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Open ocean predator-prey interactions are often difficult to interpret because of a
lack of information on prey fields at scales relevant to predator behaviour. Hence,
there is strong interest in identifying the biological and physical factors influencing
the distribution and abundance of prey species, which may be of broad predictive use
for conservation planning and evaluating effects of environmental change. This study
focuses on a key Southern Ocean prey species, Antarctic krill Euphausia superba, using
acoustic observations of individual swarms (aggregations) from a large-scale survey
off East Antarctica. We developed two sets of statistical models describing swarm
characteristics, one set using underway survey data for the explanatory variables, and
the other using their satellite remotely sensed analogues. While survey data are in
situ and contemporaneous with the swarm data, remotely sensed data are all that
is available for prediction and inference about prey distribution in other areas or at
other times. The fitted models showed that the primary biophysical influences on krill
swarm characteristics included daylight (solar elevation/radiation) and proximity to
the Antarctic continental slope, but there were also complex relationships with current
velocities and gradients. Overall model performance was similar regardless of whether
underway or remotely sensed predictors were used. We applied the latter models to
generate regional-scale spatial predictions using a 10-yr remotely-sensed time series.
This retrospective modelling identified areas off east Antarctica where relatively dense
krill swarms were consistently predicted during austral mid-summers, which may
underpin key foraging areas for marine predators. Spatiotemporal predictions along
Antarctic predator satellite tracks, from independent studies, illustrate the potential for
uptake into further quantitative modelling of predator movements and foraging. The
approach is widely applicable to other krill-dependent ecosystems, and our findings
are relevant to similar efforts examining biophysical linkages elsewhere in the Southern
Ocean and beyond.
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Introduction
While Antarctic food webs are spatially variable and
complex, regionally high abundances of krill (Atkinson
et al. 2008) play a central role in transferring energy to
higher-order predators (Nicol et al. 2000b, 2010, Trathan
et al. 2012). The marine mammals and seabirds of the East
Antarctic marine ecosystem (Ropert-Coudert et al. 2014)
include those that breed on the Antarctic continent and
associated ice (including snow petrels Pagodroma nivea,
Adelie Pygoscelis adeliae and Emperor Aptenodytes forsteri
penguins, Weddell Leptonychotes weddellii, Ross Ommatophoca rossii and crabeater seals Lobodon carcinophagus) and
those that primarily breed on subantarctic islands or farther north (including many albatrosses and petrels, gentoo
Pygoscelis papua and King penguins Aptenodytes patagonicus,
southern elephant Mirounga leonina and Antarctic fur seals
Arctocephalus gazella, humpback Megaptera novaeangliae and
Antarctic minke whales Balaenoptera bonaerensis). Marine
predator movements into seasonally productive east Antarctic foraging grounds therefore include both southward and
northward migrations.
There is generally a lack of information on prey fields
at spatiotemporal scales relevant to the distribution and
behaviour of marine predators (Bedford et al. 2015,
O’Toole et al. 2015). This hampers our understanding of
oceanic predator-prey relationships. Large scale pelagic survey efforts (Nicol et al. 2000a, Watkins et al. 2004) that
provide a synoptic snapshot of krill distribution and abundance are financially and logistically difficult to mount, and
therefore infrequent. Because of these constraints, repeated
surveys (Brierley et al. 1999) that provide greater temporal resolution must occur at finer spatial scales. Meanwhile,
technological advances have meant that marine predators are now providing a wealth of information on spatial
movement patterns and behaviour at sea via miniaturized electronic data loggers (Biuw et al. 2007, Raymond
et al. 2015, Hussey et al. 2015). This leads to ecological
datasets on predators and their prey that generally lack
spatiotemporal congruence.
There is strong interest, therefore, in identifying biological
and physical factors that influence prey field characteristics
(Tarling et al. 2009, O’Toole et al. 2015, Silk et al. 2016),
such as spatial distribution and density (Kloser et al. 2009).
These factors may be of broader predictive use for both
conservation planning purposes and in evaluating effects of
environmental change (Trathan et al. 2012, Hill et al. 2013,
Constable et al. 2014a, Gutt et al. 2015). Biophysical factors
are potential cues for predator decision-making regarding
where to stop and search for prey, and may be used as ‘waymarkers’ by long lived animals, although the role of memory (Bradshaw et al. 2004, Fagan et al. 2013, Arthur et al.
2015, Santora et al. 2016) is difficult to test directly. Modelling approaches that investigate biophysical influences may
produce two useful outcomes: 1) identifying combinations
of influential predictor variables of prey field characteristics

for informing further process modelling of marine predator
movements (Bestley et al. 2013, 2015), and 2) using these
variables to develop spatiotemporal predictions of prey field
characteristics for direct and practical incorporation into
species distribution models of krill predators (Wakefield et al.
2011, Raymond et al. 2015).
This study focuses on a key Southern Ocean prey species,
Antarctic krill Euphausia superba, using underway acoustic observations from a large-scale krill biomass survey
(‘BROKE-West’) conducted during 2006 off East Antarctica
(Jarvis et al. 2010, Nicol et al. 2010). These data are used to
resolve individual krill swarms (Barange 1994) and their specific characteristics (e.g., internal swarm density (g m–3) and
vertical depth (m) in the water column; Tarling et al. 2009,
Cox et al. 2011a). Individual swarms are of particular interest since this is the expected scale at which predators directly
encounter and assess prey patches (Santora et al. 2016). While
there may be spatial and/or temporal segregation between
krill–based (Nicol and Raymond 2012) and non-krill-based
(i.e., copepod-fish; Hulley and Duhamel 2011, Hosie et al.
2014) food webs in the Southern Ocean, these transitions
remain poorly understood. It is plausible that krill-based
analyses may have more general transferability; i.e., in identifying features indicative of biological productivity that are
also relevant to non-krill predators.
We employ a comparative approach and develop and test
two sets of statistical models predicting krill swarm characteristics, firstly using underway research survey data for
the explanatory variables, and secondly using their remotely
sensed analogues. While survey data are in situ and contemporaneous with the krill observations, in most cases
remotely sensed data are all that will be available for prediction and inference about prey distribution. We evaluate
the utility of both approaches, and demonstrate applications
using the remotely sensed models to make spatial prey field
predictions, and spatiotemporal predictions along Antarctic
marine predator satellite tracks drawn from independent
studies.

Material and methods
Acoustic survey observations of krill

The acoustic data were collected as part of the multidisciplinary Baseline Research on Oceanography, Krill and
the Environment (BROKE)-West survey off East Antarctica in the austral summer of 2006 (Nicol et al. 2010). The
five transects used here represent the easternmost half of the
survey, hence the transect numbering (T7 to T11, Fig. 1a)
follows that used in BROKE-West. This part of the survey
is relevant to the ‘Kerguelen Axis’ region between the subAntarctic islands in the north (Kerguelen [69.17°E, 49.25°S]
and Heard [73.50°E, 53.08°S] islands) southwards to East
Antarctica (Fig. 1b). This is a key foraging area for marine
predators based on the Antarctic continent and ice, as well as
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Figure 1. (a) Map showing the main ocean circulation features for the baseline research on oceanography, krill and the environment
BROKE-West survey transects used in this study (T7-11, sampled 8–28 February 2006). (b) Box area (white) locates panel (a) within the
regional context of the southern Indian Ocean; inset shows region within the global context. Major currents in (a) are the Antarctic circumpolar current (ACC), Prydz Bay Gyre (PBG) and Antarctic slope current (ASC; Meijers et al. 2010, Nicol et al. 2010). Current velocity
vectors are from lowered (LADCP) and underway acoustic Doppler current profiler (ADCP) data (Supplementary material Appendix 3).
Background in (a) shows weekly sea surface height for 8 (T7), 15 (T8–9) and 22 (T10–11) February, where red indicates higher values
(0.25° gridded absolute dynamic topography, < www.aviso.oceanobs.com >). Sea ice presence (light grey contours) is from the monthly
National Snow and Ice Data Center 25 km data (Cavalieri et al. 1996, updated yearly). Background in (b) shows bathymetry (Weatherall
et al. 2015). The Antarctic continent is shown in grey, major ice shelves and glaciers are shown as light grey polygons with black borders
and the 1500 m isobath (Antarctic shelf break) is given as a solid grey line. Abbreviations of major ice shelves are: Amery (AIS), West (WIS)
and Shackleton (SHA).

those coming south from the subantarctic islands (Raymond
et al. 2015, Bestley et al. 2015, Patterson et al. 2016).
Swarm detection

The BROKE-West acoustic data have been described in
detail elsewhere (Jarvis et al. 2010) and are publicly available
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(Jarvis 2008, updated 2015). The swarm-based acoustic
analysis uses the 38 and 120 kHz frequencies of calibrated
Simrad (Horten, Norway) EK60 scientific echo-sounders
with hull-mounted, vertically downward-facing transducers. Note that the acoustics do not sample the surface
layer (0–20 m) and in this survey identified krill swarms to
250 m water depth, which is in line with krill surveys

conducted elsewhere in the Southern Ocean (e.g., South
Georgia; Fielding et al. 2014). Acoustic data pre-processing (i.e., operations prior to volume integration and swarm
detection) follows Jarvis et al. (2010) and are given in
Supplementary material Appendix 1.
We isolated individual krill swarms by applying the
schools detection algorithm of Barange (1994), implemented
in Echoview. School detection was carried out on a 7  7
identity matrix convolution of the 120 kHz pre-processed
data using the detection parameters of Tarling et al. (2009)
and a mean volume backscattering strength (Sv) threshold
of –70 dB re 1 m–1 , equivalent to a krill wet mass density
of 0.9 g m–3. See MacLennan et al. (2002) for a description of acoustic terminology, symbols and units. These
aggregations are classified as krill or not krill by applying
the validated ‘dB-difference’ technique (Madureira et al.
1993) to the 7  7 convolution of 120–38 kHz pre-processed data falling within the detected aggregation boundaries. As implemented here, the dB-difference technique
is a binary classification, with aggregations falling within
a dB difference range deemed to be krill. Outside of this
range an aggregation is classified as coming from other species and excluded from further analysis. The dB-difference
ranges were calculated using the distorted-wave Born

approximation (DWBA) krill acoustic target strength
model developed by McGehee et al. (1998), and extended
by Conti and Demer (2006) to account for stochastic
variation in krill vertical tilt angle. The krill target strength
model used here is the implementation of Calise and Skaret
(2011) using a tilt angle distribution, a wrapped normal
distribution with mean –28° (head down) and standard
deviation 20°, as recommended by the Commission for
the Conservation of Antarctic Marine Living Resources
(Fielding et al. 2014). With the exception of tilt angle
distribution, stochastic DWBA krill target strength model
parameters were set at their default values as given in Calise
and Skaret (2011, their Table 1).
Krill dB-difference windows were calculated based on
length frequency distribution clusters identified by Kawaguchi
et al. (2010; Supplementary material Appendix 1 Table
A1.1). Once an aggregation was identified as krill, volume
integrations were carried out on 120 kHz data falling
within the boundary of individual krill swarms at a –80
dB re 1 m–1 threshold, equivalent to average (across length
frequency clusters) krill wet mass density of 0.09 g m–3,
and swarm internal density (r) was calculated using
(S −TS )/10 , where TS is the krill length cluster
ρ = 10
kg
specific target strength of 1 kg (wet mass) of krill.
v

kg

Table 1. Summary of the test set of possible models configured using the remotely sensed and underway data. Biophysical predictors
included in each are indicated (X). A complete list of the predictors, including their units, original source and any processing, are provided
in Supplementary material Appendix 2 Table A2.1. Each model configuration was fit iteratively to 10 data subsets (see Methods), resulting
in a final model series of 40 (n  4 models  10 runs) and 20 (n  2 models) model runs, in the remotely sensed and underway cases respectively, for each of the two response variables examined (i.e., swarm density and depth). Current velocities are derived from maps of absolute
dynamic topography (MADT, remotely sensed surface velocities) and acoustic Doppler current profiler (ADCP, underway measurements
averaged over 89–153 m; Supplementary material Appendix 3).
Remote
Predictors
Biological production and light
Lunar phase
Sea surface chlorophyll-a concentration
Solar elevation
Influence of recent ice history
Time since ice melt (weeks)
Ice melt rate
Physical ocean habitat characteristics
Sea surface temperature
Climatological summer surface salinity
Climatological mixed layer depth (February)
MADT current velocities (east-U)
MADT current velocities (north-V)
Physical habitat boundaries or edges
Bathymetric gradient
SST gradient
MADT current velocity gradients (U)
MADT current velocity gradients (V)
Maximum variance inflation factor (VIF) remaining
Maximum correlation** remaining

Model setup
M1†

M2†, * M3††

X
X

X
X

X
X

X

Underway

Model setup

M4††, *

Predictors

M1

M2*

X
X
X

X
X
X

Fluorescence
Solar radiation

X
X
X

X
X
X

X
X

X

X
X

X

X

X

X
X
X

X
X

X
X

X
X

Water temperature
Salinity
Summer mixed layer depth
ADCP current velocities (east-U)
ADCP current velocities (north-V)

X
X
X
X
1.92
0.53

X
X
X
X
2.33
0.53

X
X
X
X
1.91
0.54

X
X
X
X
3.28
0.56

X
Surface water temperature gradient X
ADCP current velocity gradients (U) X
ADCP current velocity gradients (V) X
2.56
0.57

X
X
X

X
X
X
X
X
X
X
X
3.09
0.53

Models remove temporal term first (lunar, highest variance inflation factor (VIF)  25.9 in remote case) then follow with term removal
according to highest VIFs.
††
Models preserve lunar term, preferentially removing spatial terms according to highest VIFs.
*Models preserve temperature (dynamic variable) preferentially removing related spatial (climatological) terms according to highest VIFs.
**Statistic reports Pearson correlation coefficient calculated using complete pairwise observations.
†
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Statistical models for swarm characteristics

We developed statistical models to predict two specific
characteristics of individual krill swarms 1) internal swarm
density (g wet mass m–3), and 2) mean vertical depth (m)
of the swarm in the water column. For each characteristic
of interest, two sets of models were assessed in parallel,
firstly using underway research survey data for the explanatory variables, and secondly their remotely sensed analogues.
Note here that the models were developed on swarm observations, hence they implicitly incorporate information on
where swarms do occur and do not explicitly deal with
swarm absences; this would require quite a different model
structure for encounter rate (see discussion).
Model structure

We adopted a mixed-effects modelling approach to account
for the inherent structure in the survey observations
(Pinheiro and Bates 2000). Krill were observed along transects during periods of active acoustic krill survey referred
to as ‘segments’. Each transect was also interspersed with
periods of alternative survey activities (e.g., net tows and
hydrographic stations) as well as periods off survey transects (e.g., during continental station re-supply activities). These periods are referred to collectively as being
‘off-effort’. We defined the random effects structure as segment nested within transect, and included a first-order
autocorrelation structure to account for the temporal
dependence in the data.
As relationships with biophysical predictors were not
expected to be linear we used generalised additive mixed models
(GAMMs), with a Gaussian error distribution, implemented
via the R package mgcv version 1.8-6 (Wood 2006a, b).
Both response variables (swarm density and depth) were log
transformed (natural logarithm) to normalize the variance, as
determined by visual inspection of model residuals.
Biophysical predictors

Fourteen potential explanatory biophysical variables were
initially considered on the basis of ecological relevance and
the availability and quality of the data (Supplementary material Appendix 2 Table A2.1). In broad terms, we sought to
obtain predictor variables that would capture features related
to biological production and light (chlorophyll concentration, solar and lunar illumination), the region’s recent ice history (time since ice melt, ice melt rate), the physical ocean
characteristics (temperature, salinity, mixed layer depth, current velocities), and some information about physical habitat
boundaries or edges (derived from gradients of temperature,
bathymetry, current velocities) that could reasonably be
expected to be of importance to krill.
Typically, these predictors are only proxies for the actual
processes and conditions that influence the behaviour and
distribution of the animals. Furthermore, in practice many
of these biophysical variables display high collinearity in the
Southern Ocean because of the strong latitudinal and tem-

1000

poral changes that affect ocean conditions. Non-replicated
research surveys suffer an additional challenge of spatiotemporal confounding that cannot be disentangled; for example,
different survey transects may be associated with different
parts of lunar or seasonal cycles.
Evaluation of model uncertainty

For the relatively complex models being used here, there are
no standard methods for model selection and assessment.
Therefore, we adopted a sensitivity analysis approach, involving a two-stage procedure where a test set of possible models is developed and each model configuration fit iteratively
to subsets of the data. This then enables some reasonable
estimate of uncertainty, arising from the model structure and
data structure, to be obtained in our model predictions.
We examined the correlation between predictor variables,
and used variance inflation factors (VIFs) as a guide for
selecting candidate variable combinations for any given
model, aiming for maximum Pearson correlations below 0.6
and VIFs of approximately 3 or below (Zuur et al. 2010).
It is not possible to know the most appropriate choice, or
‘true’ set of influences. Since high collinearity particularly
occurred amongst the remotely sensed variables (e.g., lunar
VIF  25.9) we developed a test set of four candidate models
(Burnham and Anderson 2002). Each candidate model was
built by exchanging related predictor variables, which differently prioritized temporal or spatial terms (Table 1). As the in
situ measurements actually showed less collinearity between
the spatial and temporal terms (e.g., lunar VIF  3.06) we
examined only two candidate underway models (Table 1).
In an analogous procedure to a 10-fold cross validation,
the swarm data were subsampled into ten sequential folds
(subsets) of an approximately equal number of observations
(310  17 SD, range: 278–334 per fold), retaining the inherent grouping of observations within segments and the general order of segments in time. Each model configuration
was then fit to nine folds, withholding each fold in turn.
This process allows some portion of the inter-segment variability inherent within the observational data to be reflected
in the model predictions, which are made using only the
fixed-effects component (i.e., biophysical coefficients) of the
models. The resultant final model series comprised 40 and
20 model runs, in the remotely sensed and underway cases
respectively, for each of the two response variables examined
(i.e., swarm density and depth).
Model predictions

We developed spatial predictions of krill swarm characteristics (density and depth) across the survey domain from the
model set built using remotely sensed predictor variables. To
generate these, biophysical predictors were extracted for 15th
February 2006 for 0.1°  0.1° grid cells (latitude  longitude). The results from the four different model structures,
and the 10-fold data-subsampling procedure, were then summarised using the mean and interquartile range (IQR) across
40 model runs per spatial grid cell (Raymond et al. 2015).

This provided a spatial representation of predicted patterns
in krill swarm characteristics together with a representation
of the model uncertainties elaborated above. For grid cells
where the model predictions were not consistent the IQR
would be relatively high.
For the purposes of more broadly investigating marine
predator foraging grounds, we explored the possibility of spatial persistence in krill swarm density characteristics across
the East Antarctic region (35–115°E). To do this we made
spatial predictions for four representative dates in February
(2nd, 10th, 18th and 26th) across the 10 year period 2001–
2010 using remotely sensed data mapped on the 0.1°  0.1°
spatial grids. Predictions were made using the four models
(Models M1 to M4, Table 1) fitted to the full observational
dataset (i.e., not including the inter-segment variability in
the data structure) to provide a total of 160 model estimates
(4 dates  10 years  4 models). The predictions were summarised as described above using the mean and IQR per
grid cell. The summarised predictions provide a spatial representation of patterns in krill internal swarm density that
are predicted to be persistent over time, together with a representation of the uncertainty in these, which may indicate
areas of importance to foraging marine predators. We present these results in relation to ecologically significant marine
habitat areas, that are utilized by multiple marine predator
species, as recently identified by a comprehensive analysis
of two decades of satellite tracking data off East Antarctica
(Raymond 2014; Raymond et al. 2015).
Finally, we generated spatiotemporal predictions of
krill internal swarm density along Antarctic marine predator satellite tracks collected during independent studies
(Supplementary material Appendix 4 Table A4.1. for track-

ing details). During January–February tracking data in
the survey area were available for Adelie penguins during
2001 (n  22 individuals, N  2741 locations; Emmerson
et al. 1999, updated 2014), male Antarctic fur seals during
2004 (n  15, N  4053; Gales et al. 2004, updated 2015),
white-chinned petrels Procellaria aequinoctialis during 2006
(n  10, N  1900; Péron et al. 2010) and Emperor penguin fledglings during 2007 (n  10, N  527; Wienecke
and Robertson 2000, updated 2015). All ARGOS satellite tracks were filtered using the state-space model (Jonsen
2016) implemented in the R package bsam with a time step
appropriate to the resolution of the movement data and the
movement ecology of each species (3 h for Adelie penguins
and Antarctic fur seals, 0.5 h for White-chinned petrels, and
12 h for Emperor penguins). Biophysical predictor variables
were then extracted from the satellite datasets for each timestamp and location along the filtered animal tracks, and used
to generate swarm predictions which were averaged across
Models M1 to M4 (Table 1) as described above.
Data deposition

Data available from the Australian Antarctic Data Centre:
< https://data.aad.gov.au/ >.

Results
Our swarm-based analysis detected 3097 individual krill
swarms across all survey transects (Fig. 2). Nearly half of
these swarms (47%) were detected along the westernmost
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Figure 2. Spatial distribution of observed (n  3097) krill internal swarm densities (g wet mass m–3). The centre of each circle is krill swarm
position and circle area is proportion to krill swarm internal density. Where no krill swarms were found, transects are given as solid, straight
lines. The Antarctic continent is shown in grey, major ice shelves and glaciers are shown as light grey polygons with black borders and the
1500 m isobath (Antarctic shelf break) is given as a solid grey line. Dotted lines show ship track between transects.
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Table 2. Summary of the active acoustic segment time (see also Fig. 3), the krill swarm detections and their characteristics within transects
T7–T11 of the Baseline Research on Oceanography, Krill and the Environment (BROKE)-West survey in the East Antarctic, February 2006.
Results are shown as mean  S.D (range).
Transect
No. of Segment ‘Off-effort’ Active
No. of
Transect length (km) segments time (h)
time (h)
time (h) swarm obs.

Total:

7
8
9
10
11
5

550
632
578
577
651
2989

8
10
8
7
10
43

53.85
43.00
61.17
38.37
79.12
275.50

33.10
2.78
37.34
2.69
54.19
130.11

20.75
40.22
23.82
35.67
24.93
145.39

transect T7, with fewer swarms observed towards the east.
However, the internal density of the T7 swarms tended
to be the lowest within the survey region (Table 2, Fig. 2).
Krill swarms were detected to depths of 242 m (close to the
250 m depth limit of the vessel’s 120 kHz echosounder
system). However, krill swarms generally were located nearer
to the surface, with mean depths of 62  25 m overall, and

1466
698
521
117
295
3097

Internal swarm density
(g m–3)
4.69  7.52 (0.79–91.20)
7.17  15.57 (0.79–247.65)
5.76  19.10 (0.79–237.84)
6.62  14.88 (1.08–121.73)
8.17  20.19 (0.89–182.85)
Mean: 5.83  13.83 (0.79–247.65)

Swarm depth
(m)
66  23 (20–167)
56  22 (20–242)
64  28 (21–235)
48  29 (21–223)
58  34 (21–239)
62  25 (20–242)

95% of swarms occurring at depths shallower than 105 m
(Fig. 3).
The biophysical predictors considered influential in
explaining krill swarm characteristics (Table 3) showed both
similarities and differences between the models built using
remotely sensed and underway data. For example, the ranking of model parameters for krill internal swarm density can

Figure 3. Time-series showing the temporal distribution of individual krill swarm densities. Each panel represents a vertical slice
through the water column from the surface to 250 m water depth (y-axis) with time along the x-axis. Radii of the black circles are
proportional to the internal density (g m–3) of individual krill swarms. The x-axis for all panels are arranged so that the left hand side
of each panel corresponds to the southern end of each transect. The ship travel direction is shown by a black arrow in the top right of
each panel. Acoustic observations were examined during the active transect segments (white background). Acoustic ‘off-effort’ periods
are indicated by grey boxes; alternate transects (T8 and T10) with few ‘off-effort’ periods are completed relatively swiftly. The rescaled
solar elevation angle (black line) is also shown; this is inverted as swarms may be expected to be shallower at night. Night periods
(demarcated beyond nautical twilight i.e., where the solar elevation is lower than 12 degrees below the horizon) are shaded on the
x-axis of each panel.
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Table 3. Results for statistical models examining the influence of biophysical predictors on the krill swarm characteristics of internal swarm
density and swarm depth. The orange shading is to aid identification of the term ranking, with darker colour indicative of higher ranking i.e.,
higher term retention amongst models. REMOTE and U-WAY denote biophysical predictors derived from remote sensing and underway
sampling, respectively. #Mod denotes the number of models that used a given biophysical predictor, i.e., for each row in the table. Pr
denotes the proportion of models in which a predictor term was retained as significant (based on F-test p-values  0.001). Acronyms are:
Maps of Absolute Dynamic Topography (MADT); Acoustic Doppler Current Profiler (ADCP), and Sea surface temperature (SST).
MODEL DESCRIPTION

MODEL RESULTS
DENSITY

PREDICTORS
REMOTE
Biological production and light
Lunar phase
Sea surface chlorophyll-a concentration
Solar elevation
Influence of recent ice history
Time since ice melt (weeks)
Ice melt rate
Physical ocean habitat characteristics
Sea surface temperature
Climatological mixed layer depth (Feb)
MADT current velocities (east-U)
MADT current velocities (north-V)
Physical habitat boundaries or edges
Bathymetric gradient
SST gradient
MADT current velocity gradients (U)
MADT current velocity gradients (V)

REMOTE
#Mod
20
40
40

U-WAY

#Mod Pr

DEPTH

U-WAY

REMOTE

U-WAY

Rank*

Pr

Pr

Rank

Pr

Rank

Rank

20
20
20

0
0.18
1

–1
5
1

0
0
0.35

–1 0.10
–1 0
4 1

5
–1
1

0
0.60
1

–1
3
1

10
20

0.25
0.53

4
3

0.50
0.10

3 0.20
5 0.98

5
2

0.60
1

3
1

10
10
10
20
20

0.40

4
3
5
3

4
3
1
4
1

2

0.50
0.08
0.70

0.40
0.60
1
0.40
1

0.85

10
40
40

Water temperature
Salinity
Summer mixed layer depth
ADCP current velocities (east-U)
ADCP current velocities (north-V)

0.20
0.88
0.75

5
2
2

0.10
1
1
0.25
1

5
1
1
4
1

40
40
40
40

Surface water temperature gradient
ADCP current velocity gradients (U)
ADCP current velocity gradients (V)

20
20
20
20

0.80
0.38
0.23
0.95

2
4
5
2

0.05
0
1
0.15

5
–1
1
5

0.83
0.53
1
0.58

2
3
1
3

0.45
0
0.35
1

4
–1
4
1

Fluorescence
Solar radiation

20
40
20

*Rank results are based upon the proportion of models in which a predictor term was retained as significant (based on F-test p-values  0.001).
These were grouped using quantiles, such that a proportional retention (Pr) of 0  Pr  0.25 gives a rank of 5; rank 4  0.25  Pr  0.5; rank
3  0.5  Pr  0.75; rank 2  0.75  Pr  1; and ranks of 1 and –1 were given where Pr  1 (i.e., complete retention) and Pr  0 (i.e., zero
retention), respectively.

be interpreted as follows: solar elevation was retained in all
models built using remotely sensed data (rank  1), and
bathymetric gradient and current gradients (north-south)
were retained in the majority of models ( 75%, rank  2).
In the underway models mixed layer depth, current velocities
(north-south) and current gradients (east-west) were retained
in all models (rank  1).
For krill swarm depth, solar elevation and current gradients (east-west) were retained in all models built using
remotely sensed data (rank  1), and bathymetric gradient,
current velocities (both directions), surface temperature and
ice melt rate were also important (rank  2, Table 3). The
influential variables in the underway models for swarm depth
included solar radiation, mixed layer depth, salinity, ice melt
rate and both north-south current velocities and gradients
(rank  1 in all cases). Lunar phase was not generally an
influential predictor in any model set, and similarly the biological production terms (chl-a and fluorescence) tended to
be weakly or not ranked across models. The models for krill
swarm depth tended to retain a higher number of significant
predictors overall than those for krill swarm density.
The modelled and observed series (Fig. 4) showed that
comparable predictions were obtained from the remote and
underway configurations, with both model sets discerning
well the main trends. While it can be difficult to obtain an
estimate of explanatory power from complex random effects

models (Pinheiro and Bates 2000), if the equivalent GAMs
are fit (i.e., without the correlation and random effect structure) the estimated deviance explained for the swarm density
models is very similar for the remote and underway models,
in the order of 31–34% and 32–34%, respectively. For the
swarm depth models (Fig. 4b) the values are again similar
at 35–37% and 32–33%, respectively. The internal swarm
densities did show particularly high variability, with neither
model set well able to capture large density values (Fig.
4a). Interestingly, the higher temporal resolution of the in
situ underway predictors did not appear to do a better job
here, with the proportion of observations falling above the
modelled range being similar for both model series (remote:
19.6%, underway: 21.8%).
Across the survey region, the mid-February 2006 spatial
predictions for both krill swarm characteristics (internal
swarm densities and swarm depths) showed small-scale
patchiness within broader regional patterns (Fig. 5). The complete set of remote models (n  40) systematically predicted
high mean internal swarm densities along the Antarctic shelf
break (red cells near 66°S, Fig. 5a) and these swarms also
tended to be shallower (blue cells, Fig. 5c). Complex small
scale structuring in the predicted swarm depths was also
notable around 64°S, along the eddy field associated with
the southern Antarctic Circumpolar Current (ACC), with
some of the deepest predicted swarm depths occurring here
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Swarm density (g m–3)

(a)

Swarm depth (m)

(b)

Swarm observation

Figure 4. Comparison of modelled and observed (n  3097) krill swarm characteristics (a) internal swarm density (g m–3) and (b) swarm
depth (m). Results are shown as mean (bold line) and 100% CI predictions from model ensemble series premised on underway [uway] and
remotely sensed [remote] predictor variables (n  20 and 40 model runs, respectively). Note y-axes are log scale.

Figure 5. Spatial predictions of krill swarm characteristics from model ensemble series (n  40) using remotely sensed predictor variables. (a)
Mean internal swarm density (g m–3), (b) Interquartile range (IQR) for internal swarm density (g m–3), (c) mean swarm depth (m), and (d) IQR
for swarm depth (m). All model predictions and calculations were made on the natural log scale; colorbar labels are given on the linear scale to
aid interpretation. Note different scales for each plot. For the IQRs (b and d) blue denotes smaller IQR (i.e., higher consistency between model
runs), and red denotes larger IQR (i.e., lower consistency between model runs). The prediction is made for 15 February 2006. The survey region
is indicated by a black rectangle. Antarctic continent, shelf break, ice shelves and major current features are presented as in Fig. 1 and 2.
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(Fig. 5c). Variation in between-model spatial prediction
tended to be high in the vicinity of the shelf and shelf break
(Fig. 5b, 5d).
Averaged model predictions over a 10 yr time series identified areas off East Antarctica where higher internal swarm
densities were persistently predicted (orange-red grid cells,
Fig. 6a) during the austral summer (February). Along the
coastline, these include a narrow band alongshore from
Cape Ann to the western edge of Prydz Bay (approximately
55–70°E), as well as several coastal polynyas which occur
directly to the west of the major ice shelves (i.e., the Prydz
Bay [80°E, 67°S], Shackleton [93°E, 66°S] and Vincennes
[108°E, 66°S] polynyas). Farther offshore, the most notable
predicted area of swarms with higher internal density was a
large region extending eastward from the Princess Elizabeth
Trough at 90–110°E. In general, there was an increasing
trend from west to east in offshore waters, with lower density
predictions west of 55°E, moderate density predictions offshore from Prydz Bay (65–85°E) and also along the southern
Kerguelen Plateau (61–64°S, 75–90°E). The higher densities
predicted east of 90°E appear to be bounded to the north
at approximately 62°S by the eddy band of the Antarctic
Circumpolar Current. Regions of higher variability between
model predictions across time (i.e., 4 models  4 dates  10
years) included within Prydz Bay (80°E) and east of 90°E
along the East Antarctic shelf, as well as the frontal band in
the north-eastern corner of the domain (Fig. 6b).

Overall, the krill swarm predictions show very good correspondence with previously determined areas of ecological significance to multiple marine predators (represented by aqua
lines, Fig. 6a). However, our models predicted high internal
density krill swarms slightly to the southeast of the large offshore predator hotspot predicted by Raymond et al. (2015)
which occurs at 85–95°E near 63°S (Fig. 6a).
The spatiotemporal predictions of krill internal swarm
densities along predator satellite tracks (Fig. 7) show interesting broad-scale patterns across the foraging range of these
Antarctic marine predators. Apparently favourable (i.e.,
relatively dense) swarm characteristics were evident in some
focal areas used by long-distance krill-dependent migrants
such as Antarctic fur seals, for example immediately north
of the shelf-break at West Ice Shelf (82°E, Fig. 7b). The
white-chinned petrel tracks (Fig. 7c) also show apparently
more dense swarms in the southern part of their tracking
range (i.e., more orange and red points), as compared with
the north (i.e., more blue points), particularly along a band
near 64°S that is likely associated with the southern Antarctic
Circumpolar Current (refer also to Fig. 5). While patterns
across the 2007 emperor penguin fledgling tracks were less
clear (Fig. 7d), localised features in krill swarm characteristics
were indicated along colony-based foraging trips of Adelie
penguins (Fig. 7a). These along-track predictions show the
potential utility of such an index of prey field characteristics,
which synthesizes information about different environmental

Figure 6. Spatial predictions of krill internal swarm density (g m–3) across the East Antarctic based upon a 10 yr time-series 2001–2010.
Predictions are made applying the four models (Table 3) premised on remotely sensed predictors to four representative dates in February
(2nd, 10th, 18th and 26th) to provide a total of 160 model fits (10 years  4 models  4 dates). Presentation as in Fig. 5, with the (a) mean
and (b) interquartile range of the model predictions shown per 0.1° grid cell. Areas of ecological significance to multiple marine predators
(Raymond 2014) identified from a recent meta-analysis of satellite tracking (Raymond et al. 2015) are represented by aquamarine lines.
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Figure 7. Spatiotemporal predictions of krill internal swarm density (g m–3) made along satellite tracks of east Antarctic marine predators
during January–February for each of the indicated years. (a) 2001: Adelie penguins from Béchervaise Is. (62.81°E, 67.58°S; green star), (b)
2004: Antarctic fur seals from Heard Is. (73.75°E, 53.10°S), (c) 2006: white-chinned petrels from Kerguelen Is. (70.26°E, 49.61°S) and
(d) 2007: Emperor penguin fledglings from the Auster colony (64.03°E, 67.38°S; green star). Predator tracks are obtained from independent studies and are therefore non-contemporaneous with the krill survey period, with the exception of the white-chinned petrels (Methods
and Supplementary material Appendix 4 contain tracking details). As previously, warmer colours indicate higher internal swarm densities
(legend panel (a)). The BROKE-West survey region for acoustic data sourced in this study is shown in panel (c) as a black rectangle. Areas
of ecological significance to multiple marine predators (Raymond 2014) identified from a recent meta-analysis of satellite tracking (Raymond
et al. 2015) are represented by black lines.
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conditions, and clearly illustrate the opportunity for integrating such a ‘prey covariate’ estimate into further quantitative
analyses of marine predator movements and foraging.

Discussion
One of the principal determinants of marine predators’ atsea spatial distribution is prey availability. However, direct
measurements of prey fields – e.g., from ship-based acoustic
estimates – are rarely able to provide synoptic coverage. Here,
we used a statistical modelling approach to identify combinations of biophysical predictors for krill swarm characteristics, and developed spatiotemporal predictions from these.
Regional-scale model outputs (based on remotely-sensed predictor variables) revealed areas along eastern Antarctica where
krill swarms with high internal density were persistently
predicted to occur during mid-summer. These areas show
good correspondence with known areas of spatial overlap for
multiple marine predator species. These findings further our
understanding of how important foraging grounds are structured, and where and how these may occur.
Large-scale acoustic surveys of Antarctic krill are periodically undertaken to provide total biomass estimates, and
these are used to update precautionary catch limits for the
krill fishery managed under CCAMLR (Nicol et al. 2000b,
2010, Hewitt et al. 2004, Watkins et al. 2004). To answer
questions regarding large-scale distribution and abundance,
acoustic data are typically analysed using an integration
interval method, summing over specified depth bins and
averaging over specified distance intervals (Jarvis et al. 2010).
However, swarming is a fundamental characteristic of Antarctic krill (Tarling et al. 2009, Krafft et al. 2012) and considered by some to be the fundamental unit of organisation in
Antarctic krill ecology (Watkins et al. 1986, Nicol and Brierley 2010). The swarm-based perspective is intuitively appealing for questions pertaining to marine predator distribution
and foraging ecology, since it may most closely represent the
patch scale at which foraging encounters and decisions occur
(Stephens and Krebs 1986, Cox et al. 2009). Depending on
size and energetic requirements, different predator species
may take individual krill or may require dense aggregations
to satisfy foraging efficiencies (Potvin et al. 2009, Simon
et al. 2012). These issues of functional ecology add an extra
dimension to efforts to determine overlap between fisheries and predators’ needs, from spatial overlap to functional
overlap. We acknowledge that there are many factors that
may exert controls on krill swarm density and distribution,
including intraspecific competition (Ryabov et al. 2017) as
well as the possibility of top-down controls (e.g., indirectly
via iron fertilisation, Ratnarajah et al. 2016; or directly via
specific predation tactics, Potvin et al. 2009). Here, we focus
upon environmental determinants (i.e., bottom-up controls).
We investigated two aspects of krill swarm characteristics:
swarm internal density and swarm depth. Feasible extensions to this approach could include models built for swarm

encounter rate to explicitly account for absences (i.e., where
swarms were not observed). However, these would require
different observation methods (e.g., multi-beam echosounders; Cox et al. 2011b) and substantially different analytical
structures (e.g., Poisson point processes; Aarts et al. 2012).
Questions regarding krill presence–absence may also be
adequately addressed via traditional biomass (i.e., integration interval) methods rather than requiring swarm-based
approaches. It is worth noting here that BROKE-West and
similar biomass surveys were explicitly designed to cover the
expected envelope of suitable krill habitat with only small
additional margins; therefore, swarms were observed over the
entire latitudinal range of the domain (Fig. 2). To adequately
represent areas of krill ‘absence’ would presumably require
greater latitudinal extension (south over the shelf, north into
the ACC), at greater survey cost. This effort may be more
tractable using ship acoustics opportunistically (e.g., along
transit routes) and/or via large assembled acoustics databases
(Proud et al. 2015). Where krill were observed, our study
determined a suite of biophysical predictors useful for modelling prey field characteristics. Overall, the general modelling
approach adopted here is broadly applicable to information
obtained via either traditional integration interval or swarmbased methods (Benoit-Bird et al. 2013).
For the models developed using remotely sensed products, two of the strongest biophysical influences associated
with krill swarm characteristics were daylight and the Antarctic continental slope; swarms were generally predicted to
have higher internal density at night and in regions of higher
bathymetric slope. Higher swarm densities during night time
may be due to a reduced visual contact distance between individuals leading to more tightly packed swarms (Tarling et al.
2009). Relationships between krill and bathymetry have been
widely reported, notably high krill biomass over shelves and
near the shelf break (Trathan et al. 1998, Jarvis et al. 2010,
Silk et al. 2016), and larger, denser swarms closest to shore
(Klevjer et al. 2010). These associations likely reflect interacting processes including food availability, sea ice properties, and predator avoidance; see Silk et al. (2016) and Nicol
(2006) for a detailed discussion of these factors. In high slope
areas, our models predicted that swarms were also shallower
and therefore potentially more accessible to predators, similar
to findings elsewhere in Antarctica (Klevjer et al. 2010, Cox
et al. 2011b).
Current velocities and gradients were also identified as
significant influences on krill swarm characteristics. Currents may be important for transportation and retention of
swarms (Krafft et al. 2012). High current velocity and shear
may disrupt swarm integrity (Santora et al. 2016) leading to
lower internal densities. These associations also align with
recent findings from the Scotia Sea, where swarm morphology was found to be a significant predictor of swarm movement which was, in turn, associated with current direction
(Tarling and Thorpe 2014). There were differences between
how our current variables were calculated between the remote
and underway data (the latter being available only in 1-D
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along-transect, Appendices 2 and 3) and so the current
related influences were not identical in both sets of models.
However, these factors display high spatial variability at small
scales and so are potentially relevant to explaining some of
the high heterogeneity in the swarm observation data.
Whilst recent studies of Arctic zooplankton have demonstrated a strong lunar-driven vertical migration in winter
(Last et al. 2016), we are unaware of such studies in the Antarctic. Here, lunar phase was not found to have a discernible
influence on swarm characteristics. Our finding may reflect
the temporal span of our data (covering less than one full
lunar cycle) rather than the influence being unimportant.
Alternatively, summertime diel vertical migration may mask
any lunar influence. Preliminary data exploration indicated
a likely interaction between the lunar and solar cycles, with
higher night-time densities amplified during the full moon.
Across the survey, day length (sunrise to sunset) ranged
between 17.1 h to 14.6 h and varied both with latitude and
time, as the summer progressed through to the end of February. Proper testing of solar and lunar interactions would
therefore require more data to disentangle spatial and temporal effects from the survey design. Current data collection
efforts within the Southern Ocean community will facilitate
such studies: there is an ever increasing repository of Southern Ocean active acoustic data, and international collaborative efforts to reprocess and integrate these data (e.g., the EU
project Mesopelagic Southern Ocean Prey and Predators, and
the NERC-funded Southern Ocean Network of Acoustics
project). The use of static moored, upward-looking acoustic
instruments (Brierley et al. 2006, Benoit-Bird et al. 2009)
and potentially data from the krill fishing fleet (Godo et al.
2014) could further help resolve these ambiguities.
Surface chlorophyll-a and fluorescence values, the variables
we used as an indicator of potential krill food and biological productivity generally, were not identified as important
model components in our study. Given a large dataset we
used a stringent significance threshold (p  0.001), and note
that chlorophyll-a (in the remote-sensing models) had p-values  0.05 or  0.1 in 40% and 65% of model runs, respectively, potentially indicative of weak (negative) relationships.
The relationship between the distribution of krill and their
food supply, phytoplankton, is complex and scale-dependent. At a large scale, krill have been shown to be present in
regions where there are high levels of chlorophyll-a (Nicol
et al. 2000b). On a medium and smaller scale, however, there
appears to be a negative correlation between krill abundance
and measurements of phytoplankton abundance (Weber and
El-Sayed 1985, Wright et al. 2010, Silk et al. 2016). Tarling
et al. (2009) found larger swarm types were more common
where surface fluorescence was lower, and suggested that formation of large swarms may enable krill to become a more
efficient foraging unit. Where krill are densely concentrated,
they will deplete the surface waters of phytoplankton; however, at a population level, krill may concentrate in areas where
there is likely to be higher productivity. Consequently, the
exact relationship between krill density and phytoplankton
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density at a given location will be highly variable and will
depend on factors including the length of time that the krill
swarm has been in contact with the phytoplankton patch.
The nature of our data, collected during a voyage designed to
estimate regional biomass, are not sufficient to resolve these
types of interplays.
Large-scale surveys such as BROKE-West provide a glimpse
of a vast and dynamic marine system. Habitat modelling is
an important approach that adds value to such expensive
and hard-won information, quantitatively integrates acoustic, underway and remotely sensed data, and scales up from
direct, local measurements towards synoptic regional predictions. This exploration found that models using remotelysensed data showed comparable performance with those
using more precise in situ underway data, enabling reasonable synoptic spatial predictions to be made. Our results suggest that the model set developed here may be informative for
predicting spatial fields for at least the summer season in the
East Antarctic, suitable for use in further predator movement
and distribution studies, as well as the parameterisation of
krill individual based models (Santora et al. 2016). Scaling up
beyond this would require caution (Torres et al. 2015), since
the Southern Ocean is characterised by strongly regionalised
oceanography (Silk et al. 2016), and regional differences in
climatic conditions, physical dynamics and drivers (Murphy
et al. 2007, Constable et al. 2014b). Krill distributions are
also known to show strong seasonal changes (Siegel 1988,
Lascara et al. 1999). Further, our study was largely restricted
to ice-free waters, because sea ice limits ship-based surveys as
well as remote sensing of several of the variables used in the
models. However, krill are abundant around sea ice (Brierley et al. 2002), and many predators consequently use these
areas. Alternative approaches are needed to characterise this
important krill habitat.
These models describe swarm density and depth, and so
care must be taken in comparing their spatial patterns with
results from other studies, which most commonly report
biomass, or depth-integrated density. Nevertheless, the
general spatial patterns from these models show good correspondence with other information about productivity and
predator habitat usage. We found swarms with higher internal densities extended further offshore in the eastern sector
of the region (east of approximately 70°E; Fig. 6). This is
consistent with the results of the 1996 BROKE krill survey
(Pauly et al. 2000), which found krill aggregations between
approximately 80 and 110°E extending out to the northernmost limit of the survey (approximately 63°S). The 2006
BROKE-West survey, covering the waters to the west of the
BROKE survey, reported krill to be broadly distributed at
relatively low densities, but with the highest densities generally found in the vicinity of the shelf break (Jarvis et al.
2010). Our model results of higher internal swarm densities
and shallower swarm depths in the vicinity of the shelf break
suggests that this feature might provide a relatively predictable and accessible prey source; for example, breeding Adelie
penguins are known to forage at the shelf break (Wienecke

et al. 2000, Clarke et al. 2006). Typically, the diving capabilities of Adelie penguins, Emperor penguins and Antarctic fur seals enable access to a deeper range of krill swarms,
whereas white-chinned petrels are constrained to find krill
within the upper 10 m (Huin 1994). Most small seabirds
are surface feeders, and since the acoustics do not sample the
surface layer (0–20m) there is potential bias for krill density
estimation at the surface.
More broadly, Raymond et al. (2015) examined tracking
data from six species of predators and identified areas of
important East Antarctic predator habitat. These predators
were not exclusively krill consumers, and their spatial habitat
use is in part governed by colony locations; however, these
important areas (also shown in Fig. 6) are generally congruent
with areas of higher internal swarm density predicted by our
models, particularly over the continental shelf in the sector
from Cape Ann (55°E) to the Shackleton Ice Shelf (95°E).
This is noteworthy given that the acoustic survey was predominantly offshore, and these findings may have interesting
implications for the spatial distribution of krill species other
than E. superba. Notably high predicted areas occurred in
and around coastal polynyas and major ice shelves and bergs.
Iron-rich water from melting glaciers is thought to control
the majority of primary production in polynyas (Arrigo et al.
2015), and the ecological consequences of iron fertilisation
from glacial meltwater can extend hundreds of kilometres
from the source (Death et al. 2014, Hawkings et al. 2014,
Duprat et al. 2016).
Offshore, the main area of predicted higher internal krill
swarm densities was located in the vicinity east of the Princess
Elizabeth Trough, to the south east of the Kerguelen Plateau
(90–110°E on Fig. 6). Given predominantly west-to-east
currents offshore, the slight geographic offset from the identified predator habitat (Raymond et al. 2015) may relate in
part to a temporal mismatch; the predator study included
the earlier spring-summer period (November to February)
compared with our prediction being for midsummer (February). A general retention within this region is consistent with
the documented oceanic recirculation: some component of
the westward flow along the Antarctic shelf break turns north
between 80–90°E along the eastern flank of the Kerguelen
Plateau, with an eastward return flow near 63°S forming a
regional gyre closed at 115°E (Nicol et al. 2000b, Rintoul
et al. 2008). The extent to which ocean circulation processes,
and krill behaviour, may modulate dispersal and maintain
regionally distinct krill populations continues to be an active
research topic (Hofmann and Murphy 2004, Murphy et al.
2004, Nicol 2006, Young et al. 2014). Overall, the ‘Kerguelen Axis’ region, linking the sub-Antarctic islands in the
north (Kerguelen, Heard and McDonald islands) along the
submarine Kerguelen Plateau to the Antarctic continent, is
a known region of enhanced biological productivity in the
South Indian sector of the Southern Ocean (Arrigo et al.
2008, Duhamel and Welsford 2011, Patterson et al. 2016).
Both predator and prey approaches confirm the ecological
importance of the southern end of the Kerguelen Plateau.

Our study gives a unique insight into how the distribution
of favourable prey field characteristics may support improved
quality of forage opportunities for predators. From this
further questions arise regarding the interplay of temporal
variability and persistence in prey resources and the evolution
of predator experience and memory (Bradshaw et al. 2004,
Arthur et al. 2015) versus behavioural plasticity and foraging
flexibility (Miller and Davis 1993, Lescroel and Bost 2005,
Bestley et al. 2009). This interplay likely varies with the specific life-history strategies and physiological limitations of the
individual predator species.
Future applications using increasingly large active-acoustic datasets (Proud et al. 2015) may facilitate Southern
Ocean-wide models for predicting krill swarm dynamics,
but will likely need to consider region-specific dynamics and
drivers such as sea ice extent (Nicol 2006). There is certainly
considerable opportunity for application to other swarm
characteristics (e.g., encounter rate), across different survey
domains (e.g., on-shelf, Antarctic Peninsula, islands) and
potential for examining non-krill targets (e.g., fish, squid,
jellyfish, other meso-zooplankton). In our study, approximately 20% of the acoustic swarms detected across BROKEWest transects T7-T11 were non-krill targets (unpublished
data). There are currently open hypotheses regarding the
structuring of Southern Ocean food-webs (Murphy et al.
2012), for example, where and how food webs are supported
via krill versus copepod-fish pathways, as well as the potential for competing krill- versus salp-dominated regimes.
These questions could usefully be served by acoustic analyses and biophysical modelling approaches similar to those
adopted here: to resolve whether productive systems such
as the Kerguelen Axis support either or both krill- and fishbased systems, and whether and how these are spatially or
climatically differentiated.
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