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Antarctic krill (Euphausia superba) is a harvested species that has an important
role in the Southern Ocean food web. Knowledge on the demography of
Antarctic krill is necessary for a better understanding of the distribution of life
stages and their relation with predator species. In addition, such information is
essential for krill fisheries management by CCAMLR (Commission on the
Conservation of Antarctic Marine Living Resources). A large part of the Indian
sector of the Southern Ocean is understudied and large-scale krill surveys of this
region are scarce. Therefore, a survey was carried out during the austral summer
of 2018/2019 on board RV Kaiyo-maru in the region from 80 to 150 "E. Krill was
collected using a Rectangular Midwater Trawl (RMT). Previous studies suggest
that part of the Antarctic krill population resides in the upper surface of the water
column, but traditional trawls and echosounders have not been able to fully
investigate this stratum due to sampling constraints. To overcome this
knowledge gap, the upper surface (0-2 m) was sampled using a Surface and
Under Ice Trawl (SUIT) in addition to the standard survey net. Results show that
there were differences in the horizontal and vertical distribution of post-larval krill
between the area west and east of approximately 120 E. These differences
coincided with variation in environmental properties. Early calyptopis larvae
were found throughout the survey area. Their relatively low numbers
suggested ongoing spawning that started early in the season. Juveniles were
found mainly in the western side of the sampling area and large densities of this
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developmental stage were found to reside in the upper two meters of the water
column. The quantitative estimation of krill in the upper surface indicated that
undersampling this part of the population may influence estimates of, for
example, recruitment.

KEYWORDS

Euphausiids, length-frequency, population structure, developmental stage, surface
sampling, horizontal distribution, vertical distribution

1 Introduction

Knowledge of the population dynamics of Antarctic krill
(Euphausia superba) is required to understand spatial and temporal
variability in population structure and the biological characteristics of
the species (Hill et al, 2006). Length- and/or stage-frequency
distributions are necessary for estimating spawning biomass and
recruitment indices or for modelling predator-prey interactions and
ecosystem functioning (Hill et al., 2006; Kinzey et al., 2019; Wang
et al,, 2021), and, in relation to vertical and horizontal migration
patterns, help to interpret results from acoustic surveys (Pauly et al,,
2000; Jarvis et al., 2010; Cox et al., 2022; Abe et al., 2023). As Antarctic
krill (hereafter “krill”) is a harvested species, such information
facilitates the effective management of stocks (Siegel, 2005; Hill

et al., 2006; Nicol and Brierley, 2010). In addition, it is necessary
for understanding the effects of potential fisheries not only on the krill
population (Hill et al., 2006), but also on dependent predator species.
Krill fishing currently occurs only in the Atlantic sector of the
Southern Ocean, but historically also in the Pacific and Indian
Sectors. Although fishing for krill has not been conducted in the
latter area since 1995, precautionary catch limits are still established
annually (CCAMLR, 2021).

Compared to the Atlantic sector, the Indian Sector of the
Southern Ocean is an understudied region regarding the
abundance, distribution and ecology of its biota. The region west of
approximately 90°E, including the Prydz Bay region (Figure 1), has
been investigated more extensively (e.g. Miller, 1985; Hosie et al,
1988; Miquel, 1991; Pakhomov, 1995; Kawaguchi et al., 2010), with

FIGURE 1

grid. The Prydz Bay region was marked with a red dot.

The main map (A) shows locations of predetermined (round points) and target (crosses) RMT stations during expedition KY1804 of RV Kaiyo-maru in the
Indian sector of the Southern Ocean. A predetermined and a target haul was conducted at station 140 (red star). Red and light orange points indicate
stations where post-larval Antarctic krill (Euphausia superba) were collected, but only at the red points there were sufficient numbers to obtain a length-
frequency distribution. Black points indicate stations where no post-larval krill were caught. The inserted map (B) shows the pre-determined positions of
RMT stations (grey dots) in relation to the sea-ice concentrations (% cover per 10 km grid) at the time of the survey, which were derived from the
Advanced Microwave Scanning Radiometer-2 (AMSR-2) onboard the GCOM-W1 satellite, and were provided during the survey by the Arctic Data
Archive System (ADS) of the National Institute of Polar Research, Japan (https://ads.nipr.ac jp/dataset/A20170123-003). SACCF = Southern Antarctic
Circumpolar Current Front, SB = the Southern Boundary of the Antarctic Circumpolar Current and ASF = Antarctic Slope Front. The dotted line indicates
the division between Legs 1 and 2. The other inserted map (C) highlights CCAMLR Statistical Division 58.4.1 in relation to the predetermined RMT station
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usually a special interest for krill due to its importance in the food
web and its commercial interest. These studies have provided
information regarding the horizontal and vertical distribution of
various life stages of the krill population using trawls and/or
acoustics, and provide an idea of variation found in this
distribution (e.g. Miller, 1985; Miquel, 1991; Jarvis et al., 2010; Cox
et al., 2022). Diel Vertical Migration (DVM) was observed in some
studies (Jarvis et al., 2010; Piccolin et al., 2020; Cox et al., 2022), while
no difference in day/night catches were found in some others (Miller,
1985; Miquel, 1991). Jarvis et al. (2010) suspected that part of the
population was likely residing in the upper 20 m of the water column
which could not be detected using acoustic methods. As DVM was
observed, krill were suspected to occupy this upper layer particularly
during the night (Jarvis et al., 2010; Cox et al., 2022).

Distribution patterns of life stages in the region west of 90°E
could partly be explained by oceanographic features, although
results vary among studies. Natural boundaries, such as the
Antarctic divergence, a region where upwelling of high-salinity
water occurs, and the East Wind Drift have been suggested by some
studies as the northern limit of post-larval krill distribution (Miller,
1985; Hosie et al., 1988) or as a separation between different stocks
(Mackintosh, 1973; Pakhomov, 2000). Other studies suggested an
influence of gyre systems on krill distribution (Pakhomov, 20005
Kawaguchi et al., 2010), although evidence of krill concentration
due to circulation patterns was not always found (Miller, 1985).
This may be due to inter-annual variation in circulation patterns in
the entire Indian sector (Bryantsev et al., 1991; Pakhomov, 1995).
Furthermore, some studies concluded that krill concentrated along
the shelf break or that the increased abundance of post-larval krill in
the south indicates a close association to the sea-ice edge (Miller,
1985). It is thus likely that factors influencing krill distribution are
complex and influenced by bathymetry, currents and sea-ice
dynamics, with large geographical and seasonal variation (Miller,
1985; Jarvis et al., 2010; Kawaguchi et al., 2010).

The part of the Indian sector from 80 to 150°E, which
corresponds to the boundaries of CCAMLR Statistical Division
58.4.1 (Figure 1), has been investigated less extensively. Results of
the ‘Discovery’ investigations suggested that krill were abundant
between 80 and 120°E and extended far north in some areas
(beyond 60°S), while krill was scarce between 120 and 150°E and
only found further south (Marr, 1962; Mackintosh, 1973). Similar
findings of a more coastal distribution of krill in the east (east of
120°E), and a wider latitudinal distribution in the west, was found
during the BROKE (Baseline Research on Oceanography, Krill and
the Environment) expedition in 1996, which was the last large-scale
survey particularly designed for investigating E. superba (Nicol et al.,
2000a). Differences in physical conditions were found between east
and west of the survey area (Nicol et al., 2000b). Fronts associated
with the eastward flowing Antarctic Circumpolar Current (ACC)
turn southward in the eastern part of the area, resulting in the fronts
lying closer together and closer to the Antarctic Slope Front
(Figure 1), which is associated with the westward flowing Antarctic
Slope Current (ASC) (Bindoff et al., 2000; Yamazaki et al., 2024).

Given the varying results on krill distribution patterns in the
more regularly investigated area of the Indian sector (region west of
90°E), repeated surveys in the rest of this sector are essential to
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further elucidate distribution patterns, relationships with
environmental properties and potentially annual and seasonal
variation. Therefore, a multidisciplinary ecosystem survey was
conducted in the area between 80 and 150°E with RV Kaiyo-maru
in 2018/2019, during which main objectives were to estimate krill
biomass and to perform oceanographic observations in the area
(Murase et al., in review). The survey’s short name is KY1804 (the
fourth survey of Kaiyo-maru in Japanese fiscal year 2018).

The aim of this study is to make a general assessment of krill
demography in the eastern Indian sector of the Southern Ocean
during KY1804, and to gain knowledge on the vertical and horizontal
distribution of the species. Distribution patterns are expected to vary
among different life stages. Data on krill demography were collected
on a predetermined grid of sampling stations with a Rectangular
Midwater Trawl (RMT) and from target RMT catches that were
conducted for the identification of species within echosigns recorded
by an echosounder. Since standard trawls and acoustics do not
sample the surface (Jarvis et al., 2010; Atkinson et al., 2012), the
krill population occupying the upper two meters of the water column
was additionally investigated using a Surface and Under Ice Trawl
(SUIT). The surface waters are expected to be occupied by a notable
part of the population. With this dedicated surface water sampling,
we aim to increase our knowledge regarding the distribution of
various life stages, in order to understand the consequences of
undersampling this stratum for the biology of the species, and the
understanding of Southern Ocean ecosystems.

2 Materials and methods
2.1 Sampling

Krill was collected during the KY1804 survey on board RV
Kaiyo-maru (2942 GT, Fisheries Agency of Japan), which was
conducted in the eastern Indian sector of the Southern Ocean
between 80 and 150°E (west and east borders of CCAMLR
Statistical Division 58.4.1), and approximately 60 and 66°S
(Murase et al,, in review). Specifically, the southern boundary was
set at either the sea-ice edge or the 2000 m isobath. The latter is
usually used as an approximate position of the shelf break in the
Indian sector. The northern boundary was set approximately 120
nautical miles (222 km) to the north of the southern boundary
although the distance varied among track lines. The survey was
divided into two legs. Leg 1 was conducted from 15 December 2018
to 7 January 2019 during which sampling was performed from west
to east (80 to 120°E) and Leg 2 was conducted from 26 January to 23
February 2019 during which sampling was performed from east to
west (150 to 125°E). All net sampling was conducted in open water.

1 Murase, H., Abe, K., Schaafsma, F. L., and Katsumata, K. Overview of the
multidisciplinary ecosystem survey in the eastern Indian sector of the
Southern Ocean (80-150°E) by the Japanese research vessel Kaiyo-maru in

the 2018-19 austral summer (KY1804 survey). Progr. Oceanogr.
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Standard double oblique tows were conducted at 43
predetermined stations on eight transects using a multiple opening
and closing RMT 1 + 8 (Baker et al., 1973; Roe and Shale, 1979), from
the near surface (15-20 m depth) to 200 m depth (Figure 1;
Supplementary Table S1). The RMT samples the upper 10 to 15
meters in the wake of the ship, where the surface water is displaced by
the moving vessel and the ship’s propellers (Everson and Bone, 1986;
Methot, 1986; Flores et al., 2012, 2014). Therefore, although the RMT
net is hauled up to the surface, it is presumed to undersample the
upper 10-15 m. The RMT has been considered a standard sampling
gear for krill by CCAMLR since 2000 (Siegel et al., 2004). The RMT 1
and RMT 8 are two nets mounted on top of each other which have
mouth openings of 1 m? and 8 m? and mesh sizes of 0.33 mm and
4.5 mm, respectively. The vessel’s speed was 2.5 knots (3.7 km/h)
during the tow. Wire speeds during paying out and hauling were 0.7
to 0.8 m/sec and 0.3 m/sec, respectively. Distance between the
stations was approximately 30 nautical miles. Of the 24 stations
sampled during Leg 1, four were conducted during night-time
(between sun set and sun rise) and 20 were conducted during day-
time (between sun rise and sun set). Of the 19 stations conducted
during Leg 2, 14 stations were conducted during the night and five
were conducted during the day (Supplementary Table S1). The
allocation of day- and night-time stations was arbitrary because it
was difficult to predetermine the exact timing of the tows due to the
comprehensive research program. In addition to predetermined
stations, targeted tows were performed at the target depth, based
on information from the echosounder (Abe et al., 2023; Figure 1).
Target hauls were conducted at 33 stations (Supplementary Table S2).
In a few instances, multiple aggregations were targeted in the
same tow.

Horizontal tows at the upper two meters of the water column
were performed using a SUIT (Van Franeker et al, 2009) at 27
stations located in the vicinity of predetermined RMT stations
(Supplementary Table S3). The SUIT consisted of a 2 x 2 m steel
frame with two nets attached. The first net was a 7 mm half-mesh
commercial shrimp net attached over 1.5 m width. The rear 3 m of
this shrimp net was lined with 0.3 mm plankton gauge. The second
net was a 0.3 mm mesh plankton net, attached over 0.5 m width of
the frame. The net was towed with 200 m wire at a constant speed of
2.5 to 3 kn, shearing out of the wake of the ship. Filtered water volume
was measured during trawling using an Acoustic Doppler Current
Profiler (ADCP, Nortek, Norway) mounted in the SUIT-net frame.
Of the 16 stations sampled during Leg 1, 11 were conducted during
day-time and five were conducted during night-time. During Leg 2,
nine out of the 11 stations sampled were conducted during the day,
and two during the night (Supplementary Table S3). In the western
part of the study area, RMT and SUIT sampling was conducted
further north compared to the eastern part due to sea-ice cover in the
area (Figure 1). During the expedition, stations were numbered
ascending regardless of the type of gear deployed, which is why
numbering is not always consecutive. Numbers do, however, increase
with the progression of time in both legs, so higher numbers were
given to stations conducted later in time.
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2.2 Krill density, stage, and length

After trawling, krill was sorted from the catch. In samples
containing less than 150 krill, all individuals were staged and
measured. For larger catches, a random subsample of at least 150
individuals was measured and staged. This random subsample was
taken by splitting the sample one or multiple times using a Motoda
box-type plankton sample splitter. On some occasions the catches
were extremely large, and a 1-L sub-sample was taken with a
measuring cup from a large container holding the catch, which was
stirred until the sub-sample was collected. Due to time constrains,
RMT 1 and SUIT samples were usually immediately preserved on
10% sodium tetraborate decahydrate-buffered formalin after trawling,
and measurements and staging were done at the home laboratories,
while RMT 8 samples were processed directly on board. It should be
kept in mind that preservation can lead to shrinkage, which was
estimated at 7.5% for post-larval krill (Quetin and Ross, 2003).

The standard length 1 (S1) was measured from the tip of the
rostrum to the posterior end of the uropods (Mauchline, 1980). The
maturity stage of post-larval krill was determined according to
Makarov and Denys (1981). Briefly, Makarov and Denys (1981)
distinguish one sub-adult female stage (F2) and five adult female
stages (F3A to F3E) of which F3D are regarded as gravid, having a
swollen thorax and abdominal segments due to enlarged ovaries,
and F3E are regarded as spent, also having a swollen thorax and
abdominal segments but with empty internal body cavities. Three
stages of sub-adult males are distinguished (M2A to M2C), having
different stadia of developing petasmas, and two stages of adults
males (M3A and M3B), with fully developed petasmas and without
or with fully developed spermatophores, respectively (Makarov and
Denys, 1981). Krill that had lost one pair of post-lateral spines from
their telson (Fraser, 1936), but did not show sexual characteristics
yet (Makarov and Denys, 1981) were defined as juveniles. Larvae
were staged according to Kirkwood (1982), distinguishing 12
developmental stages, namely nauplius I-II, metanauplius,
calyptopis I-III (CI to CIII) and furcilia I-VI (FI to FVI).

Length-frequency distribution was based on 1-mm increments.
Because the SUIT’s shrimp net undersampled krill smaller than
20 mm (Siegel, 1986; Flores et al., 2012; Schaafsma et al., 2016), the
densities per station were calculated using the data of the plankton
net for krill smaller than 20 mm and from the shrimp net for krill of
20 mm and larger. A similar undersampling of krill <20 mm occurs
in the RMT 8 net, while the RMT 1 net likely undersampled krill
220 mm (Siegel, 1986). However, as only larvae <5 mm were
collected using RMT 1, all post-larval krill data from the RMT 8
was used in predetermined hauls, indicating that there may be a
slight underestimation in the numbers of krill <20 mm. One
exception was station 23, were FVI larvae and juveniles were
collected using the RMT 1 net, while there was almost no krill in
the RMT 8 net. For this station, the data from the RMT 1 net was
used, indicating that there may be some underestimation of the
numbers of krill 220 mm. For the target hauls, only results for post-
larval krill were reported based on data from the RMT 8 net.
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Results regarding larvae are presented separately, except for the
abundance and distribution of FVI, since the length distribution of
this stage largely overlaps with that of the juveniles and other
furcilia stages were almost absent during the survey. The average
number of krill per length class as collected by the SUIT was
calculated by dividing the sum of volumetric densities per station by
the number of stations. For the dominant life stages, the average size
of krill was compared per station to obtain an indication of seasonal
growth during the time of sampling, or to assess the potential
presence of multiple spawning populations/events. These
differences were investigated using an ANOVA followed by a
non-parametric Tukey’s HSD test. Statistical tests were performed

10.3389/fmars.2024.1411130

with the R software, version 4.2.1 (R Core Team, 2022). Maps were
generated using Quantarctica, version 3.22 (Matsuoka et al,, 2021).

3 Results

3.1 General abundance from
predetermined stations

In the epipelagic depth layer (15-200 m), the larval krill
population consisted mainly of the stages CI, CII and CIII
(Figure 2A), with mean densities of 3.45 + 7.7, 1.33 + 3.8 and

FIGURE 2

(A) Distribution and density of calyptopis larvae (Cl, Cll and ClII) of Antarctic krill Euphausia superba, collected using a Rectangular Midwater Trawl
(RMT) at predetermined stations in the Indian sector of the Southern Ocean. * indicates the only location were furcilia Il larvae were collected.

** indicates the only location were furcilia VI larvae were collected. Furcilia larvae were not taken into account in the depicted densities.

(B) Volumetric density (ind. 1000 m™3) of post-larval Antarctic krill per predetermined station collected at 15-200 m depth using the RMT.

(C) Volumetric density (ind. 1000m™>) of post-larval Antarctic krill per station collected at 0-2 m depth using the Surface and Under Ice Trawl. Note
that not all stations numbers are depicted in maps (B, C). (D) The proportional sex/developmental stage composition of Antarctic krill per targeted
RMT station. For visibility, the charts were slightly dodged. The black points show the actual sampling location. The dotted lines indicate the division

between Legs 1 and 2.
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0.12 + 0.6 ind. 1000 m™, respectively. CI larvae occurred
throughout the sampling area. FII larvae (37.6 ind. 1000 m™)
occurred only at station 35, while FVI larvae only occurred at
station 23.

The number of post-larval krill from the epipelagic layer was
very low. The initially calculated average density was 0.27 ind. 1000
m™>, based on RMT 8 catches (Urabe et al., in review)?. Taking into
account the large number of post-larval krill collected with the RMT
1 at station 23, the epipelagic contained, on average, 106.81 + 690.43
ind. 1000 m™. This includes the small numbers of FVI collected at
station 23 (1.6% of the catch). No krill were collected at 19
predetermined RMT stations.

The upper two meters of the water column contained, on
average, 2457.02 = 9031.34 ind. 1000 m™ krill. This includes FVI
larvae which were present in low numbers in the upper surface
(1.6% of the population in this stratum). The number of krill
collected in the upper two meters of the water column largely
exceeded the average number of krill collected using the
predetermined RMT (Figures 2B, C). Given the difference in size
of the depth layers investigated and to aid comparison with
echosounder results, the krill biomass, and both volumetric and
areal densities per station are presented for both nets in Table 1.
With one exception, the krill occupied the upper surface only in the
waters west of 120°E (Figure 2C).

3.2 Developmental stage distribution

At 21 predetermined RMT stations 10 or less individuals were
caught. At only four predetermined RMT stations there were a
sufficient number of individuals to establish a length-frequency
distribution. At two of these stations, located on the two most
western transect lines of the sampling area, the catch was dominated
by juveniles (Supplementary Figure S1). At two stations east of 130°E
one catch (station 140) was dominated by gravid females (F3D) and
adult males (M3B), while the other (station 142) was dominated by
sub-adult females and males (Supplementary Figure S1).

Krill were collected during 36 target RMT hauls at 26 different
stations. Of these hauls, 28 contained more than 20 individuals
which were used for length-frequency distribution. The size
structure of krill sampled varied across the survey area
(Figure 2D). The length-frequency distribution of target hauls
showed unimodal and bimodal peaks (Figures 3, 4). With some
exceptions, the first peak usually consisted of juveniles and sub-
adults males (M2A) and females (F2), while the second peak was
often dominated by gravid females (F3D) and adults males (M3B).
Some samples or peaks consisted of adult, non-gravid females (F3B
and F3C) and late-stage sub-adult males (M2B and M2C). Small
numbers of spent females (F3E) occurred only occasionally.
Juveniles dominated the catches in 9 out of 16 measured stations

2 Urabe, I., Matsuno, K., Sugioka, R., Driscoll, R., Driscoll, S., Schaafsma, F. L.,
et al. Spatio-temporal changes in the macrozooplankton community in the
eastern Indian sector of the Southern Ocean during austral summer:

comparison between 1996 and 2018/2019. Progr. Oceanogr.
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TABLE 1 Volumetric density, areal densities and wet mass of Antarctic krill
(Euphausia superba) per predetermined station collected in the 15-200 m
depth layer using RMT (Rectangular Midwater Trawl) and the 0-2 m depth
layer using SUIT (Surface and Under Ice Trawl).

Volumetric
density Areal density Wet mass
(ind. 1000 m™) (ind. 100 m™) (g 100 m™)
Station SUIT RMT SUIT RMT SUIT
8 0 3925.21 0 785.04 0 119.00
10 0 0 0
11 0.23 31.88 4.55 6.38 2.76 0.61
12 3.03 60.65 10.37
23 4581.29 | 44144.14 | 91625.73 8828.83 4437.98 882.15
24 0.11 2.24 0.58
25 0 43.01 0 8.60 0 0.35
26 0 0 0
34 0.21 155.56 4.28 31.11 1.00 3.14
35 0.37 7.35 0.44
36 0.33 23.66 6.62 4.73 1.43 0.50
37 0.06 1.18 0.12
38 0 5.03 0 1.01 0 0.09
51 0.13 | 17898.92 2.61 3579.78 0.13 294.82
52 0.27 5.40 1.30
53 0.25 45.08 5.08 9.02 2.29 0.57
54 0.12 2.36 3.07
55 0.23 16.57 4.52 3.31 5.08 0.45
56 0.08 20.00 1.60 4.00 0.16 0.50
66 0.07 12.39 1.43 248 1.86 0.27
67 0 0 0
68 0 2.51 0 0.50 0 0.04
69 0 0 0
70 0 3.14 0 0.63 0 0.10
81 101.30 20.26 222
82 17.89 3.58 0.45
100 0 0 0 0 0 0
103 0.04 0.80 0.4
105 0.65 0 12.93 0 11.07 0
106 0.51 10.29 5.76
107 0.13 0 2.63 0 39.49 0
108 0 0 0
109 0 0 0 0 0 0
110 0 0 0 0 0 0
137 0 0 0 0 0 0
138 0.22 4.33 3.03
(Continued)
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TABLE 1 Continued

Volumetric
density Areal density Wet mass
(ind. 1000 m™) (ind. 100 m?) (g 100 m?)
Station RMT SUIT RMT SUIT RMT SUIT
139 0 0 0 0 0 0
140 243 48.57 68.26
141 0 0 0 0 0 0
142 1.98 39.63 23.14
157 0 0 0 0 0 0
159 0.07 1.37 1.09
160 0 0.74 0 0.15 0 0.01
161 0 0 0 |
163 0.06 0 1.16 0 0.7 0

It should be noted that post-larval krill densities were derived from the RMT 8 net, except for
station 23 where krill were only collected in the RMT 1 net. Densities may include small
numbers of furcilia VI, sizes of which overlapped with those of juveniles.

conducted west of 120 °E, which all sampled the upper 15-50 m of
the water column (Figures 2D, 3; Supplementary Table S4). East of
120 °E, juveniles dominated at 2 out of 12 measured stations, one
that sampled the upper 15-50 m and one that sampled below 300 m
deep (Figure 4). Sub-adult and adult female and male krill occurred
throughout the water column (Figures 3, 4).

The vast majority of, mainly post-larval, krill collected in the
upper two meters of the water column were juveniles (92%),
followed by early sub-adult females (F2B, 2.7%) and males
(M2A1, 2.1%). The other stages were present in low numbers
(Supplementary Table S5). Length-frequency distributions were
similar across stations. An average length-frequency is shown in
Figure 5. Late gravid (F3D) and spent (F3E) females were
completely absent in the surface waters.

3.3 Krill size comparison

The average size of juveniles in the SUIT hauls ranged between
17.8 and 23.8 mm per station (Figure 6A; Supplementary Table S6).
Although there were significant differences between some stations
((F13616260 = 1264, p = < 0.0001), differences were not consistently
higher or lower with seasonal progression (Figure 6A). The average
size of juveniles in the target RMT hauls ranged from 21.1 to
36.3 mm, which was much a wider range compared to the average
size of juveniles collected in the surface using the SUIT. Generally,
the average size of juveniles per target station with >20 individuals
increased as time progressed, but showed smaller krill again at
station 64 after which size proceeded to increase with the
progression of time (Figure 6B). Juveniles were significantly larger
at stations 32 and 44 compared to station 64 (F; g0 = 219.9,
p < 0.0001, Tukey HSD: p <0.006), although sampling was
conducted five and eight days earlier, respectively. Stations 18 to
44 were conducted north of 64°S, in the vicinity of the ice edge. At
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these stations, the average size of juvenile increased from 21.1 mm
to 27.7 mm in 7 days. The average size of two aggregations sampled
at station 18 (averaging 21.1 and 24.1 mm) were significantly
different from each other (F, og0 = 219.9, p < 0.0001, Tukey
HSD: p <0.0001). Stations 64 onwards were conducted near the
shelf break (Figure 6B). The average size of the juveniles collected at
these stations increased from 23.6 to 36.3 mm in 48 days. The
juveniles at station 515 were, on average, significantly larger
compared to juveniles at all other stations (Fiy o¢g0 = 219.9,
p < 0.0001, Tukey HSD: p < 0.002).

There were no distinct patterns in the average size of gravid
females (F3D) in the target RMTs (Figure 6C). Gravid females at
station 83 were significantly smaller than the ones at all other stations
(F10,949 = 36.67, p = < 0.0001, Tukey p < 0.0001). The gravid females
of stations 46, 80 and 85 were significantly smaller than the ones at
some other stations (F; 940 = 36.67, p = < 0.0001, Tukey p < 0.04).
Two gravid female aggregations collected during a single RMT tow at
station 80 differed significantly from each other in average size (F;,049
=36.67, p =< 0.0001, Tukey p < 0.0001). For adult males (M3B) some
increase in average size seems to occur over periods of time, but this
was not as consistent as with the juveniles and more variation was
present (Figure 6D). Adults males at stations 83, 84 and 151 were
significantly smaller than individuals at all other stations, except for
from station 45 and each other (F;, 4,4 = 42.01, p = < 0.0001, Tukey p
<0.001). Two adult male aggregations collected during a single RMT
tow at station 151 differed significantly from each other in average
size (Fp5.474 = 42.01, p = < 0.0001, Tukey p < 0.0001).

4 Discussion
4.1 Krill distributional patterns

Our study showed that a significant part of the krill population
resided in the upper surface of the water column, which is not
sampled by conventional trawls or echosounders. Although such
upper-surface dwelling of mainly juveniles has been suspected (e.g.
Jarvis et al, 2010; Atkinson et al, 2012), our study provides a
quantitative estimate of density and length-frequency distribution
of this part of the krill stock in the Indian sector of the Southern
Ocean. The actual part of the stock in the undersampled surface layer
may even be larger than the stock size estimated by SUIT, since the
densities in the 0-2 m depth layer will likely gradually decrease to the
densities as found below 15 m (Schaafsma et al., 2024).

The number of krill in the epipelagic layer, estimated using
predetermined RMT catches, was low compared to the numbers
encountered in the nets during BROKE (Nicol et al., 2000b). In
contrast to the net data, echosounder data collected during our
survey suggests that the total biomass of krill in the 20-200 m depth
stratum was similar during KY1804 and BROKE (Pauly et al., 2000;
Abe et al., 2023). Potential reasons for a lack of krill in the
predetermined RMT hauls can be net avoidance or, more likely,
the concentration of krill in aggregations, which were simply not
encountered enough in the sampling design. This is a common
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caveat in net-based sampling of schooling or swarming species
(Mackintosh, 1973; Watkins, 2000; Nicol and Brierley, 2010).

The echosounder estimates of areal biomass densities reported
from our survey showed that the horizontal distribution of krill
seemed to vary between the areas west and east of 120°E (Abe et al.,
2023). In the west, echosounder data found krill relatively evenly
distributed despite variation in latitude among transect lines
sampled, with a peak in krill density at the transect furthest west
(80°E) (Abe et al.,, 2023). In the east, highest densities seemed to
occur close to the shelf break, south of the southern boundary of the
Antarctic Circumpolar Current, with the exception of the
echosounder transect furthest east (150°E) where high densities
occurred along the entire transect (Abe et al., 2023). This
distribution pattern is similar to those found in January to March
during the Discovery expeditions (Mackintosh, 1973) and the
BROKE expedition (Nicol et al., 2000b).

During BROKE, the differences in horizontal post-larval krill
distribution between west and east were attributed to the more
southward intrusion of warmer water in the eastern side of the
sampling area, resulting from the southeastward flow of the ACC in
the region, constraining the krill habitat closer to the coast (Bindoff
et al., 2000; Nicol et al., 2000b). Such a geographic east-west
difference in surface temperature was even more pronounced
during the KY1804 expedition (Urabe et al., in review; Yamazaki
et al, 2024). The temperature at the western side of the sampling
area was generally between 0 and 1°C, with a few exceptions at the
southernmost stations of certain transects were temperatures below
0°C occurred. At the eastern side of the sampling area, negative
temperatures, down to -1.5°C, were found at the southern half of the
transects, while temperatures in the northern half of the transects
were generally higher than 1°C. Other environmental variables may
have contributed to differences in distribution. The chlorophyll a
concentration during our study was, on average, somewhat higher
in the east than it was in the west, and retreating sea ice occurred
more northernly on the western side of the sampling area while it
already retreated to the vicinity of the shelf or beyond on the eastern
side (Figure 1; Urabe et al,, in review; Yamazaki et al., 2024).

The temperature differences between both sides of the sampling
area, as well as the wider sea-ice extent resulting from
transportation of formed sea ice found in the west, may be
attributed to a series of subgyres, with several warmer water
currents flowing southward and colder waters from the ASC
flowing northward, in the region between 80 and 130°E
(Yamazaki et al., 2020; Hirano et al.,, 2021). The gyres are united
with the ACC that travels in close proximity to the continental shelf
(Yamazaki et al., 2020). In concurrence with conclusions from
previous studies, differences in the population structure of post-
larval krill between the areas west and east of 120°E are likely a
result of a combination of seasonality and physical factors,
including time of sea-ice cover. The time gap between sampling
in Leg 1 and 2 may have had an additional influence on distribution
patterns. Growth and development may alter the vertical
distribution of krill because the trade-off between food
availability, energy budget and predation risk changes (Lampert,
1989; Quetin et al., 1996).
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4.2 Krill size and developmental
stage distribution

The number of individuals that could be measured from the
predetermined RMT hauls was generally too small to obtain a
reliable length-frequency distribution, which limited the analysis of
temporal and spatial patterns in the distribution of different life
stages in the 15-200 m depth layer. Target RMT hauls were mainly
conducted to investigate the composition of acoustically detected
targets and were performed opportunistically across a variety of
locations and depths. These data on the horizontal and vertical
distributions are thus, inherently biased (Watkins, 1999; Nicol et al.,
2000b; Abe et al., 2023). However, combined with the SUIT net and
acoustics, they can provide some information on distribution
patterns of different life stages.

Target RMT hauls indicated that juveniles were often more
dominant in the krill catches from the western side of the sampling
area compared to the eastern side of the sampling area during our
study (Figures 2D, 3, 4), which was similar to the findings of
BROKE (Nicol et al., 2000b). This dominance of juveniles mainly
occurred in the upper 15-50 m of the water column, with the
exception of one deeper station in the eastern side of the sampling
area. This corresponds with the findings from the surface water
sampling which provided further evidence that juveniles remained
close to the surface in this region, as the SUIT catches consisted
mainly of juveniles. This upper surface dwelling occurred on the
western side of the sampling area, and almost no krill was
encountered in this stratum in the east (Figure 2C).

Patterns in horizontal distribution were only observed for post-
larval krill, and perhaps for late stage furcilia on the verge of
developing into juveniles. Predetermined RMT 1 hauls indicated
that, during KY1804, younger calyptopis larval krill were
distributed more evenly throughout the sampling area with
densities ranging from 1.5 to 37.6 ind. 1000 m™ (Figure 2A;
Matsuno et al,, in review)>. CI larvae were present in relatively
small numbers throughout the sampling area during our survey,
while stations with CII and CIII larvae occurred in various regions.
This is different from results from BROKE, where very high larval
densities were encountered in the eastern part of the sampling area
with a mean density of 3186 ind. 1000 m?, and numbers were much
lower west of 120°E (Nicol et al., 2000b). Calyptopis stages were
found throughout the survey area during BROKE, while early
furcilia stages were mainly found in the east, which was attributed
to seasonal progression (Nicol et al., 2000b).

Based on predetermined RMT 1 hauls, the CI larvae were
encountered between 17 December and 13 February during our
survey, indicating that spawning occurred between 17 November and
31 January, assuming that the developmental time of CI larvae is
between 13 and 30 days depending on conditions that may influence

3 Matsuno, K., Sugioka, R., Maeda, Y., Driscoll, R., Schaafsma, F. L.,
Yamaguchi, A., et al. Spatial changes in the mesozooplankton and
population structure of dominant species in the eastern Indian sector of

the Southern Ocean during austral summer 2018/2019. Progr. Oceanogr.
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FIGURE 3

Length and stage distribution of Antarctic krill (Euphausia superba) at target RMT stations from trawls conducted west of 120 "E where >20
individuals could be measured. Trawls were conducted between 15 and 50 m depth (light grey headings), or between 50 and 75 m depth (grey
headings). At some stations, multiple aggregations were collected during a single tow, indicated by plots with the same station number.

development such as temperature (Ikeda, 1984; Jia et al., 2014). CIII
larvae occurred from 21 December to 31 January, indicating
spawning potentially between 19 October and 18 December,
assuming a developmental time between 40 and 63 days (Ikeda,
1984; Spiridonov, 1995; Jia et al,, 2014). Considering the low numbers
of larvae, the presence of gravid females in the target RMT hauls
throughout the survey area and the almost total absence of spent
females in these catches, this timing suggests that spawning occurred
quite early (Spiridonov, 1995) and had not yet peaked. This could
explain the low density of larvae compared to the findings of BROKE,
which was conducted later in the season and during which high
numbers in the east were mainly collected in the whole of March
(Nicol et al,, 2000b). During BROKE, gravid females were mainly
found in targeted trawls conducted in the region west of 120°E while
spent females were mainly found in the east, which could also be
attributed to seasonal progression (Nicol et al., 2000b).

Frontiers in Marine Science

Results from target RMTs did not indicate a distinct temporal
pattern in the size of gravid females indicating that their size
remained similar throughout the survey (Figure 6C). This
corresponds to earlier findings and can be due to a lack of growth
because of energy investment in reproduction (Nicol et al., 2000b).
Also similar to findings of previous studies (Nicol et al., 2000b), adult
males showed some growth, although this was not consistent
throughout the study area (Figure 6D). This could be a result of
different populations sampled, a reflection of differences in feeding
conditions or due to an increased energy investment in reproduction.

The size of juvenile krill twice increased with time in the 15-
50 m depth layer sampled during target RMT hauls (Figure 6B).
Assuming that these juveniles originate from two spawning
populations or spawning events, and their increase in size comes
from natural growth, the two groups would have been growing with
0.94 mm day™' in the more northern stations and with 0.21 mm day”
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FIGURE 4

Length and stage distribution of Antarctic krill (Euphausia superba) at target RMT stations from trawls conducted east of 120 "E where >20
individuals could be measured. Trawls were conducted between 15 and 50 m depth (light grey headings) or between 200 and 600 m depth (dark
grey headings). At some stations, multiple aggregations were collected during a single tow, indicated by plots with the same station number.

! at the more southern stations, located near the shelf break.

Although this latter rate can be considered realistic, the former
growth rate is much higher than maximum growth rates recorded
(Atkinson et al., 2006; Tarling et al., 2006). It, therefore, seems likely
that, at least in the part of the sampling area where transects were
located north of ~62°S, juveniles originated from multiple spawning
events. Alternatively, the juveniles may have originated from
various locations, which could have resulted in different growth
rates due to variable environmental conditions experienced.

The juveniles in the upper surface were all relatively small and
their size remained similar over time and space, in contrast to the
increasing size of juveniles from the target RMTs over time
(Figure 6A). This may, again indicate various origins of the
juveniles collected, perhaps resulting from the series of subgyres
found in the area (Yamazaki et al., 2020). It may also indicate a small
scale, gradual change in vertical distribution range within this
developmental stage, with the vertical distribution range increasing
with increasing size. Such a small-scale change in distribution was
also suggested for furcilia larvae/age class 0 juveniles during winter
(Schaafsma et al., 2016). Although these were caught under ice and
their relationship with the environment is likely very different, such
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changes may be a result of similar mechanisms, such as saving energy
by passive sinking, the speed of which increases with increasing size
(Kils, 1982). However, further research is necessary to test such a
hypothesis, especially since a previous study indicated that the vertical
distribution of krill recruits (age 1+) depends on season (Pakhomov,
1995). In addition, it should be noted that krill were only collected in
the surface during Leg 1, while length comparisons encompassed
both legs for the target RMT catches.

4.3 Consequences of undersampling of
the surface

The previously assumed distributional patterns of particularly
juveniles may have been based on an incomplete picture. For
example, several studies suggested a trend of younger individuals
remaining south of the shelf break during summer, while older
animals reside further offshore, north of the shelf break (Siegel,
1988; Lascara et al., 1999; Nicol et al., 2000b; Atkinson et al., 2008).
However, the potential distribution in the upper surface waters was
not taken into account in these studies. Knowledge on the presence

frontiersin.org


https://doi.org/10.3389/fmars.2024.1411130
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Schaafsma et al.

9 Stage
Furvi

Juv

[ Faa
| I
W

B vs
W v

M3A

3 B v

Frequency (%)
@

0 == -
15 20 25 30 35 40 45

Length (mm)

50 55

FIGURE 5

Average length-frequency distribution of Antarctic krill (Euphausia
superba) in the upper two meters of the water column collected
using the Surface and Under Ice Trawl.

of krill in the upper surface would aid in understanding smaller-
scale and larger-scale distribution processes. For example, the
aforementioned migration of different life-stages and the potential
relation with oceanographic features such as gyres, that might aid in
moving on- and off-shelf. Another example are circumpolar
advection patterns that are expected to be greatly influenced by
behavioural patterns (Hofmann et al., 1998; Murphy et al., 2004;
Atkinson et al., 2008).

Length-frequency distributions of krill are often used to
calculate an estimated recruitment value, which is used as a
parameter in management models (Butterworth et al, 1991;
Constable and de la Mare, 1996) and to assess the success of
spawning in a certain year (Watkins, 1999). Because of the small
numbers of krill collected in the predetermined RMT hauls, it was
not possible to make an estimation for recruitment that is
comparable to numbers from previous studies. Results from the
SUIT sampling indicate that recruitment indices can be biased
because obtained data is not fully representative of the entire stock
due to the spatial segregations of life stages (Siegel and Loeb, 1995).

4.4 Knowledge gaps and future research

More information on the potential presence of DVM of krill is
desirable to fully understand the consequences of the undersampling
of the surface layer on biomass estimates and recruitment indices, as
it cannot be excluded that surface krill move into water layers within
the detection range of echosounders during certain times of the day.
Analysis of the SUIT data provided some indication that DVM of E.
superba was occurring during the survey, but the number of day and
night hauls was unevenly distributed throughout the sampling area,
potentially biasing comparison (Schaafsma et al., 2024). In addition,
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no obvious DVM patterns was found in the echosounder data (Abe
et al,, 2023). Thus, although this could be a result of krill performing
only a shallow DVM, data collected during the survey does not
provide conclusive evidence on the presence or absence of DVM. A
similar conclusion was drawn from analyses performed on data
collected during BROKE (Pauly et al., 2000).

It is important to note that very few krill was collected in the
upper surface in the western side of the sampling area (Figures 2B,
6A). Therefore, it would be useful to increase knowledge on when
and where juvenile krill accumulate in this layer, and to investigate
the potential relationship with environmental and/or biological
variables. This includes the distribution of juveniles in ice-covered
waters, as sea ice was still present in the area at the time of sampling
and is known to affect the distribution of various life stages (Flores
et al, 2012). Such information would help to understand if a
sampling bias occurs when parts of the potential krill habitat are
not sampled (Quetin and Ross, 2003), and to assess if estimates of
calculated recruitment indices are representative. For example, an
underestimation of recruitment in the Antarctic Peninsula region
was suspected in the Palmer LTER study (Quetin and Ross, 2003),
which might be explained by undersampling of surface juveniles. In
addition, although recruitment has been positively correlated with
various aspects of sea-ice dynamics such as late sea-ice retreat
(Siegel and Loeb, 1995) or an August maximum sea-ice extent
(Quetin and Ross, 2003), a better understanding of relationships
between successful spawning years and environmental variables or
changes in transport mechanisms may have been hampered by a
inaccurate estimation of the density of krill per year class (Siegel and
Loeb, 1995; Watkins, 1999). Such knowledge would aid in
understanding of natural variability of krill stocks (Siegel and
Loeb, 1995) and the potential consequences of climate warming
(Quetin and Ross, 2003).

More knowledge regarding the distribution of krill in the upper
surface may also aid in understanding the distribution of top
predator species. For example, a relationship between the
distribution of 13-34 mm krill and the foraging grounds of
humpback whales Megaptera novaeangliae has been demonstrated
in the Antarctic Peninsula region (Santora et al., 2010). During our
survey, humpback whales were also more abundant in the western
side of the sampling area compared to the eastern side (Hamabe
et al, 2024). In addition, depending on the method used, krill
consumption by humpback whales exceeded the total krill biomass
as established by echosounder data (Abe et al., 2023; Hamabe et al.,
2024). This might be explained by the exclusion of a part of the krill
stock in the biomass estimate, although juveniles would contribute
less to total krill biomass compared to the same number of adults. A
lack of knowledge on the distribution of krill in the upper surface
may also explain discrepancies between stomach contents and net
samples, as found in diet studies such as for the minke whale
Balaenoptera acutorostrata (Ichii and Kato, 1991). The diet of this
species has been found to regularly contain large proportions of
one-year-old juvenile krill depending on the region of occurrence
(Ichii and Kato, 1991; Ichii et al., 1998).

frontiersin.org


https://doi.org/10.3389/fmars.2024.1411130
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Schaafsma et al.

10.3389/fmars.2024.1411130

FIGURE 6

Average size per station of (A) juvenile Antarctic krill (Euphausia superba) collected in the 0-2 m depth layer using SUIT, (B) juvenile krill collected at
target RMT hauls, (C) gravid females (F3D) collected at target RMT hauls and (D) adult male (M3B) collected at target RMT hauls. At some stations,
multiple aggregations were collected during a single tow, indicated by the same station number. Station numbers are ascending with time, so the x-
axis reflects seasonal progression. The colour gradients represent longitude, with colours transitioning from light to dark going from west to east.

n is the number of individuals measured. The horizontal black lines show the median length in a station. The upper and lower limits of the squares
indicated the 25th and 75" percentile. The upper and lower limits of the vertical line indicate the minimum and maximum length of juveniles in a
station. Dots represent the true minimum and maximum lengths, but are numerically distant (percentile + the interquartile range) from the other
data points and therefore considered outliers. * indicates stations with low number of Antarctic krill for which no length measurements could be
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