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Abstract

Antarctic krill (Euphausia superba) are an essential source of food for whale, seal, several
fish, squid and seabird species in the Southern Ocean. Krill also play a major role in
biogeochemical cycling and are the target of a growing commercial fishery. Krill can be
detected and quantified with echosounders, particularly in swarms, and monitoring krill
abundance and distribution is integral to assessing the status of regional populations and
managing fisheries. We used echosounders to investigate the hemispherical distribution
and behaviour of krill swarms during the Antarctic Circumnavigation Expedition (ACE),
a multidisciplinary exercise that included measurements of atmospheric chemistry. Krill
swarms were grouped using hierarchical clustering into four principal types: small swarms
(on average 2 m high, 25 m long); large swarms (13 m high and 341 m long); deep swarm:s,
which were also densely packed (average depth of 52 m); and shallower swarms, which had
lower densities (average depth of 28 m). We found a weak negative relationship between
the concentration of atmospheric methane close to the sea surface and the presence of
krill. High densities of krill were found in the Amundsen Sea, an area purported to be of
increasing importance for krill as the climate changes.

Keywords: krill; spatial distribution; acoustics; Southern Ocean; swarm structure; methane

1. Introduction

Antarctic krill (Euphausia superba) are pelagic crustaceans native to the Southern Ocean.
Krill are at the hub of Southern Ocean food webs and act as a conduit for the transfer of
energy from primary producers to higher trophic levels [1]. Antarctic krill are so abundant
that they not only support some of the largest mammals on the planet, but they are also
the subject of a substantial fishery, with 390,195 tonnes harvested in 2019 [2]. Kirill are
sought as a source of human food supplements and as meal for farmed fish [3]. In keeping
with global trends for developing ecosystem-based fisheries management, the Commission
for the Conservation of Antarctic Marine Living Resources (CCAMLR) has pioneered the
development of an ecosystem approach to management, such that catch limits for krill
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account for the needs of dependent predators [4]. CCAMLR’s long-term strategy is to
continually adjust management measures in response to estimates of the abundance of
krill [2], which emphasises the positive impact that studying these animals has on their
management and conservation. The use of acoustic surveys allows the abundance and
distribution of this species to be determined in a practical and efficient manner, due largely
to their habit of swarming,.

Krill exhibit aggregative behaviour and congregate in daylight hours into swarms—this
is the fundamental unit of krill biology [5]. Swarming behaviour has numerous potential
benefits for the individual, including predator evasion [6] and food location [7]. Antarctic
krill have both land-based and open-water predators. During colder months, krill depend
greatly on the sea-ice microbial community to optimise their growth rates. Krill are, there-
fore, often distributed close to sea-ice and, in some locations, to land-based predators [8]
that use sea-ice for breeding and resting. Krill also have many open-water predators, which
include different species of whales, fish, and squid. Nowacek et al. (2011) found extremely
high densities of humpback whales close to ‘super-aggregations’ of Antarctic krill [9]. They
also found that tagged humpbacks rested during the day and fed at night when the krill
were nearer to the surface, taking advantage of their prey’s diurnal migratory behaviours.

Krill distribution has been shown to alter with season [10], with biomass on the
shelf to the west of the Antarctic Peninsula being an order of magnitude higher in spring
and summer than in autumn and winter. Given this seasonal variation, rising global
temperatures are likely to affect the extent of their distributions, largely through changes in
sea-ice cover, which would, in turn, affect sea-ice algae, one of krill’s primary food sources.
Pifiones and Federov [11] made predictions of future changes in krill distribution due
to climate change affecting sea-ice and chlorophyll a. Their predictions indicate that the
western Weddel Sea, isolated areas of the Indian Ocean, and the Amundsen/Bellinghausen
Sea will support successful spawning habitats for krill. This last region does not support
successful krill spawning at present, and may, therefore, open up as a potential new habitat.
There has been a small but statistically significant increase in Southern Ocean sea-ice
over the last 37 years [12], so it is important to maintain large-scale measurements of
krill distribution.

Advection, the bulk movement of water masses, along with the organisms present in
these water masses, is another key driver of the large-scale distribution of Antarctic krill [13].
The Antarctic Circumpolar Current (ACC) is responsible for a lot of this bulk transport.
The southernmost boundary of the ACC provides a productive foraging ground for krill
due to the high phytoplankton biomass there, which further influences krill distribution [7].
Alongside this large-scale movement, studies have shown that individual locomotion of
Antarctic krill is also vital in the maintenance of large swarms [14].

The categorisation of krill swarms can determine if there are broad characteristics that
swarms possess. Linking the categories to different variables may help us to understand
krill ecology and distribution. A number of different approaches for categorising krill
swarms have been taken. For example, Krafft et al. [15] categorised the swarms into four
key groups with varying size and depth distribution, whereas Tarling et al. [16] primarily
used packing concentration and morphological dimensions to group swarms. Tarling
et al. [16] categorised the swarms that they observed into two main groups: Type 1 swarms
were small and not very densely packed, whereas Type 2 swarms were a lot larger and much
more densely packed [16]. Each of these groups were then further divided into two sub-
types based on size. Another group (Type 3) was identified but was much less frequently
observed; these swarms were located more than 100 km away from other swarms and
were, therefore, labelled as “isolated”. There are many factors, both internal and external,
that can affect the characteristics of Antarctic krill swarms. Tarling et al. [16] found a
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relationship between the type of swarm and surface fluorescence, photosynthetically active
radiation (PAR), krill maturity, and krill body length [16]. They concluded that the structure
of swarms alters from being mainly large and tightly packed to smaller and less tightly
packed as the krill mature. However, Tarling et al. [16] stated that there are further variables
that alter this trend, including food availability and light level.

Traditionally, krill populations would have been monitored with net-based sampling
systems [17-20]. However, the use of echosounders to provide estimates of abundance
and distribution at a high spatial resolution has increased over the past few decades [6,21].
Scientific echosounders (hereafter referred to only as “echosounder/s” for brevity) have
electronics built in to deliver signals with high precision and come with facilities to calibrate
and adapt the devices for accurate scientific output [22]. Alongside these systems, nets
can be used to provide alternative evidence to confirm the species, as well as additional
information such as the size and maturity of the individual targets.

In 2016-2017, the Antarctic Circumnavigation Expedition (ACE) took place to study
the Southern Ocean ecosystem. This was a multidisciplinary cruise, which included over
20 studies of atmospheric, marine and terrestrial physics, chemistry, and biology. One of
these studies comprised an acoustic survey, intended to study mesopelagic fish, but in so
doing, also collected data on Antarctic krill swarms. Another of the studies provided a
survey of atmospheric methane close to the sea surface. We aimed to use the extensive
geographic coverage of both of these surveys to provide a hemispherical distribution of krill
in the Southern Ocean between longitudes 178 W and 1 E (Figure 1) and determine if krill
swarms contributed to atmospheric methane concentrations. Methane is a significant
greenhouse gas that is usually produced in anoxic conditions. However, substantial
amounts of methane are produced from oxygenated shallow marine systems, without
adequate explanation, giving rise to the methane paradox [3]. Previous experiments in
the laboratory [4] and field [5] have associated zooplankton with methane production.
Making use of the interdisciplinary teams on ACE, we aimed to compare our highly
spatially resolved continuous detections of krill swarms to the synchronous atmospheric
methane measurements, which may help to explain part of the methane paradox in the
Southern Ocean.
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Figure 1. The route (black and red lines) of the R.V. Akademik Tryoshnikov during the ACE. Data
allowing for the detection of krill (red line) were collected in an area from Scott Island (located at
180° W) on 7 February 2017 to Cape Town, South Africa, on 18 March 2017. Latitudes and longitudes
expressed as negative degrees for west and south.
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Having not had access to net-based systems to provide alternative evidence for the
acoustically detected krill swarms, one of the objectives of the analysis conducted here was
to compare the statistics derived from the swarms in this study with the published values
to provide further evidence that the swarms that we detected were Antarctic krill. The
properties of the swarms detected were grouped into different swarm types based on a
variety of different swarm parameters and analysed in terms of their characteristics and
spatial distribution. The methane concentration was then analysed in relation to the density
of krill to determine whether there was a statistically significant relationship present.

2. Materials and Methods

Data were taken from the survey carried out by the Russian Research Vessel (RV)
Akademik Tryoshnikov from 20 December 2016 to 18 March 2017. The survey was circum-
polar, completing a total of 3 legs consisting of 16 island hops around the entire Southern
Ocean (Figure 1). The vessel travelled at an average speed of 12 knots (6.17 m-s~1). The
200 kHz echosounder, required to detect krill, was operational from 7 February 2017 to
18 March 2017 beginning at Scott Island (67°23' S, 179°55' W) during the second leg of the
trip (Figure 1). Leg 3 began at Punta Arenas, Chile, and ended at Cape Town, South Africa
(33°55' S, 18°25 E).

2.1. Acoustic Data Collection and Processing

Acoustic data were collected using a Simrad EK80 echosounder (Kongsberg Discovery,
Horten, Norway) connected to a hull-mounted 12.5 kHz transducer and a Simrad EK60
echosounder connected to a 200 kHz transducer. The calibration of both systems took
place in Cumberland East Bay, King Edward Point, South Georgia, on 2 March 2017.
Calibration followed the standard methods [23,24] using a tungsten carbide sphere with a
38.1 mm diameter.

No ‘ground-truthing” of the acoustic data with net sampling was possible, and the
method of dB-difference, which is normally used in surveys to identify krill echotraces [22],
also could not be carried out. The lower-frequency transducer (12.5 kHz) was used with a
long pulse length alongside the higher-frequency transducer (200 kHz) to enable sampling
in deeper water and, as such, did not give the appropriate sample resolution; the 12.5 kHz
frequency also had a very long transmit pulse, causing interference at the surface. Visual
inspection of the data from the two frequencies did, however, allow for the different types
of turbulence to be distinguished, such as that generated by wave action or the ship’s
thrusters, with these types having a stronger echo at lower frequencies (due to resonance
created by air bubbles). After the turbulence was removed, inspection also allowed for
large targets (echotraces) to be distinguished as putative krill swarms by the comparison of
swarm echotraces between the two frequencies. The statistics of the putative swarms were
then compared with the published values from krill swarms [16].

Raw acoustic data collected using the 12.5 kHz and the 200 kHz transducers
(Figure 2a,b) were processed using Sonardata Echoview version 11.0.255 (Echoview Soft-
ware Pty Ltd., Hobart, Australia). Background noise was excluded from both the 12.5 kHz
and 200 kHz echograms using a filter (Figure 2c). A combination of masks and filters
(including a median 3 x 3 filter; Figure 2d) were used to remove isolated scatterers and
interference, which was primarily from other acoustic devices on the ship. The swarms
were then detected and labelled using image analysis algorithms [25], producing the fi-
nal post-processed output (Figure 2e). The visual difference between the high-frequency
and low-frequency echograms was inspected to aid in distinguishing krill swarms from
turbulence (Figure 3).
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Figure 2. Echograms showing (a) 200 kHz raw Sv data, (b) 12.5 kHz raw Sv data, (c) background noise
removal at 200 kHz, (d) median filter application at 200 kHz after which image analysis techniques
were used to detect and label the krill swarms [25], and (e) final post-processed echotraces of krill
swarms only. This data was collected on 7 February 2017, beginning at 10:42:20 and ending at 10:47:41.
Note the depth on the Y axis, which begins at 8.3 m, the depth of the transducer below the sea surface.
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Figure 3. Echograms showing (a) 200 kHz raw Sv data and (b) 12.5 kHz raw Sv data on 12 February
2017 beginning at 05:51:46 and ending at 05:57:44. Krill swarms only appear on high-frequency
echograms (a), shown by the black polygons on the lower-frequency echogram (b). At a depth of
around 13-38 m and a distance along the transect of around 1900-2200 m, there is something that
appears to be a krill swarm in the 200 kHz echogram (a); however, it is still present on the 12.5 kHz
echogram (b), suggesting that it cannot be krill. The large gap between 1500 and 2000 m on the x
axes of both echograms indicates that the boat had slowed down, and then, at around 1900 m, it
accelerated again. This will have generated surface turbulence from the ships’ thrusters, which was
then picked up by both echosounders (at 1900-2300 m on both (a,b)), whereas the krill swarms were
only detected at 200 kHz (a). Note that the depth on the Y axis begins at 8.3 m, as this is the depth of
the transducer below the sea surface. Colour scale follows that of Figure 2.

2.2. Swarm Characteristics

The data were integrated [21] over the full depth surveyed (100 m) and exported from
Echoview in two different forms: by swarm and by an Equivalent Distance Sampling Unit
(EDSU) of 500 m. Each individual swarm was associated with several statistical characteris-
tics, including mean swarm depth (m), thickness (vertical extent, m), length (horizontal
extent, m), area (m?), and perimeter (m), along with mean volume backscattering strength
(S, dB). These data were then imported into the statistical programming language R (ver-
sion 4.1.1), where, in addition to other analyses, the distance to the next swarm (km) was
calculated using the distance along the transect for each swarm. Finally, two further swarm
characteristics were calculated: packing concentration (N, ind-m~%) and sum abundance
(N, ind-m™1). These calculations relied upon an estimation of the target strength (TS) of
an individual krill, taken from the work of Tarling et al. [16] as —74.54 dB. The average
body length of krill with a TS of —74.54 dB, using data provided in Tarling et al. [16], was
55 mm, whereas the body length of krill regurgitated by seabirds on the ACE (Figure S1)
was 53 mm. N, was estimated as

Ny = 10(So—T8)/10 )

N was then calculated according to
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N; = N,A 2)

where A is the swarm mean area (m?). This measure of abundance estimates the number
of krill in a metre-thick slice of the swarm, hence the units (m~1). This was favoured over
estimating the total abundance of krill in the swarm due to the lack of information on
the complex three-dimensional swarm features. The data was then examined to remove
swarms that had extreme or impossible values based on graphical analysis. A total of
50 swarms were removed as they had values that were highly deviant from the rest of the
data in one or more of the parameters assessed.

2.3. Statistical Comparison of Krill Swarm Characteristics

Statistics from previously identified krill swarms [16] were used in a comparison
analysis with the data collected on the ACE to confirm that the latter were indeed krill
swarms. An unpaired two-sample t-test was carried out to compare each of the swarm
parameters (depth, thickness, length, area, distance to next swarm, packing concentration
and sum abundance), along with Kolmogorov-Smirnov (KS) tests to determine whether
the distributions were different. However, given the large sample size, t-tests could have
detected differences in the means that were statistically, but not biologically, significant.
To address this issue, a Cohen D test was used as an effect size statistic for a two-sample
t-test to determine the extent of the differences between the means of each sample [26].
The relationship between swarm depth and packing concentration was investigated using
linear regression.

2.4. Cluster Analysis

A hierarchical cluster analysis was performed using the Euclidean distance method [27]
to confirm visual indications of the different types of krill swarms that were detected. The
swarm characteristics previously mentioned were all used in the determination of the
clusters. A log(x + 1) transformation was used on all variables to minimise the impact of
extreme values.

2.5. Methane Data Collection and Analysis

Methane concentrations (ppm) were collected using an aerosol inlet from 15 m above
the sea surface and a Picarro G2401 (Pincarro Inc., Santa Clara, CA, USA) gas analyser
every minute from 17 December 2016 to 10 April 2017. Methane concentration data had to
be matched with the krill data to determine the methane concentration per EDSU. Since
the methane data were collected every minute consecutively throughout the course of the
survey, an average methane concentration was generated for every kilometre across the
transect. The methane concentration was then compared to krill density (ind-m~2) using a
non-parametric Spearman rank correlation test.

2.6. Day/Night Analysis

The day/night effect was investigated by reference to the sun angle due to the nature
of the cruise, which went through continually changing longitudes. The sun angle was
calculated as a function of latitude and longitude using the ‘suncalc” package in R. The sun
angle was then examined in relation to the swarm characteristics.

3. Results
3.1. Swarm Characteristics

A total of 1741 krill swarms were detected. The mean swarm depth (i.e., the depth
at which the swarm was detected) was 38.49 m (range 15.46-105.85 m). Swarm depths
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showed a log-normal statistical distribution (Figure 4a). The thickness of all the swarms
averaged 5.90 m (range 0.35-46.55 m). The logjo thickness shows a combination of two
distributions: a normal and a right skew (Figure 4b). Tarling et al. [16] removed the thinner
swarms; however, in this study, it was decided that they should not be removed due
to the high frequency of small and thin swarms present. The mean swarm length was
115.96 m (range 0.12-6742.38 m) (Figure 4c). The mean swarm area was 875.54 m? (range
0.05-104,776.45 m?). Most of these statistics displayed a relatively log-normal distribution;
however, there is some evidence of bimodality, possibly due to the presence of different
swarm types (Figure 4d). The mean distance to the next swarm was 5.79 km (range
0.003-661.07 km). The distribution of logj( distance to the next swarm was right-skewed,
indicating that it was more common to find swarms closer to one another than further
away (Figure 4e). Both swarm packing concentration and swarm sum abundance were
log-normally distributed (Figure 4f,g). The mean packing concentration for all the swarms
was 591.82 ind-m 2 (range 3.74-16,016.51 ind-m~3) (Figure 4f). The sum abundance was,
on average, 288,015.10 ind-m~! (range 7.84-1.28 x 107 ind-m~!) (Figure 4g).

60 80
150 200
! !

Frequency
40
Frequency
100
1

op B 1
o —
o - | : : : I T T T T T ]
10 12 14 16 18 20 22 -10 -05 00 05 1.0 15 20
Log,, Depth (m) Log,o Thickness (m)
(a) (b)
o o
[ IRE o
N b
3 - Ch
> ML > o |
c c W
v O . [1h]
o0 O =
O — o
[1)] E o |
L s
o |
n o |
(o]
o - AL o [
I T T T T T 1 [ T T T 1
-1 0 1 2 3 4 5 -2 0 2 4 6

Log,, Length (m)

(c) (d)

Figure 4. Cont.



Oceans 2025, 6, 63

9 of 21

Frequency

0 20 40 60 80

Frequency

120

80

60

40

20

150
|

100
1

Frequency

-3 -2 -1

Log,, Distance to Next Swarm (km)

0 1 2 3 S

Log,, Packing Concentration (ind.m )

(e) ()

0 2

4 6 8

Log,, Sum Abundance (ind.m™)

(8)

Figure 4. The frequency distribution of krill swarm parameters. Graphs show the frequency distri-
bution of (a) swarm depth, (b) swarm thickness, (c) swarm length, (d) swarm area, (e) distance to
next swarm, (f) packing concentration, and (g) sum abundance. All variables were transformed using
the logg function as most characteristics showed a log-normal distribution. Note that (f,g) are not
directly comparable to Tarling et al. [16].

The average density of krill in each five-degree longitude sector from the surveyed
area showed high densities of krill located in the Ross Sea (170-165° W), followed by areas
of low krill densities, and areas of no krill up until the Amundsen Sea (130-120° W), where
krill density was the highest in the surveyed area (Figure 5). It then decreased from the
Bellingshausen Sea (60-100° W) through Drake’s Passage, and there were then instances
of increased density of krill again around South Georgia and South Sandwich (25-55° W)
(Figure 5).

3.2. Statistical Comparison of Krill Swarm Characteristics

The means and distributions of the swarm characteristic data (depth, thickness, length,
area, distance to next warm, packing concentration and sum abundance) extracted from
the ACE acoustic data were compared to those reported by Tarling et al. [16] (Figure S2).
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The unpaired two-sample t-tests showed significant differences between the ACE swarm
descriptors and Tarling data for all the descriptors (p < 0.001). KS tests showed that there
were significant differences between our data and those of Tarling (p < 0.001), suggesting
that the data distributions are different. However, using a Cohen D test to compare
the means of each ACE variable with that of Tarling et al. [16] gave a value of 0.002 for
depth, 0.56 for thickness, 0.20 for length, 0.16 for area, 4.67 for distance, 2.66 for packing
concentration, and 1.22 for sum abundance. Since Cohen suggests that d = 0.2 is a ‘small’
effect size, 0.5 is a ‘medium’ effect size, and 0.8 is a ‘large’ effect size, these results suggest
there is little evidence for a difference between the Tarling et al. [16] and ACE swarm areas
or depths, but there was a large difference in their packing concentrations and abundances.

o
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Figure 5. A map of the Southern Ocean showing average krill density (n-m~2) per 5° longitude. Data
were collected from 170° W to 18° E. Latitudes and longitudes expressed as negative degrees for west
and south.

3.3. Cluster Analysis

The cluster analysis using the swarm characteristics volume backscattering strength,
depth, thickness, length, area, distance to next swarm, packing concentration, and sum
abundance determined that the most appropriate number of groupings for the krill swarm
data was four. These clusters were designated as “Small”, “Large”, “Shallow”, and “Deep”.
All clusters had a very similar number of swarms, with the largest being n = 556 and the
smallest being n = 317. The Euclidean distance was used as the distance metric to determine
cluster similarity (Figure S3). Small swarms were the most different from the other three
groups, and deep swarms and shallow swarms were the most similar to each other, with
large swarms being more similar to the latter two groups than to the small swarm group.
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The swarm parameters for each group were illustrated with comparative plots of their
statistical distributions (Figure 6). Small swarms contained the smallest of the swarms,
as well as the swarm with the shortest length (0.12 m) and smallest area (0.05 m?). Large
swarms had the highest average values in the parameters linked to size, as well as the
greatest length (6742.38 m) and largest area (104,776.45 m?). Large swarms were also
the most isolated, with the greatest average distance to neighbour of 14.42 km. Deep
swarms had a mean depth of 51.79 m, as well as the densest average packing concentration
(2151.30 ind-m~3) and the greatest average sum abundance (569,020.30 ind-m~!). Shallow
swarms had a mean depth of 27.72 m and the shallowest individual swarm (15.46 m). They
also contained the most sparsely packed swarms with a mean packing concentration of
52.67 ind-m~3 and the swarms that were least abundant with a mean sum abundance of
4049.18 ind-m~!. All summary statistics can be found in Table 1.

Linear regression between krill swarm packing concentration and depth resulted in a
significant positive relationship (F(1, 1712) = 957.7, p < 0.001) (Figure S4), with an R? value
of 0.36 (suggesting 36% of the variation in packing concentration was explained by depth).

Figure 7 is a schematic cartoon showing a typical swarm from each group. Although
the groups were associated with a characteristic, e.g., ‘deep’ or ‘large’, swarm names were
only one of many distinguishing features, as the names simply describe the most prominent
distinguishing feature of that group.

w0
o
3 ~—
‘B
c
@
m)
[Te)
a
} F
! o
: .../_.I-/ : : : ‘ | S T T T T T T - T T
0 12 12 18 18 20 22 -10-0.5 00 05 10 15 20 25
Log4g Depth (m) Log,, Thickness (m)
(a) (b)
_ -
3 &
f\/\l !
B i |
|'.l I ]
&2 T 1 '
= 5 ;
=
& - : !
[m] ! \
N ! A
o ] ~
_ ] \\
) A
—_ < — B _-, \\-.
- o
T T T T T T T T T T T T
-1 0 1 2 3 4 5 -2 0 2 4 6

L0g1D Length (m)

(c) (d)

Figure 6. Cont.



Oceans 2025, 6, 63

12 of 21

Density

Density

0.6

0.2 0.4

0.0

0.6

0.4

0.2

0.0

1.5

1.0

Density

-4 -2

Log,, Distance to Next Swarm (km)

0 2 4 0 1 2 3 4 5
Log,, Packing Concentration (ind.m_a)

(e) (f)

2

4 6 8

Log,, Sum Abundance (ind.m_1)

(8)

Figure 6. The density distributions of swarm parameters (on a logg scale) in different swarm types
as determined by the cluster analysis. Graphs show the density distribution of (a) swarm depth,
(b) swarm thickness, (c¢) swarm length, (d) swarm area, (e) distance to next swarm, (f) packing
concentration, and (g) sum abundance. Solid black line = small swarms; dashed black line = large
swarms; solid grey line = deep swarms; dashed grey line = shallow swarms). Note that (f,g) are not
directly comparable to Tarling et al. [16].

These krill swarm groups exhibited differences in their spatial distribution (Figure 8).
Deep swarms and shallow swarms had irregular distributions across the study area. They
both had high abundances around South Georgia and relatively low abundances elsewhere.
Both small swarms and large swarms were relatively evenly distributed across the survey
area, with consistently high abundances around South Georgia and in the Ross Sea. Particu-
larly for the smaller swarms, the abundance was slightly higher in both the Bellingshausen
and Amundsen Sea than in the Ross Sea and around South Georgia. East of Chile, there
was a large stretch of the water in which no krill swarms were located until high densities
of swarms from all groups were detected around South Georgia.
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Table 1. The characteristics of the four krill swarm types determined using a hierarchical cluster analysis of swarm characteristics. The bottom row shows the
statistics for all the swarms in the dataset.

Volume Distance to Packin,
- Backscattering ~ Swarm Depth Swarm Swarm Swarm Area 5 Sum Abundance
Swarm Type N Statistic . 2 Next Swarm Concentration . 1
Strength (m) Thickness (m) Length (m) (m?) . 3 (Nt,ind-m—1)
(km) (Nv, ind-m—3)
(Sv, dB)
arithmetic —49.22 4.5 192 252 31.1 24 390.1 12,230.0
mean
1(Small) 556 ge;rzae;“c NA 23 128 19.0 14.7 0.1 340.0 4984.6
minimum —53.58 18.0 0.35 0.1 0.1 0.01 124.8 432
maximum —42.22 89.9 10.01 114.0 1985 3533 1703.1 93,229.6
arithmetic —51.41 3138 13.15 340.9 3173.4 14.4 251.3 481,549.9
mean
2 (Large) 432 geometric NA 30.1 10.88 133.9 665.4 0.6 205.5 136,727.8
minimum ~59.38 155 1.67 16.8 467 0.01 32.8 47349
maximum —45.97 73.1 44.95 6742.4 104,776.5 661.1 7182 9,670,024.8
arithmetic —42.33 51.8 7.91 53.2 293.3 5.8 21513 569,020.3
mean
3 (Deep) 317 geometric NA 481 4.89 36.1 912 0.3 1661.6 151,602.1
minimum —46.96 204 0.35 0.7 0.2 0.01 572.0 714.3
maximum —32.49 105.9 46.55 3725 3099.2 271.2 16,016.5 12,795,115.3
arithmetic ~58.08 27.7 2.34 545 99.0 2.1 52.7 4,049.2
mean
4 (Shallow) 436 geometric NA 26.6 1.18 36.1 27 0.2 443 1004.5
minimum —68.81 155 0.35 0.7 0.4 0.01 3.7 7.8
maximum —53.56 62.3 2391 751.4 3287.2 1633 1252 97,511.9
arithmetic ~50.73 38.5 5.90 116.0 875.5 5.8 591.8 228,015.1
mean
All swarms 1741 geometric NA 35.4 2.72 403 58.8 0.2 240.4 14,1357
minimum —68.81 155 0.35 0.1 0.1 0.01 3.7 7.8
maximum —32.49 105.9 46.55 6742.4 104,776.5 661.1 16,016.5 12,795,115.3
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Figure 7. A schematic cartoon showing a typical swarm from each group. Each swarm is scaled
appropriately. The typical swarms for Large and Small were based on the average areas for those
groups, while the typical swarms for Deep and Shallow were based on the average depths for those
groups. Colour scale follows that of Figure 2.
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Figure 8. A map of the Southern Ocean showing the abundance and distribution of Antarctic krill
swarms (circles proportional to the maximum value of the Nautical Area Scattering Coefficient as a
proxy for krill abundance).
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3.4. Methane Concentration

The methane concentrations recorded during this study ranged from around
1.77 t0 1.82 ppm. These values do not appear to coincide with the increasing krill den-
sities in the area, with areas in which krill density is zero showing the full range of
methane concentrations (Figure S5). Given the high zero inflation and skewed nature
of the data, a Spearman rank correlation test was used to test the relationship between
methane concentration and krill density, revealing a significant but weak negative relation-
ship (S =4.394 x 1011, rho = —0.025, p = 0.003).

3.5. Day/Night Differences

The night and day effect, as analysed by the sun angle, was investigated in relation to
the various swarm characteristics of interest. Deep swarms were more frequently detected
during the day, and these swarms were also more densely packed. Shallow swarms were
generally more sparsely packed.

4. Discussion
4.1. Spatial Distribution

High densities of krill were found in the Amundsen Sea. In an examination of over
8000 net samples previously sourced over a period from 1926 to 2004, Atkinson et al. (2008)
suggested that there was a relatively low density of Antarctic krill in the Amundsen Sea [28].
This area has historically had a relatively low sampling effort. Our synoptic study suggests
that there are relatively high densities of Antarctic krill in this area relative to other areas,
contrary to what has previously been found. Projections of krill distributions in the light
of climate change, and the associated sea-ice loss, suggest that this will be an area of
successful spawning for krill, and our results suggest that this could already be happening
even though sea-ice loss is not yet as severe as predicted [11].

Aside from this, the spatial distribution of krill showed similar trends to what would be
expected, with higher densities in the areas around South Georgia and swarms present out
at sea, away from sea-ice. Our survey was conducted in summer; in winter (June-August),
it would be expected that, due to their winter diet of primarily sea-ice algae [29], Antarctic
krill would be located in higher densities near this food source. During the summer months
(December—February), when there is more sunlight and sea-ice retreats, krill primarily feed
on phytoplankton that grows near the surface of the water. The phytoplankton blooms
during this time provide a rich and abundant food source for krill [30]. Several other
interacting factors can also influence the spatial distribution of krill. These include other
physical factors, such as currents [31] and fronts [32]; other biological factors, such as
predation [6,9,33,34]; and anthropogenic factors, such as climate change [29].

4.2. Swarm Characteristics

This study investigated Antarctic krill swarms in the Southern Ocean and categorised
them based upon a set of defining swarm parameters. A key finding was that the swarms
that were most densely packed and most abundant with krill were found in the deepest
waters, while the least densely packed swarms that were less abundant with krill were
found in shallower waters. It has been stated in previous studies that during the day,
krill swarms pack tightly and migrate to deeper depths, while at dusk, swarms migrate
to shallower depths where they then disperse [35]. This is supported by the results of this
study, as it was found that the deep swarms were tightly packed and more frequently found
during the day, and the shallow swarms were more sparsely packed. Tarling et al. [16]
found that the swarms that were most densely packed were those of juveniles and the least
densely packed swarms typically contained predominantly adult krill [16]. It could be
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that the juvenile krill are found deeper in the water column to favour decreased predation
pressure over increased food availability. Krill located in deeper water experience much
lower predation pressure than those at the surface due to many krill-consuming predators
being located near the surface [33]. Atkinson et al. (2008) found that 90% of their surveyed
swarms were found in deep water as opposed to shallow water, also possibly due to
predator avoidance [28].

The largest swarms also demonstrated the largest distance to the next swarm, while
the smallest swarms had a much shorter distance to the next swarm. The smaller swarms
that exist more closely to one another were the most frequently observed in this study,
while the larger, more isolated swarms were rarer. It has been found previously that krill
swarms are present in dense swarms during the day and scatter when it becomes dark [35].
It could be the case that when night comes, the large swarms disperse into smaller swarms,
some of which persist as individual swarms located closer to one another that are more
frequently observed. On the other hand, it could be the case that a predation event causes
this scattering and the subsequent establishment of smaller swarms [34]. Another potential
explanation is that although large swarms limit predation by smaller predators that may
pick out individuals, it may make them more prone to predation by groups of predators
such as seabirds due to the swarms’ large size, which allows for easy detection [36]. This, in
turn, may cause a lower abundance of large swarms. Another factor to consider is that the
results are based on an echosounder that generates a two-dimensional view of a potentially
complex three-dimensional structure. As such, one school with amoeboid arms may;, in this
case, be detected as two separate swarms [6].

Studying swarm characteristics is paramount in unearthing trends that exist in the
structure of these swarms in the ocean. It can better help us to understand the potential
impacts of climate change on the populations and the consequences on the predators
that rely upon them, as their variability can help to predict populations of other species
over time. A previous study investigated the characteristics of krill swarms in relation to
aggregating Antarctic blue whales and found that these whales associate differently with
krill swarms of different characteristics [37]. Studying these swarms can also aid fisheries
management in the determination of catch limits, regulating how much krill is removed
from the Southern Ocean and mitigating the effects that they have on the structure of the
Southern Ocean ecosystem.

4.3. Methane Concentration

Methane production in the marine environment was thought to be a strictly anaerobic
process confined primarily to anoxic sediments. However, observations of the supersatu-
ration of methane in oxygenated waters—the ‘oceanic methane paradox’—indicates that
methane can be produced under oxic conditions, although the mechanisms are unclear [38].
It has been suggested that the grazing processes of krill feeding on phytoplankton, as
well as their excretion of faecal pellets, might contribute to microbial methanogenesis
and may result in an increase in methane concentration [39,40]. Laboratory experiments
have demonstrated the production of methane associated with copepod grazing on phyto-
plankton in seawater [41], which was postulated to occur in anoxic microniches within the
copepod guts or in particles. Field observations have also confirmed the contribution that
zooplankton make to oceanic methane [42].

Making use of the interdisciplinary nature of the ACE cruise, with rare simultaneous
in situ measurements of both krill and methane, we hypothesised, therefore, that methane
levels would be elevated in areas where krill was found due to their combined metabolism
in the large and dense swarms. However, our analysis indicated that there was a weak
negative relationship between krill density and methane concentration. There are other
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sources of methane production in the ocean that may overshadow the potential effect from
krill, including methane seepage from patches of high-level organic matter decomposition
and the metabolism of other species present alongside krill in the Southern Ocean [43,44].
Zooplankton, for example, are not only more numerous than krill but also more productive:
Voronina [45] estimated the total annual methane production of copepods alone at 2,534,106
t and that of krill as 215,106 t (fresh mass). It is possible that, due to the instantaneous
nature of both methane data collection and the krill swarm detection, the deep swarms are
less likely to be linked to the atmospheric methane concentration, and these are the swarms
that are known to be much denser and more likely to produce a recognisable amount of
methane. There will be a temporal decoupling between the production of methane by
these deep, dense krill swarms and the likelihood of the detection of that methane by the
apparatus used here. This is due to the dissolution and dissipation of methane between the
swarm and the sea surface, as well as the movement of the water column and the swarm
itself, meaning that by the time any methane produced by these swarms reaches the surface
it may no longer be representative of the krill swarms that produced it. Finally, as previous
evidence suggested that methane was only produced during grazing [41], it could be that
many of the krill swarms detected were not feeding, which is likely to be the case for krill
detected by day. However, we found no difference in the relationship when considering
krill swarms detected by day or night.

4.4. Comparison of Swarm Statistics

To assist in determining that swarms detected during the ACE were composed of
Antarctic krill, the statistics were compared with the published statistics from known krill
swarms [16]. t-tests suggested that there were significant differences between our data and
those of Tarling, but these were probably due to the very large and unequal sample sizes.
When the data were plotted alongside one another, there was very little difference between
the two groups (Figure S2). The Cohen D test further implied that there is not a significant
difference between the Tarling and ACE statistics for many of the parameters, as the values
were much lower than what would be expected given the results of the ¢-test.

The packing concentrations and sum abundances of the swarms from this study were
the only variables that showed a marked difference between the ACE data and those
from Tarling’s study. This is most likely due to calibration issues or differences in the
assumed krill length. The calibration was carried out using standard protocols, and when
the calibrated gain values were implemented, we found the integrated value of the sphere
to be within 1% of the expected value (theoretical NASC of 1345.81 m?-nmi~2, c.f. measured
NASC 1349 m?-nmi~2). However, the pre-calibrated NASC measurement was 3.5, leading
to a calibrated transducer gain setting of 3.24 dB (with an s correction of —1.13), which is
very low for such systems, suggesting that the sensitivity was quite low. The study also
had no solid ground truthing associated with these swarms, apart from a sample of krill
regurgitated by a seabird, so the assumed body length may not have been representative of
the krill in the swarms recorded. In order to make the values equivalent to Tarling et al. [16],
for example, an increase of 12 dB would be required. Therefore, our results on krill packing
density and abundance serve only as relative indices for the purposes of this study and
should not, therefore, be considered absolute estimates to be compared with other studies.
All of the other swarm parameters would not be affected by calibration errors and are,
therefore, comparable.

4.5. Cluster Analysis

The cluster analysis provided four primary swarm groupings based on multiple
different factors. While these groups are difficult to summarise based on a single physical
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characteristic, clustering in this manner is an effective way to make sense of a complex
multi-variate dataset. In particular, active acoustic data analysis provides information-rich
data on the physical properties of such targets. Clustering based on a large number of these
properties is an invaluable tool for highlighting patterns and commonalities between such
groups that are not apparent from standard uni-variable data exploration. This helps to
identify differences between the swarms other than just size (e.g., Tarling et al. [16], where
size and packing concentration were the main factors used for determining the clusters).

4.6. Data Collection

A final limitation associated with the method of data collection used here is that
the accepted method of krill identification described by Watkins and Brierley [22] was
unable to be used in a quantitative manner. This is because the 200 kHz and 12.5 kHz
echosounders could not be synchronised and, thus, could not be accurately compared with
one another for using the decibel difference method. Instead, we had to analyse the swarm
data qualitatively by inspection (Figure 3). So, it is possible that some of these may have
been misidentified. The effect of this, however, will have been offset by the removal of
extreme values during data analysis. The comparison of the final swarm characteristics
with those of Tarling (see Section 4.4 above and Figure S2) provided confidence that the
krill swarms that we detected were composed of Antarctic krill.

5. Conclusions

Overall, this study provides further insight into the synoptic spatial distribution
of Antarctic krill swarms in the Southern Ocean. Antarctic krill were present in high
densities in an area not commonly acknowledged, the Amundsen Sea, and this study
describes detailed statistics of swarms from a much larger range than previously studied.
This study investigated multiple different swarm characteristics and clustered swarms
based on these. The outcome of the analysis of swarm characteristics and different swarm
types aligned with what has been previously found in relation to the day and night
behaviours of krill swarms, providing a large amount of evidence that krill pack tightly
and descend to the depths during the day, while at night, they ascend and disperse into
smaller, less tightly packed swarms. This study did not determine the relationship between
krill density and methane to be positive; in fact, a marginally negative relationship was
found. However, the mechanisms by which this relationship was tested meant that a large
amount of dispersal may have occurred, causing a temporal and/or spatial mismatch in the
datasets, meaning that any relationship was not detectable by the methods used here. In
general, this study highlights the benefits of grouping swarms based on their characteristics
to better understand their distribution and densities in the Southern Ocean.

Supplementary Materials: The following supporting information can be downloaded at https:
/ /www.mdpi.com/article/10.3390/oceans6040063 /s1. Figure S1: An image of krill regurgitated
from a seabird with an object of a known size used to estimate the average body length of krill. This
was then used in determining packing concentration (Ny) and sum abundance (N) for individual
swarms. Figure 52: Boxplots showing the distribution of swarm characteristics comparing the ACE
and Tarling swarm parameter data. All variables were transformed using the logjo function. Note
that (f) and (g) are not directly comparable to Tarling. Figure S3: A dendrogram showing the relative
level of similarity between the krill swarms as determined by the descriptors used in the hierarchical
cluster analysis. The red boxes represent the groupings, i.e., Group 1, 2, 3 and 4, respectively. Figure
S4: The relationship between the depth and packing concentrations of the krill swarms identified
on the ACE. Both variables were transformed using the log;g function. Figure S5: The relationship
between methane concentration and the density of krill.
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