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In Antarctica, abundant consumers rely on Antarctic krill for food, but krill are also the 
subject of a commercial fishery. The fishery overlaps in time and space with the foraging 
areas of these consumers, thus potential competition between krill fisheries and krill 
consumers is a major management concern. The fishery is managed by the Commission 
for the Conservation of Antarctic Marine Living Resources with an ecosystem approach, 
according to which fishing should not interfere with either the population growth of krill, or 
krill-dependent consumers. Krill catches have become increasingly spatially concentrated 
in a small number of hotspots, raising concerns about how local depletion of krill impacts 
consumers. Such concentrated fishing demonstrates that there is a mismatch between 
the spatial and temporal scale at which krill fisheries are currently managed, and that at 
which fisheries operate and consumers forage. Information on the seasonal dynamics of 
predator abundance and their foraging behaviour is fundamental to future precautionary 
management of the krill fishery. We analysed the spatiotemporal distribution of two major 
krill consumers – humpback and minke whales – and that of krill fishing, off the Western 
Antarctic Peninsula. We used whale tracking data (58 humpback whale tracks and 19 
minke whale tracks) to develop spatial random forest models predicting the monthly 
distribution of whale foraging areas from January-July. Using these predictions, we 
calculated spatiotemporally-explicit geographic overlap between whales and fisheries, 
the latter represented by krill fishing effort and catch data. Over the krill fishing season, 
fishing effort and catch hotspots shifted to the southwest, into the Bransfield Strait where 
effort and catch was highest. Predicted humpback whale foraging areas increased in 
the Bransfield Strait over the same period, while predicted minke whale foraging areas 
showed an opposite trend. For both we predicted a whale-fishing interaction hotspot in 
the Bransfield Strait, strongest in April and May. Our results illustrate the fine spatial scale 
of likely interactions between baleen whales and the krill fishery, and their concentration 
over the season, underlining the need for fishery management more closely aligned to the 
spatiotemporal scale of likely predator-fishery interactions.
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INTRODUCTION

Large marine vertebrates, like marine mammals, frequently 
occupy high trophic levels and often rely on prey that are also 
subject to human fishing. Thus, spatial overlap between large 
marine vertebrates and fishing is apparently widespread (e.g., 
Queiroz et  al., 2019; Hindell et  al., 2020), but can be more 
acute when and where prey are aggregated (e.g., Scales et 
al. 2018). Fisheries impact large marine vertebrates through 
direct interactions (targeted or incidental capture, e.g., 
Lewison et  al., 2014) and indirect interactions (provisioning, 
resource competition, e.g., Grémillet et al., 2018) and potential 
interactions are consequently a conservation concern for marine 
top predators as well as for fishery management.

The Antarctic Krill Fishery and  
Krill Consumers
In Antarctica, abundant consumers rely on Antarctic krill 
(Euphausia superba, hereafter ‘krill’) for food, and the top-down 
and bottom-up interactions between krill and its consumers play 
a key role in structuring Antarctic marine ecosystems (Trathan 
& Hill, 2016). Krill are also the subject of a commercial fishery 
(Nicol et al., 2012) that overlaps in time and space with foraging of 
consumers and the potential competition between krill fisheries 
and krill consumers is thus a major management concern (e.g., 
Trivelpiece et al., 2011; Forcada et al., 2012; Trathan & Hill, 2016; 
Weinstein et al., 2017; Warwick-Evans et al., 2018; Watters et al., 
2020; Bamford et al., 2021; Krüger et al., 2021).

The krill fishery is managed by the Commission for the 
Conservation of Antarctic Marine Living Resources (CCAMLR) 
with an ecosystem approach, according to which fishing should 
not interfere with the population growth of krill, or krill-
dependent consumers, including those that are recovering from 
historical exploitation (Constable et  al., 2000). Almost all krill 
catches are from the southwest Atlantic sector of the Southern 
Ocean, FAO Area 48, where the krill population is concentrated 
(Atkinson et al., 2017). In some years small amounts have also 
been taken from the Indian Ocean sector of Antarctica. The 
current (annual) total allowable catch (precautionary catch limit) 
for the southwest Atlantic, based on an acoustic estimate of stock 
biomass undertaken in 2000 (Hewitt et al., 2004; SC-CCAMLR, 
2010), is currently 5.61 million tonnes. Over recent years, catches 
have been increasing, reaching a maximum of 450,813 tonnes 
in 2020, with a mean catch of 267,386 tonnes over the period 
between 2010 and 2020 (CCAMLR, 2021). As such, krill is “one 
of the world’s largest known underexploited marine stocks” 
(Nicol et  al., 2012) and could account for about 10% of future 
marine landings (Trathan et al., 2022).

Now, with the potential expansion of the krill fishery, there is 
increasing pressure on this shared resource, since populations of 
many krill consumers are changing (Bestley et al., 2020; Strycker 
et al., 2020). In line with their precautionary, ecosystem approach 
to management, CCAMLR has set an interim catch limit (or 
‘trigger level’) of 620,000 tonnes for the southwest Atlantic krill 
fishery (Hill et al., 2016, Trathan et al., 2022). This trigger level 
has been set until such a time that CCAMLR has agreed a way 

in which to spatially (and temporally) subdivide the much larger 
precautionary catch limit. Although catches are considered to be 
low compared to overall krill abundance (the interim catch limit  
is ~1% of the total estimated biomass across the southwest Atlantic 
[SC-CCAMLR, 2019]), catches are expected to keep increasing 
into the future with the development of new processing and 
fishing technologies. Further, due to interannual variability in 
total krill abundance and spatial distribution, local catch limits 
based on a single year assessment or even average assessments 
across multiple years, may exceed local krill abundance 
in some years. In recent years, krill catches have become 
increasingly spatially concentrated in a small number of hotspots 
(Weinstein et  al., 2017; Santa Cruz et  al., 2018; Krüger, 2019; 
Santa Cruz et  al., 2022; Trathan et  al., 2022), raising concerns 
about how local depletion of krill impacts its consumers (e.g., 
Weinstein et  al., 2017; Watters et  al., 2020; Krüger et  al., 2021;  
Santa Cruz et al., 2022).

CCAMLR has recognized that this increasingly concentrated 
krill fishing necessitates a smaller-scale management approach 
that better reflects the scale of krill-predator interactions and the 
current behaviour of the fishing fleet (i.e., at the scale of tens of 
kms) (SC-CCAMLR, 2016, paragraph 3.62 and 3.106). However, 
catches are still managed at the Subarea scale (658,730 km2 - 
1,033,248 km2 for Subareas 48.1-48.4), even though ‘Small Scale 
Management Units’ (16,000 km2 - 440,000 km2 (Figure 1) have 
been designated. In the southwest Atlantic (Subareas 48.1, 48.2, 
48.3 and 48.4) harvesting is limited to 25%, 45%, 45% and 15%, 
respectively, of the trigger level. These interim Subarea limits sum 

FIGURE 1 |   Map of the Antarctic Peninsula, Western Antarctica, showing 
Subarea 48.1 (black bounding box). Within Subarea 48.1, seven Small 
Scale Management Units (SSMUs) are indicated; APW, Antarctic Peninsula 
West; APDPW, Antarctic Peninsula Drake Passage West: APDPE, Antarctic 
Peninsula Drake Passage East; APEI, Antarctic Peninsula Elephant Island; 
APBSW, Antarctic Peninsula Bransfield Strait West; APBSE, Antarctic 
Peninsula Bransfield Strait East: APE, Antarctic Peninsula East.
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to 130% of the overall trigger level to allow spatial flexibility for 
the fishery, but the overall catch across these four Subareas is 
still limited by the overall trigger level (Trathan et al., 2022).

Competing with the commercial krill fishery are numerous 
natural krill consumers including fishes, squid, seabirds and 
marine mammals, not to mention the numerous invertebrate 
species that feed on early life-history stages of krill (Trathan 
and Hill, 2016). The air-breathing consumers adjust their 
foraging areas in response to prey availability and accessibility, 
but are spatially restricted due to their intrinsic ecology, 
such as migratory patterns in baleen whales or the central 
place foraging constraints associated with breeding on land 
for penguins and seals. This means that consumers usually 
shift their foraging areas (e.g., Trathan et  al., 2018) over an 
approximately annual timescale and over spatial scales of 10s 
– 100s or 1000s of kms. Accompanied by these changes in 
the areas foraged by consumers are changes in their energy 
requirements. Together this produces a dynamic pattern of 
space-use and energy requirement that must be incorporated 
into the risk assessment framework for managing the Antarctic 
krill fishery (e.g., Hinke et  al., 2017a; Weinstein et  al., 2017). 
Integral to the finer scale (10s of km and hours to weeks) space-
time structuring of these patterns is the way in which predators 
find and exploit patchily distributed prey. Predators initially 
search for prey using faster, more linear movements but when 
they encounter prey they slow down and turn more often to 
remain in the prey patch. Predators forage in these patches until 
prey reaches some ‘giving up’ density below which foraging is 
no longer profitable. It is at these spatiotemporal scales that 
we might expect to detect predator-prey overlap, as well as 
overlap with fisheries, since similar dynamics seem to operate 
in the krill fishing fleet. Vessels must locate large, dense krill 
swarms that they exploit before moving to search for a new 
krill swarm (Santa Cruz et al., 2018). Such dynamics may also 
be intensified if fishing vessels also use cues similar to those 
used by dependent predators, for example the presence of other 
foraging predators such as baleen whales. Krill fishing vessels 
exploit krill hotspots for about 3-17 days, whereafter they move 
on due to declining catches indicating local krill depletion 
(Santa Cruz et  al., 2018). However, in some hotspots close to 
shore off the Western Antarctic Peninsula, concentrated fishing 
can last longer, but still with evident declines in catches towards 
the end of the event, which differed for different vessels within 
the fishing hotspot (Trathan et al., 2016).

Such concentrated fishing demonstrates a mismatch between 
the spatial and temporal scale at which krill fisheries are currently 
managed, and that at which fisheries operate and consumers 
forage. Information on the seasonal dynamics of predator 
abundance and their foraging behaviour is fundamental to 
future precautionary management of the krill fishery. Improved 
analyses on both spatial and functional overlap of consumers 
with the fishery and how they both interact with krill will be 
extremely informative, especially for key predator groups about 
which foraging information is limited. In particular, baleen 
whales are not included in CCAMLR’s management approach 
even though they are known to be major krill consumers (e.g., 
Savoca et  al., 2021). Importantly, baleen whales are also not 

included in the CCAMLR Ecosystem Monitoring Program 
which monitors other krill consumers (Agnew, 1997).

Thus, there is a clear and urgent need to better understand 
the spatiotemporal characteristics of potential interactions 
between krill consumers and the krill fishery. This is perhaps 
most urgent for those species that have not previously been 
considered in detail and which are known to be recovering 
rapidly from previous exploitation. Krill-eating baleen 
whales are therefore probably the most important taxonomic 
group for which CCAMLR needs information (Trathan et al., 
2022). Moreover, recent by-catch of whales in the krill fishery 
demonstrate that fishing vessels and baleen whales do not 
always easily coexist (CCAMLR Secretariat, 2021; Delegations 
of Norway and the United Kingdom, 2021). Understanding the 
spatiotemporal distribution of both whales and fishing vessels is 
now urgent. Fortunately, animal biologging and vessel tracking 
provides data that can be used to address this need.

Humpback and Minke Whales
One of the most important consumers of krill in the Southern 
Ocean is the humpback whale (Megaptera novaeangliae), a 
medium sized (~15 m) baleen whale which, migrates annually 
from low latitude overwintering grounds to mid and high 
latitude summer feeding grounds (Clapham, 2018). Southern 
hemisphere humpback whale populations were severely depleted 
by catches of ~215,000 animals during industrial whaling from 
1900-1979 (Rocha et  al., 2015). Circumpolar surveys suggest 
a total Southern Ocean abundance >55,000 in 2011 (Branch, 
2011). Most populations are increasing (albeit at different 
rates) and some are estimated to be near their pre-exploitation 
abundance (International Whaling Commission, 2016). The 
humpback whale population that uses waters off the Western 
Antarctic Peninsula is increasing rapidly (Pallin et al., 2018) and 
unprecedentedly dense ‘super-aggregations’ have been observed 
in this region (Nowacek et al., 2011). Spatial abundance models 
estimate around 19,000 individuals in this region in early summer 
(Johannessen et al., 2022; see also Warwick-Evans et al., 2022), a 
5.1% per annum increase from the estimated 7,000 individuals in 
the same region in 2000 (Hedley et al., 2001; Johannessen et al., 
2022). Their global IUCN Red List classification is Least Concern 
(Cooke, 2018).

Another major Southern Ocean krill consumer is the 
smaller (~8m) but much more abundant Antarctic minke 
whale (Balaenoptera bonaerensis) (Friedlaender et  al., 2014). 
Their Southern Ocean population has been estimated to be 
around 500,000 individuals, based on circumpolar surveys from 
1993-2004 (International Whaling Commission, 2013). This 
represents a 13% decline from the 1986-1991 survey estimate of 
around 700,000 animals, although both estimates are imprecise 
[due largely to minke whales’ affinity for sea ice (Williams et al., 
2014; Herr et  al., 2019)] and the trend is thus not significant 
(International Whaling Commission, 2013). Nonetheless, the 
apparent decline is one of the reasons for their current IUCN 
Red List classification as Near-Threatened (Cooke et al., 2018).

Habitat modelling of humpback and minke whale sighting 
data in the Western Antarctic Peninsula showed that the 
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distribution of these whales was best explained by krill distribution 
(Friedlaender et al., 2006; Friedlaender et al., 2011). Using tracking 
data from five humpback whales, Curtice et al. (2015) showed that 
their distribution changed over their feeding season from January 
to June. Individuals moved inshore and their movements became 
more concentrated, likely a response to the inshore movement and 
aggregation of krill over the same period (Curtice et al., 2015), given 
krill are thought also to follow a seasonal migration (Siegel, 1988).

Weinstein et  al. (2017) used tracking data from 33 humpback 
whales in the Western Antarctic Peninsula (Subarea 48.1) to map 
the month-by-month foraging areas of whales in relation to krill 
catches. Individuals used some of the Small-Scale Management 
Units significantly more than expected, suggesting that a uniform 
krill catch limit for all SSMUs in Subarea 48.1 is overly broad and 
ignores important variation in humpback whale distribution and 
critical foraging areas. The authors recommended that two Small 
Scale Management Units particularly – Antarctic Peninsula West 
and Bransfield Strait West – deserve special attention if fine scale 
management is to be implemented (Weinstein et al., 2017). However, 
this work did not account for the dynamic behaviour of the fishery 
on a predator-relevant timescale. Friedlaender et al. (2021) showed 
that humpback whales range throughout continental shelf waters 
and nearshore bays along the Western Antarctic Peninsula, while 
minke whales prefer sheltered bays and areas where sea ice is present. 
Minke whales thus occupy areas within the areas used by humpback 
whales (Friedlaender et al., 2021).

Aims
This simultaneous concentration of krill, whales and fisheries 
inshore late in the fishing season (late austral summer into 
autumn) heightens the possibility of local depletion and 
disruption of whale populations, but new information is required 
to address this issue in light of CCAMLR’s Risk Assessment 
Framework for krill fishery management. Here, we address this 
information gap by investigating the spatiotemporal distribution 
of humpback whale and minke whale foraging behaviour in 
the Western Antarctic Peninsula as well as that of krill fishing 
in the same region. We do this using recent whale tracking data 
and fishing catch and effort data. We develop spatial models to 
predict monthly whale distribution from January-July, thereby 
calculating spatiotemporally explicit geographic overlap between 
whales and fisheries.

METHODS

Computation
All analyses were performed in the R environment (R Core 
Team, 2022). Scripts used to conduct the analyses can be found 
in the Github repository https://github.com/ryanreisinger/
whaleKrillOverlap.

Whale Movement Behaviour
We collated published and unpublished satellite tag tracking data 
for humpback and minke whales. For humpback whales, we used 
a circumpolar dataset of tracks (Reisinger et al., 2021) totalling 

367 tracks and 214,865 locations. Individuals were tagged on 
Antarctic foraging grounds as well as lower latitude breeding 
grounds (Reisinger et  al., 2021). For minke whales, we used 
published tracks from tags deployed off the Western Antarctic 
Peninsula (Friedlaender et  al., 2021), as well as unpublished 
tracks from tags deployed in the Weddell Sea and off the Western 
Antarctic Peninsula. Together these totalled 20 tracks and 
10,286 locations. The tags were all Argos-linked satellite tags in 
various configurations (see Curtice et al. (2015); Weinstein et al. 
(2017); Weinstein & Friedlaender (2017) and Friedlaender et al. 
(2021) for specific details). For both species, we restricted the 
dataset to tracks from 1 January 2012 onwards, with locations 
within CCAMLR statistical Subarea 48.1: 58 humpback whale 
tracks (2012-2018) and 19 minke whale tracks (2013-2017) 
(Supplementary Table S1).

Argos-linked tags provide geographic location estimates at 
irregular intervals due to the dive behaviour of whales and the 
availability of overhead satellites. Argos location estimates have 
some geographic uncertainty, categorised by system Argos into 
four classes with error radiuses from <250 m (class 3) to >1,500 
m (class 0) (CLS, 2016). To estimate locations at regular intervals, 
while accounting for location uncertainty, we fitted state-space 
models to the tracking data. Specifically, we chose a behaviour-
switching state-space model (Jonsen et  al., 2005), which also 
estimates a behavioural parameter (b) for each location. The 
behavioural parameter b is estimated using the turning angles 
and persistence in speed and direction from the fitted tracks 
(Jonsen et  al., 2007). Low b values are associated with faster, 
straighter movements indicative of ‘transit’ behaviour, while high 
b values indicate slower, more tortuous movements, assumed to 
be associated with ‘Area-Restricted Search’ behaviour (Jonsen 
et al., 2007). The rationale is that, when prey is heterogeneously 
distributed, consumers initially search for prey using faster, more 
linear movements; when they encounter prey they then slow 
down and turn more often to remain in the prey patch (e.g., 
Kareiva & Odell, 1987; Benhamou, 1992; Fauchald et al., 2000; 
Fauchald and Tveraa, 2003). Thus, locations with high b values – 
hereafter ‘restricted’ behavioural state – are assumed to represent 
areas where whales have encountered prey.

Before fitting the state-space models, we split tracks with 
temporal gaps greater than three days into track segments and 
treated these separately to avoid excessive interpolation. We also 
filtered the data using a speed filter (retaining positions with 
apparent speeds less than 5 m s-1). Behavioural-switching state 
space models were fitted using the bsam R package (Jonsen et al., 
2005; Jonsen, 2016). We estimated locations 3-hourly. Locations 
with b values 1.0 ≤ b ≥ 1.4 were classified as transit, 1.6 ≤ b ≥ 2.0 
as restricted, and 1.4 < b > 1.6 as uncertain (a slightly relaxed 
threshold cf. Jonsen et al., 2007).

Since the satellite tracking data depict only the behaviour of 
the tracked individuals, we fitted spatial random forest models 
(Hengl et  al., 2018) to predict the behaviour of whales over 
the entire study area in each month where there was sufficient 
tracking data. These models relate the behavioural state in the 
tracks to a set of environmental covariates as well as a set of 
covariates capturing the spatial relationships among the tracking 
locations. Hengl et  al. (2018) show that spatial random forests 
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perform at least as well as state-of-the-art Kriging methods, but 
with greater flexibility.

Following Hengl et  al. (2018), our spatial random forest is 
represented as:

Y s f X Xg e( ) = ( ),

The response variable Y at point s is the behavioural state 
b, either ‘transit’ or ‘restricted’; Xg are predictors/covariates 
accounting for geographic proximity among points, in this case 
the distance (km) from the given point s to all other points, 
calculated using the gdistance R package (Van Etten, 2017), Xe 
are environmental predictors/covariates at the given points, in 
this case: ocean depth, distance to shelf, sea surface temperature 
(mean and coefficient of variation), sea ice concentration 
(mean and coefficient of variation) and distance to the sea 
ice edge (mean and coefficient of variation) (Table  1). These 
are among the covariates that have previously been linked to 
the occurrence of minke (Friedlaender et  al., 2006; Ainley 
et  al., 2012; Friedlaender et  al., 2014; Williams et  al., 2014;  

Ainley et  al., 2017; Herr et  al., 2019; Ainley et  al., 2020; 
Friedlaender et al., 2021) and humpback (Andrews-Goff et al., 
2018; Bestley et  al., 2019; Riekkola et  al., 2019; Friedlaender 
et  al., 2021; Reisinger et  al., 2021) whales around Antarctica. 
The primary aim of our modelling was spatial prediction, and 
in addition to the spatial covariates we therefore included only 
some environmental covariates from a variety of possible ones 
(e.g., Reisinger et al., 2021). For dynamic covariates (sea surface 
temperature, sea ice concentration, distance to sea ice edge), 
monthly mean and coefficient of variation were calculated 
using daily data from the respective months over the period 
December 2015 - November 2020. Additionally, we included 
one- and two-month lags of these covariates, since lagged sea 
ice covariates have been linked to humpback whale movements 
previously (Andrews-Goff et  al., 2018; Riekkola et  al., 2019). 
Environmental data were extracted from a data collection 
maintained by the Australian Antarctic Division, using the 
raadtools (Sumner, 2021) and raster (Hijmans, 2020) R packages. 
The latter package was used for most raster manipulations. 
Random forests were fitted using the ranger package (Wright 
& Ziegler, 2017). The number of trees was set to 500 and 

TABLE 1 | Environmental covariates used as predictors of whale behavioural state in spatial random forest models.

Variable Description Unit Spatial resolution Temporal resolution Source

Depth Ocean depth m 30 arc-second − GEBCO 2020 grid 
GEBCO Compilation Group, 2020

Distance to shelf Distance to 500 m ocean  
depth contour.

km 30 arc-second − Calculated from: 
GEBCO 2020 grid 
GEBCO Compilation Group, 2020

Sea surface temperature 
 mean

Sea surface temperature - monthly 
mean climatology from daily values.

°C 0.01° x 0.01° Monthly summary of daily  
values

Calculated from: 
GHRSST Level 4 MUR Global 
Foundation Sea Surface Temperature 
Analysis v4.1 
http://podaac.jpl.nasa.gov/dataset/MUR 
-JPL-L4-GLOB-v4.1 
https://doi.org/10.5067/GHGMR-4FJ04

Sea surface temperature CV Sea surface temperature - monthly CV 
climatology from daily values.

– 0.01° x 0.01° Monthly summary of daily  
values

Calculated from: 
GHRSST Level 4 MUR Global 
Foundation Sea Surface Temperature 
Analysis v4.1 
http://podaac.jpl.nasa.gov/dataset/
MUR-JPL-L4-GLOB-v4.1 
https://doi.org/10.5067/GHGMR-4FJ04

Sea ice concentration mean Sea ice concentration per grid cell 
monthly mean climatology from daily 
values.

% 25 km, regridded  
to 0.1° x 0.1°

Monthly summary of daily  
values

Calculated from: 
https://nsidc.org/data/NSIDC-0051/
versions/1 
Cavalieri et al. (1996)

Sea ice concentration CV Sea ice concentration per grid cell 
monthly CV climatology from daily 
values.

– 25 km, regridded  
to 0.1° x 0.1°

Monthly summary of daily  
values

Calculated from: 
https://nsidc.org/data/NSIDC-0051/
versions/1 
Cavalieri et al. (1996)

Distance to sea ice edge  
mean

Distance to 15% contour in sea 
ice concentration. Monthly mean 
climatology from daily values. Positive 
distance in open water; negative 
distance within sea ice.

km 25 km, regridded  
to 0.1° x 0.1°

Monthly summary of daily  
values

Calculated from: 
https://nsidc.org/data/NSIDC-0051/
versions/1 
Cavalieri et al. (1996)

Distance to sea ice edge CV Distance to 15% contour in sea ice 
concentration. Monthly CV climatology 
from daily values. Positive distance in 
open water; negative distance within 
sea ice.

– 25 km, regridded  
to 0.1° x 0.1°

Monthly summary of daily  
values

Calculated from: 
https://nsidc.org/data/NSIDC-0051/
versions/1 
Cavalieri et al. (1996)
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prediction error was assessed with the Brier score. Covariate 
importance was assessed with the Gini index. We assessed the 
temporal trend in predictions by calculating Kendall’s tau for 
each grid cell over months, using the spatialEco package (Evans 
& Murphy, 2021).

Krill Fishing
We compiled data on Antarctic krill fishing in statistical Subarea 
48.1 from two sources: CCAMLR fine-scale catch and effort 
data for trawl fisheries (“C1 data”) obtained from (https://www.
ccamlr.org/en/node/74767) and Global Fishing Watch global 
fishing effort data version 2.0 (https://globalfishingwatch.org/
data-download/datasets/public-fishing-effort) (Kroodsma et al., 
2018). The C1 data are reported to CCAMLR on a haul-by-haul 
basis. We used data from December 2015 - May 2020 (2016-2020 
fishing seasons), summing the krill catch (tonnes) per haul onto 
an aggregated 0.1° x 0.1° (approximately 11.1  km x 5.6  km at 
60°S) spatial grid by month, using the haul set end locations. The 
Global Fishing Watch effort dataset is based on AIS-detections 
that are identified as fishing using a suite of algorithms, including 
a neural network classifier; these detections are binned onto a 
spatial grid and effort is calculated per grid as the time between 
the current and previous position (Kroodsma et al., 2018). We 
filtered these effort data for the same period as the catch data, 
summing fishing effort (hours) on the same spatial grid. We 
calculated temporal trends in krill fishing catch and effort as for 
the whale behaviour predictions.

Overlap Between Important Whale Areas 
and Fishing
We calculated an overlap index between whales and fishing by 
multiplying the predicted probabilities for whales to be in a 
restricted behavioural state in a given grid cell, by the monthly 
krill catch.

RESULTS

Whale Movement Behaviour
After limiting the 367 humpback whale and 20 minke whale 
tracks to our study area, splitting tracks with time gaps > 3 
days into track segments, and fitting behaviour-switching state-
space models to regularise the locations in time accounting 
for the errors inherent to satellite tracking data, we retained 
52 humpback whale track segments totalling 18,236 locations 
(Figure 2A) and 25 minke whale track segments totalling 4,188 
locations (Figure  2B). The distribution of b values for each 
species is shown in Supplementary Figure S1.

Movements of humpback whales were more extensive than 
those of minke whales, with humpback locations distributed 
throughout Subarea 48.1 (Figure 2A). Minke whale locations, 
in contrast, were mainly close to the Antarctic Peninsula 
coast, often in bays (Figure  2B). Humpback whales typically 

switched from transit to restricted behaviour upon reaching 
the South Shetland Islands or Bransfield and Gerlache Straits, 
where there were high concentrations of restricted behaviour 
locations (Figure  2A). Most whale locations were within the 
seven CCAMLR SSMUs, although both humpbacks and minkes 
recorded locations further south along the Peninsula.

Prediction error (Brier score, which can range from 0 [all 
cases correctly predicted] to 1 [no cases correctly predicted] of 
the random forest models ranged (best-worst) from 0.02-0.06 
for humpback whales and from 0.03-0.08 for minke whales, 
indicating very low error when predicting the datasets used for 
model fitting.

The trend in random forest predictions over the season was 
very different for humpback and minke whales. For humpback 
whales (Figure  3A) there is an increasing trend in the 
Bransfield Strait West, Antarctic Peninsula West and Antarctic 
Peninsula Pelagic SSMUs over the season, with a decreasing 
trend elsewhere. For minke whales (Figure  3B) there is a 
decrease in the Bransfield Strait East SSMUs, strong decrease 
in the Antarctic Peninsula West SSMU nearshore and Antarctic 
Peninsula East SSMU (around James Ross Island), with a strong 
increase in the pelagic SSMU, off Adelaide Island.

Among the environmental covariates, 1- and 2-month lagged 
mean sea surface temperature followed by 1-month lagged 
mean sea ice concentration had the highest to third-highest 
mean variable importance for humpback whales (Figure 4). For 
minke whales, 1-month lagged sea surface temperature mean, 
followed by 2-month lagged mean sea ice concentration had the 
highest mean importance (Figure 4).

Fishing
Fishing effort and catch took place in the Drake Passage near 
the South Shetland Islands (SSMUs ADPW and ADPE), near 
Elephant Island (SSMU APEI) in the Bransfield Strait (SSMUs 
APBSW and APBSW) and in the Gerlache Strait (SSMU APW) 
(Figure 5). The greatest effort (up to 34 hours in a grid cell) and 
greatest catch (up to 12,908 tonnes in a grid cell) was located 
in a cluster of grid cells around the shelf edge of the Antarctic 
Peninsula within the Bransfield Strait (near Lafond Trough), 
straddling SSMUs APBSW and APBSE with a size in the region 
of 30 x 60 km.

Each Antarctic krill fishing season lasts from 1 December to 
30 November, but Subarea 48.1 is usually closed early, because 
the local catch limit is reached, usually in May, June or July of a 
given year. We calculated the spatial trend (Kendall’s tau) in krill 
catch (Figure 5) and fishing effort (Figure 6) over the season 
(for a given calendar month, summing the data over all years). 
Figures 5, 6 show the clear seasonal progression from areas in 
the Drake Passage off Elephant Island (APEI SSMU) and King 
George Island (APDPE SSMU) to more south-westerly areas in 
the Drake Passage (APDPW SSMU) and areas in the Bransfield 
Strait (APBSW and APBSE SSMUs). Monthly, interannual 
variance in fishing effort was highest in the Bransfield Strait in 
April and May (Supplementary Figure S2).
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Overlap
Overlap index values reveal a clear seasonal progression in potential 
interactions between predicted whale foraging and krill fisheries. For 
humpback whales, overlap early in the season, in January, is located 
in the Elephant Island (APEI) and Drake Passage (APDPW and 
APDPE) SSMUs (Figures 7A, 8), while from February, overlap for 
humpback whales develops in the Bransfield Strait. For minke whales, 
overlap is highest in the Bransfield Strait (APBSE and APBSW), 

firstly, and off the South Shetland Islands (APDPE and APDWE), 
secondly (Figures  7B,  8). For both humpback (Figure  7A) and 
minke (Figure 7B) whales, the highest overlap occurs in April and 
May, concentrated in the Bransfield Strait (Figure 8), driven by high 
krill catch in this area (see Figure 5). An approximate comparative 
phenology of whales – using the tracking data and International 
Whaling Commission whaling catch dataset (Allison, 2016) south of 
60° S – and fisheries – using the effort data – is shown in Figure 9.

A

B

FIGURE 2 | Humpback whale (A) and minke whale movement (B) tracks off the Antarctic Peninsula. A behaviour switching state-space model was used to 
regularise the locations in time (6-hour timestep), to account for errors associated with satellite tracking data, and estimate the behavioural state of whales. Black 
polygons indicate the seven CCAMLR Small Scale Management Units (SSMUs) within Subarea 48.1, which is delineated by the outer black polygon.
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DISCUSSION

Using humpback whale and minke whale tracking data, we fitted 
spatial random forest models to predict the monthly distribution 
of whale behavioural state over the summer foraging period in 
the Western Antarctic Peninsula region. For humpback whales, 
we predicted a shift towards a concentrated foraging area in the 

Bransfield Strait. For minke whales, there was a more subtle trend 
suggesting diffusion from their early season foraging area in the 
Gerlache Strait. We used fine-scale data on krill fishing effort 
and catch to examine the monthly spatial distribution of the krill 
fishery in the same region. These data show that fishing effort and 
catch is highly concentrated in relatively small areas, as shown 
by Santa Cruz et al. (2018) (see also Weinstein et al., 2017 and 

A

B

FIGURE 3 | For humpback whales (A) and minke whales (B), the trend in behavioural state predictions over the season. A negative trend (green colours) means that, 
in a given grid cell, whales were decreasingly likely to be in a restricted behavioural state as the season progressed, while a positive trend indicates the opposite.
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Krüger, 2019). Krill fishing is particularly concentrated in two 
SSMUs in the Bransfield Strait: Bransfield Strait West (APBSW) 
and Bransfield Strait East (APBSW) (see also Weinstein et al., 
2017; Santa Cruz et al., 2018).

Several studies (e.g., Trivelpiece et al., 2011; Forcada et al., 
2012; Trathan & Hill, 2016; Warwick-Evans et  al., 2018; 
Watters et al., 2020; Bamford et al., 2021; Krüger et al., 2021) 
highlight overlap between krill consumers and krill fisheries 
as a serious management concern. However, most work has 
so far focussed on penguins and seals while baleen whales, 
despite being major krill consumers (Savoca et  al., 2021), 
have received comparatively little attention (cf. Weinstein 
et  al., 2017; Johannessen et  al., 2022; Trathan et  al., 2022). 
Indeed, baleen whales are not explicitly included in CCAMLR’s 
ecosystem approach to fishery management or in the CCAMLR 
Ecosystem Monitoring Program that monitors other krill 
consumers (Agnew, 1997). Indeed, by the time that the CAMLR 
Convention was negotiated, populations of baleen whales 
had already been exploited to such levels that management 
concerns principally focused upon land-based krill predators. 
However, negotiation of the CAMLR Convention did allow 
for the restoration of previously depleted populations, which 
clearly must now include baleen whales.

Our results indicate the likely overlap between humpback 
and minke whales and the krill fishery at fine spatial scale on the 
order of tens of km. Further, the temporal changes in humpback 
whale foraging distribution and krill fishing distribution are 
likely to result in intensified potential competition as both 
krill consumers and krill fisheries track the movement of krill 
in coastal regions as the summer progresses. This underlines 
the importance of including information on baleen whales 
in managing the krill fishery. Moreover, our results further 
emphasise that management of the krill fishery should move 
towards understanding actual impacts on krill consumers at 
fine temporal and spatial scales, as well as being adaptive by, 
for example, using spatial models similar to those we present 
to predict overlap between krill consumers and the krill fishery. 
This is now increasingly urgent as the ecosystem changes 
with changing predator populations and rapid environmental 
change in this region, but also in the context of an expanding 
krill fishing (Trathan et al., 2022).

Having recognized the increasing spatial concentration 
of krill fishing and the typical spatial scale of krill-predator 
interactions, CCAMLR designated SSMUs ranging in size from 
16,000 km2 - 440,000 km2 (Figure 1). However, krill catches are 
still managed by Subarea, for Subarea 48.1 an area of 658,739 

A B

FIGURE 4 | Importance of environmental covariates in random forest models predicting the behavioural state of (A) humpback and (B) minke whales. Covariates 
are ordered from lowest (bottom) to highest (top) mean importance, with each point representing a monthly random forest model (seven models for humpback 
whales and five models for minke whales). SST_mean, mean sea surface temperature; SST_cv, coefficient of variation of sea surface temperature; ICECONC_cv, 
coefficient of variation of sea ice concentration; ICEDIST_mean, mean of distance to sea ice edge (15% sea ice concentration contour); ICECONC_mean, mean of 
sea ice concentration; DEP - ocean depth; SHELF, distance to shelf (500 m bathymetry contour); ICEDIST_cv, coefficient of variation of distance to sea ice edge 
(15% sea ice concentration contour). Suffixes _1 and _2 indicate 1- and 2-month time lags.
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km2. Even if catch were to be managed by SSMU, our analyses 
show that potential interactions are concentrated in hotspots in 
only a few SSMUs. Weinstein et al. (2017) showed that humpback 
whales used the Antarctic Peninsula West (APW), Bransfield 
Strait West (APBSW), and Drake (APDP) Passage West SSMUs 
more often than expected, spending more time in a restricted 
behavioural state in these SSMUs. Similarly, density modelling of 
humpback whale sightings data likewise identifies the Bransfield 

Strait and northern Gerlache Strait as areas of high humpback 
whale abundance, at least during December (Johannessen et al., 
2022). In the last decade, krill fishing has shifted spatially into 
the Bransfield Strait (Santa Cruz et  al., 2018), representing the 
primary krill fishing hotspot in our analysis (Figure  5). Thus, 
these areas represent hotspots of likely high overlap between 
humpback whales and the krill fishery (Figures  7, 8). Minke 
whales had a more restricted distribution, with most of their 

A

B

FIGURE 5 | Total Antarctic krill fishing effort (hours) (A) and catch (tonnes) (B) per 0.1° x 0.1° grid cell in statistical subarea 48.1 over the period December 2015 – 
May 2020. Black polygons indicate the seven Small Scale Management Units (SSMUs) within the Subarea, named in Figure 1. Catch data: CCAMLR. Effort data: 
Global Fishing Watch.
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restricted-behaviour locations in the nearshore waters of the 
Gerlache Strait (Danco Coast) and Grenadier Channel (Graham 
Coast and Loubet Coast). There was some fishing effort in the 
northern Gerlache Strait, but little further south, and consequently 
overlap between predicted minke whale foraging areas and the 
krill fishery was much lower than for humpback whales. A caveat 
is that fewer tracking data for whales in some months – mainly 
April but also May for minke whales, and March for humpback 

whales – resulted in less informative models with somewhat 
uniform predictions in those months. The trend in predictions 
across months is likely to be robust despite this, but, for minke 
whales, extending the seasonal data window in this region should 
be a priority in light of projected environmental changes in the 
Western Antarctic Peninsula (see below). Further, tagging may 
have been biased towards smaller individuals more likely to feed 
in protected bays, and our study did not include information 

A

B

FIGURE 6 | Trend (Kendall’s tau) in Antarctic krill fishing effort (A) and catch (B) over all fishing seasons (December – July), 2015-2020, depicting the average 
movement of the fishing effort (top) and catch (bottom) within seasons. Green colours indicate a decrease in effort (top) or catch (bottom) in a given 0.1° x 0.1° grid 
cell over the season, while purple colours indicate an increase. Black polygons indicate the seven Small Scale Management Units (SSMUs) within the Subarea. Effort 
data: Global Fishing Watch. Catch data: CCAMLR.
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on Antarctic blue (Balaenoptera musculus intermedia) and fin 
(Balaenoptera physalus) whales, two important krill consumers 
likely to overlap with the krill fishery in more open waters 
(Santora et al., 2010; Santora et al., 2014; Herr et al., 2016). Lastly, 
behavioural differences between humpback and minke whales 
could influence the definition of ‘restricted’ and ‘transit’ locations 
estimated from the state-space models, with minke whales likely 
switching behavioural states in a manner that is more difficult 
to detect with a state-space switching model. Further, directed 
work, where satellite tracking is augmented with accelerometery 
to detect foraging more directly, is required to investigate this 
fully.

Predator foraging behaviour is highly variable, including 
seasonally, depending upon animal status (e.g., for different 
phases of the penguin breeding season, Warwick-Evans et  al., 
2018). As such, the scale and intensity of habitat used by a predator 
can change. This has important consequences for management 
of the krill fishery (e.g., see Trathan et  al., 2022, for a broader 
discussion of scale in the management of the krill fishery). 
Briefly, the dynamic mosaic of predator demand across time 
and space and across species presents a number of challenges to 
CCAMLR, particularly as habitat use preferences are unknown 
for many species, or are only partially known for others. For most 
species, there is a lack of understanding about how predators use 
their habitat in winter. How predators interact with the available 
krill in an area now requires deeper understanding, particularly 
where carryover effects may be important (Trathan et al., 2021).

Our analysis shows that as the season progresses, fishing shifts 
south and inshore, similar to the predicted seasonal movement 
of humpback whale foraging areas. Tracking data from five 
humpback whales analysed by Curtice et al. (2015) showed that 
whales used smaller more concentrated areas and moved nearer 
to the coast over the foraging season. Since both fishing vessels 
and humpback whales are targeting krill, a similar progression 
of their hotspots should be expected if krill distribution shifts 
through the year, and especially if krill behaviour or ecological 
drivers of krill habitat use have a seasonal component. Indeed, 
Atkinson et al. (2008) note that krill density peaks in the middle of 
summer (January) and declines thereafter, reflecting the pulse of 
recruitment from larvae during spring–summer and subsequent 
mortality. However, adult krill are also thought to migrate from 
shelf waters to deeper oceanic waters at the edge of the shelf to 
spawn in summer, returning at the end of the summer to winter 
in shelf or coastal waters (Siegel, 1988; Trathan et al., 1993; Siegel, 
2005). Apparently, krill overwinter in coastal waters, regardless 
of sea ice cover (Reiss et al., 2017). In this context, Lascara et al. 
(1999) have also reported that at the Western Antarctic Peninsula, 
there is a strong decrease in krill biomass, with altered aggregation 
characteristics between spring (November) and winter (August-
September). As such, in summer (January-February), there are 
widespread, dense aggregations of smaller size, which are located 
in the upper water column. Whereas, in autumn (March-May), 
there are larger, less dense aggregations that are located deeper in 
the water column. Such a change in krill aggregation state could, 
at least partially, be associated with predator foraging behaviour 
(Tarling and Fielding, 2016), particularly if krill show differential 
responses to different feeding behaviours, by for example, baleen 

whales or penguins, and these predators remain seasonally in 
the region for different periods of time. Krill behaviour will also 
be affected by complex dispersal and retention of krill due to 
local currents (Trathan et al., 2022). Krill may concentrate near 
to local bathymetric features, entrained by local oceanographic 
flows (Capella et al., 1992; Piñones et al., 2013b). In late autumn/
winter, massive, extremely dense aggregations of krill have been 
documented in the nearshore bays on the western side of the 
Antarctic Peninsula (Nowacek et al., 2011) coincident with where 
the krill fishery is known to operate at these times (Weinstein 
and Friedlaender, 2017). Baleen whale concentrations (Johnston 
et al., 2012) mirror these supper aggregations of krill and whales 
consistently distribute in these places and forage in a manner that 
optimises energy gain (Friedlaender et  al., 2013; Friedlaender 
et al., 2016; Tyson et al., 2016)

Johannessen et al. (2022 see also Warwick-Evans et al., 2022) 
estimate peak potential competition (calculated as humpback 
whales’ per capita consumption multiplied by their abundance 
through the season, and krill catch through the season) in April, 
which corresponds with the highest values in our monthly spatial 
overlap index. Based on the assumption that whales spend 120 
days in their Southern Ocean foraging areas (Lockyer, 1981), 
Johannessen et  al. (2022) calculated very limited humpback 
whale-fishery competition by May, but tracking data in this 
study and Weinstein et  al. (2017) shows that some individuals 
remain in the region as late as July. Further, minke whales may 
remain in the Western Antarctic Peninsula region much longer, 
and can overwinter in the area (Dominello and Širovi&cacute;, 
2016). Thus, as vessels increasingly fish the region later into the 
year, it is unlikely that any overlap with baleen whales will be 
limited to just the summer. This will likely be exacerbated by the 
increasingly ice-free environment (e.g., Turner et al., 2016) that 
is likely to result in a longer season for fisheries and whales in 
future. Indeed, Trathan et al. (2022) show that peak fishing effort 
is now in May, highlighting the need for more intensive studies 
on predator-prey interactions at this time.

Minke whales occur within the foraging habitat of humpback 
whales (this study, Friedlaender et  al., 2021). The seasonal 
movement of humpback whales closer inshore (this study, 
Curtice et  al., 2015; Weinstein and Friedlaender, 2017) could 
thus increase potential competition between minke whales and 
humpback whales as the season progresses, congruent with 
increased fishing effort inshore.

Humpback whales, minke whales and krill fisheries are not the 
only consumers of krill in the study region, and as the humpback 
whale population that uses the Western Antarctic Peninsula 
region appears to be increasing (Pallin et al., 2018), it suggests 
that prey availability is not currently a limiting factor for baleen 
whales. However, changing populations of other krill consumers, 
suggest that species interactions should be considered as part 
of CCAMLR’s revised krill management approach, particularly 
given the ongoing expansion of the krill fishery. Further, as 
other baleen whale populations recover, competitive effects may 
increase, both amongst krill predators and with the krill fishery. 
Currently, catch levels in the study area remain low in real terms 
(~155,000 tonnes) compared with estimates of local krill biomass 
(~19.2 million tonnes in 2019; Krafft et al., 2021). However, the 
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fishery regularly operates in favoured areas where krill biomass is 
predictable, but which are also areas used by krill predators (Trathan 
et  al., 2022). Although Cox et  al. (2018) argue that krill density 
was stable from 1976-2016, several studies have reported declines 
in krill density in the southwest Atlantic in the late 20th century 
(Atkinson et al., 2004; Atkinson et al., 2019; Hill et al., 2019), raising 
the possibility of increasing fishing of a declining resource. Future 
expansion of the krill fishery must therefore follow a precautionary 
approach to ensure krill predators are not disadvantaged. A key 
issue for managers will be ensuring replenishment of krill by ocean 
currents remains adequate for predator needs, and that retention 
and carry over of krill in certain areas is sufficient across time 
(Trathan et al., 2022). In the Western Antarctic Peninsula, many 
Adélie (Pygoscelis adeliae) and chinstrap (Pygoscelis antarcticus) 
penguin populations are decreasing (Cimino et  al., 2016; Hinke 
et al., 2017b; Strycker et al., 2020). Understanding the drivers of 
these population changes, whether through increased competition 
with other krill predators, climate change or local fishery impacts 
is now required.

Recently, the international fishing fleet targeting Antarctic krill 
agreed to voluntarily avoid catches in the vicinity of large Pygoscelis 
penguin colonies situated in the Western Antarctic Peninsula 
region (e.g., Trathan et al., 2022; Godø & Trathan, 2022). This was 
based on the recognition that land-based predators are potentially 
most vulnerable to the competitive effects of fishing and any 
possible depletion of the resources predators need to provision 
both themselves and their offspring during the breeding season. 
The focus of the so-called ‘Voluntary Buffer Zones (VBZ)’ was 
penguin colonies, as these are the most numerous central-place 
foraging predators breeding on the Antarctic Peninsula. The VBZ 
are seasonal so only reduce competitive effects with the fishery 
during the penguin breeding season. Each VBZ extends from the 
penguin colony location to either 30  km or 40  km, depending 
upon the penguin species (see details in Trathan et al., 2022). The 
VBZ include the majority of the penguin foraging habitat during 
breeding for colonies within Subarea 48.1, including ~74.3% 
of chinstrap, ~97.5% of gentoo and ~91.4% of Adélie penguin 
colonies. Thus, approximately 74,160.8 km2 of ocean is protected: 

A B

FIGURE 7 | Monthly overlap between (A) humpback whales and krill fishing and (B) minke whales and krill fishing, estimated as predicted probability of whales 
being in a restricted behavioural state in a given grid cell in a given month, multiplied by monthly fishing catch.
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~13,131.9 km2 within the Gerlache Strait; ~37,055.6 km2 around 
the South Shetland Islands; and ~23,973.3 km2 around the tip 
of the Antarctic Peninsula (Godø & Trathan, 2022). Inevitably, 
protection, though voluntary, also provides significant levels 
of protection for baleen whales, including both humpback 
and minke whales. Stricter protection would be provided by 
a proposed Marine Protected Area in the Western Antarctic 
Peninsula and South Scotia Arc (Delegations of Argentina 
and Chile, 2020). The proposed MPA includes protected zones 
encompassing areas in the Bransfield and Gerlache Straits and 
areas in the Bellingshausen Sea, important for krill, birds and 
marine mammals. The MPA would also include zones where 
commercial krill fishing is permitted (Delegations of Argentina 
and Chile, 2020). Still, there is at present no understanding 

about functional overlap between the fishery and krill predators, 
as opposed to simple spatial overlap. To determine levels of 
functional overlap, we need to better understand how predators 
(and the fishery) target krill.

As such, there is now a real need to examine the characteristics 
of krill patches targeted by the fishery, compared with patches 
targeted by natural krill consumers. Exploitation of large, dense 
patches of krill by the fishery may be similar to the patches 
required by large baleen whale species, or other predators. 
Minkes potentially can exploit less dense patches, but their 
habitat is restricted, and may become even more restricted as the 
polar regions continue to warm (Constable 2022). Minkes may 
currently escape competition with fisheries (and humpbacks to 
some extent) due to their high affinity for sea ice and the capability 

FIGURE 8 | Heatmap of the summed fishing-whale overlap index values (mapped in Figure 7) in each Small-Scale Management Unit (vertical axes), by month 
(horizontal axes). The summed values were divided by the number of grid cells in each Small-Scale Management Unit, to correct for size differences. APW, Antarctic 
Peninsula West; APPA, Antarctic Peninsula Pelagic Area; APEI, Antarctic Peninsula Elephant Island, APE, Antarctic Peninsula East; APDPW, Antarctic Peninsula 
Drake Passage West; APDPE, Antarctic Peninsula Drake Passage East; APBSW, Antarctic Peninsula Bransfield Strait West; APBSE, Antarctic Peninsula Bransfield 
Strait East.

A B C

FIGURE 9 | Approximate phenology of humpback whales (A), minke whales (B) and fisheries (C) in the Western Antarctic Peninsula by month. The figure shows 
an approximate comparative phenology for whales – using the monthly number of satellite tracking location estimates in the study area (magenta) and the monthly 
number of whaling catches south of 60° S from 1900-2015 (Allison, 2016) (cyan) – and fisheries – using the monthly hours of effort (orange). Values were normalised 
for presentation, and the y-axis is square root-transformed. The whale phenology will be biased towards tagging activity during the summer and autumn, and 
whaling catches will be biased against catches in winter and spring. Minke whales (Antarctic and common) were only caught in large numbers from around 1960 
onwards, around which time humpback whale catches declined (Rocha et al., 2015).
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to exploit less dense krill patches. However, decreasing sea ice 
means baleen whales (see discussion in Friedlaender et  al., 
2021) and fisheries (Krüger, 2019) are likely to experience 
increasing niche overlap. In contrast, Pickett et al. (2018) show 
that climate changes may not increase competition between 
gentoos and Adélies in the Western Antarctic Peninsula 
region, due to fine scale niche partitioning. This illustrates that 
increased potential competition is not a foregone outcome, 
given the fine-scale partitioning resulting from different 
foraging mechanics in humpback and minke whales and with 
other predators of krill. However, overall depletion of krill 
remains a concern despite any ability of consumers to partition 
resources at fine spatial scales in four dimensions, i.e., in space 
and time.

The primary aim of our modelling was spatial prediction, 
and we therefore used spatial random forests (Hengl et  al., 
2018), which incorporate distances among observations 
in the dataset. However, we included a limited number of 
environmental covariates to add some information on the 
physical environment and its correlation with whale behavioural 
state. In the humpback whale models, sea surface temperature 
variables were the most important environmental covariates. 
This likely reflects the transition of humpback whales from 
migratory (transit) to foraging (restricted) behaviour as they 
reach the South Shetland Islands and Peninsula. Sea surface 
temperature has been found to be an important covariate 
influencing the habitat selection of humpback whales in the 
Southern Ocean (e.g., Andrews-Goff et al., 2018; Bestley et al., 
2019; Riekkola et al., 2019; Reisinger et al., 2021). Johannessen 
et al. (2022) observed a positive correlation between humpback 
whale presence and sea surface temperature in the Bransfield 
Strait region, and interpret this as a preference for the warm, 
nutrient-rich Circumpolar Deep Water that is delivered onto 
the continental shelf (Martinson & McKee, 2012; Wang et al., 
2022), driving marine productivity (e.g., Ducklow et al., 2012).

In contrast, sea ice variables were more often among the 
most important environmental variables in the minke whale 
models, reflecting the species’ closer relationship with sea ice 
(Friedlaender et  al., 2006; Ainley et  al., 2012; Friedlaender 
et  al., 2014; Williams et  al., 2014; Ainley et  al., 2017; Herr 
et al., 2019; Ainley et al., 2020; Friedlaender et al., 2021). For 
example, sightings and density of whales, mainly minkes, 
along surveys in the Amundsen and Bellingshausen Seas 
were best explained by sea ice concentration and distance to 
the marginal ice zone (Ainley et al., 2007) and Williams et al. 
(2014) observed most minke whales in the Weddell Sea near 
the sea ice edge. Similarly, Herr et al. (2019) found that minke 
whale distribution was best explained by distance to the sea 
ice edge – with most whales observed at the sea ice edge and 
through to medium sea ice concentrations. However, waters 
off the Western Antarctic Peninsula are comparatively ice-free 
(Ducklow et al., 2013), and becoming more so (Turner et al., 
2016). Minke whale abundance off the Western Antarctic 
Peninsula is lower than in surveyed areas in the Weddell Sea 
(Herr et al., 2019) and minke whales tracked off the Western 
Antarctic Peninsula spent a great deal of time in open water 

(sea ice concentration <20%) with few locations in dense sea 
ice (>20% concentration) (Linsky et al., 2020). Minke whales 
thus have a facultative rather than obligate link with sea ice.

In the sea-ice zone there is a tight coupling between sea-ice 
melt and ocean productivity, but there is a weeks-to-months 
lag between sea ice retreat, phytoplankton increase and then 
the accumulation of zooplankton, including krill, which finally 
attracts birds and marine mammals (e.g., Fauchald et al., 2017). 
The movement of humpback whales in their Antarctic foraging 
areas has been linked to sea ice concentration one month prior 
(Andrews-Goff et al., 2018) and to distance to the sea ice edge 
two months prior (Riekkola et al., 2019). Our results indicate 
a lagged relationship in minke whales too. In both species, our 
results indicate a link with lagged sea surface temperature that 
may suggest water masses may also be influential in driving 
productivity and the distribution of krill.

Habitat selection modelling of some of the humpback 
whale and minke whale tracking data used by Friedlaender 
et  al. (2021), and also included in our study, showed similar 
differences in the habitat selection of humpback and minke 
whales. Humpback whales showed decreasing preference as 
sea ice concentration increased, but also as distance from the 
sea ice edge increased (meaning they preferred areas near the 
sea ice edge but not in sea ice). They also preferred shallower, 
onshelf areas. Minke whales showed a comparatively flat 
preference-response for distance to the sea ice edge and 
depth. Both species had strong preferences for enclosed bays 
(Friedlaender et  al., 2022). Such known habitat relationships 
informed by surveys and tracking can help to predict and 
project overlap between krill consumer and the krill fishery in 
adaptive management frameworks. This is increasingly urgent 
as the Western Antarctic Peninsula ecosystem changes (Clarke 
et  al., 2007) with changing predator populations and rapid 
environmental change in this region, but also in the context 
of an expanding krill fishing (Trathan et al., 2022). An outlook 
is that continued decreases in sea ice (Turner et al., 2016) may 
in future increase favoured humpback whale habitat. Increases 
in chinstrap penguin populations have been attributed to 
decreases in the number of years with extensive winter sea ice 
(Fraser et al., 1992), raising the question of whether the same 
may happen for humpback whales, although more recently, 
chinstrap populations are now decreasing (Strycker et  al., 
2021). Foraging areas may also be accessible to whales for 
longer, as it will for fishing vessels and, ultimately, krill could 
become more accessible to consumers and fisheries in their key 
overwintering habitats. Conversely, habitat favoured by minke 
whales may decrease. However, the impacts of sea ice loss on 
krill abundance and distribution will be significant (Flores 
et al., 2012; Hill et al., 2013; Piñones & Fedorov, 2016; Veytia 
et al., 2020) with knock-on effects for consumers.

Broadly, our work illustrates the importance of integrating 
time as well as space when assessing overlap between fisheries 
and marine predators. Moreover, we show that overlap can be 
characterized by small spatial scales, and that fisheries should 
where possible be managed at these small scales, typical of 
predator foraging scales.
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