Values were the highest in
2020 followed by 2018 and 2019, with the lowest value (254.04
mg/L) in 2020 and the highest (371.79 mg/L) in 2020. The
DOgurface average value was lower than DO,yerqge in each year,
and the former had a far wider range than the latter. When
comparing environmental factors in each year, station 10 in 2018
had the lowest Saliyerages DOsurfaces and DOgyerage values
compared to the other stations. In 2019, Tempgyface Showed
low values at stations near land. Station 13 indicated the lowest
values in Tempayerage and Salgurace and the highest value in
DOayerage: Except for Saliyerage and DOgyrpace, €nvironmental
factors were associated with latitude in 2020. The water
temperatures were low at the southern stations but high at the
northern stations. Salgyface and DOgyerage Were higher at the
northern stations than at the southern stations. The Chl-ay
concentration was higher in 2018 than in 2019 and 2020. Because
size-fractionated Chl-a and nutrients were not sampled during
the 2020 survey, these data were compared for only two surveys,

TABLE 1 | Summary of the environmental factors monitored during each survey in the RSR MPA.

2018 2019 2020
Min. Max. Av. Min. Max. Av. Min. Max. Av.

TeMPsurface -1.36 -0.99 -1.14 £ 0.14 -1.48 0.12 -0.69 + 0.49 -1.90 -0.86 -1.62 £ 0.32

TeMpayerage  -1.14 + 0.46 -0.49 + 0.96 -0.79 £ 0.19 -1.77 £ 0.1 -0.41 £ 0.59 -0.93 + 0.31 -1.89 = 0.01 0.15+ 144  -1.06 +£0.75

Salgurface 34.19 34.34 34.26 + 0.05 33.89 34.29 34.16 £ 0.12 33.91 34.60 34.20 +0.18

Salaverage 32.82 +1.21 34.54 + 0.15 34.29 + 0.47 34.35 + 0.11 34.54 + 0.24 34.44 + 0.06 34.24 +0.07 34.65+0.04 34.39 +0.11

DOsurface 227.74 324.59 309.00 + 26.76 260.59 298.64 283.49 £+ 9.28 324.31 371.79 349.06 +

12.77

DOqaerage  241.90 £ 26.09 304.43 + 14.84 269.92 + 1470 226.08 + 40.09 268.03 +4.46 243.88 + 10.80 254.04 355.70 £ 302.67 +
75.55 11.89 27.69

Chl-ayota 0.20 + 0.01 1.21 £ 0.41 0.58 + 0.34 0.09 + 0.05 0.62 + 0.25 0.24 £ 0.14 0.06 0.53 0.30 £ 0.14

Chl-amicro 0.03 + 0.01 0.92 + 031 0.31 £ 0.30 0.04 +0.03 0.33 £ 0.19 0.12 £ 0.09 - - -

Chl-anano 0.07 £ 0.01 0.21 £ 0.07 0.14 + 0.04 0.02 + 0.01 0.11 £ 0.04 0.05 £ 0.03 - - -

Chl-apico 0.07 £ 0.01 0.14 £ 0.01 0.11 £ 0.22 0.04 + 0.03 0.17 £ 0.05 0.07 £ 0.04 - - -

PO, 2.00 £ 0.02 211 £0.05 2.04 £ 0.04 1.62 +0.28 2.04 +0.08 1.89 £0.12 - - -

NOz+NO, 19.35 £ 0.35 2146 + 090 20.33 +0.67 23.21 +3.48 33.30 + 3.86 27.16 £+ 2.44 - - -

NH4 0.02 + 0.04 1.20 £ 0.18 0.57 £ 0.34 0.00 0.36 + 0.12 0.07 £ 0.10 - - -

SiO, 64 + 6.05 73.23+328 67.18+2.82 53.95 + 8.56 74.25 + 6.98 66.05 + 6.15 - - -

Av, average; Max, Maximum; Min, minimum; Temp, temperature; Sal, salinity; DO, dissolved oxygen; Chl-a, chlorophyll-a.
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2018 and 2019. The Chl-a,,;.;, concentration had a much wider
range of values at the 2018 stations than the 2019 stations. The
size-fractionated Chl-a concentrations that could be
distinguishable by latitude in 2018 did not follow the same
trend in 2019. The southern stations in 2018 represented much
higher Chl-a,,ic;o concentrations than those from the other
stations in both 2018 and 2019. Higher concentrations of PO,
and NH, were observed in 2018, whereas the NO3;+NO,
concentration was higher in 2019. The concentration of SiO,
exhibited a much wider range of values in 2019 than in 2018. The
NH, concentration was distinguished by latitude in 2019 but not
in 2018.

Mesozooplankton Community Structure

In the present study, 33 mesozooplanktonic taxa were identified
from 2018 to 2020 (Supplementary Table 2 and Figure 4). From
2018 to 2020, the total mesozooplankton abundances ranged
5.97 to 1,269.89 ind./m” with a mean total abundance of 119.77
ind./m’. A total of 30 species and 59.4 ind./m>, 30 species and
21.98 ind./m’, and 28 species and 288.26 ind./m> were observed

in 2018, 2019, and 2020, respectively (Supplementary Table 2
and Figure 4). Although an equal number of species were
identified in 2018 and 2019, the abundance was three times
higher in 2018 than in 2019. Although the smallest number of
species was identified in 2020, the highest abundance was
observed during the 2020 survey. The highest abundance of
individuals was attributed to pteropods, including L. helicina
antarctica. Copepods were the dominant species, accounting for
46-53% of the total number of species for all periods. Pteropods,
including L. helicina antarctica, had the greatest total abundance
in 2020, accounting for 70% of the total abundance that year,
whereas copepods were the most abundant taxon in 2018 and
2019. When comparing ecological indices by year, the mean D
was highest in 2019, followed by 2018 and 2020, whereas the
mean H " and ] were highest in 2018, followed by 2019 and 2020
(Supplementary Table 2 and Figure 4). Additionally, the mean
D and H’ of each station indicated significant differences across
the three surveys (P < 0.05 for species richness; P < 0.05 for
diversity) whereas the mean J” did not (P > 0.05). Consequently,
the community in 2018 was more stable than those in the other

Number of species Abundance Richness Diversity Evenness
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FIGURE 4 | Spatial and temporal distribution pattern of the mesozooplankton community in the western Ross Sea region marine protected area (RSR MPA) from
2018 to 2020.
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surveys, while the community in 2020 was relatively less stable.
This result is supported by the abundance of the pteropods in
2020, which was much higher than that in the other surveys.

Spatial Distribution of the
Mesozooplankton Community

Hierarchical cluster analysis divided the mesozooplankton
community of 2018 into two groups at a dissimilarity level of
45.05%, which was statistically significant (SIMPROF, P < 0.05,
n = 999) (Figure 5). Although group B could be divided into two
subgroups (B1 and B2) at the 32.87% dissimilarity level, the null
hypothesis that there was no difference in species composition
within group B was not rejected at a level of the statistical
significance level of 5% (SIMPROF, P > 0.05, n = 999)
(Figure 5). Additionally, the two groups were well separated
from each other in the nMDS plot, supporting the results of the

cluster analysis (stress = 0.06) (Figure 5). Station 7, which was
the sole member of group A, was located far from the other
stations. Station 7 had the lowest total number of species and
mesozooplankton abundance in 2018 (Supplementary Table 3).
The stations in group B were loosely connected. In the
PERMANOVA, the null hypothesis that there was no
difference in the mesozooplankton community between groups
A and B was not rejected at a significance level of 5% (pseudo-F =
3.4271, P > 0.05) (Table 2). Consequently, the taxa observed in
2018 seem to form a single community. The data for station 7,
with the lowest total number of species and abundance, affected
the results of the cluster analysis and SIMPROF test.
Hierarchical cluster analysis of 2019 divided the
mesozooplankton community into four significantly different
groups (SIMPROF, P < 0.05, n = 999) (Figure 5). The
dendrogram was first divided into group D and a group
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FIGURE 5 | Dendrograms (left) indicating significant differences (P < 0.05) by black lines, nonparametric multidimensional scaling (NMDS) plots (middle) of the
sampling stations, and maps (right) showing divided groups according to the SIMPROF.
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TABLE 2 | Results of PERMANOVA based on log-transformed species abundance data according to groups and between (pairwise tests) groups from each survey.

Source df SS
ANAOSC 1 1513.9
ANAO9B 3 9130
Pair-wise tests df t
A&B 5 1.6173
A&C 10 3.0793
A&D 6 2.0202
B&C 5 1.8446
B&D 1 1.2368
C&D 6 2.3105
ANA10C 4 10929
Pair-wise tests t
A&B 1 2.384
A&C 3 2.9399
A&D 2 6.9812
A&E 2 2.7828
B&C 4 2.0599
B&D 3 5.7416
B&E 3 2.407
C&D 5 4.6564
C&E 5 2.8148
D&E 4 3.1377

MS F P

1513.9
3043.3

3.4271 0.083
5.0848 0.001

0.142
0.006
0.034
0.1568
0.327
0.048
2732.3 11.395 0.001
0.317
0.206
0.263
0.269
0.062
0.106
0.104
0.03
0.023
0.112

Significant differences (P < 0.05) are indicated in bold.

combining A, B, and D together at a dissimilarity level of 56.1%
(P < 0.05). Group A was separated from groups B and C at a
dissimilarity level of 49.07% (P < 005). Groups B and C were
separated from each other at a dissimilarity level of 47.37% (P <
0.05). The stations were grouped close together in this survey,
supporting the results of the cluster analysis shown in the nMDS
plot (stress = 0.13) (Figure 5). The stations associated with group
D were located far from the other stations. Very low abundance
at these stations was observed (Supplementary Table 4).
PERMANOVA demonstrated that there were significant
differences between the groups (pseudo-F = 5.0848, P < 0.05).
Pairwise comparisons in the PERMANOVA showed a significant
difference between each pair of groups except for groups A and B
(P> 0.05), Band C (P > 0.05), and B and D (P > 0.05) (Table 2).

Hierarchical cluster analysis separated the mesozooplankton
community observed in 2020 into five significantly different
groups (SIMPROF, P < 0.05, n = 999) (Figure 5). Group A
was first separated from the other groups, including groups B, C,
D, and E, at a dissimilarity level of 61.07% (P < 0.05). Groups B
and C were separated from groups D and E at a dissimilarity level
of 48.97% (P < 0.05). The former set of groups was subdivided
into groups B and C at a 32.07% dissimilarity level (P < 0.05), and
the latter was subdivided into groups D and E at a 42.71%
dissimilarity level (P < 0.05). The stations in this survey were
grouped close together, supporting the results of the cluster
analysis shown in the nMDS plot (stress = 0.06) (Figure 5).
Group A, including only one station (ANA10C-02), was located
far from the other groups on the nMDS plot. In 2020, the lowest
mesozooplankton abundance was observed at station 2
(Supplementary Table 5). PERMANOVA demonstrated that
there were significant differences between the groups (pseudo-
F = 11.395, P < 0.05); however, pairwise comparisons in the
PERMANOVA showed no significant difference between each
pair of groups (P > 0.05) (Table 2). Exceptions were detected

between groups C and D (P < 0.05) and between groups C and E
(P <0.05). As a result, group C is expected to have a significantly
different community than groups D and E.

Discriminating and Typifying
Mesozooplankton Taxa

In the PCoA of data from 2018, the first two principal coordinate
axes explained 40.6% and 25.2% of the variance in the Bray—Curtis
dissimilarity matrix, respectively (Figure 6). The first axis separated
the stations into B1, including stations 1, 2, 3, 4, 5, 6, and 8 (on the
right), and B2, including stations 9, 10, 11, and 12 (on the left). In
the SIMPER analysis, the average dissimilarity of groups B1 and B2
was 32.87%, and eleven species contributed to the group
dissimilarity of the upper 80% (Table 3). Among these species,
four (Euphausia spp., Sagitta spp., Unidentified Ostracoda, and
Paraeuchaeta antarctica) showed higher average abundances in Bl
than B2, while seven other species (Ctenocalanus sp., Oithona spp.,
L. helicina antarctica, Calanoides acutus, Polychaeta larvae, Oncaea
spp., Metridia gerlachei) presented higher average abundances in B2
than B1 (Figure 6; Table 3).

In the PCoA of data from 2019, the first two principal
coordinate axes explained 41% and 22.4% of the variance in
the Bray-Curtis dissimilarity matrix, respectively (Figure 6). The
first axis separated group C (on the right) from groups A and D
(on the left), whereas the second axis divided group D (on the
bottom) from groups A and C (on the top). According to the
SIMPER analysis, the average dissimilarity of groups A and C
was 49.36%, and eight species contributed to the group
dissimilarity of the upper 80% (Table 4). Among these species,
four (Oithona spp., Ctenocalanus sp. Cirriped nauplius, and
Oncaea spp.) had higher average abundances in group A than
in group C, whereas the average abundances of other species
followed the opposite trend. Groups A and D had an average
dissimilarity of 54.95% and included seven species with
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dissimilarities of the upper 80%. Only two species, Salp
thompsoni and Unidentified cnidarians 3, had higher average
abundances in group D than in group A. The average
dissimilarity of groups C and D was 56.70%, and nine species
contributed to the group dissimilarity of the upper 80%. Among
those nine species, three (S. thompsoni, Unidentified cnidarians
3, and Ctenocalanus sp.) had higher average abundances in
group D than in group C. The correlations between the
abovementioned ten species and groups indicated that three
species, Ctenocalanus sp., Oncaea spp., and Oithona spp., were
strongly associated with group A. Four species, M. gerlachei, C.
acutus, P. antarctica, and Sagitta spp., were correlated with group
C. Two species, S. thompsoni and unidentified cnidarians 3,
showed a strong correlation to group D (Figure 6).

In the PCoA plot of 2020, the first two principal coordinate
axes explained 56.6% and 20% of the variance in the Bray-Curtis
dissimilarity matrix, respectively (Figure 6). The first axis
separated groups B and C (on the right) from groups A and D

(on the left), whereas the second axis divided groups B and E (on
the top) and groups C and D (on the bottom), respectively. In the
SIMPER analysis, the average dissimilarity of groups B and C was
32.08%, and eight species contributed to the group dissimilarity
of the upper 80% (Table 5). Groups B and D had an average
dissimilarity of 60.48%, with six species contributing
dissimilarities of the upper 80%. The average dissimilarity of
groups B and E was 42.57%, with nine species having
dissimilarity less than 80%. Groups C and D had an average
dissimilarity of 52.45%, with seven species contributing to this
value. Seven species contributed to the average dissimilarity
between Groups C and E (42.98%). The average dissimilarity
between groups D and E was 42.75%, with six species
contributing to the dissimilarity. The correlations between the
abovementioned species and groups indicated that Rhincalanus
gigas had a positive relationship with group B. Group C was
strongly related to Microcalanus sp., Oithona spp., Unidentified
Ostracoda, and Sagitta spp. Group D showed a positive
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FIGURE 6 | Principal coordinate analysis (PCoA) plots based on log-transformed species abundance data and environmental factors. Dominant species (left) and
environmental factors (right).
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TABLE 3 | Results of the SIMPER analysis, showing species that contribute to the dissimilarity between the groups of the 2018 survey.

Group A & B (average dissimilarity: 45.05) Group A Av. Abund. Group B Av. Abund. Auv. Diss. Contrib.% Cum.% Feeding strategy
Oithona spp. 0.81 3.03 9.48 21.04 21.04 H
Ctenocalanus sp 0.19 2.30 9.00 19.97 41.01 H
Euphausia spp. 0.16 1.02 3.75 8.33 49.34 (0]
Unidentified Ostracoda 0.59 0.87 2.68 5.95 553.29 C
Calanoides acutus 1.08 1.52 2.40 5.32 60.61 H
Sagitta spp. 0.13 0.61 2.32 5.14 65.75 C
Oncaea spp. 0.13 0.62 2.21 4.91 70.66 0]
Polychaeta larvae 0.38 0.73 1.53 4.45 75.11 H
Limacina helicina antarctica 0.22 0.55 0.72 3.82 78.93 H
Paraeuchaeta antarctica 0.92 1.10 1.08 3.39 82.31 C
Group B1 & B2 (average dissimilarity: 32.87) Group B1 Av. Abund. Group B2 Av. Abund. Auv. Diss. Contrib.% Cum.%
Ctenocalanus sp. 1.73 3.30 4.76 14.47 14.47 H
Oithona spp. 2.65 3.68 3.15 9.58 24.05 (0]
Limacina helicina antarctica 0.17 1.22 3.03 9.23 33.28 H
Euphausia spp. 1.28 0.56 2.62 7.96 41.24 (0]
Calanoides acutus 1.26 1.98 2.33 7.09 48.32 H
Sagitta spp. 0.87 0.14 2.25 6.86 55.18 C
Unidentified Ostracoda 1.03 0.60 2.24 6.83 62.01 C
Polychaeta larvae 0.52 1.08 2.00 6.07 68.08 H
Oncaea spp. 0.46 0.90 1.86 5.66 73.73 O
Paraeuchaeta antarctica 1.26 0.81 1.657 4.79 78.52 C
Metridia gerlachei 2.06 2.20 1.46 4.44 82.96 H

H, herbivore; O, omnivore; C, carnivore.
Species which less than 80% of contributions were excluded from this analysis.

relationship with C. acutus, L. helicina antarctica, Euphausia
spp., and unidentified cnidarians 3. Oithona spp. had a negative
relationship with to group E. Ctenocalanus sp. showed a negative
relationship with group B (Figure 6).

Spatial Relationship Between
Mesozooplankton Groups and
Environmental Factors
In 2018, although the SIMPROF test indicated a significant
difference between groups A and B, the comparison between
these groups and environmental factors was not performed
because group A, which included data from only one station, was
excluded from this analysis. However, subgroups B1 and B2 were
compared with environmental factors, and the environmental
factors associated with these groups differed significantly
according to PERMANOVA (PERMANOVA, pseudo-F =
3.3184, P < 0.05) (Table 6). In the PCoA analysis, DOqyerages NO3
+NO,, and Chl-ay;., showed a strong correlation with subgroup B1,
whereas Chl-aa1, Chl-a e, and Chl-ap,,, were strongly related
to subgroup B2 (Figure 6). In the BIOENV analysis, the results
indicated that 2018 was best described by a combination of
Tempaverage, Chl_atotal» Chl'amicrm Chl'anano’ and Chl'apico
(BIOENV, p = 0.634, P < 0.05) (Table 7). In the LINKTREE
analysis, the first division A was separated by the Chl-a,y,, Chl-
Amicro> OF Chl-a,,,, concentration (R = 0.73, B% = 91) (Figure 7).
In 2019, there were significant differences among the
environmental factors by group (PERMANOVA, pseudo-F =
2.4838, P < 0.05), and the pairwise comparisons showed no
significant difference between groups (P > 0.05) except for groups
C and D (P > 0.05) (Table 6). In the PCoA plot, DOgface- and
NO;+NO, were related to group A. Group C was strongly related
to NH,. Group D showed a negative correlation with Tempgy,face

Tempayerages and Salgyrface (Figure 6). In the BIOENV analysis,
Tempayerages Salsurfaces and NHy (p = 0.553, P < 0.05) provided the
best match with the community (Table 7). Three significantly
different (P <0.05) groups were determined by the LINKTREE
analysis, with the SIMPROF results corresponding well with the
results of the CLUSTER analysis, although station 12 switched
from group C to group D (Figure 7). The first division A was
split by Tempayerage (R = 0.65, B% = 85). The second division B
was separated by NH, concentration (R = 0.76, B% = 67).

In 2020, significant differences among the groups were found by
PERMANOVA (pseudo-F = 2.7475, P < 0.05); however, pairwise
comparisons showed no significant differences between groups
(P >0.05) (Table 6). The PCoA indicated that Tempg, . and
Chl-a were strongly related to group B, Tempayerage Was
associated with group C, and group D was associated with
Salgurfacer Salaverages aNd DOqyerage- In the BIOENV analysis, the
community was best matched by a combination of Temp,yerage>
Salyverages DOsurfaces aNd DOgyerage (P = 0.605, P < 0.05) (Table 7).
The LINKTREE analysis identified four significantly different (P <
0.05) groups, and the results of this analysis were consistent with
those of the CLUSTER analysis (Figure 7). The first division A was
split by Temp,yerage (R =0.81, B% = 94), while the second division B
was separated by DO,yerage and Temp,yerage (R = 1.00, B% = 71).
Division E, which was significantly different from group D, was split
by DOyurtace (R = 0.79, B% = 39).

DISCUSSION

Among the 2018, 2019, and 2020 surveys, the surface water
temperature was highest in the 2019 survey whereas lowest in the
2020 survey. The timings of the surveys, specifically, February
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TABLE 4 | Results of the SIMPER analysis, showing species that contribute to the dissimilarity between the groups of the 2019 survey.

Group A & C (average dissimilarity: 49.36) Group A Av. Abund. Group C Av. Abund. Auv. Diss. Contrib.% Cum.% Feeding strategy
Oithona spp. 3.16 1.34 12.66 25.65 25.65 (0]
Metridia gerlachei 0.79 1.74 6.59 13.35 39.00 (0]
Ctenocalanus sp. 1.17 0.34 6.14 12.44 51.44 H
Cirriped nauplius 0.72 0.46 4.88 9.89 61.33 H
Calanoides acutus 0.29 0.86 4.16 8.43 69.75 H
Paraeuchaeta antarctica 0.49 0.86 2.67 5.41 75.16 C
Sagitta spp. 0.12 0.36 1.83 3.71 78.87 C
Oncaea spp. 0.27 0.07 1.71 3.47 82.34 C
Group A & D (average dissimilarity: 54.95) Group A Av. Abund. Group D Av. Abund. Auv. Diss. Contrib.% Cum.%
Oithona spp. 3.16 1.00 18.57 33.70 33.70 (0]
Salp thompsoni 0.03 0.77 6.39 11.60 45.30 H
Ctenocalanus sp. 1.17 0.61 5.87 10.66 56.95 H
Cirriped nauplius 0.72 0.11 5.45 9.88 65.84 H
Metridia gerlachei 0.79 0.39 3.62 6.57 72.41 (0]
Unidentified cnidarians 3 0.02 0.38 0.98 6.09 78.69 -
Oncaea spp. 0.27 0.00 0.68 3.58 82.26 @]
Group C & D (average dissimilarity: 56.70) Group C Av. Abund. Group D Av. Abund. Auv. Diss. Contrib.% Cum.%
Metridia gerlachei 1.74 0.39 11.83 20.75 20.75 (0]
Salp thompsoni 0.00 0.77 6.58 11.51 32.29 H
Calanoides acutus 0.86 0.14 6.30 11.05 43.35 H
Cirriped nauplius 0.46 0.1 3.88 6.80 50.15 H
Paraeuchaeta antarctica 0.86 0.43 3.64 6.38 56.53 C
Oithona spp. 1.34 1.00 3.61 6.33 62.86 (0]
Unidentified cnidarians 3 0.00 0.38 3.46 6.07 68.94 -
Ctenocalanus sp. 0.34 0.61 3.15 5.53 74.47 H
Sagitta spp. 0.36 0.00 3.03 5.34 80.21 C

H, herbivore; O, omnivore; C, carnivore; -, uncertain.
Species which less than 80% of contributions were excluded from this analysis.

2018, January 2019, and March 2020, are likely to be relevant for
this finding (Smith et al.,, 2003; Smith et al., 2014; Cau et al,
2021). Given that MCDW is characterized by a subsurface high
temperature and low dissolved oxygen, the 2019 survey’s high
surface water temperature and low DO were likely influenced by
the MCDW (Budillon et al., 2003). Unlike surface water
temperature, average water temperature showed greater
variability in 2020 than in other surveys. This is thought to be
due to the sampling stations in 2020 having a wider geographic
range with respect to latitude than that in other years. Regarding
the Chl-a concentration, the concentrations in 2018 were about
two times higher than those in other surveys. In particular, the
southern stations (subgroup B2) in 2018 indicated much higher
concentrations than other sampling stations. This high
concentration is well corresponding with the finding of Jo et al.
(2021) that much higher diatoms concentration in the southern
stations. Furthermore, the nutrients such as NO3;+NO,, PO,, and
SiO, were negatively correlated with B2 in the PCoA plot. This
negative correlation was related to the phytoplankton biomass
because these nutrients can be removed from the environment by
autotrophic assemblages (Nelson and Smith, 1986; Smith et al.,
2003). Taken all together, given summer bloom can occur in
February by diatoms and the timing of the bloom is very
consistent, the high Chl-a concentration in 2018 could be
related to the summer bloom by diatoms (Edwards and
Richardson, 2004; Peloquin and Smith, 2007; Smith et al.,
2011; Kaufman et al., 2014; Smith et al., 2014).

Considering the earlier studies covered different regions and
employed different methodologies, it is difficult to compare our

data that from prior studies in the Ross Sea (Stevens et al., 2015;
Smith et al., 2017). However, when a small mesh plankton net (200
um) was used instead of a coarse plankton net (over 330 pm), the
amount of the mesozooplankton was higher (Pane et al., 2004;
Elliott et al., 2009; Stevens et al., 2015; Smith et al., 2017). Similar
to findings in prior studies, the abundance recorded in this study
using a coarse mesh-sized plankton net was lower than that
reported in the survey using a fine mesh-sized plankton net
(Pane et al., 2004; Stevens et al,, 2015; Smith et al., 2017). The
mesozooplanklton community, however, was dominated by small
species (e.g. Oithona spp., Ctenocalanus sp., etc.). The composition
of the mesozooplankton community was similar to that in
previous studies (Pane et al, 2004; Stevens et al., 2015; Grillo
etal,, 2020). Therefore, the mesozooplankton sampling region and
methodology are regarded as significant factors influencing the
survey’s conclusion (Stevens et al., 2015; Smith et al., 2017).

Given the mesozooplankton community of the present study,
our analyses of data from 2018, 2019, and 2020 surveys showed
that the mesozooplankton community in the western RSR MPA
could be separated by spatio-temporal variability. Taxa observed
in 2019 and 2020 could be divided into four and five significantly
different groups, respectively. Although there were no
significantly different groups among the taxa observed in 2018,
the community structure could be distinguished by the feeding
strategy of the dominant species. Additionally, the subgroups of
2018 and groups of 2019 and 2020 showed significant differences
according to environmental factors.

In 2018, Euphausia spp., P. antarctica, Sagitta spp., and
unidentified Ostracoda were strongly correlated with subgroup
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TABLE 5 | Results of the SIMPER analysis, showing species that contribute to the dissimilarity between the groups of the 2020 survey.

Group B & C (average dissimilarity: 32.08) Group B Av. Abund. Group C Av. Abund. Auv. Diss. Contrib.% Cum.% Feeding strategy
Ctenocalanus sp. 1.30 3.23 8.32 25.90 25.90 H
Oithona spp. 2.07 2.63 6.69 20.81 46.70 (0]
Metridia gerlachei 2.28 1.50 3.39 10.54 57.24 (0]
Sagitta spp. 1.14 1.33 2.78 8.65 65.89 C
Unidentified Ostracoda 0.40 0.56 1.61 5.02 70.91 C
Rhincalanus gigas 0.35 0.07 1.58 3.86 74.95 H
Paraeuchaeta antarctica 0.37 0.33 1.76 3.58 78.53 C
Calanoides acutus 0.94 1.00 117 3.09 81.62 H
Group B & D (average dissimilarity: 60.48) Group B Av. Abund. Group D Av. Abund. Auv. Diss. Contrib.% Cum.%
Limacina helicina antarctica 0.00 6.68 19.86 32.99 32.99 H
Calanoides acutus 0.94 4.25 9.84 16.26 49.26 H
Ctenocalanus sp. 1.30 4.25 8.65 14.31 63.57 H
Euphausia spp. 0.14 217 5.99 9.91 73.48 O
Sagitta spp. 1.14 0.00 3.41 5.63 79.11 C
Unidentified cnidarians 1 0.00 0.75 2.15 3.56 82.67 -
Group B & E (average dissimilarity: 42.54) Group B Av. Abund. Group E Av. Abund. Auv. Diss. Contrib.% Cum.%
Limacina helicina antarctica 2.68 0.00 9.56 28.58 28.58 H
Sagitta spp. 0.16 1.14 3.75 10.62 39.20 C
Metridia gerlachei 1.64 2.28 0.90 9.56 48.76 (0]
Ctenocalanus sp. 211 1.30 3.75 8.66 57.42 H
Oithona spp. 1.88 2.07 217 7.30 64.72 (6]
Calanoides acutus 1.60 0.94 1.1 6.98 71.70 H
Unidentified Ostracoda 0.18 0.04 1.28 3.61 75.32 C
Microcalanus sp. 0.00 0.29 6.31 3.10 78.42 H
Rhincalanus gigas 0.07 0.35 1.49 3.10 81.51 H
Group C & D (average dissimilarity: 52.45) Group C Av. Abund. Group D Av. Abund. Auv. Diss. Contrib.% Cum.%
Limacina helicina antarctica 0.19 6.68 17.82 33.98 33.98 H
Calanoides acutus 1.00 4.25 8.88 16.93 50.91 H
Euphausia spp. 0.03 217 5.80 11.05 61.96 (0]
Sagitta spp. 1.33 0.00 3.64 6.94 68.90 C
Ctenocalanus sp. 3.23 4.25 2.91 5.54 74.44 H
Oithona spp. 3.63 2.66 2.79 5.32 79.76 (0]
Metridia gerlachei 1.50 1.99 2.21 4.21 83.97 o
Group C & E (average dissimilarity: 42.98) Group C Av. Abund. Group E Av. Abund. Auv. Diss. Contrib.% Cum.%
Limacina helicina antarctica 0.19 2.68 9.99 23.24 23.24 H
Oithona spp. 3.63 1.88 6.84 15.91 39.15 (0]
Sagitta spp. 1.33 0.16 4.72 10.98 50.13 C
Ctenocalanus sp. 3.23 2.1 4.55 10.59 60.73 H
Metridia gerlachei 1.50 1.64 3.76 8.75 69.48 (0]
Calanoides acutus 1.00 1.60 2.74 6.36 75.84 H
Unidentified Ostracoda 0.56 0.18 1.87 4.35 80.19 C
Group D & E (average dissimilarity: 42.75) Group D Av. Abund. Group E Av. Abund. Av. Diss. Contrib.% Cum.%
Limacina helicina antarctica 2.68 6.68 11.32 26.49 26.49 H
Calanoides acutus 1.60 4.25 7.44 17.41 43.90 H
Ctenocalanus sp. 2.1 4.25 5.90 13.80 57.70 H
Euphausia spp. 0.20 2.15 5.50 12.86 70.56 (0]
Metridia gerlachei 1.64 1.99 2.66 6.23 76.79 (0]
Oithona spp. 1.88 2.66 2.57 6.00 82.80 (0]

H, herbivore; O, omnivore; C, carnivore; -, uncertain.
Species which less than 80% of contributions were excluded from this analysis.

B1, whereas C. acutus, Ctenocalanus sp., M. gerlachei, Oithona
spp., Oncaea spp., and Polychaeta larvae were strongly correlated
with subgroup B2. The dominant species in B1 had omnivorous
or carnivorous feeding modes, whereas the dominant species in
B2 were mostly herbivorous (Hopkins, 1987; Lopez and Huntley,
1995; Pasternak and Schnack-Schiel, 2001; Bocher et al., 2002;
Ward and Hirst, 2007; Elliott et al., 2009; Grillo et al., 2020).
According to the LINKTREE analysis, the stations included in
subgroup B2 had much higher Chl-ayo, Chl-apicro, and Chl-
Gnano concentrations than those included in subgroup Bl. In
accordance with the previous studies and the present study, the

relatively high Chl-a,,;.,, concentration of subgroup B2 recorded
in 2018 was likely to result of summer blooms by diatoms
(Peloquin and Smith, 2007; Smith et al., 2011; Kaufman et al.,
2014; Smith et al., 2014; Jo et al., 2021; Saggiomo et al., 2021). As
a result, herbivorous zooplankton increased in B2, while B1 was
characterized by relatively high abundances of omnivorous or
carnivorous species. Thus, the Chl-a concentration gradients
throughout the region could be considered the main factor
regulating the mesozooplankton community in 2018. This
finding is consistent with the previous reports, which found
that foods such as Chl-a are the main factors regulating
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TABLE 6 | Results of the PERMANOVA based on environmental factors according to groups and between (pairwise tests) groups from each survey.

Source df Ss
ANAOSC 1 37.714
ANAO9B 2 56.62
Pair-wise tests df t
A&C 10 1.4392
A&D 6 1.3694
C&D 6 1.9544
ANA10C 3 39.075
Pair-wise tests t
B&C 4 0.93851
B&D 3 1.9021
B&E 3 2.1767
C&D 5 1.9063
C&E 5 1.6209
D&E 4 1.1556

MS F P

37.714
28.31

3.3184
2.4838

0.007
0.008

0.058
0.107
0.033
13.025 2.7475 0.021
0.524
0.119
0.106
0.052
0.057
0.379

Significant differences (P < 0.05) are indicated in bold.

TABLE 7 | Summary of the results of the biological-environment (BIOENV) analysis, showing the best matched combination of environmental factors and

mesozooplankton abundances from each survey.

p Best combination of environmental factors P
2018 0.634 TemMpPaverage, Chl-asotal: Chl-@micro, Chl-anano, Chl-apico 0.002
2019 0.553 TeMpPaverage: Salsurtace: NHa 0.022
2020 0605 Tempaveragev Salaveragev Dosur‘face: Doaverage 0'002

Significant differences (P < 0.05) are indicated in bold.
p: Spearman correlation coefficient; P: statistical significance level.

mesozooplankton distribution (Liu and Dagg, 2003; Chen et al.,
2017; Smith et al., 2017).

In the 2019 survey, Ctenocalanus sp. and Oithona spp., and
Oncaea spp. were correlated with group A; C. acutus, M. gerlachei,
P. antarctica, Sagitta spp., and Unidentified Ostracoda were
positively associated with group C; and S. thompsoni and
Unidentified cnidarians 3 were positively correlated with group
D. Even though group D had a much lower abundance than the
other groups, the SIMPER analysis indicated that the abundances
of S. thompsoni and Unidentified cnidarians 3 were higher than
the abundances observed in the other groups. Small species such as
Ctenocalanus sp. and Oithona spp. were dominant in group A,
whereas relatively large species such as C. acutus and M. gerlachei
were more common in group C. In other words, small species were
common in group A, while relatively larger species were more
common in group C. Regarding environmental factors, group D
was separated from the other groups at a much lower temperature.
Group A was separated from group C by a lower NH,
concentration. The food resources (e.g., Chl-a) did not have a
significant relationship with the groups in 2019, unlike 2018.
Taken all together, these results indicate that the dietary
components, such as Chl-g, did not affect the mesozooplankton
community structure in 2019. Considering that MCDW intrudes
over the Ross Sea at the beginning of January and that water
temperature in which group D was found was significantly lower
than that of the water in which the other groups were found, it is
possible that group D was disturbed by aperiodic intrusion (Smith
et al., 2007; Castagno et al, 2017). As a result, the very low

abundance at the corresponding stations was confirmed to
distinguish them from other groups. Additionally, Biggs (1982)
report that ammonium excretion is highly correlated with
zooplankton body size corresponds well with the discrimination
between groups A and C according to the body size of the
dominant species. Large herbivorous species, C. acutus, and
large carnivorous taxa such as P. antarctica and Sagitta spp.
represented a relatively higher abundance in group C than in
group A, whereas small omnivorous species such as Oithona spp.
were more abundant in group A than in group C. In summary,
regardless of the feeding strategy, the large species were more
abundant in group C, whereas relatively small species were
common in group A. This differentiation based on size would be
related to the predation of small species by large species because
trophic processes in the plankton community are highly
dependent on the food size (Nelson and Smith, 1986; Lancelot
et al,, 1993; Hansen et al.,, 1997; Bocher et al., 2002; Tang et al.,
2008; Chen et al., 2017; Sun et al., 2021).

In 2020, there have been more divided groups than in other
surveys. This result was thought to be that the 2020 survey
included open sea and Terra Nova Bay stations which were not
contained in the 2018 and 2019 surveys. Groups B and C, which
were mostly located in the open western Ross Sea, had similar
species compositions. The two groups shared the most abundant
species, but the ranking of those species differed. Groups D and
E, which were mainly located on the continental shelf of the
western Ross Sea, had similar species compositions; however,
group D had a much higher abundance than group E. According
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differences by similarity profile (SIMPROF) analysis.

to LINKTREE analysis, groups D and E could be separated from
groups B and C by having a lower Tempjyerage- This distinction is
likely a result of the geographic distributions of these groups
since groups B and C can be separated from groups D and E
according to their latitudinal location. Consequently, the
Temp,yerage mMainly determined these significant differences

between the open sea and continental shelf regions of the
western Ross Sea in 2020.

When comparing of the mesozooplankton community
structures according to the interannual variations (Figure 8),
this comparison can be summarized in a few points: (1) the
sampling stations were well clustered according to the survey
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FIGURE 8 | Shade plot based on the log-transformed species abundance data from all the sampling stations; shading intensity is proportional to species
abundance. The groups belonging to each station were ordered by similarity profile (SIMPROF) factors, and species were ordered by hierarchical cluster analysis.

periods; (2) the stations of 2018 clustered into a single group; (3)
the stations in 2019 were separated into two groups, and one of
the groups was more similar to the group including the 2018
stations than to another group of 2019; (4) the Terra Nova Bay
stations were clustered far from other stations; (5) the stations
located in the open Ross Sea in 2020 were much more similar to
the stations included in 2018 than to the stations in 2020 on the
continental shelf. PERMANOVA indicated that there were
significant differences between the groups (pseudo-F = 10.367,
P < 0.05). These significant differences were the same in the
comparison between the stations excluding open sea stations
(pseudo-F = 9.4362, P < 0.05). By the dominant taxa, Oithona
spp., which are known to be affected by water temperature,
showed a wide distribution range according to the surveys in this
study (Ward and Hirst, 2007). Specifically, this species showed a

strong correlation with high-latitude stations in 2018 and 2019.
However, Oithona spp. was strongly correlated with the open sea,
including the low-latitude stations in 2020. Limacina helicina
antarctica, which has a high abundance in the southern Ross Sea,
had a significantly high abundance at the continental shelf
stations in 2020, especially near Terra Nova Bay (Hopkins,
1987; Pasternak and Schnack-Schiel, 2007; Elliott et al., 2009).
Furthermore, L. helicina antarctica showed relatively low
abundance at the stations included in 2019, which indicated
comparatively warm temperatures, whereas its abundance in
2018 was intermediate among the three surveys. The greatest
abundance of Ctenocalanus sp., which prefers cold water, was
found from February to April namely in 2018 and 2020 surveys,
while this species showed relatively low abundance in 2019
(Pasternak and Schnack-Schiel, 2007).
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Taken together, these results indicate that the mesozooplankton
community of the western RSR MPA was altered according to the
survey period and differed spatiotemporally. Considering the food
resource such as the Chl-a was among the best explanatory factors
only in 2018, but notin 2019 and 2020, and the mean total abundance
in the 2018 survey is higher than other surveys except for the Terra
Nova Bay region, the relatively high Chl-a concentration in late
summer induced high mesozooplankton abundance in the western
Ross Sea. In other words, if prey, such as phytoplankton or diatoms,
were abundant (2018), then the community was influenced by the
prey distribution. However, when the abundance of phytoplankton
had less influence (2019), the zooplankton community structure was
affected by aperiodic intrusions or predation pressure that induced
trophic cascades. Predation pressure causing trophic cascades rather
than abiotic factors was assumed to be the key factor determining the
mesozooplankton community structure in 2019. As the water
temperature decreased with latitude and sea ice covered the whole
continental shelf (2020), the mesozooplankton community of the
western RSR MPA was replaced with species suitable for lower water
temperatures. Although the correlation was not significant at the 0.05
level, the Chl-a concentration and mesozooplankton abundance
indicated a negative correlation in 2020 (r = -0.547, P > 0.05).
Considering the spatial mismatch between phytoplankton and
mesozooplankton means both populations asynchrony, this
negative correlation is regarded as a typical spatial mismatch
between phytoplankton and zooplankton (Edwards and
Richardson, 2004; Durant et al,, 2013; Mcginty et al,, 2014; Sun
etal,, 2021). This spatial mismatch would be related with the increase
of the species that prefer cold water such as L. helicina antarctica
which shows a significantly high abundance at the continental shelf
stations in 2020.

CONCLUSION

The results of this study suggest that the mesozooplankton
community of the western RSR MPA was influenced by prey if
food resources were abundant but affected by predation pressure
or environmental factors when food resources were less
influential. Therefore, the occurrence of the summer bloom in
late summer, mainly in February, is likely to affect the
mesozooplankton community in the western RSR MPA. The
continental shelf community present in January and February
was replaced by species that preferred cold water by March, as
the water temperature decreased in the western RSR MPA. These
results suggest that climate change will affect the
mesozooplankton community of the western RSR MPA in the
late summer, because climate change could result in warmer
water temperatures and the expansion of sea ice-free periods in
the RSR MPA, although the concentration of sea ice has recently
increased (Smith et al., 2007; Smith et al., 2014). As a result, the
distributions of the species that are mainly found in the western
RSR MPA could expand southward. The distribution of the
species that prefer cold water, such as L. helicina antarctica and
Ctenocalanus sp., could be limited in the southern region.
Eventually, the mesozooplankton community currently found
in the western RSR MPA would move southward, and a novel

zooplankton community could invade the RSR MPA.
Considering that the Ross Sea, which is the largest MPA, is an
essential feeding area of higher predators such as penguins and
whales, these changes in the mesozooplankton community could
impact the predation abilities of higher predators, for which
zooplankton are the main food resources (Nelson and Smith,
1986; Smith et al., 2012; Smith et al., 2014; Picco et al., 2017;
Smith et al., 2017). However, the three surveys in this study were
conducted in different months in 2018, 2019, and 2020.
Interannual variations can be substantial within the Southern
Ocean, and it is possible that these interannual differences were
overlooked in this study (Smith et al., 2003; Smith et al., 2014;
Cau et al,, 2021). Furthermore, the Ross Sea ecosystem has been
dramatically influenced by climate change (Smith et al., 2014).
Thus, further studies and constant monitoring of the
mesozooplankton community in the RSR MPA are required.
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