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Abstract: The Ross Sea region Marine Protected Area (RSR MPA) is one of the most productive regions
in the Southern Ocean. Mesozooplankton intermediates the primary product to the higher predators,
such as penguins and seals, in this ecosystem. In this study, the mesozooplankton community
structure and spatial pattern in the RSR MPA in January were investigated by using 505 µm-mesh-
size bongo net samples. As a result, 37 mesozooplankton taxa with a total mean abundance of
35.26 ind./m3, ranging from 2.94 to 139.17 ind./m3, were confirmed. Of the 37 taxa, 7 occupied
almost 84% of the total abundance, with copepods being the main dominant taxa. As shown by
our hierarchical analysis, the mesozooplankton community was divided into four groups, each
associated with a specific geographical distribution. Group A was composed of stations around Terra
Nova Bay and showed relatively low abundance. Group B included stations around the continental
slope region. Group D was composed of the Ross Sea continental shelf stations, while group C
consisted of stations geographically located between those of groups B and D. These four groups were
influenced by various environmental factors, such as water temperature and salinity. In summary,
the mesozooplankton community can be separated according to geographical pattern. This pattern is
related to several environmental factors.

Keywords: Ross Sea region Marine Protected Area (RSR MPA); zooplankton; January; Southern
Ocean; community structure

1. Introduction

The Ross Sea comprises one of the largest continental embayments, with a depth
range of 200 to 3000 m in the Southern Ocean [1–3]. Within the Ross Sea continental shelf,
there are three troughs—the Drygalski Trough, Joides Trough, and Glomar Challenger
Trough—that cross the continental shelf in a north–south direction [3]. Several water masses
are transported through these three troughs. In other words, relatively warm Circumpolar
Deep Water (CDW) flows into the Ross Sea continental shelf through these troughs [4,5].
Relatively cold and salty Shelf Water (SW), derived from Terra Nova Bay and the Ross
Sea ice shelf, flows out of the continental shelf [5,6]. Consequently, CDW and SW mix and
make modified Circumpolar Deep Water (MCDW) and modified Shelf Water (MSW) in the
Ross Sea continental shelf [5]. The salty SW, formed in the Terra Nova Bay and Ross Sea ice
shelf, is one of the characteristics of the Ross Sea [5]. Furthermore, there are two coastal
polynyas, the Terra Nova Bay polynya and Ross Sea polynya, in the Ross Sea continental
shelf region [7,8]. These two coastal polynyas expand during summer and contribute
to higher primary productivity [5,7,9]. This high primary productivity attracts various
organisms that consume primary producers, from zooplankton to penguins and seals [10].
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Among them, mesozooplankton such as copepods play a crucial role in the energy transfer
from primary producers to higher consumers [11–13]. However, no surveys have covered
the entire Ross Sea region, including the Ross Sea continental shelf and Terra Nova Bay. The
previous surveys of mesozooplankton in the Ross Sea were primarily conducted around
McMurdo Sound or Terra Nova Bay, which are located near the McMurdo stations and
Mario Zucchelli station [14–18], and the western Ross Sea [19–21]. Furthermore, scientific
surveys and monitoring programs in this region have been required since the Ross Sea
was designated as a Marine Protected Area (MPA) in December 2017 [22,23]. According to
recent studies, the sea ice concentration has increased in the last year, contrary to the recent
climate trend [10,24]. However, extensive ice cover and remoteness present significant
logistic challenges that hinder detailed scientific research in this area [22].

Therefore, we surveyed the Ross Sea region Marine Protected Area (RSR MPA), cov-
ering the Ross Sea continental shelf and slope region, as well as Terra Nova Bay, during
summer, mainly in January. This study aimed to describe the structure and spatial distri-
bution pattern of the mesozooplankton community within the RSR MPA. Furthermore,
the mesozooplankton community was assessed alongside environmental factors such as
temperature, salinity, and chlorophyll concentration to reveal the relationships between
them.

2. Materials and Methods

This study was carried out through a survey in the RSR MPA on the Korean icebreaking
research vessel (IBRV) Araon from January 17 to 1 February 2023. Mesozooplankton samples
were collected from 22 stations ranging between 296 and 2694 m in depth (Figure 1).
Environmental factors were also measured at the same sampling stations.
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RSR MPA from 17 January to 1 February 2023.

2.1. Data Sampling and Sample Processing

Mesozooplankton were vertically sampled from an approximate depth of 200 m using
a bongo net with a mesh size of 505 µm (mouth diameter: 0.6 m) equipped with a flow meter.
The collected samples were subdivided into two subsamples using a Folsom plankton
splitter. One subsample was immediately fixed in 4% seawater formalin on board, while the
other subsample was stored in a deep freezer at −70 ◦C for further analysis, such as DNA
and fatty acid analysis. The fixed samples were transported to the laboratory and identified
based on morphological characteristics under a dissecting microscope (Zeiss STEMI SV8).
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If necessary, specimens were dissected and observed under a compound microscope
(Olympus BX51). Samples were identified at the species level where possible, although
several taxa, such as Appendicularia, Ostracoda, and polychaete, were not identified due
to species identification difficulties. Additionally, copepodite developmental stages were
not distinguished in this study. Abundance was converted to individual numbers per cubic
meter (ind./m3), estimated by multiplying the mouth area of the bongo net by the depth
reached (200 m).

For the environmental analyses, vertical profiles of temperature (Temp, ◦C), salinity
(Sal, PSU), dissolved oxygen (DO, mg/L), and fluorescence were obtained from the surface-
to-bottom depth of each station using a conductivity–temperature–depth (CTD) probe (Sea-
Bird, SBE 911 plus) with an oxygen sensor attached at every sampling station. The chlorophyll-
a concentration (Chl-a, µg/m3) was calculated using a linear relationship (R2 = 0.91) between
the fluorescence and Chl-a values obtained in the Ross Sea during the same cruise.

For the subsequent analyses, Temp, Sal, DO, and Chl-a were averaged for surface
values from 0 to 10 m (e.g., Salsurface) and for completely integrated values from 0 to either
100 m or 200 m (e.g., Salaverage), respectively. The average values were calculated from the
surface to 200 m for Temp, Sal, and DO and from the surface to 100 m for Chl-a.

2.2. Data Processing

All statistical analyses were conducted using the PRIMER v7 package [25,26] and
PERMANOVA + for PRIMER [27]. In some cases, the Ocean Data View (ODV) software
package was utilized to visualize the spatial patterns of mesozooplankton and environ-
mental parameters. For the environmental analyses, draftsman plots were constructed
to apply an appropriate transformation to the environmental parameters [28]. As a re-
sult, DOaverage and Chl-asurface were transformed using log (X + 1) before analysis. After
the transformation, all environmental parameters were normalized using the PRIMER
v7 package before analyses. For the biotic analyses, mesozooplankton abundance was
square-root-transformed prior to subsequent analyses. A resemblance matrix was estab-
lished using Bray–Curtis similarity to identify similarities between the sampling stations.
Hierarchical cluster analysis (CLUSTER) was performed based on the Bray–Curtis similar-
ities by using group-average linking. PERMANOVA tests were conducted to determine
whether there were significant (p < 0.05) differences among the grouped mesozooplankton
communities. Similarity percentage (SIMPER) analysis was performed to verify which
species contributed to the group similarities and dissimilarities. Canonical analysis of prin-
cipal coordinates (CAP) was performed to confirm the patterns of divided groups and the
correlations between the mesozooplankton communities and environmental parameters.
The biological–environmental (BIOENV) procedure was followed to confirm which envi-
ronmental parameters best explain the differences in the mesozooplankton communities.

3. Results
3.1. Spatial Variation in the Environmental Parameters

The values of the environmental parameters at the sampling stations are summarized
in Table 1 and depicted in Figures 2 and 3. Considering the sea ice concentration, Terra Nova
Bay was surrounded by sea ice, while the Ross Sea was not (Figure S1). When comparing
the environmental parameters, the highest Tempsurface was 0.44 ◦C at station B16, while
the lowest was −1.61 ◦C at station B26. Similarly, the highest Tempaverage was −1.03 ◦C at
station B41, whereas the lowest was −1.82 ◦C at station B18. Overall, the average water
temperature was lower than the surface water temperature. Therefore, the average salinity
was higher than the surface salinity. Salinities ranged from 33.72 to 34.72 PSU. The average
salinity was higher than the surface salinity. Station B35 at the surface and station B18 at the
average value showed the highest salinity value, while station B69 at the surface and station
B71 at the average value indicated the highest salinity value. However, the DO values were
higher at the surface compared to the average values. Station B44 had the lowest DO value
for both the surface and average values, while station B11 at the surface and B35 on average
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had the highest DO values, respectively. For the Chl-a value, surface and average values
showed similar patterns to each other. Namely, high chlorophyll concentration, both at the
surface and average values, were observed near stations on the Ross Sea continental shelf.
Overall, the Terra Nova Bay stations exhibited relatively low temperatures and high salinity.
The Ross Sea continental shelf stations showed high temperatures, DO, and Chl-a values.

Table 1. Summary of the environmental parameters sampled during the survey in the RSR MPA. Min
values mean lowest values among all sampling stations, while Max values mean highest values.

Min Max Av SD

Tempsurface (◦C) −1.61 0.44 −0.59 0.46
Tempaverage (◦C) −1.82 −1.03 −1.42 0.21
Salsurface (PSU) 33.72 34.3 34.08 0.16
Salaverage (PSU) 34.08 34.72 34.40 0.18
DOsurface (mg/L) 342.52 401.38 370.36 16.68
DOaverage (mg/L) 288.64 335.43 310.59 10.87
Chl-asurface (µg/m3) 0.17 2.08 0.75 0.43
Chl-aaverage (µg/m3) 0.23 1.01 0.66 0.19

Av: average; DO: dissolved oxygen; Chl-a: Chlorophyll-a concentration; Max: maximum; Min: minimum; Temp:
temperature; Sal: salinity; SD: standard deviation.
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3.2. Mesozooplankton Community Composition

The number of taxa and abundance are summarized in Tables S1 and S2 and Figure 4.
In this survey, 37 mesozooplankton taxa were confirmed. The total mean abundance
was 35.26 ind./m3, ranging from 2.94 to 139.17 ind./m3 among the stations. Station B18
showed the lowest number of taxa (9 taxa) and abundance (2.94 ind./m3), while station B04
indicated the highest number of taxa (26 taxa) and abundance (139.17 ind./m3). Cyclopoida
such as Oithona spp. and Triconia antarctica showed high abundance in B04. The stations
located around Terra Nova Bay, namely, B11, 18, and 26, showed a relatively low number of
taxa and abundance. Of the 37 taxa, 7 showed an abundance above 1 ind./m3. Among them,
Metridia gerlachei was the most dominant taxon, occupying 36.2% of the total abundance.
Subsequently, Calanoides acutus (13.9%), Euphausia calyptopis (9.2%), Othona spp. (7.9%),
T. antarctica (6.5%), Cirriped nauplii (5.36%), and Paraeuchaeta antarctica (4.3%) were sub-
dominated. Overall, the above seven dominant taxa comprised about 84% of the total
mesozooplankton abundance. Among the dominant taxa, copepods occupied almost 70%
of the total abundance. Considering the spatial distribution patterns of the dominant taxa
(Figure 4), although M. gerlachei was present throughout the sampling region, there was
a slightly higher concentration around the continental slope region. C. acutus showed
relatively low abundance in B41, 44, 46, and 50. Euphausia calyptopis was abundant along
the Ross Sea ice shelf. Cyclopoida and Cirriped nauplius were abundant in the northwest
Ross Sea region. P. antarctica showed relatively low abundance around the east Ross
Sea region.
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3.3. Spatial Pattern of the Mesozooplankton Community

In our hierarchical cluster analysis, the mesozooplankton community was divided
into four groups (Figure 5). The first group (group A), separated at a 38.5% similarity level,
consisted of three stations (B11, 18, and 26). The second group (group B), separated at a
48.9% similarity level, was composed of four stations (B04, 67, 69, and 71). The third group
(group C), separated at a 49.17% similarity level, consisted of four stations (B41, 44, 46,
and 50). The remaining stations were grouped into a fourth group (group D) at a 56.25%
similarity level. Geographically, group A was located around Terra Nova Bay. Group B
was positioned along the continental slope region. Group C included stations between
the continental shelf and the slope region. Group D was composed of stations located on
the continental shelf regions along the Ross Sea ice shelf. In the PERMANOVA test, the
null hypothesis, stating that there were no significant differences in the mesozooplankton
community between the divided groups, was rejected (pseudo-F = 5.9198, p < 0.05) (Table 2).
Pairwise comparisons in the PERMANOVA test also showed significant differences between
each pair of groups (p < 0.05) (Table 2).
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Table 2. PERMANOVA results based on the mesozooplankton abundance data and comparisons
between groups (pairwise tests). Significance levels below 0.05 were bolded.

Source df SS MS Pseudo-F Significance Level (p)

Groups 3 13301 4433.6 5.9198 0.001
Residual 18 13481 748.94
Total 21 26782

Pairwise tests df t Significance levels (p)

Group A and B 5 2.7391 0.029
Group A and C 5 1.9677 0.025
Group A and D 12 2.6507 0.003
Group B and C 6 2.0928 0.033
Group B and D 13 2.6494 0.004
Group C and D 13 2.2354 0.001

In the SIMPER analysis, seven taxa contributed to the upper 70% of the group similarity
between groups A and C, while five taxa contributed to the group similarity between
groups B and D (Table S3). Calanoids, C. acutus, M. gerlachei, and P. antarctica made large
contributions to all of the divided groups. The dissimilarity between the divided groups
ranged from 49.23% to 69.26% (Table S4). Among them, the greatest dissimilarity was
confirmed between groups A and B, whereas groups C and D showed relatively low
dissimilarity. Thirteen taxa contributed to the upper 50% of the group dissimilarity. Among
them, their abundance were low in group A. Cyclopoida showed relatively high abundance
in group B. A high abundance of Cirriped nauplius was confirmed in group C. Euphausia
calyptopis and Limacina rangii showed high abundance in group D.

When these divided groups were analyzed using CAP, the spatial distribution pattern
was well divided into four groups (Figure 6). The first squared canonical correlation
(δ2 = 0.9007) divided the mesozooplankton community into three groups: groups A, B + D,
and C. The second canonical axis divided the mesozooplankton community into three
groups: groups A + C, B, and D (δ2 = 0.8884). There was no classification error in the
separation of the stations into four groups. When comparing the taxa showing a large
contribution in the SIMPER analysis (Figure 6A), most taxa showed a positive correlation
with groups B and C. However, Euphausia calyptopis and L. rangii indicated a highly positive
correlation with group D. Fish larvae showed a highly positive correlation with group A.
Regarding the environmental parameters (Figure 6B), Tempsurface, DOaverage, Chl-asurface,
and Chl-aaverage showed a positive correlation with group D, where these values showed a
negative correlation with other groups. Nutrients such as PO4 and NO3 + NO2 showed
a positive correlation with group C. Additionally, group A showed a positive correlation
with Salaverage. Group B showed a positive correlation with Tempaverage while displaying
a negative correlation with Salaverage. In the BIOENV analysis, the mesozooplankton
community was best described by a combination of Tempaverage and Chl-aaverage (ρ = 0.481,
p < 0.05).
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Figure 6. Canonical analysis of principal coordinates (CAP) plots according to the mesozooplankton
abundance data showing correlations with the dominant species (A) and environmental parameters
(B). Ai, Appendicularia indet.; Ca, Calanoides acutus; Cn, Cirriped nauplius; Cp, Calanus propinquus; Ec,
Euphausia calyptopis; Fl, Fish larvae; Lr, Limacina rangii; Mg, Metridia gerlachei; Oi, Ostracoda indet.;
Os, Oithona spp.; Pa, Paraeuchaeta antarctica; Pl, Polychaeta larvae; Ss, Sagitta sp.; S2, Siphonophore 2;
Ta, Triconia antarctica.

4. Discussion

In the environmental analyses, water temperature and salinity showed similar distri-
bution patterns except for the Terra Nova Bay region. These environmental parameters
indicated an eastward gradient. In other words, the western stations of the Ross Sea re-
gion showed relatively high water temperature and salinity values, although the water
temperature values of the Terra Nova Bay stations were lower than those of the Ross Sea
continental shelf stations. Considering that Terra Nova Bay and the Ross Sea ice shelf are
the main sources of Shelf Water (SW), which is generally cold and salty, these trends relied
on the formation of the water masses [5]. Apart from water temperature and salinity, DO
and chlorophyll-a concentration values represented a geographical distribution pattern.
Considering that Modified Circumpolar Deep Water (MCDW) having low DO concentra-
tion has been found to flow into the northwest Ross Sea continental shelf region, these
previous results correspond well with the results of the present survey, which confirmed
the presence of low DO near the Ross Sea continental slope region [10,29]. Regarding the
chlorophyll-a concentrations, a relatively high values was confirmed around the Ross Sea
continental shelf region. These results are in agreement with those of previous studies that
have shown that primary production is high in the polynya regions [7,9,30].

Among 37 mesozooplankton taxa, 7 had abundance exceeding 1 ind./m3 and consti-
tuted about 84% of the total zooplankton abundance. Among these seven taxa, five were
copepods, occupying about 70% of the total mesozooplankton community. Consequently,
the copepod taxon was the main constituent of the January Ross Sea mesozooplankton
community. Our taxa composition list corresponds well with those of previous studies,
indicating that copepods are the main constituent of the mesozooplankton community
in the region [13,15,18,31]. Additionally, M. gerlachei was the most dominant species, fol-
lowed by C. acutus. However, Cyclopoida such as Oithona spp. and T. antarctica showed
relatively low abundance. Considering that the mesh size of the sampling net affects the
mesozooplankton community, the abundance of small zooplankton such as Oithona spp.
and T. antarctica could have been underestimated in this study [32]. However, although the
composition ratio differed according to the studies mainly affected by the mesh size of the
plankton net used, the composition of mesozooplankton found in this study is similar to
that of previous studies [13,15,20,33,34].

Considering the mesozooplankton community structure of the studied groups, group
A, comprising the Terra Nova Bay stations, showed relatively low abundance except for
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station B16. Comparing the taxa composition, ice krill (Euphausia crystallorophia) and fish
larvae showed relatively higher abundance than other groups. Overall, the low abundance
and unusual taxa composition separated group A from the other groups. Considering
that these stations showed much lower temperatures and higher salinity values than the
other groups, it is likely that these environmental parameters influenced the group A
composition. Additionally, the stations included in group B were located around the
continental slope region. The taxa that showed relatively high abundance in group B
are known to prefer relatively warm water temperatures and are dominant in the open
sea [35,36]. Group C also showed a relatively high abundance of open-sea taxa. Given that
the northwest Ross Sea region is one of the pathways for MCDW, these oceanic taxa flowed
into the Ross Sea continental shelf region around the northwest slope region in January
through MCDW [3]. Additionally, Cirriped nauplius occupied almost 40% of the total
abundance in group C. However, this resulted in unusually high abundance in station B41,
not following the overall pattern of group C. On the other hand, group D showed higher
Euphausia calyptopis abundance than the other groups. Considering that ice krill spawn in
the continental shelf region in December, these larvae are considered ice krill larvae [37–39].
This high abundance results from the hatching of eggs in December and their development.
Additionally, this result corresponds well with the high chlorophyll-a concentration in
the continental shelf. This high chlorophyll-a concentration favors the survival of larval
krill in the Ross Sea continental shelf region in January [37–39]. Considering the divided
groups with the environmental parameters, although the mesozooplankton community
was similar to group D, the number of open-sea taxa was higher in group C than in group
D. Overall, open-sea taxa advected into the Ross Sea continental shelf region as MCDW
flowed into the Ross Sea continental shelf region in January. However, larval ice krill
occupied the dominant position in the southern part of the Ross Sea continental shelf,
spawning in December. Consequently, the mesozooplankton community structure in the
Ross Sea continental shelf region in January was influenced by the spawning of ice krill
and the flow of MCDW into the continental shelf region. According to [20], seasonal
dynamics affect the summer mesozooplankton community in the Ross Sea. Furthermore,
these distribution patterns could change with global warming, as water temperatures
would increase, and the open-sea taxa would expand their distribution to the south [20,36].
Therefore, further research on the distribution patterns in the summer season is required to
adequately monitor the Ross Sea region Marine Protected Area (RSR MPA).
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mdpi.com/article/10.3390/d16030174/s1: Table S1: Species list and abundance (individuals/m3) of
the mesozooplankton of the eleven stations (B004 to B44) in the Ross Sea region Marine Protected
Area (RSR MPA); Table S2: Species list and abundance (individuals/m3) of the mesozooplankton of
the eleven stations (B046 to B80) in the Ross Sea region Marine Protected Area (RSR MPA); Table S3:
SIMPER analysis results showing species that contribute to group similarity; Table S4: SIMPER
analysis results representing species that contribute to the dissimilarity between each group; Figure S1:
Sea ice concentration from 19 January 2023 to 29 January 2023 derived from AMSR-E/AMSR2.
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