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Abstract
The Antarctic krill, Euphausia superba, is a major component of the Southern Ocean’s ecosystem. Limited high-resolution 
data on the relative importance of oceanographic processes on the behavioral responses of krill at traditional predator foraging 
grounds constitutes a major obstacle in the understanding of krill-environment coupling and ecosystem-based management of 
this resource. Aggregation structures of krill and predator interactions were investigated using active acoustic data collected 
by WBAT echosounders deployed on moorings in two hydrographically different sites in Bransfield Strait. Near Nelson Island, 
water flows from the northwest to southeast while Deception Island is influenced by stronger net current velocities from the 
southwest to northeast. Krill aggregations were identified and then classified in three clusters using a swarm-identification 
algorithm and hierarchical clustering using aggregation morphological characteristics: acoustic density, mean depth, center 
of mass, inertia, equivalent area, aggregation index, and proportion occupied. A total of 693 and 736 aggregations were 
detected at the mooring sites close to Nelson and Deception Islands. The three aggregation categories ranged from high to 
low densities, evenness, and dispersion and were distributed throughout the water column. Krill aggregation density distri-
bution and mean thickness are influenced by krill mean depth, current velocities and direction. The majority of observed 
predator dive profiles occurred over the aggregation type with highest krill densities at both Nelson and Deception Islands, 
and within the first 25 m of the water column. The heterogeneity of krill aggregations potentially impacts predator foraging 
strategies and predator–krill interactions in the hydrodynamically active Bransfield Strait.
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Introduction

Antarctic krill (Euphausia superba; hereafter “krill”) is a 
cornerstone species of the Southern Ocean’s food web with 
a recent global biomass estimate of nearly 400 million tons 
(Atkinson et al. 2009). Krill plays a key role in the recy-
cling of minerals including nitrogen, phosphorus, and iron, 
thereby contributing to the high productivity of the Southern 
Ocean (Ikeda and Mitchell 1982; Tovar-Sanchez et al. 2007, 
2009). As a trophic conduit, krill is an important grazer of 

phytoplankton (Ross et al. 1996; Perissinotto et al. 1997; 
Bernard et al. 2012), a predator of microzooplankton and 
copepods (Price et al. 1988; Schmidt et al. 2006), and prey 
for whales (Santora and Veit 2013; Weinstein et al. 2017), 
seals (Casaux et al. 2004), penguins (Bernard and Steinberg 
2013), and other seabirds (Hunt et al. 1990; Joiris and Dochy 
2013). Environmental factors such as frontal zones, tidal 
regimes (Bernard and Steinberg 2013; Bernard et al. 2017), 
shelf break and bank bathymetry (Murphy et al. 1997), sea 
ice cover (Reiss et al. 2017), water circulation (Ichii et al. 
1998; Piñones et al. 2013), and oxygen concentrations (Cat-
alán et al. 2008) influence krill densities and aggregation 
structures. Despite Antarctic krill being distributed over a 
wide circumpolar belt south of the Polar Front (Ichii et al. 
1998; Atkinson et al. 2008), high density aggregations can 
be regionally distributed (Marr 1962; Laws 1985).

One region with high yet heterogenous krill density, 
Bransfield Strait (Fig. 1a), is an area of krill recruitment 
(Siegel and Loeb 1995) and a major krill fishing ground 
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with recent catch allocations of approximately 155 000 t 
annually (Weinstein et al. 2017; Santa Cruz et al. 2018). 
The Antarctic krill fishery is managed by the Commission 
for the Conservation of Antarctic Marine Living Resources 
(CCAMLR) in a precautionary manner that recognizes the 
critical role of krill in the Antarctic, the uncertainties associ-
ated with krill population dynamics, the potential competi-
tion between predators and the fishery, and climate change 
(CCAMLR 2018). Krill are consumed by a wide predator 
base (Hunt et al. 1990) and the Antarctic krill fishery over-
laps in space and time with areas utilized by these predators 
(Hinke et al. 2017). As an example, the fishery occurs close 
to Deception and Nelson Islands (Weinstein et al. 2017) and 
breeding pairs of Chinstrap (Pygoscelis antarcticus) and 
Gentoo (Pygoscelis papua) penguins that forage on krill 
have been documented on Nelson Island (Trivelpiece et al. 
1987; Pfeifer et al. 2019). Humpback whales (Megaptera 
novaeangliae) also prey on krill aggregations in Bransfield 
Strait, with the whales’ distribution linked to bathymetric 
and hydrographic processes that aggregate krill (Santora 
et al. 2010).

For ecosystem-based fishery management in the Antarc-
tic, it is important to have current and accurate informa-
tion on krill aggregation and biomass patterns that support 
efforts to balance human and animal predator requirements 
in areas and times that may require conservation (Kock 
2000). Surveys of krill distribution and abundance/bio-
mass are traditionally conducted using acoustic systems 
on research or commercial vessels over temporal scales of 
weeks to months (Reiss et al. 2021). Scientific and man-
agement requirements to extend survey durations and to 
reduce data collection costs have increased pressures to 
shift from vessel-based to alternate platforms (e.g., moor-
ings and gliders) (Reiss et al. 2021; Cutter Jr. et al. 2022). 
Alternate platforms such as moorings collect oceano-
graphic and acoustic data at high resolutions without con-
tinuous mobilization of people and vessels over extended 
periods. Moorings, relative to large research vessels, can 
be deployed for long periods, and although the spatial cov-
erage of an individual mooring is small, distributed arrays 
of moorings can provide wide spatial coverage.

Fig. 1   a Regional location of the study sites (red rectangle) with 
respect to the Antarctic Peninsula and South American continent (in 
gray). Deployment location of moorings in Bransfield Strait and cali-
bration of echosounders in Admiralty Bay (black dot). b Deployment 
of Mooring 1 ADCP (A1, red square) and Mooring 2 echosounder 
(E2, black diamond) off Nelson Island and c Mooring 5 ADCP (A5, 

black square), and Mooring 4 echosounder (E4, black diamond) off 
Deception Island. The mooring locations are plotted on GEBCO’s 
(General Bathymetric Chart of the Oceans) gridded bathymetric data-
set (relative depth below the sea surface in m) (GEBCO Compilation 
Group 2020) in Ocean Data View software (Schlitzer 2020)
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The primary objective of this study is to characterize dis-
tribution of krill aggregations and associated predator dive 
profiles using stationary echosounder data from moorings 
deployed close to Nelson and Deception Islands in Brans-
field Strait, Antarctica. Specific objectives include investi-
gating (1) flow patterns at Nelson and Deception Islands, 
(2) categories of krill aggregation types, (3) biological and 
environmental influences on krill aggregation attributes, and 
(4) predator-krill interactions.

Methods

Study sites and mooring deployments

Nine moorings were deployed in Bransfield Strait from Janu-
ary 19 through February 13, 2019 (Krafft et al. 2019). Moor-
ings 2 (Nelson Island) and 4 (southeast of Deception Island) 
were equipped with Simrad Wide Band Autonomous Trans-
ceiver (WBAT) echosounders and ES70 transducers (Kongs-
berg 2021) (Fig. 1a, Table 1). Mooring 1 was equipped with 
a Nortek Signature100 (Nortekgroup 2021a) that includes 
an Acoustic Doppler Current Profiler (ADCP) with an echo-
sounder. Mooring 5 included a Signature250 current profiler 
(Nortekgroup 2021b). Acoustic data from upward-looking 
Simrad WBAT echosounders affixed to Moorings 2 and 4 
(E2 and E4, hereafter), and water flow data from Nortek 
Signature100 and Signature250 fixed on Moorings 1 and 
5 (A1 and A5, hereafter) were used in this study (Table 1). 
Moorings 1 and 2 (A1–E2) were deployed at water depths of 
324 m and 356 m near Nelson Island (Fig. 1b), while moor-
ings 4 and 5 (E4–A5) were deployed near Deception Island 
at water depths of 338 m and 150 m (Fig. 1c). All mooring 
pairs were spaced approximately 1 km apart.

Data acquisition and analyses

Water velocity

The ADCP of the Signature100 on Mooring 1 transmitted 
and recorded 37 pings at 6 s intervals, every 10 min. Current 
profiling used 38 depth cells of 10 m each with a blanking 
distance from the transducer of 2 m to exclude transducer 
received saturation. Mooring 5 had upward- and downward-
looking Signature250 units but only the upward-looking 
ADCP data stream was used in this study. The upward-
looking ADCP was configured to transmit 75 pings at 3 s 
intervals, repeating the sequence every 10 min. Current pro-
filing was set for 54 depth cells of 4 m each with a blanking 
distance of 0.5 m.

For data processing and analyses, Signature100 ADCP 
data were binned in 1-h horizontal and 10-m vertical cells. 
Signature250 ADCP data were binned in 10-min hori-
zontal by 4-m vertical cells. Both the Signature100 and 
Signature250 ADCP data were filtered to exclude cur-
rents ≥ 1.5 m s−1. Water velocities were temporally matched 
to the echosounder data to investigate the effect of water flow 
on krill aggregation characteristics. Although sampling reso-
lutions of the ADCPs and echosounders were not identical, 
water velocity did not vary within temporal bins, allowing 
for temporal matching of ADCP and echosounder data.

Echosounder calibration

The WBAT echosounders were calibrated on February 16 
while anchored in Admiralty Bay, off King George Island 
(Fig. 1a) using a standard 38.1 mm tungsten carbide cali-
bration sphere (with 6% cobalt binder) following Demer 
et al. (2015). During calibration, transducers were deployed 
at approximately 2-m depth with the sphere suspended 
approximately 7.5 m below. The Simrad EK80 software 
was used to obtain echosounder calibration parameters 
(Table 2) that were used in data processing. The average 
speed of sound in water between 50, 150, and 300 m depths 

Table 1   Overview of the mooring configurations at Nelson and Deception islands

Mooring ID 1 2 4 5

Equipment Signature100 WBAT WBAT Signature250
Deployment area Nelson Island Nelson Island Deception Island Deception Island
Deployment latitude S62° 21.634′ S62°21.4379′ S62°59.8140′ S63° 00.0761′
Deployment longitude W059° 11.4371′ W059°11.1419′ W060°24.4440′ W60° 24.7376′
Echosounder depth (m) 324 356 338 150
Bottom depth (m) 545 588 571 590
Nominal operating frequency (kHz) 70, 120, 70–120 chirp 70 70 250
Nominal transducer beamwidth (°) 10 18 18 NA
Dataset used in this study ADCP (labeled A1) Echosounder (labeled E2) Echosounder (labeled E4) ADCP (labeled A5)
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was calculated using the Chen-Millero equation (Chen 
and Millero 1977) from salinity and temperature data col-
lected from CTD profiles conducted at the mooring sites. 
Values were 1452 ± 2.34 m  s−1 (mean ± standard devia-
tion, hereafter ‘mean ± SD’) at A1-E2 (Nelson Island) and 
1451 ± 1.21 m s−1 (mean ± SD) at A5-E4 (Deception Island).

Acoustic data collection and processing

The WBATs were programmed to transmit a 70 kHz con-
tinuous wave of 1.024 ms pulse at a pulse repetition rate of 
0.9 s for a period of approximately 74 min every 141 min 
(i.e., “on” for 74 min and then “off” for 67 min). Data were 
processed using Echoview software (v. 12.0.337) within 
16 m of the surface to a depth of 200 m, an arbitrary range 
designed to exclude surface turbulence and to include krill 
targets (Siegel 2005). A vertical resolution of 1.9 m and a 
horizontal resolution of 250 pings (i.e., 5-min bins) were 
used to estimate krill densities. Ambient noise was removed 
by applying the background noise removal tool in Echoview 
(De Robertis and Higginbottom 2007) with the maximum 
noise set to − 125 dB re m2 m−3 (hereafter dB) and the mini-
mum signal-to-noise ratio set at 10 dB.

Krill aggregation characterization

To detect krill aggregations observed in echograms and to 
develop a classification typology, we used the SHAPES (i.e., 
shoal analysis and patch estimation system) algorithm (Coet-
zee 2000) implemented within the Echoview school detec-
tion module. Aggregation parameter values (Table 3) were 
set to detect krill aggregations within the E2 and E4 data. 
To enable comparison with previous studies (e.g., Tarling 
et al. 2009; SG-ASAM 2017), the minimum total school 
height, minimum candidate height, and maximum vertical 
linking distance were set at 2 m, 1 m, and 5 m, respectively. 
Aggregations from E2 and E4 were detected at thresholds 
of − 70 dB (following recommendations from SG-ASAM 
(2005, 2017) and Amakasu et al. (2011), and then exported 
for further analyses.

Hierarchical cluster analyses and ordination were con-
ducted using R packages ade4 (Dray and Dufour 2007), 
vegan (Oksanen et al. 2019), factoextra (Kassambara and 
Mundt 2020), and dendextend (Galili 2015) to character-
ize and classify krill aggregations. Using E2 and E4 data, 
aggregations assumed to be krill, were clustered using 
numerical and morphological characteristics: areal density 

Table 2   Transducer frequencies 
and transceiver settings of 
echosounders E2 and E4

Echosounders E2 E4

Frequency (kHz) 70 70
Transducer type Simrad ES70-18CD Simrad ES70-18CD
Transceiver type Kongsberg Maritime WBAT Kongsberg Maritime WBAT
Transmit power (W) 225 225
Pulse duration (ms) 1.024 1.024
Mean Sound speed (m s−1) 1452.2 1451.5
Transducer gain (dB) 19.8 19.8
3 dB Beamwidth alongship (°) 19.6 19.4
3 dB Beamwidth athwartship (°) 20.3 20.0
Equivalent beam angle (dB) − 13.0 − 13.0
Sa correction (dB) 0.0 0.0

Table 3   Aggregation detection parameters used for E2 and E4 data series

Echoview Attribute Characteristic Parameter value

Distance mode Determine distance for all aggregation detection settings Ping number
Minimum total school height (m) After linking is completed, aggregations shorter than the set value will not be 

included in detections
2

Minimum candidate length (pings) Minimum length allowed for a single aggregation candidate 50
Minimum candidate height (m) Minimum height allowed for a single aggregation candidate 1
Maximum vertical linking distance (m) Maximum vertical distance allowed between two aggregation candidates being 

linked to form an aggregation
5

Maximum horizontal linking distance (pings) Maximum horizontal distance allowed between two aggregation candidates 
being linked to form an aggregation

50

Minimum total school length (pings) After linking is completed, aggregations shorter than this length will not be 
included in detections

50
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(NASC: Nautical Area Scattering Coefficient; units: dB re 
1 m2 nmi−2), mean depth (units: m), center of mass (units: 
m), inertia (units: m2), equivalent area (units: m2), aggrega-
tion index (units: m−1), and proportion occupied (cf. Urmy 
et al. 2012 for metric details). To enable comparison with 
the results from Tarling et al. (2009), all variables were log 
transformed (log (X + 1)) and a resemblance matrix of E2 
and E4 data were calculated using the Bray–Curtis similarity 
coefficient. Ward’s clustering method (Ward 1963), which 
is least susceptible to chaining (Padilla et al. 2007) among 
aggregations (i.e., clusters growing progressively with the 
addition of individual aggregations), was used. In contrast to 
Tarling et al. (2009) who grouped aggregations into classes 
using the first and second levels of dendrogram division fol-
lowing a hierarchical clustering, the “fviz-nbclust” function 
(within NbClust package v. 3.0; Charrad et al. 2014) was 
used to determine the optimum number of clusters. This 
function determined the best number of clusters to be 3 
by comparing the output of several indices (Charrad et al. 
2014). Aggregations that belong to the same class type are 
clustered in a 2-dimensional factorial map. The axes of the 
factorial map correspond to the eigenvalues. A principal 
component analysis (PCA) was used to investigate the rela-
tive contribution of morphological and Echometric variables 
to the loadings of the component axes.

Predator dive characterization

Echograms from E2 and E4 were visually inspected to 
identify and record the number of predator dives through-
out the data. Descriptors used to characterize predator dives 
included: maximum dive depth, presence/absence of krill 
aggregation(s) directly below the predator dive profile and 
krill aggregation type. A predator dive was identified by a 
descent, time at depth, and an ascent forming part or all of 
a ‘U,’ ‘V,’ or W’-shaped echo that started and returned to 
the surface (e.g., Schreer et al. 2001; Viviant et al. 2014). A 
‘U’-shaped dive consisted of a descent to depth, a bottom 
phase spent at maximum depth, and an ascent to the surface. 
A ‘V’-shaped dive echo consisted of only a descent and an 
ascent (e.g., Schreer et al. 2001). ‘W’-shaped dives consisted 
of a descent, a succession of ascending and descending steps 
at depth (i.e., wiggles), and an ascent (e.g., Viviant et al. 
2014). Not all dive profiles were complete in the acoustic 
record as some predators moved through the acoustic beam. 
Full and partial dive profiles were counted and investigated 
relative to the presences of krill aggregation types.

Data visualization and statistical analyses

Prior to running statistical tests, assumptions of normal-
ity using the Shapiro Wilk’s test (Shapiro and Wilk 1965) 
and homogeneity/homoscedasticity of variances using the 

Bartlett test (Bartlett 1937) were conducted and verified 
on the un-transformed mean Sv (i.e., ensemble returned 
energy), NASC, inertia, equivalent area, mean depth, and 
center of mass of aggregations. Kruskal Wallis (KW; Hol-
lander and Wolfe 1973) tests were computed (R v. 4.1.2) to 
investigate differences among aggregation types. The latter 
test was also used to investigate differences in predator 
dive frequency among aggregation types. A significance 
level of 0.05 was chosen to test the null hypotheses that 
no significant differences exist among aggregation types 
and that no significant differences exist in the number of 
predator dives among aggregation types.

Wavelet analysis (Torrence and Compo 1998) was used 
to identify dominant temporal scales in krill aggregation 
mean acoustic backscatter (i.e., Sv) data from E2 and E4 
datasets. Wavelet power was calculated using the R pack-
age WaveletComp (Rösch and Schmidbauer 2018) with a 
continuous Morlet mother wavelet function (Torrence and 
Compo 1998). Peaks in the wavelet spectra indicate peri-
ods that contribute the most to the variance of the series 
(Cazelles et al. 2008). Statistical significance in each local-
ized wavelet power was evaluated through comparison to 
a white noise background spectrum (i.e., a flat Fourier 
spectrum) defined using 100 simulations to establish a 
95% confidence level for the significance of a peak in the 
wavelet power spectrum (Torrence and Compo 1998).

To investigate the relative importance of candidate 
covariates influencing krill aggregation mean thickness 
(i.e., distance of the aggregation in the z dimension) and 
density distribution ( NASC ×

Inertia

Equivalent area
 ), general additive 

models (GAMs) using restricted maximum likelihood and 
double penalty approach (Marra and Wood 2011) were 
constructed using the R package mgcv (v. 1.8.38; Wood 
2011). Prior to running the GAMs, a scatterplot matrix 
using the R package GGally (v. 2.1.2; Schloerke et al. 
2021) was plotted to investigate the distribution of each 
variable and pairwise relationships among them using 
Pearson’s correlation coefficient. GAMs were used since 
they do not assume normality and linearity, and are flexi-
ble to the statistical distribution of the data (Murase et al. 
2009). Similar modeling approaches have been used to 
investigate relationships between krill acoustic and envi-
ronmental data (e.g., Trathan et al. 2003; Cox et al. 2009; 
Murase et al. 2009; Dorman et al. 2015).

A GAM was fitted for each krill aggregation thickness 
and density distribution at Nelson and Deception Islands 
using a Gaussian error distribution and an identity-link 
function. Response variables were log transformed to 
attain an even spread following inspection of the data 
distributions (Online Resource 1). Candidate covariates 
included net current velocities, directions, tides (neap and 
spring), and mean depth of aggregations. In the GAM, 
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numerical covariates were modeled as the additive sum 
of low-rank thin plate regression splines (s) with different 
basis dimensions (i.e., different k values for each covari-
ate) to achieve the best model fit. The model fit was itera-
tively checked by varying the k value and calculating the 
k-index. An index value close to 1 or greater indicates 
an adequate basis dimension for the smoothing functions. 
Correlation among variable pairs was investigated using 
concurvity tests, the nonparametric analog of multicollin-
earity. Concurvity values range between 0 (no correlation) 
and 1 (total lack of identifiability) (Wood 2011). None 
of the covariates and smooth terms showed high degrees 
of concurvity (≤ 0.3), and they were retained in the final 
models.

General equations for the GAMs of paired A1-E2 and 
A5-E4 data are

Assumptions of variance homogeneity and normal-
ity were visually assessed using residual plots. Deviance 
explained (analogous to variance explained in a linear 
regression) and adjusted r2 were used as indicators of 
model performance.

Log(Mean thickness)or Log
(

NASC × Inertia
Equivalent area

)

= s(Net current direction, Net current velocity, k = 5)
+ Tides + s(Mean depth of aggregations, k = 3).

Results

Flow patterns at Nelson and Deception islands

Water flow velocity at A1-E2 near Nelson Island peaked 
(0.45 ± 0.16 m s−1 mean ± SD, n = 167) from January 19 
to 25 (mean depths of 147 m) and January 30 to Febru-
ary 9 (mean depths of 127 m) and was low and constant 
at mean depths of 136 m (0.12 ± 0.04 m s−1, n = 25) dur-
ing the rest of the deployment, with water flowing from 
the northwest to southeast (Fig. 2). The mean ± SD water 
flow velocity at E4-A5 near Deception Island was stronger 
(0.72 ± 0.10  m  s−1, n = 23) from 19 to 23 January and 
decreased (0.40 ± 0.09 m s−1, n = 132) through the remainder 
of the deployment, with water flowing from the southwest to 
northeast. The net current velocity was more variable with 
greater amplitudes at Nelson Island compared to Deception 
Island and was overall stronger at Deception Island.

Aggregation characterization

Mean acoustic backscatter of krill aggregations from Nel-
son Island has a unimodal distribution ranging from − 68 
to − 50 dB, with a peak at − 66 dB and an overall mean of 
− 63 dB (n = 192) (Fig. 3). Krill aggregation backscatter 
data from Deception Island were also unimodal with a main 
peak at approximately − 64 dB (mean Sv − 62 dB, n = 155). 

Fig. 2   Top: Net current velocities (m  s−1) recorded for the water 
column above the Nortek Signature100 (A1 at Nelson Island) in red 
and the Nortek Signature250 (A5 at Deception Island) in black. Bot-

tom: Rose diagrams of the direction (in degrees) of water flow at A1 
(shown by the black arrow) and A5, with numbers indicating the 
magnitude of East and North flows (m s−1)
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Sv backscatter values were spread over a similar range at 
Mooring 4 from − 67 to − 50 dB (Fig. 3).

Krill aggregations from both moorings were grouped in 
three categories labeled ‘a’ through ‘c’. Ward’s clustering 
method of the E2 and E4 datasets (Fig. 4a) did not show 
chaining within or among clusters. Among the 693 aggre-
gations detected for E2, cluster ‘c’ was the least common 
with 88 aggregations. Clusters ‘a’ and ‘b’ included 281 
and 324 aggregations. The three aggregation clusters of E2 
differed (Table 4) based on morphological and Echometric 
aggregation descriptors (KW, HNASC = 492, Hmean depth = 22, 
Hcenter of mass = 20, Hinertia = 499, Hproportion occupied = 38, 
Hequivatlent area = 489, Haggregation index = 489, p < 0.05). 
Aggregation type ‘a’ was characterized by highest NASC 
values, the largest mean inertia, and equivalent area values 
compared to the other types. Type ‘b’ contained the lowest 
mean NASC, inertia, and equivalent area values (Table 4).

The 736 aggregations detected within the acous-
tic data from Mooring 4 (i.e., E4) were also assigned 
to three clusters (‘a’ = 223 aggregations, ‘b’ = 298, 
and ‘c’ = 215). Aggregation clusters from E4 data 
were significantly different from each other (Table 4; 
KW, HNASC = 571, Hmean depth = 43, Hcenter of mass = 42, 
Hinertia = 520, Hproportion occupied = 82, Hequivatlent area = 547, 
Haggregation index = 547, p < 0.05) and grouped similarly to 
those from E2. Type ‘a’ aggregation contained the high-
est NASC values and were characterized by the highest 
inertia and equivalent area values compared to the other 
aggregation types (Table 4). Type ‘b’ also showed the 
lowest mean NASC, inertia, and equivalent area values 
than the other aggregation categories. Type ‘c’ from 
both E2 and E4 datasets showed intermediate NASC, 
inertia and equivalent area values. Visual inspection of 
the echograms showed that all three aggregation types 
from E2 and E4 were distributed throughout the water 
column (Fig. 5).

Aggregation type consistency between moorings

PCA analyses identified two principal components (PC) 
that explained 48% and 29% of the variance in the aggre-
gation properties for E2 and E4 data. The first PC was pos-
itively associated with NASC, inertia, and equivalent area 
(Table 5). The first PC was also negatively associated with 
proportion occupied and the aggregation index, whereas 
mean depth and center of mass were dominant variables 
along the second PC (Fig. 4b). Proportion occupied was 
the least-dominant variable along both PC axes compared 
to the other variables (Table 5). The PCA biplots of E2 
and E4 krill aggregations illustrate that aggregation type 
‘a’ was characterized by high NASC, equivalent area, 
and inertia, while aggregation type ‘b’ was associated 
with lower values of these descriptors. The factorial map 
showed that clusters ‘a’ through ‘c’ clustered mainly along 
the first PC axis, representing the areal density, inertia 
(dispersion), and equivalent area (evenness) of the aggre-
gations. Depth was a contributing factor to aggregation 
variability along the second PC axis. Aggregation types 
‘a’ through ‘c’ varied in terms of their absolute values of 
mean areal density, inertia, and equivalent area (Fig. 4b) 
but were similar with strong overlap among aggrega-
tions on the PCA biplot of Nelson and Deception Islands 
(Fig. 4c). Overall, the general trends in the aggregation 
types ‘a’ through ‘c’ were similar across the study sites at 
Nelson and Deception Islands (Online Resource 2, Fig. 5).

Periodicity of krill acoustic backscatter (i.e., mean Sv) 
values was variable across temporal scales and among 
moorings (Fig. 6a, b). In the E2 time series, statistically 
significant daily periodicity occurs from 13 bins (i.e., 
1.1 h), with a peak at 52 bins (i.e., 4.3 h) (Fig. 6a). Sig-
nificant daily periodicity was also observed within E4 
data from 11 bins, (i.e., 0.9 h), with a peak at 23 bins 

Fig. 3   Frequency distributions 
of mean Sv (dB) of aggrega-
tions detected from E2 (Nelson 
Island) in red and E4 (Decep-
tion Island) in black, with the 
means of each distribution 
shown with the green-dashed 
lines
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(i.e., 1.9 h) (Fig. 6b). These results emphasize the non-
stationary behavior of krill aggregations at Nelson and 
Deception Islands, and the absence of a single persistent 
mode of variability throughout the time series.

Predator dives

Predator dives were ‘U,’ ‘V,’ or ‘W’ shaped within the acous-
tic record (Fig. 7). A total of 1145 ‘U,’ ‘V,’ or ‘W’-shaped 

predator dives were recorded from January 19 through Feb-
ruary 13 from E2 near Nelson Island. Approximately 78% of 
these dives occurred directly above/ through krill aggrega-
tions or over diffuse backscatter. The remaining 21% of pred-
ator dive profiles occurred over ‘empty’ water. There was a 
significant difference in the number of predator dives among 
aggregation types ‘a,’ ‘b,’ and ‘c’ (KW, H = 62, p < 0.05). A 
larger proportion of types ‘a,’ ‘b,’ and ‘c’ krill aggregations 
did not have a predator dive in the vicinity (46%, 73%, and 

Fig. 4   a A dendrogram using Ward’s clustering method showing the 
relative level of dissimilarity between the 693 aggregations detected 
from E2 (Nelson Island) and 736 aggregations detected from E4 
(Deception Island). b Principal component (PC) analysis biplots of 
E2 and E4, with the 2 major axes (PC1 and PC2). Krill aggregations 

were grouped into three clusters labeled ‘a,’ ‘b,’ and ‘c’. The direc-
tion and length of the arrows mark the direction and rate of steep-
est increase of the given variable. c Krill aggregations were clustered 
according to the site of the mooring location (Nelson Island and 
Deception Island)



159Polar Biology (2023) 46:151–168	

1 3

66%) compared to aggregations that recorded single or mul-
tiple (between 2 to 10) predator dive profiles (Table 6). Of 
dives occurring over detected aggregations, approximately 
67% occurred over high areal density type ‘a’ aggregations 
(Table 6). Aggregation types ‘b’ and ‘c’ were intermediate to 
low areal density aggregations, with low inertia and equiva-
lent area, and occurred in conjunction with 10% to 23% of 
predator dive profiles.

At E4 near Deception Island, a total of 1650 ‘U,’ ‘V,’ or 
‘W’-shaped predator dives were recorded with approximately 
30% of these dives occurring directly above or through 
detected krill aggregations, 4% over diffuse backscatter, and 
the remaining 66% occurring over “empty water column.” 
There was a significant difference in the number of predator 
dives among aggregation types ‘a,’ ‘b,’ and ‘c’ (KW, H = 76, 
p < 0.05). A larger proportion of krill aggregation types ‘a,’ 
‘b,’ and ‘c’ did not have a predator dive profile in the vicin-
ity (45%, 77%, and 68%) compared to aggregations record-
ing only 1 or multiple dives (Table 6). Similar to the E2 data 
series, of those dives occurring over detected aggregations, 
type ‘a’ was the dominant aggregation type (59%). Aggrega-
tion types ‘b’ and ‘c’ recorded approximately equal numbers 
of dive profiles (20% and 21%). At both Nelson and Deception 
Islands, greater percentages of predator dive profiles occurred 

within the first 25 m of the water column (52% and 46%), with 
smaller percentages occurring within 25–50 m (29%). Only 
15% and 19% predator dive profiles occurred between 50 and 
75 m at Nelson and Deception Islands, and 4% to 6% occurred 
deeper than 75 m.

Factors influencing krill aggregations

Krill aggregation thickness and density distribution showed 
significant relationships with the mean depth at Deception 
Island, and net current velocity and direction at Nelson Island 
(Table 7, Fig. 8). Modeling results showed that tides did not 
influence krill aggregations at both sites (p > 0.05; Table 7). 
Aggregation thickness and density distribution were not influ-
enced by mean aggregation depth at Nelson Island (p > 0.05) 
and negatively influenced at Deception Island (p < 0.05), with 
decreasing aggregation thickness and density distribution at 
deeper depths. Increasing current velocities and change in 
direction (from − 100° to 100°) led to increasing aggregation 
thickness and density distribution at Nelson Island (p < 0.05). 
At Deception Island, current velocities had no significant 
relationships with krill aggregation thickness (p > 0.05), but 
led to increasing density distributions (p < 0.05). Krill aggre-
gation density distribution decreased by a current direction 
change of 50° to the west–south–west, while it increased by 
a current direction change of 50° to the south–south–west. 
Nonlinear and variable relationships between krill and current 
velocities, directions, and depth at both study sites suggest 
that complex interactions among physical variables work in 
concert to influence the thickness and density distributions of 
krill aggregations.

Discussion

Environmental influences on aggregations at Nelson 
and Deception islands

Flow patterns likely influenced the size, shape, and density 
distribution of krill aggregations. Deception and Nelson 

Table 4   Significant descriptors of the three aggregation clusters (mean ± standard deviation) identified by multivariate hierarchical classification 
and PCA analysis

Acoustic 
dataset

Aggregation 
types

N NASC (m2 nmi−2) Inertia (m2) Equivalent area (m2) Mean depth (m) Center of mass (m)

E2 a 281 783 ± 1016 95 ± 122 3315 ± 5070 119 ± 36 118 ± 36
b 324 56 ± 30 5 ± 5 204 ± 161 117 ± 36 117 ± 36
c 88 201 ± 94 11 ± 7 628 ± 391 96 ± 37 96 ± 38

E4 a 223 1587 ± 1555 56 ± 92 2508 ± 2995 80 ± 35 81 ± 35
b 298 55 ± 34 3 ± 3 156 ± 107 93 ± 44 94 ± 45
c 215 225 ± 146 12 ± 11 510 ± 288 68 ± 38 69 ± 38

Table 5   The relative importance of the two principal components 
(PC1 and PC2) of the principal component analysis, and the correla-
tions of the seven aggregation descriptors to the different components 
for E2 and E4 data series

The percentage variation explained by each PC is given in parenthe-
ses

Aggregation descriptors PC1 (48%) PC2 (29%)

NASC 0.86 0.14
Mean depth − 0.01 − 0.99
Center of mass − 0.01 − 0.99
Inertia 0.91 − 0.14
Proportion occupied − 0.24 0.18
Equivalent area 0.96 0.03
Aggregation Index − 0.89 0
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Islands are within the South Shetlands archipelago and are 
characterized by complex circulation patterns and steep 
bathymetric gradients (Niller et al. 1991; Zhou et al. 2002, 
2006). Water flow from the southwest to northeast at Decep-
tion Island corresponds to Bransfield current (Niller et al. 
1991). Nelson Island is located in a more tidal area with 
water flowing from the northwest to southeast. At moor-
ing pairs A1–E2 (Nelson Island) and E4–A5 (Deception 
Island), current velocities up to 1 m s−1 led to dense and 
horizontally elongated krill aggregations. Current velocities 
up to 1.5 m s−1 also led to dense krill aggregations at Decep-
tion Island. Spring and neap tides had no influence on krill 
aggregation thickness and density distribution in this study, 
possibly owing to the coarse resolution of the tidal data used 
in the GAMs. Biophysical coupling of krill in the Southern 
Ocean has been previously reported, with currents concen-
trating krill at Nelson and Deception Islands consistent with 
those observed at Palmer Station in the Antarctic Penin-
sula where surface currents interacting with bathymetry can 
transport and accumulate krill toward nearshore waters or 
disperse aggregations (Bernard et al. 2017).

In addition to physical factors shaping biological vari-
ability, krill mobility will affect the shape and size of aggre-
gations. Krill can maintain their position against current 

velocities up to 0.15 m s−1 (Macaulay et al. 1984). Various 
studies report that krill can maintain horizontal sustained 
swimming speeds of 0.2 m s−1 for aggregations with indi-
viduals of 45.4 mm in length (Hamner 1984; Brierley and 
Cox 2010), and they are able to swim into currents for sev-
eral hours at speeds of 0.17 m s−1 (Johnson et al. 1984). Over 
periods of days to weeks, krill were found to maintain swim-
ming velocities of 0.2–0.4 m s−1 (Macaulay et al. 1984). An 
accumulating body of evidence suggests that krill interact 
strongly and adapt to prevailing shelf-break current regimes 
and seasonal current patterns (Mackas et al. 1997). Since 
current speeds at A1–E2 and E4–A5 generally exceeded 
0.2 m s−1, krill are expected to only be able to maintain posi-
tion during slack tide periods. This assumption is consistent 
with results observed in wavelet plots, as no krill patch was 
stationary at the mooring sites through the temporal series.

Variability among krill aggregation types

Aggregative behavior is common in krill (Hamner 1984) and 
has been described using numerous classification schemes 
including layers, super-patches, and diffuse “clouds” 
(Kalinowski and Witek 1985); discrete and irregular aggre-
gations (Watkins and Brierley 2002); and small, standard, 

Fig. 5   E2 and E4 example echograms from the surface (0 m) to 300 m showing aggregation types ‘a,’ ‘b,’ and ‘c’ outlined in black using the 
Echoview school detection module. Color represents Sv (dB)
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and large swarms (Tarling et al. 2009). Similarly, a variety 
of detection methods have been used to identify and classify 
krill aggregations including visual classification within ech-
ograms (Kalinowski and Witek 1985), or school detection 
algorithms and hierarchical clustering and ordination (Tar-
ling et al. 2009). Despite differences in data acquisition and 
aggregation detection methods, the preponderance of krill 
aggregation classification studies all include large aggre-
gations extending over several kilometers, scattered forms 
comprised of smaller aggregations, and various other classes 
of intermediate shapes and patterns (Ricketts et al. 1992).

There is no consensus on a universal approach to char-
acterize krill aggregations. Studies characterizing krill 
aggregations have used a variety of instruments that 
evolved over manufacturer product generations, using 
different descriptive metrics, and a range of spatial and/
or temporal lag periods, which may all affect comparisons 
of aggregation types among results. Moving and station-
ary platforms may differ in horizontal chord lengths of 

aggregations, depending on platform speeds and current 
velocities. While aggregation types identified from alter-
nate platforms will be consistent internally, caution must 
be taken when comparing types detected from stationary 
and moving platforms. The combination of the SHAPES 
and Echometrics metric suites used to characterize krill 
aggregations are comprehensive but may be sensitive to 
variations in their values to provide a universal description 
of aggregation types in Bransfield Strait. The Echoview 
school detection module used to identify krill aggrega-
tions is designed to isolate discrete aggregations with 
well-defined boundaries (Burgos and Horne 2008), which 
is not always the case for krill as they also form diffuse 
clouds not detected by the algorithm. Potential differences 
in data acquisition and processing methods used among 
studies potentially obfuscates if resulting differences are 
due to krill behavioral differences, location-specific envi-
ronmental conditions, or to differences in measurement 
and analytic methodologies.

Fig. 6   Left: Wavelet power spectra of mean Sv of krill backscatter 
from a E2 (Nelson Island), and b E4 (Deception Island). The color 
scales represent the quantiles of the distributions of wavelet power 
levels (σ2), with low power values represented in blue, and high 
power values in red; black contour lines indicate areas of significance 

(95% confidence against white noise). Right: Average wavelet power 
spectra (global wavelet spectra) throughout the time series. Signifi-
cant periods (95% confidence against white noise) are shown in red. 
The left axes are the Fourier periods (in bins), with 12 bins per hour
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As one example, Kalinowski and Witek (1985) recorded 
four types of krill aggregations in the West Atlantic sector 
of the Southern Ocean. They described irregular aggre-
gation shapes of several tens of meters high and several 
hundred thousand meters long. Off the South Shetland 
Islands, krill were observed to form “super aggrega-
tions” of approximately 200 m in at least one dimension 
and hollow domes, flat sheets, or long-thin ribbons, with 
the aggregations constantly changing shape and position 
(Hamner 1984). More recent work identified three aggre-
gation types in the vicinity of the South Shetland Islands 
(Cox et al. 2010) and in the Western Antarctic Peninsula 
(Bernard et al. 2017). In the latter, Type I aggregations 
were larger, shallower, and had higher biomass than Type 
II aggregations, which were deeper and had the lowest 

biomass. Type III aggregations were the smallest type 
(Bernard et al. 2017). Aggregation types ‘a,’ ‘b,’ and ‘c’ 
described in this study are similar in densities, but not in 
their depths, as those identified in Bernard et al. (2017) 
from an inflatable boat platform. Across studies, general 
patterns in krill aggregations can be inferred such as long 
layers and diffuse “clouds,” with a variety of intermediate 
shapes and forms. Krill are long known to form differ-
ent types of aggregations depending on their habitat and 
environmental/biological conditions (Haury et al. 1978). 
Primary scales of temporal variability in krill distribution 
also differed between Nelson (significant daily periodicity 
from 1.1 h and peak at 4.3 h) and Deception Island (signif-
icant daily periodicity from 0.9 h and peak at 1.9 h). Since 
both the environmental and biological conditions differ 

Fig. 7   Mooring 4 example echograms showing ‘U,’ ‘V,’ and ‘W’-shaped predator dives from the surface (0 m). Krill aggregation type ‘b’ is also 
visible below the ‘V’-shaped dive. Color bar represents Sv (dB)

Table 6   Total number of krill aggregations recording 0, 1 or multiple predator dives at E2 and E4

The number of dives for aggregations with multiple predator dives per aggregation type at each site is given in between brackets

Echosounder ID Krill aggregation types Total number of predator 
dives

Aggregations with 0 
predator dives

Aggregations with 
1 predator dive

Aggregations with 
multiple predator 
dives

2 (Nelson Is) a 289 130 80 71 (2–10 dives)
b 102 237 72 15 (2 dives)
c 43 58 22 8 (2–4 dives)
Diffuse backscatter 448

4 (Deception Is) a 266 100 57 66 (2–8 dives)
b 90 229 53 16 (2–5 dives)
c 95 147 51 17 (2–6 dives)
Diffuse backscatter 62
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across the Antarctic Peninsula, it seems plausible that no 
pair of sites would have identical aggregation patterns.

A variety of factors are known to influence the size and 
shapes of krill aggregations over space and time. The shape 
of an aggregation is impacted by organisms balancing access 
to oxygenated water against predation risk (Hamner 1984; 
Brierley and Cox 2010). Krill aggregation size may ulti-
mately be constrained by oxygen availability (Johnson et al. 
1984), which might explain why very large aggregations 
(‘super-patches’) were the least common aggregation types 
identified in this study. The beam diameters of the echo-
sounders and the sampling strategy of switching the WBAT 
for approximately one hour may also prevent the detection 
of super-patches of krill. Aggregations are believed to be 
dynamic features that form and disperse (Hamner 1984; 
Macaulay et al. 1984; Brierley and Cox 2010). Therefore, 
any particular aggregation observed is a trade-off among 
multiple biological and environmental factors such as self-
pollution by excretion (Johnson et al. 1984), nearest neigh-
bor distance (Gueron et al. 1996; Tien et al. 2004), tidal 
regime, surface currents (Bernard and Steinberg 2013; Ber-
nard et al. 2017), and presence of predators (O’Brien 1987). 
The presence of diving predators would potentially influence 
krill aggregations due to krill escape reactions. Krill avoid 
predators by adopting a range of strategies such as “molting” 
(i.e., shedding their exoskeleton; Hamner 1984) and darting 
backward (Kils 1979) that result in the contraction or expan-
sion of aggregations (O’Brien 1987).

Predator–prey interactions

Potential predator candidates creating the ‘U,’ ‘V,’ or ‘W’-
shaped dives observed on echograms at E2 and E4 may be 
seals, whales, penguins, and/or other seabirds (Schreer et al. 
2001; Burns et al. 2004; Sakamoto et al. 2009; Navarro et al. 
2013; Akiyama et al. 2019; Hinke et al. 2021; Annasawmy 
et al. 2023). These predators were sighted by observers in 
Bransfield Strait during the survey and penguins were breed-
ing within the vicinity of the study sites (Krafft et al. 2019; 
Strycker et al. 2020). The ‘V’-shaped dives with no bottom 
phase over diffuse aggregations or acoustically “empty” 
water can be further interpreted as search or foraging dives 
where the predator was unable to locate prey (Chappell et al. 
1993). “Wiggles” observed in some of the dive profiles at 
E2 and E4 may be linked to predators pursuing and captur-
ing prey (e.g., Viviant et al. 2014; Cimino et al. 2016). The 
greater percentages of predator dive profiles within the first 
50 m of the water column are consistent with preferred dive 
depths of Chinstrap, Adélie, and Gentoo penguins (Chap-
pell et al. 1993; Wilson 2010; Blanchet et al. 2013). Stud-
ies have shown that although these penguins can dive down 
to 100 m, more than 50% of their dives ended at depths 
less than 40 m (Wilson 2010). Given the characteristics of Ta
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whale dive profiles (Croll et al. 2001; Goldbogen et al. 2011; 
Nowacek et al. 2011; Fais et al. 2016), they would be seen in 
lower numbers within our upward-looking acoustic beams.

In addition to predator foraging strategies, prey distribu-
tion patterns strongly influence predator foraging behavior 
(Alonzo et al. 2003, Cutter Jr. et al. 2022), with groups of 
predators feeding more effectively on swarming prey (Ham-
ner 1984). Chinstrap and Adélie penguins were observed to 
synchronously dive and forage on krill aggregations (Ham-
ner 1984; Hinke et al. 2021). Group foraging behavior (i.e., 
multiple dive profiles observed over a particular krill aggre-
gation) was observed at Deception and Nelson Islands but 
is less common than recordings of individual dive profiles. 
Among detected krill aggregations, type ‘a’ (which had high 
densities and were evenly spread) had the highest percentage 
and occurrences of multiple dive profiles compared to the 
other aggregation types. Type ‘b’ aggregations, which were 

low areal density, recorded greater percentages of zero dive 
profiles than types ‘a’ and ‘c.’ Groups of predators appear 
to preferentially dive over dense krill aggregations at Nelson 
and Deception Islands.

While shallow krill aggregations are predicted to attract 
diving penguins (Chappell et al. 1993; Bernard et al. 2017), 
we observed that aggregation types with the highest densi-
ties, even if not found at the surface, attracted diving preda-
tors. Once a dense aggregation type is detected, predators 
may forage individually and in groups on those aggrega-
tions and return to areas where encounter rates with that 
particular aggregation type was highest (e.g., Santora et al. 
2009). The large number of predator dives recorded over 
diffuse rather than discrete aggregations at Nelson Island is 
consistent with the observation that most krill predators are 
believed to target individuals (Brierley and Cox 2010) rather 
than aggregations, or that these dives are search rather than 

Fig. 8   Smooth functions for the GAMs showing the influence of sig-
nificant covariates on the aggregation thickness and density of the 
A1–E2 krill data series at Nelson Island and E4–A5 dataset at Decep-
tion Island. The y-axes show the smooth function of each covariate, 
with the estimated degrees of freedom in brackets. The predicted 

models are shown by solid lines and the 95% confidence intervals by 
dashed lines. Data observations are indicated on the x-axis. Zero on 
the y-axis corresponds to no effect of the covariate at the correspond-
ing value on the x-axis
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foraging dives. At Deception Island, a greater percentage of 
predator dive profiles occurred over empty water compared 
to detected krill aggregations. The inferred low successful 
foraging rates can be attributed to spatial segregation among 
predators within their foraging ranges (Trivelpiece et al. 
1987) that result in longer travel distances within Bransfield 
Strait to reduce intra- and inter-specific predator competi-
tion. If true, then predators would only pass through the E4 
acoustic beam close Deception Island during their transit to 
other prey locations (Hunt et al. 1992).

Biological responses to climate-induced changes in the 
Southern Ocean may impact both krill dynamics and their 
predators’ foraging success. Future ocean warming is pre-
dicted to decrease oxygen levels by 3% for every 1 °C of 
warming, resulting in krill aggregations becoming smaller 
or less densely packed (Brierley and Cox 2010), which may 
further impact predator foraging. Future work will asso-
ciate predator dive profiles with known predator foraging 
dive patterns (e.g., Chappell et al. 1993; Schreer et al. 2001; 
Annasawmy et al.  2023). Rapid and consistent krill aggrega-
tion and predator classifications from acoustic data can then 
be used in simulation models such as the Krill-Predator-
Fishery Model (Watters et al. 2013) or the Spatial Multi-
Species Operating Model (Plagányi and Butterworth 2006) 
to predict the krill–predator–fishery interactions in krill 
management units defined by CCAMLR. When combined 
with knowledge of regional ocean dynamics, predator-krill 
surveys would allow critical predator foraging grounds to 
be identified, and the distribution of catch and fishing effort 
to be adapted to changes in krill distributions and predator 
foraging patterns.

Summary

Aggregation patterns of Antarctic krill, E. superba, were 
characterized in two environmentally contrasting sites in 
Bransfield Strait using 70 kHz data from moored echosound-
ers. Echometrics (Urmy et al. 2012) and hierarchical cluster-
ing were used to characterize and classify recorded aggrega-
tions. This study showed that krill aggregations respond to 
environmental and biological factors such as current veloci-
ties, directions, and presence of predators, with aggregations 
that are temporally heterogeneous in density distribution and 
mean thickness. Detection of predator dive profiles within 
stationary echogram records illustrated diverse dive shapes 
and potential foraging strategies. Predator dive profiles and 
krill aggregations are closely linked, with the predator dives 
influencing the size and shape of aggregations and the krill 
densities influencing the predator dive patterns.
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