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ARTICLE INFO ABSTRACT
Keywords: The Southern Ocean is facing rapid environmental changes. However, few studies have been conducted on the
Community structure spatiotemporal variability of mesozooplankton communities under recent climatic conditions, particularly in the
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eastern Indian sector. This study describes the spatiotemporal variability of the mesozooplankton community
and the demographics of large copepods and krill in this sector, sampled through a Rectangular Mid-Water Trawl
with 1 m? mouth area (RMT1) during the austral summer of 2018/2019 as part of the KY1804 survey. Cluster
analysis indicated that the mesozooplankton community was divided into five groups that showed only small
longitudinal differences, as they were affected by oceanic fronts. Part of the variability was explained by physical
(local upwelling) and biological features (e.g., the occurrence of species showing a specific spatial distribution,
such as Euphausia crystallorophias). Horizontal changes in the zooplankton community structure were not
attributed to temporal changes during the 2-month sampling period. The demographics of the dominant species,
Calanoides acutus, Calanus propinquus, Metridia gerlacheri, and Thysanoessa macrura, exhibited significant tem-
poral differences in abundance or mean stage index (MSI) between the early and late seasons. These differences
matched the growth rates estimated in previous studies, suggesting that their growth during the study period was
constant without regional differences. There were no evident changes in the abundance or demographics of
Rhinalanus gigas, suggesting that they were in their reproductive season. These species-specific demographics
could be explained by the species life cycles: growth in C. acutus and C. propinquus and reproduction in R. gigas
during the austral summer. Abundances and MSIs confirmed the growth of dominant copepods and krill during
the sampling period; however, no evident seasonal changes were observed in the zooplankton community
structure. The findings of this study contribute to the understanding of lower trophic levels in marine ecosystems
and the present carbon cycle in the eastern Indian sector of the Southern Ocean.

1. Introduction which are the boundaries of different water masses, tend to develop
because of strong ocean currents, such as the Antarctic Circumpolar
In the eastern Indian sector of the Southern Ocean, oceanic fronts, Current (ACC) (Moore et al.,, 1999; Sokolov and Rintoul, 2002;
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Slope Front; MCS, mean copepodite stage; TSM, time since sea ice melt; SIMPER, Similarity percentage; DVM, diel vertical migration; ASC, Antarctic Slope Current.
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Yamazaki et al., 2024). Primary production is high around the fronts
because of nutrient upwelling and mixing (Laubscher et al., 1993; de
Baar et al., 1995; Moore et al., 1999). Ocean currents, such as the ACC,
usually meander because local eddies repeatedly develop and disappear
in this area, and sporadic water intrusion occurs between different water
masses (Chiba et al., 2001). However, the hydrography and marine
ecosystems of this region have not been investigated since the Baseline
Research on Oceanography, Krill, and the Environment (BROKE) was
conducted in Australia between January and March 1996 (Nicol et al.,
2000).

Zooplankton have shorter life cycles and higher turnover rates be-
tween generations than predators (such as marine mammals, sea birds,
and fish) do. Because they are closer to the base (i.e., primary produc-
tion) of the food web, their biological traits, such as growth, are more
sensitive to environmental changes than those of higher trophic preda-
tors (Takahashi et al., 2011; Johnston et al., 2022). Responses to envi-
ronmental variations can become detectable as variations in the
zooplankton community structure, which can be rapid and profound
(Zwally, 1994; Chiba et al., 2001). Zooplankton communities are
affected by different oceanic frontal zones, and latitudinal differences in
zooplankton communities have been observed (Errhif et al., 1997; Hunt
and Hosie, 2005; Tachibana et al., 2017). In a previous study of the
western Indian sector of the Southern Ocean, the northern area (offshore
from the continental shelf edge) was dominated by salps, small eu-
phausiids, amphipods, copepods, and chaetognaths. In contrast, large
euphausiids were the dominant taxa in the southern area (inshore to
continental shelf edge) (Hosie et al., 1997).

Two euphausiid species are abundant in Southern Ocean ecosystems.
Euphausia superba is historically recognized as a significant species in the
marine ecosystem of the Southern Ocean, and its large biomass supports
higher trophic levels (Hill et al., 2013). Thysanoessa macrura, the second
most dominant krill, is primarily distributed north of the habitat of
Euphausia superba and is believed to adapt to ocean warming with its
increasing growth rate (Siegel, 1987; Farber-Lorda, 1994; Hagen and
Kattner, 1998; Haraldsson and Siegel, 2014; Wallis et al., 2020).

Copepods are usually the dominant taxa in mesozooplankton com-
munities regarding abundance, with Calanoides acutus, Calanus pro-
pinquus, Metridia gerlachei, Metridia lucens, Paraeuchaeta antarctica, and
Rhincalanus gigas being the dominant species (Chiba et al., 2001).
Species-specific distributions have also been observed. For example, the
abundances of C. acutus and R. gigas are approximately 10 times higher
than that of C. propinquus in the ACC (Vladimirskaya, 1978; Marin,
1987; Atkinson, 1991; Bathmann et al., 1993).

The water temperature and variability in the extent of sea ice have
recently increased (Bracegirdle et al., 2008; Turner et al., 2014). Envi-
ronmental changes can affect the abundance and life cycle of copepods,
but due to a lack of information, the relationship between their
demography and hydrography remains unclear (Johnston et al., 2022).
The demography of copepods is an informative parameter for under-
standing their life cycle and predicting the future changes in their
abundance based on modeling. For example, a study that involved using
a generalized linear model suggested that the demography of C. acutus in
the southern Kerguelen Plateau will be altered in the future owing to
changes in temperature and chlorophyll a concentrations associated
with sea ice variation (Matsuno et al., 2020). In the South Georgia,
copepod populations of C. acutus and R. gigas were found to be strongly
dependent on food concentration (Shreeve et al., 2002). Trend analyses
at the circumpolar scale using data from Continuous Plankton Recorders
suggested an increase in habitat suitability for copepod species, partic-
ularly in the Indian sector (Pinkerton et al., 2020; Johnston et al., 2022).
In this sector, a poleward shift of the ACC has been reported (Yamazaki
et al., 2021). However, the demographics of krill and copepods have not
been studied in the eastern Indian sector at a large scale since the
BROKE, hampering the comparison of population trends and effects of
environmental variability with other, more regularly studied, regions
such as the Atlantic sector. It is important to fully comprehend the
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spatial effects of environmental factors in Southern Ocean, for a better
understanding of natural spatio-temporal variability and for the future
examination of the response/adaptation by copepods and krill to envi-
ronmental change (Johnston et al., 2022).

This study aimed to investigate the mesozooplankton community
structure in the eastern Indian sector of the Southern Ocean during the
austral summer of 2018/2019. Additionally, we investigated the de-
mographics of dominant krill and copepods to evaluate the effects of
environmental variables on growth and reproduction as a baseline.

2. Material and methods
2.1. Field samplings

The Japanese multidisciplinary ecosystem survey KY1804 was con-
ducted by the R/V Kaiyo-Maru (2942 GT, Fisheries Agency of Japan)
between December 15, 2018, and February 23, 2019, in the area from
80.00 to 150.00°E to 60.00-66.48°S (Fig. 1). The primary objectives of
KY1804 were to estimate the biomass of E. superba (Abe et al., 2023) and
study the physical oceanography of the area (Yamazaki et al., 2024);
however, other studies were also conducted (Murase, this issue). The
longitudinal range corresponded to Division 58.4.1, as defined by the
Commission for the Conservation of Antarctic Marine Living Resources.
The KY1804 survey was conducted over two legs. Leg 1 was conducted
between December 15, 2018, and January 7, 2019, and Leg 2 was
conducted between January 26 and February 23, 2019. Eight meridional
transects (L1-L8) were sampled. The study was primarily conducted
south of 62°S. Transects 1 to 3 had a more northern location because of
the extent of the sea ice (Fig. 1). Mesozooplankton were collected at 41
open water stations, where oblique tows from near surface (15-20 m) to
200 m were performed using a Rectangular Mid-Water Trawl with 1 m?
mouth area (RMT1) and a 335-um mesh. Mesozooplankton samples
were preserved onboard in 10 % sodium tetraborate decahydrate-
buffered formalin. The allocation of day and night stations was arbi-
trary because it was difficult to predetermine the exact timing for the
tows. Water temperature and salinity at each station were measured
using an expandable CTD (XCTD, Tsurumi Seiki Co., Ltd., MK-130). The
Southern Antarctic Circumpolar Current Front (SACCF), Southern
Boundary of the ACC (SB), and Antarctic Slope Front (ASF) were defined
using XCTD and CTD data recorded during KY1804 (see Yamazaki et al.,
2021 for the details).

2.2. Sample analysis

Mesozooplankton samples were split into 1/4-1,/128 fractions using
a Motoda box splitter (Motoda, 1959) in the home laboratory. The
mesozooplankton in the aliquots were sorted and counted per taxon (at
the lowest taxonomic level possible) using a dissecting microscope.
Subsequently, the wet weight of each taxon was measured to an accu-
racy of 0.01 g using an electronic balance (Mettler-Toledo Group,
METTLER TOLEDO, PL602-S). Copepods were identified to species level
according to Kirkwood (1982) and Bradford-Grieve et al. (1999). The
developmental stages of large copepods (Calanoides acutus, Calanus
propinquus, Metridia gerlachei, and Rhincalanus gigas) were classified,
distinguishing the copepodite stages and adults. Developmental stages
of larval krill were classified from calyptopis to furcilia lavae. Nauplii
were separated into R. gigas nauplii and other nauplii that were not
further identified. The mean copepodite stage (MCS) of the dominant
large copepods (C. acutus, C. propinquus, M. gerlachei, and R. gigas) was
calculated thus:
McS = Lﬂ: AL

> iaAl

where i is the copepodite stage (1-6 indicates stages C1-C6), and Ai

(ind. 1000 m’s) is the abundance of the ith copepodite stage (cf. Marin,
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Fig. 1. Locations of the sampling stations in the KY1804 survey. Open and solid circles indicate that sampling was conducted during the day and night, respectively.
Sea ice concentrations derived from satellite observations during the sampling period are shown. Squares with lines indicate the position of each front determined
through CTD and XCTD observations (cf., Yamazaki et al., 2021). The dotted line separates Leg 1 (to the west) and Leg 2 (to the east). The “L” indicates the transect
number. SACCF: Southern Antarctic Circumpolar Current Front, SB: Southern Boundary of Antarctic Circumpolar Current, ASF: Antarctic Slope Front.

1987). The mean stage index (MSI) of T. macrura, the dominant
euphausiid species, was calculated thus:

39 i x Ai
AL

where i (1-9 indicates Calyptopis I-III and Furcilia I-1V) is the
developmental stage, and Ai is the abundance (ind. 1000 m~3) of the ith
developmental stage (cf. Brinton, 1985). To evaluate the collectible size
(i.e., copepodite stage) of the dominant copepods using the RMT1, we
measured the prosome width following the method of Nichols and
Thompson (1991).

MSI = 2

2.3. Satellite data

To estimate the timing of sea ice melt at each station, sea ice con-
centrations (% sea ice cover per 10 km grid) derived from the Advanced
Microwave Scanning Radiometer 2 and Special Sensor Microwave
Imager/Sounder were obtained from the Arctic Data Archive System
(ADS, https://ads.nipr.ac.jp/). The time since sea ice melt (TSM) was
defined as the period between the last day that the sea ice concentration
dropped below 15 % and the date of sampling at each station.

Sea surface chlorophyll a concentrations (mg m~>) in the survey area
were extracted from the satellite data between December 2018 and
February 2019, which were downloaded from the GlobColor project (htt
ps://hermes.acri.fr/index.php) for 2018/2019. The CHL1 products were
merged with a spatial resolution of 4 km and a temporal resolution of 8
d using a weighted averaging merging (AVW) method (cf., product user
guide, /https://www.globcolour. = CDR_Docs/GlobCOLOUR_PUG.pdf).
Subsequently, the chlorophyll a concentrations at each station were
extracted.

2.4. Data analysis

The day-night differences in the abundances of dominant large co-
pepods (C. acutus, C. propinquus, M. gerlachei, and R. gigas) and
T. macrura were tested using the Mann-Whitney U test for each leg. To
clarify the spatiotemporal changes in the mesozooplankton community
structure a cluster analysis was conducted. The abundance data (X; ind.
1000 m~2) for each taxon were log19(X + 1)-transformed before the
analysis to reduce the effect of abundant species. A similarity matrix was
constructed using the Bray—Curtis index and similarity indices were
coupled with hierarchical agglomerative clustering using the complete
linkage method (unweighted pair group method using arithmetic mean;
Field et al., 1982) to draw a dendrogram. Similarity profile analysis
(SIMPROF) was also conducted to determine whether the groupings of
the stations were statistically significant (at a 5 % significance level).
Similarity percentage (SIMPER) analysis was performed to determine

the species contributing to the top 50 % of the total similarity within
each group. Indicator values were calculated for each species to identify
the indicator species (Dufrene and Legendre, 1997). The relationship
between environmental variables and the abundance of the meso-
zooplankton community was evaluated using BIOENV. The variables
comprised the sampling date, 0-200 m mean water column temperature
(hear after water temperature), 0-200 m mean water column salinity
(hearafter salinity), surface chlorophyll a, latitude, longitude, and TSM.
The 200 m mean water column temperature and salinity have also been
used as variables in previous studies (Hosie et al., 2000; Murase et al.,
2013). The values were normalized by subtracting the mean value and
dividing it by the standard deviation over all samples of that variable
before the BIOENV analysis. The mean water column temperature was
compared using a one-way analysis of variance (ANOVA) and the
Tukey—Kramer test to investigate the effects of hydrographic features on
the community groups.

To evaluate the growth in the demography of the dominant copepods
and T. macrura, the potential differences in the MCS and MSI between
cruise legs were tested using the Mann-Whitney U test in the dominant
zooplankton community established through cluster analysis, which was
observed throughout the study area. Leg comparison was made only for
this group to exclude the influence of different water masses or meso-
zooplankton communities. Because M. gerlachei performs diel vertical
migration (DVM) (Huntley and Escritor, 1992; Schnack-Schiel and
Hagen, 1995), the MCS was tested separately for the day and night
datasets. Cluster analysis, SIMPER, and BIOENV were conducted using
software Primer v7 (PRIMER-E Ltd.), while the Mann-Whitney U test,
one-way ANOVA, and Tukey-Kramer test were conducted using R soft-
ware (version 4.1.2, R Core Team, 2021).

3. Results
3.1. Hydrography

Relatively warm water was observed north of 64°S, particularly in
the eastern region. In contrast, cold water persisted in the southern part
of the survey area, particularly near the Antarctic continent (Fig. 2a).
The latitudinal gradient of water temperature was larger in Leg 2 (L6-8)
than in Leg 1 (L1-5) (Fig. 2a). High-salinity water was observed around
L4 and L5, while low-salinity water was in the northern part of the
sampling area (Fig. 2b). The surface chlorophyll a was relatively high in
the eastern area, particularly around the L6 transect (Fig. 2c). Water
temperatures below 1.0 °C were distributed at approximately 20-100 m
depth and intrusion to north along the L1-5 transects. Along the L6-8
transects, the volume of cold water was shrunk between 40 and 80 m
depth at the stations north of 64°S. Whereas cold water was occupied at
40-200 m depth at the stations south of 64°S (Fig. 2d). This made strong
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Fig. 2. Horizontal distribution of water temperature (a) and salinity (b) between 0-200 m, sea surface chlorophyll a concentrations (c), and cross-sections of
temperature and salinity (d) in the KY1804 survey. Black circles in (a)- (c) indicate the sampling stations. The cross-sections in (d) are drawn from the north (lower
latitudes, left) to the south (higher latitudes, right). Solid triangles in (d) indicate sampling stations at each transect.

temperature gradients latitudinally seen at the station of 64°S, especially
along L6 and L7, indicating the presence of a strong front at 64°S
(Fig. 2d). Additionally, at the stations north of 64°S along the L6-L8
transects, surface temperature was warmer than along the L1-5
transects.

3.2. Mesozooplankton community structure

Mesozooplankton abundance and biomass ranged from 7.27 — 1.43
x 10% ind. 1000 m~3 and 1.85 x 10° — 3.94 x 10° g 1000 m 3,

respectively (Fig. 3, Tables S1 and S2, and Fig. S1). Copepods were the
dominant taxa in the study area in terms of abundance and biomass. No
spatial trend was observed for most taxa; however, Euphausiacea
showed higher abundance and biomass during Leg 1 than during Leg 2.
Regarding day-night differences, the abundances of male R. gigas C6 and
T. macrura furcilia IV and V were significantly increased during the night
in Leg 1 (Table 1). For Leg 2, C. propinquus C1 was significantly higher
during the day than at night (Table 1).

Five mesozooplankton community groups were identified using the
cluster analysis and SIMPROF (Fig. 4). These groups were named A (two
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stations), B (two stations), C (23 stations), D (six stations), and E (five
stations) (Fig. 4). Group A occurred only along L5 and was characterized
by the numerical dominance of C. propinquus and C. acutus and high
numbers of T. macrura. Group B, distributed in the northern part of L7,
featured deep-sea copepods (i.e., Gaetanus brevispinus, Haloptilus long-
icirrus, and Heterorhabdus sp.) and chaetognaths (Table 2). Group C was
the dominant group regarding number of stations (60.5 % of all stations)
and was distributed throughout the study region (Fig. 4). Group C
showed the highest total abundance among the groups (Table 2) and
included various species dominated by Oithona sp. and C. acutus. Groups
D and E were characterized by relatively low abundances of large
dominant copepods. Group E was distributed only in the southern parts
of L7 and L8 and characterized by the presence of Euphausia
crystallorophias.

The BIOENV analysis showed that the single variable that best
explained the zooplankton community structure was water temperature
(Table 3). Groups B and C were associated with significantly (p <
0.0002) higher temperatures (1.198 and 0.378, respectively) than the
other groups (—0.128 — 1.183).

3.3. Demography of dominant large copepods and krill

According to Nichols and Thompson (1991), a mesh size of up to 75
% of the copepod width is required to collect 95 % of all individuals of a

given size in the seawater. Considering the mesh size of RMT1 (335 um),
a > 446.7 um prosome width (=335 um/0.75) is required for quanti-
tative collection. According to these criteria, stages above the copepo-
dite stage 3 (C3) for C. acutus and C. propinquus, C4 for M. gerlachei, and
C1 for R. gigas were quantitatively sampled (Fig. S2).

The demographics of the dominant species (C. acutus, C. propinquus,
M. gerlachei, and R. gigas) varied among the species (Fig. 5). High
abundances of the early stages of C. acutus and C. propinquus were
observed during Leg 1. The MCS of M. gerlachei showed large spatial
variation, and its abundances at all stages were significantly higher in
Leg 2 than in Leg 1. In R. gigas, the late copepodite stages, adults, and
nauplii were observed throughout the sampling region. Significant dif-
ferences were observed in the abundance and MSC of the dominant
copepods in Group C (Table 4). The MCS of C. acutus was higher in Leg 2
than in Leg 1. C. propinquus abundance was significantly higher in Leg 1
than in Leg 2 (Table 4). R. gigas showed no significant differences in the
copepodite and adult stages between legs; however, the abundance of
nauplii was decreased in Leg 2 compared with that in Leg 1.

Regarding T. macrura, high abundances with a dominance of early
stages were observed in the western part of the sampling area (Leg 1)
(Fig. 6), compared with the low abundances of older stages in the
eastern part (Leg 2). The abundances and MSIs of this species differed
significantly between the legs (Table 4).
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Table 1
Day-night comparison of the abundances of the dominant large copepods and T. macrura (ind. 1000 m~3) for each stage in each leg of the KY1804 survey.
Species Leg 1 Leg 2
Day (n =19) Night (n = 3) U test Day (n = 5) Night (n = 14) U test

C. acutus C1 2779 + 4302 1537 + 2074 NS 251 + 180 148 £173 NS
C. acutus C2 3838 + 5858 2439 + 2195 NS 477 + 669 396 + 540 NS
C. acutus C3 2586 + 4177 2508 + 3423 NS 1297 + 1413 1197 + 1398 NS
C. acutus C4 448 + 665 446 + 502 NS 2595 + 3342 2048 + 1940 NS
C. acutus C5 144 + 218 338 + 585 NS 474 + 410 816 + 1096 NS
C. acutus C6 Female 48 + 63 42 £73 NS 15+ 33 1+5 NS
C. acutus C6 Male 0 0 - 15+ 33 0 NS
C. propinquus C1 2839 + 3105 3926 + 3608 NS 601 + 259 285 + 204 *
C. propinquus C2 2909 + 3716 6013 + 8885 NS 378 + 327 572 + 661 NS
C. propinquus C3 799 + 777 2210 + 2596 NS 422 + 280 498 + 749 NS
C. propinquus C4 279 + 440 511 + 507 NS 79 £ 111 361 + 466 NS
C. propinquus C5 141 + 329 123 + 187 NS 99 + 148 240 + 337 NS
C. propinquus C6 Female 134 + 259 0 NS 15+ 33 16 + 60 NS
C. propinquus C6 Male 482 0 NS 0 0 -
M. gerlachei C1 76 £ 178 0 NS 441 + 580 142 + 315 NS
M. gerlachei C2 179 + 336 87 £ 150 NS 2385 + 2462 1282 + 1763 NS
M. gerlachei C3 522 + 568 945 + 912 NS 3485 + 2179 3083 + 2454 NS
M. gerlachei C4 328 + 599 286 + 264 NS 2931 + 1851 2700 + 2520 NS
M. gerlachei C5 244 + 633 113 £ 195 NS 825 + 672 1339 + 1231 NS
M. gerlachei C6 Female 348 £ 1270 257 + 366 NS 1087 + 1767 180 + 241 NS
M. gerlachei C6 Male 0 0 — 0 0 -
R. gigas C1 2+8 0 NS 207 + 405 0 NS
R. gigas C2 37 £112 0 NS 175 + 280 84 +£170 NS
R. gigas C3 117 + 158 32+55 NS 15+ 33 9+28 NS
R. gigas C4 343 + 257 74 £ 128 NS 179 + 289 266 + 409 NS
R. gigas C5 481 £ 710 692 + 986 NS 1165 + 1183 399 + 487 NS
R. gigas C6 Female 167 + 240 97 + 142 NS 209 + 136 124 + 211 NS
R. gigas C6 Male 4+18 87 + 150 * 0 14 + 52 NS
T. macrura C1 109 + 111 244 + 379 NS 1+1 1+1 NS
T. macrura C2 185 + 144 177 £ 79 NS 1+1 14 £33 NS
T. macrura C3 291 + 231 177 £ 16 NS 1+1 48 + 169 NS
T. macrura FI 660 + 647 512 + 220 NS 77 89 + 315 NS
T. macrura FII 651 + 655 581 + 595 NS 6+11 108 + 395 NS
T. macrura FIIT 393 £ 613 361 + 515 NS 24+ 39 108 + 311 NS
T. macrura FIV 32+39 188 + 308 67 +128 54 +£75 NS
T. macrura FV 5+13 43 £ 68 * 146 + 255 47 + 64 NS
T. macrura FVI 0 0 — 242 + 241 118 + 106 NS
T. macrura juvenile 10 + 22 13+12 NS 13 +26 7 +13 NS
T. macrura adult 29 + 57 0 NS 8+8 3+7 NS
Total mesozooplankton 47964 + 42271 50977 + 38002 NS 54917 + 19909 31760 + 23838 NS

*: p < 0.05, NS: not significant. C1 — C6 = copepodite stage 1-6, FI — VI = furcilia stage I — VI.

4. Discussion
4.1. Community structure and hydrography

Temporal variation during the sampling period may affect the mes-
ozooplankton community and population structures because some spe-
cies grow to sizes collectible with RMT1, or their abundance may
decrease owing to natural mortality (Marin, 1988; Atkinson, 1998). In
this study, temporal variations were expected to occur in the meso-
zooplankton community; however, Group C stations were extensively
distributed in the survey area despite the long time difference (61 days
from start to end) in our survey. Analysis of the macrozooplankton data
from KY1804 (collected through RMT8 and the Surface and Under Ice
Trawl) revealed differences in the community composition between Legs
1 and 2 (Schaafsma et al., 2024; Urabe et al., 1996). The marked changes
in macrozooplankton abundance and community structure could be
related to the sampling timing and the differences in environmental
variables between legs, such as water temperature, chlorophyll a con-
centration, and timing of sea ice melt (Schaafsma et al., 2024; Urabe
et al.,, 1996). Temporal changes in the mesozooplankton community
composition were not apparent regarding abundance. However, our
community composition results suggest that although a relatively stable
mesozooplankton community was maintained for at least 2 months in
the summer of 2018/2019, the observed horizontal variation could be
attributed to physical and biological factors.

Water temperature was selected as the single most significant driver

of mesozooplankton community variability. Matsuno et al. (2020) found
that a higher zooplankton abundance was associated with higher tem-
peratures in the southern Kerguelen Plateau (near L1 in this study)
during the 2016 summer. Similar results were obtained in our study,
where Group B and C stations had relatively high zooplankton abun-
dances and higher temperatures, suggesting that a similar relationship
occurred in a wider area of the eastern Indian sector.

The distribution of higher temperatures may be attributed to the SB
position, which extended southward in 2018/2019 compared with
BROKE in 1996 (Yamazaki et al., 2021). The southward shift of the SB
potentially induced an expansion of the distribution of the high-
abundance group. Copepods were reportedly more abundant around
the ACC in the eastern Indian sector (Hosie et al., 2000); however,
sampling in that study was performed using an RMT8 net with a 4.5 mm-
mesh, focusing on the macrozooplankton community. The number of
copepods collected using the RMT8 was underestimated because of the
coarse mesh (Swadling et al., 2010). A study has reported the meso-
zooplankton abundance collected using RMT1 in the Indian sector
around the Kerguelen Plateau and the western Indian sector (Swadling
et al., 2010; Matsuno et al., 2020). However, because of regional and
annual variations in the environment and demography of meso-
zooplankton, investigating changes in mesozooplankton distribution
relative to the poleward shift in the SB could be challenging.

A previous study on the mesozooplankton community structure in
samples collected between 1926 and 1938 and 1996-2013 in the
Atlantic sector showed that the highest zooplankton abundances were
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observed in similar areas despite the approximately 500-km poleward
shift of sea-surface isotherms (Tarling et al., 2018). The results of that
study suggest high thermal resilience in mesozooplankton and the ex-
istence of other selective pressures, such as food availability and the
properties of the underlying water masses (Tarling et al., 2018).

Along transects L7 and L8, the variations in the mesozooplankton
community could also have been influenced by the location of oceanic
fronts. At L7, stations north of the SACCF and south of the ASF were
classified as Groups B and E, respectively. At L8, stations south of the SB
were also classified as Group E. In contrast, most of the stations to the
north were categorized as Group C. Group B stations were characterized
by the relatively high occurrence of mesopelagic copepods
(G. brevispinus, H. longicirrus, Heterorhabdus sp., and M. pygmaeus), which
are usually distributed below 200 m depth (Grice, 1963; Schnack-Schiel
and Mizdalski, 1994; Laakmann et al., 2009; Laakmann et al., 2012).
M. gerlachei, which was dominant in Group B, is a mesopelagic species
(Schnack-Schiel and Hagen, 1995; Auel and Hagen, 2005). These results
suggest that mesopelagic species may have been transported to the
surface layer via upwelling. Nutrient upwelling may also have caused
small phytoplankton blooms. Relatively high chlorophyll a concentra-
tions (>0.6 mg m~>) and high diatom cell density were observed at the
two Group B stations along L7 (Matsuno et al., 2023).

Group E stations were primarily located south of the ASF, where the
Antarctic Slope Current (ASC) may be present. The ASC, which flows
anticlockwise around Antarctica, is characterized by high primary pro-
duction and low zooplankton abundance because zooplankton cannot
remain in the region as the current is excessively strong (Williams et al.,
2010). The relatively low abundance of zooplankton primarily charac-
terized the Group E stations. However, E. crystallorophias was selected as
the characteristic species in this group. This typical cold-water species is
dominant in marginal sea ice zones and grazes on ice algae (Hosie et al.,
2000). Their larvae were distributed at the stations near the ASF in our
study.

4.2. Growth and reproduction of the dominant species

For the dominant large copepod C. acutus, copepodite stages C2 and
C4 were the most abundant during Legs 1 and 2, respectively. These
results correspond with previous findings that C. acutus reaches the
copepodite stage C4 or C5 by the end of summer and descends into a
deeper water layer subsequently (Bathmann et al., 1993). After over-
wintering during diapause, using wax esters as an energy source
(Bathmann et al., 1993), adult females are fertilized in the deep layer
and spawn in the surface layer (Hagen and Schnack-Schiel, 1996).

The MCS of C. acutus increased significantly from Leg 1 to Leg 2,
suggesting that it grew during the study period. According to Huntley
and Escritor (1991), the linear regression between the Julian day and
mean copepodite stage can be described thus:

T = 30.185 + 304.3 ()]

where T is the Julian day, and S is the mean copepodite stage at the
day of T. Assuming that January 1, 2019, is set as Julian Day 366, the
median values of the sampling days of each leg were 375.5 in Leg 1 and
402 in Leg 2, and the difference between legs was 44.5 days (=
402-357.5). Using the above equation, the MCS would theoretically
increase by 1.47 (= 44.5/30.18) during the 44.5 days. This value is
almost the same as the difference in MCS (1.5) between the legs in our
study. Equation (3) was calculated from monthly sampling in the
western Bransfield Strait during summer when conditions were more
favorable for growth at higher temperatures and higher surface chlo-
rophyll a concentrations (Huntley and Escritor, 1991). However, the
value suggests that there is no evidence for a longitudinal difference in
the timing of reproduction for this species and that the difference in MCS
between legs could be attributed to seasonal progression.

C. acutus reproduces between spring and summer, and the onset of
the reproductive period occurs later when it moves southward in the
Southern Ocean (Hagen and Schnack-Schiel, 1996). Estimating the
development time of nauplii stages in 1 month (Huntley and Escritor,
1991) and assuming a stable growth rate (as described in the above
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Table 2

Mean mesozooplankton abundance per community group (A-E; number of
sampling stations in parentheses) in the KY1804 survey The five community
groups were identified via a cluster analysis of the mesozooplankton abundance
using a Bray - Curtis similarity connected with an unweighted pair group method
using the arithmetic mean (cf. Fig. 4). Bold indicates an Indicator value >25 %
for that group. * Represents the species that contribute to 50 % of the similarity
within the group according to the similarity percentage analysis. Numbers in
parentheses represent the number of sampling stations in each group.

Species/taxon Abundance (ind. 1000 m~3)

A(2) B (2) C(23) D (6) E (5)
Copepoda
Amallothrix sp. 0 0 77 4 0
Calanoides acutus 11118*  2986* 10606*  893* 302*
Calanus propinquus 20102* 1256 6341* 678 477*
Calanus similimus 0 0 38 5 3
Clausocalanus spp. 695 222 1726 225 62
Cornucalanus robustus 0 0 40 0 0
Ctenocalanus citer 7126* 2272 7325* 2076* 1103*
Euchirella rostromagna 121 0 10 0 0
Gaidius brevispinus 0 111 0 0 0
Haloptilus longicirrus 0 292 71 40 19
Heterorhabdus sp. 0 307 2 9 0
Metridia gerlachei 648 14251*  7566* 525 1801*
Metridia lucens 0 1525 413 5 12
Microcalanus pygmaeus 73 521 3 10 13
Oithona sp. 10754*  3805* 12491*  1716* 4702*
Oncaea sp. 220 314 1829 172 7
Paraeuchaeta spp. 281 1367 1244* 511* 250
Pleuromamma robusta 0 166 40 11 0

antarctica

Pseudochirella mawsoni 0 63 0 0 0
Rhincalanus gigas 375 2446* 1580 325% 40
Rhincalanus gigas nauplius 1527* 332 2559 59 0
Scaphocalanus farrani 0 0 16 11 0
Scolecithricella minor 0 2778* 1778* 412* 75
Spinocalanus sp. 73 835* 724 195 56
Unidentified nauplius 60 0 568 0 0
Xanthocalanus gracilis 0 0 8 0 0
Euphausiacea
Euphausia crystallorophias 0 0 14 0 22
Euphausia frigida 0 7 55 22 0
Euphausia superba 0 2 8 6 5
Euphausia triacantha 0 10 2 8 0
Thysanoessa macrura 4937* 144 1756 1099* 51
Amphipoda 175 106 142 122 52
Appedicularia 0 17 0 15 0
Chaetognatha 199 6139* 1484* 1133* 80
Cnidaria 0 9 19 10 5
Fish larva 0 0 13 21 25
Foraminifera 0 0 0 282 0
Ostracoda 26 472 389 287 94
Polychaeta 67 56 116 103 11
Pteropoda 22 14 23 33 4
Radiolaria 0 0 9 0 41
Salpida 0 6 6 12 0
Total mesozooplankton 58,600 42,829 61,093 11,032 9313

equation) in a stable temperature and with sufficient food concentra-
tion, reproduction may have started at the end of October for the pop-
ulation in Legs 1 and 2 (293 = 357.5-(2.14-1)/30.18-30in Leg 1, 292 =
402-(3.64-1)/30.18-30 in Leg 2), which is slightly earlier than what is
reported in other studies (Hagen and Schnack-Schiel, 1996; Atkinson,
1998).

Higher abundances of earlier life stages were observed in
C. propinquus in Leg 1, similar to C. acutus. In Leg 1, the population was
dominated by copepodite Stage 2, whereas stages C1-C5 were more
evenly distributed in Leg 2. The resulting increase in MCS from Leg 1 to
Leg 2 in C. propinquus was lower (0.85) than that in C. acutus (1.5)
(Table 4). This may have been caused by an underestimation of the early
copepodite stages of C. propinquus. Copepodite Stage 2 (C2) (365 um in
prosome width, Fig. S2) was smaller than the mesh size; thus, C1, C2,
and nauplii were not collected quantitatively in this study. Because the
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Table 3

BIOENV analysis relating the zooplankton community collected using Rectan-
gular Mid-Water Trawl with 1 m? mouth area (RMT1) with environmental
variables in the eastern Indian sector of the Southern Ocean collected in the
KY1804 survey. Date: sampling day, Lat: latitude, Long: longitude, Temp: tem-
perature, Sal: salinity, TSM: time since sea-ice melt.

Selected variables
(Spearman Rank Correlation

Number of variables

Coefficient)
1 Temp
(0.25)
2 Long, Temp Lat, Temp Temp, Date
(0.36) (0.32) (0.29)
3 Long, Lat, Temp Long, Temp, Lat, Temp, Date
Date
(0.35) (0.33) (0.31)
4 Long, Lat, Temp, Long, Lat, Long, Lat, Temp,
Date Temp, Sal TSM
(0.32) (0.31) (0.29)
5 Long, Lat, Temp,
Sal, TSM
(0.30)

summer population of this species comprised 50 % C1 in another study
(Schnack-Schiel and Hagen, 1995), the MCS in Leg 1 was possibly
overestimated because of the underestimation of the early stages. To
overcome this challenge, sampling with a smaller mesh is required, at
least during the summer (Swadling et al., 2010; Makabe et al., 2012).
C. propinquus and C. acutus have different life histories because
C. propinquus does not have a diapause phase during winter (Hagen and
Schnack-Schiel, 1996). It can also reproduce before the spring phyto-
plankton blooms using the lipid reserves in its body (Schnack-Schiel and
Hagen, 1995).

M. gerlachei performs active DVM (Huntley and Escritor, 1992;
Schnack-Schiel and Hagen, 1995). However, there was no significant
difference in the abundance at each stage between day and night. This
may be a result of the uneven distribution of day and night stations
during the survey. The abundance of M. gerlachei increased from Leg 1 to
Leg 2; however, there was no difference in the MCS between the Legs.
This result could be caused by an underestimation of the early stages,
similar to that of C. propinquus. For M. gerlachei, stages older than C4
were the right size for quantitative collection using RMT1 (Fig. S2). This
implies that the early stages (C1-C3) were not efficiently collected
during this survey. The frontal structure suggested nutrient upwelling,
which induced high chlorophyll a concentration in Leg 2 (Matsuno et al.,
2023). The high food concentration (i.e., chlorophyll a) may also
contribute to their growth, with may increase the collectability of in-
dividuals because of their increasing size. Similarly, differences in the
reproduction timing between legs may have occurred, which may have
been related to differences in environmental variables or the long
reproductive season of M. gerlachei, which starts from late winter to
early spring and peaks during summer (Huntley and Escritor, 1992,
Schnack-Schiel and Hagen, 1995). The increased abundance between
legs could be a result of growth, having reached the collectable size, or
may have been influenced by environmental variables similar to several
species of the macrozooplankton community (Schaafsma et al., 2024;
Urabe et al., 1996).

In R. gigas, the late stages dominated, and nauplii were collected
from more than half of the stations. Matsuno et al. (2020) reported
similar results. Leg 1 had a higher abundance of nauplii between legs,
suggesting that reproduction was active there. This species primarily
reproduces during summer (Atkinson, 1998), and a study in the Indian
sector has revealed that reproduction occurs during January and
February (Matsuno et al., 2020). R. gigas reproduces when primary
production increases, and higher chlorophyll a concentrations stimulate
its egg production rate (eggs female! day™!) (Bathmann et al., 1993;
Ward et al., 1996; Jansen et al., 2006). However, protist assemblages
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Table 4

Comparison of the abundances (ind. 1000 m~>) and development stages (MCS and MSI) of the dominant large copepods and T. macrura in Group C stations identified

through a cluster analysis (cf. Fig. 4) between Legs 1 and 2 in the KY1894 survey.

Species Parameters Leg 1 (12/14/2018/-1/6/2019) Leg 2 (1/25/2019-2/23/2019) U test
Calanoides acutus Abundance 13455 + 14487 7497 + 3782
MCS 2.14 + 0.34 3.64 + 0.27
Calanus propinquus Abundance 9614 + 8104 2771 + 1282 *
MCS 1.91 + 0.23 2.76 + 0.58 il
Metridia gerlachei (Day) Abundance 2545 + 2440 13252 + 2898 o
MCS 3.44 + 0.75 3.42 + 0.37 NS
Metridia gerlachei (Night) Abundance 2483 + 118 12982 + 5094 *
MCS 3.69 + 0.59 3.54 £0.21 NS
Rhincalanus gigas Abundance 1593 + 1179 1566 + 1038 NS
MCS 4.57 + 0.60 4.47 + 0.68 NS
Rhincalanus gigas nauplius Abundance 4317 + 4961 641 + 603 *
Thysanoessa macrura Abundance 3027 + 1340 369 + 181 sk
MSI 4.16 + 0.45 8.16 + 0.47

NS: not significant, *: p < 0.05, **: p < 0.01, ***: p < 0.001.

and nutrient levels indicate the conditions in Leg 1, which usually occur
before phytoplankton blooms (Tozawa et al., 2022; Matsuno et al.,
2023). Because their grazing behavior is opportunistic (Graeve et al.,
1994; Yang et al., 2018), ice algae and microzooplankton production
under sea ice may support active reproduction.

We observed a higher abundance with a lower MSI for T. macrura in
the western region (Leg 1), similar to the trends observed in large co-
pepods. Their growth rate does not depend on food availability (i.e.,
chlorophyll a), and the time from Stage C2 to furcilia Stage VI is
approximately 90 days (Nordhausen, 1992). Assuming that the inter-
molt periods are equal, the MSI is increased by 3.46 (=44.5/90 x 7)
from Leg 1 to Leg 2, which is close to the field value (4.00, Table 4).
Therefore, the difference in the MSI values between legs could be
explained by seasonal progression. This implies that their reproduction
might have occurred almost simultaneously in the surveyed area. Their
reproduction begins in November-December when a spring phyto-
plankton bloom occurs (El-Sayed, 1984; Makarov et al., 1990).

In previous studies, post-larval T. macrura performed DVM
(Nordhausen, 1992; Flores et al., 2014). Surface-water sampling (0-2 m
depth) performed during our voyage also suggested a shallow DVM by
post-larval T. macrura in Leg 1 when the abundance at the surface
increased at night (Schaafsma et al., 2024). These results suggest that
DVM was performed by furcilia IV and V larvae, at least in Leg 1;
however, this was not confirmed in Leg 2.

5. Conclusion

This study demonstrated the horizontal variation in the meso-
zooplankton community and the demography of copepods and krill in
the eastern Indian Ocean sector of the Southern Ocean during the austral
summers of 2018/2019. No clear temporal differences in community
structure were observed because most of the sampled areas comprised
stations with similar mesozooplankton compositions despite conducting
the sampling over 2 months. However, there was variation in the com-
munity structure, which could be attributed to physical (e.g., local up-
welling and fronts) and biological (e.g., species showing a specific
distribution, such as E. crystallorophias) features. A poleward shift in the
ACC may have affected zooplankton distribution.

Regarding the demographics of the dominant species, C. acutus and
T. macrura were well described by the MCS or MSI values because they
were collected qualitatively during the study period. Despite the large
mesh size, C. propinquus and M. gerlachei showed significant differences
in their MCS values and abundances between legs, suggesting that their
populations grew or that their distribution was affected by environ-
mental variables. Because R. gigas was in its reproductive season, it
exhibited no evident changes in its abundance or MCS. Many species-
specific results can be explained by life cycles. The findings of this
study contribute to the understanding of lower trophic levels in marine
ecosystems and the present carbon cycle in the eastern Indian sector of
the Southern Ocean. The results of this study provide baseline
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information for ongoing ecological questions such as the effect of
climate change on the mesozooplankton community. In future studies, a
plankton net with a finer mesh size is required to quantitatively compare
early stages and small species.
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