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ARTICLE INFO ABSTRACT

Keywords: Humpback whales (Megaptera novaeangliae) are showing strong recovery from commercial whaling in the
Marine protected area western South Atlantic. In this region, humpback whales migrate annually from their winter breeding grounds off
Antarctic

the coast of Brazil to their summer feeding grounds near to the Polar Front, an area that includes the waters of

i South Georgia and the South Sandwich Islands (SGSSI). This latter region includes a Marine Protected Area
South Georgia A . . . ) .
Whale (MPA), which has been developed to ensure sustainable management of fisheries, and protection of foraging
Habitat use predators. To date, management measures within the MPA have primarily been concerned with foraging pred-
ators that rely upon Antarctic krill, including for a number of previously over-exploited species. With humpback
whales increasing in the western South Atlantic, understandingnderstanding their spatiotemporal distribution
within the MPA is important as it will help inform management particularly in respect of interactions between
humpback whales and the regional fishery for Antarctic krill. Here we develop habitat models from the distri-
bution and movement patterns of 16 individuals at their high-latitude feeding grounds, south of 50°S. We show
that whale habitat use varies throughout the foraging period. Upon reaching their feeding ground, whales use the
area to the east of the South Sandwich Islands, moving westward into the centre of the Scotia Arc and towards
South Georgia during the high summer, and then expanding back towards the east in the winter. Based on these
findings, we discuss the implications for the future, including necessary research required for underpinning
management.
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1. Introduction

Industrialised commercial exploitation of whales saw populations of
various species collapse globally, almost to the point of extinction
(Clapham et al., 1999; Thomas et al., 2016). During the 20th Century, in
the Southern Hemisphere alone, over two million whales were killed
(Rocha et al., 2015). In the South Atlantic, the focal hub of this exploi-
tation was the Sub-Antarctic Island of South Georgia, a summertime
feeding area for many migratory whale species. Whaling from shore at
South Georgia began in 1904 when the first station was founded at
Grytviken. In its early days, whaling at South Georgia was coastal, which
was, in part, driven by an abundance of whales in coastal embayments,
particularly humpback whales (Megaptera novaeangliae), and the fact
catches had to be towed to shore for processing (Hart, 2021). However,
technological advancements in the mid-1920s and the advent of at-sea
factory ships (Clapham and Baker, 2009) meant that whaling at South
Georgia could expand into the pelagic realm (Trathan and Reid, 2009).
Between 1904 and 1965 over 176,000 animals were caught within a
day’s sailing of South Georgia (Allison, 2016), and after such intense
hunting whales became rare in these waters for the remainder of the
20th Century. Here we focus on humpback whales, but a similar story
also played out for other rorqual whales of commercial interest landed at
South Georgia (Calderan et al., 2021; Clapham et al., 1999; Jackson
et al., 2020; Kennedy et al., 2020; Thomas et al., 2016).

In the western South Atlantic (Fig. 1), humpback whales migrate
annually from their breeding grounds in coastal Brazilian waters to their
feeding grounds, near to the Polar Front, 10°~50°W (Horton et al., 2011,
2020; Zerbini et al., 2006, 2011). The feeding ground encompasses an
area which includes South Georgia and the South Sandwich Islands
(SGSSI). Humpback whales typically remain feeding in the SGSSI region
until autumn (Engel and Martin, 2009; Stevick et al., 2005; Zerbini et al.,
2006, 2011).

Since the closure of shore based whaling activity at South Georgia in
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the mid-1960s, and the cessation of all commercial whaling in the mid-
1980s, this western South Atlantic population of humpback whales is
believed to be nearly recovered (Zerbini et al., 2019). In the years after
whaling ceased through to the turn of the new century (1979-2000),
humpback whales were sighted infrequently around South Georgia
(Hedley et al., 2001; Moore et al., 1999; Reilly et al., 2004). It was not
until surveys carried out in Brazil between 2006 and 2015 that the
population was found to be steadily increasing in the region (Ward et al.,
2011; Wedekin et al., 2017), and more recently still, new models suggest
that the population in the western South Atlantic is close to 93% of
pre-exploitation levels (Zerbini et al., 2019).

Management of whale populations globally, including within the
Southern Ocean, falls under the remit of the IWC. This intergovern-
mental organisation oversees efforts to measure population abundance
and connectivity; assess recovery rates post whaling; and develop con-
servation management plans for whale populations (Punt and Donovan,
2007). However, in addition to the IWC, environmental management of
the Southern Oceans also falls under the jurisdiction of the Commission
for the Conservation of Antarctic Marine Living Resources (CCAMLR).
CCAMLR has the primary remit of safeguarding Antarctica’s marine
living resources, including harvested species such as Antarctic krill
(Euphausia superba) which are a key dietary item for many baleen whale
species (Reilly et al., 2004). However, under the CAMLR Convention,
management of whales is not explicitly considered, other than generi-
cally, as part of generic marine living resources. As such, CCAMLR’s
management efforts have not included whales as direct beneficiaries,
with such benefits only arising indirectly from the holistic nature of
CCAMLR’s Conservation Measures that safeguard krill stocks and other
krill-dependent predator species. Until recently, CCAMLR monitoring
has only focused on land-breeding krill predators, as these are con-
strained by their foraging range and are most vulnerable to change.
These species are also more readily accessible to researchers (CCAMLR,
2013).
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Fig. 1. Migratory links (arrows) between humpback whale winter breeding grounds near to the Abrolhos Bank in Brazil (northerly shaded area) and the summer
feeding grounds south of the Polar Front near South Georgia and the South Sandwich Islands (southerly shaded area). Thin grey line indicates the 1,000 m
bathymetric contour, thick labelled grey line indicates the position of the Polar Front, and the SGSSI MPA is indicated by the thick black line.
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The United Kingdom’s Overseas Territory of SGSSI falls within the
CAMLR Convention Area, and, as such, the Government of SGSSI
(GSGSSI) implements all internationally agreed CCAMLR Conservation
Measures within the archipelago’s Maritime Zone. However, GSGSSI has
also established additional conservation and protective measures to
enhance those mandated by CCAMLR. A key measure around SGSSI was
the establishment of a Marine Protected Area (MPA) in 2012, which
extends from the coastline out to the outer extent of the Maritime Zone
of the islands.

All of the management measures established under the SGSSI MPA
were set-up with conservation in mind (GSGSSI, 2019; Trathan et al.,
2014) and regulate human activities within the marine system (Fig. 2).
These measures aim to protect habitats and species, including: (i) the
exclusion of bottom trawling throughout the entire MPA; (ii) the
implementation of no-take zones, which prohibit commercial fishing
vessels from operating in ecologically sensitive areas, including close to
land; (iii) the prohibition of demersal longline fishing in waters shal-
lower than 700 m and in waters deeper than 2250 m; (iv) the prohibition
of all fishing in the pelagic closed areas around the South Sandwich
Islands; (v) the closure of several regions to all fishery activity with the
aim of protecting benthic communities; and (vi) the annual closure of
the krill fishery from October to April, which prevents resource
competition during the breeding season of many krill-dependent land--
breeding species, and the summer feeding season for many species of
krill-eating migratory baleen whales (GSGSSI, 2019). As whales remain
a research priority for the GSGSSI as a recovering over-exploited species
(GSGSSI, 2021), understanding their distribution in relation to the SGSSI
MPA, particularly for the most abundant species, humpback whales
(Baines et al., 2021), will provide useful insights and better inform the
management of this MPA. Given the recovery of whales, particularly
humpback whales (Zerbini et al., 2019), in the western South Atlantic;
the contribution of whales to the Antarctic ecosystem (Ratnarajah et al.,
2016; Reilly et al., 2004); and the overlap between the IWC’s remit to
conserve whale populations in the Southern Ocean and CCAMLR’s focus
towards ecosystem-based management of krill and krill-dependent
predators, it now is timely to assess ecosystems more holistically in
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order to understand how whales use the Southern Ocean.

The SGSSI MPA is subject to reviews every five years, during which
the existing provisions of the MPA are assessed. Further, if agreed, new
management measures are also implemented, based on any newly ac-
quired objective scientific evidence. For example, during the next review
in 2023, identified Important Marine Mammal Area (IUCN Marine
Mammal Protected Areas Taskforce, 2020) should be considered, as
should information from the use of modern approaches to assessing
whale habitat use patterns, such as satellite telemetry, which, until
recently, have not been used in SGSSI waters (Kennedy et al., 2020).

Models of animal habitat use provide an important means of evalu-
ating areas of habitat importance for management (Gregr et al., 2013).
Models built from satellite telemetry-based tracking of individual ani-
mals provide high resolution, time-stamped location information, which
can provide information both during periods accessible for fieldwork
and during less accessible periods (Curtice et al., 2015; Friedlaender
et al., 2009, 2011; Raymond et al., 2015; Zerbini et al., 2015). Such
insights are valuable for remote locations, such as SGSSI, where sighting
surveys have typically been conducted during the austral summer
(Baines et al., 2021; Branch, 2011; Reilly et al., 2004).

Given their strong recovery relative to pre-exploitation levels (Zer-
bini et al., 2019), and current high estimated abundance of southwest
Atlantic humpback whales (Baines et al., 2021; Bortolotto et al., 2017),
it is now timely to examine their habitat use in relation to high latitude
ecosystem management. This enables assessment of the efficacy of
relevant management measures, and provides information for future
improvements. Broad basin-scale studies of humpback whale habitat use
in the wider southwest Atlantic (Bombosch et al., 2014; El-Gabbas et al.,
2021; Hindell et al., 2020; Reisinger et al., 2021), combined with
identification of their south-bound migration routes (Horton et al.,
2020; Zerbini et al., 2006, 2011), have led us to expect that humpback
whales are currently making use of large areas of the SGSSI MPA.
Furthermore, return migration from the feeding to the breeding grounds
is not synchronous; whales leave high latitudes over several months, and
humpback sex ratios on the winter breeding grounds are biased towards
males (Barlow et al., 2011). This raises the possibility that some females

20°W Fig. 2. The South Georgia and South Sand-
wich Island region depicting the extent of
the South Georgia and South Sandwich
Islands Marine Protected Area (MPA) and
Maritime Zone (MZ) in black, along with the
management measures implemented by
GSGSSI (2019) - benthic (orange boxes) and
pelagic (kaki green shading) closed areas
and no take zones (green shading). The
hashed black box defines the extent of the
models applied here, and the grey lines the
two primary frontal features in the region,
which are, from north to south, the Polar
Front (PF) and the Southern Boundary of the
Antarctic Circumpolar Current (SBACC).
Northwest Georgia Rise indicated (NWGR).
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remain in the higher latitudes in years when they are not breeding, and
that, at least for some members of the population, a larger component of
their annual energetic requirements comes from higher latitudes (Baines
et al., 2021); this occurs during a period where fishery resource
competition may exist. In order to determine whether existing man-
agement measures protect Antarctic krill in places where humpback
whales feed, finer resolution studies are required. Here, we use predic-
tive habitat models based on telemetry data to describe the likely habitat
use patterns of humpback whales across their feeding grounds. We
investigate the level of overlap with the current provisions of the SGSSI
MPA, and make management recommendations in light of these
findings.

2. Methods
2.1. Collection of satellite telemetry data

Between 2003/2004 and 2019/2020, 138 location-only and archival
radio-frequency platform transmitting terminal (PTT) tags were
deployed on humpback whales wintering off the coast of Brazil; details
of programming, deployment methods for these tags, and ethical ap-
provals are found in Horton et al. (2020) and Zerbini et al. (2006, 2011).
Here we analyse these already published Brazilian data, supplemented
by new data from two additional location only PTT tags, which were
deployed on the SGSSI feeding grounds on the 19" and January 22,
2019. Tags were obtained from Wildlife Computers (Redmond, WA,
United States) and were sterilised with ethylene oxide prior to deploy-
ment. Deployment of these satellite tags was conducted in accordance
with the approvals and conditions from relevant Animal Ethics Com-
mittees (BAS Animal Welfare and Ethical Review Board application
#1040) and of the GSGSSI Regulated Activity Permit 2018/035.

At both tagging sites, PTT tags were transdermally implanted into
the posterior flank of each whale, near to the base of the dorsal fin using
either a carbon-fiber pole (Brazil), or a modified pneumatic line-thrower
(ARTS; Air Rocket Transmitter System) see Heide-Jgrgensen et al.
(2001) for details (both Brazil and South Georgia). All tags were
deployed from rigid hulled inflatable boats. Tags from two individuals
(one each in 2004 and 2009) were duty cycled for transmission every
other day to maximise tag battery life.

2.2. Telemetry data processing

To examine activity on the feeding grounds we considered only data
south of 50°S, a latitude approximately indicative of the position of the
Antarctic Polar Front (Orsi et al., 1995; Trathan et al., 2000) and the
general availability of krill (Siegel et al., 2013). A subsample of the
deployed 138 PTT tags (n = 20), which corresponded to those tags that
provided location information south of 50°S, were used in the current
study. PTT uplink locations were estimated by the Argos satellite system
and a measure of locational accuracy, defined by a location class (3, 2, 1,
0, A, B and Z in order of decreasing accuracy), was assigned to each
estimated location (Argos, 2016). Z locations represent an invalid uplink
(Argos, 2016), and were removed. To remove other implausible loca-
tional fixes, the remaining raw Argos locational data were processed
with the R package ‘argosfilter’ v.0.63 (Freitas et al., 2008). To identify
any implausible locations on the feeding grounds south of 50°S, we used
a maximum travel speed of 5.56 m s to filter locations that would have
required unrealistic swim speeds, and thus more likely represent loca-
tion fix errors. This estimate was based on previously published hump-
back whale swim speeds (Derville et al., 2020; Gales et al., 2009;
Garrigue et al., 2010, 2015; Riekkola et al., 2019; Ropert-Coudert et al.,
2020; Weinstein and Friedlaender, 2017).

To limit erroneous linear interpolations between locations, gaps in
uplink frequency greater than 72 h (three days) were separated and
assigned unique identifiers; these sub-tracks were then modelled sepa-
rately (after Pirotta et al., 2018). Data were processed in the R package
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‘crawl’ v.2.2.1 (Johnson and London, 2018; Johnson et al., 2008), where
continuous-time correlated random walk models (CTCRW) were used to
estimate and regularise the time interval between observed satellite
uplinks. The fitting of these models allowed the frequency of estimated
locations along the tracks to be regularised into a defined time interval,
standardising sampling between tags whilst maintaining the inherent
properties of each individual track. Drift models, which allow for
long-term directional trends in the tracking data, were fitted, and lo-
cations were estimated at6 h intervals. CTCRW models could not be
fitted for one whale due to high proportions of low precision location
class uplinks. This individual was removed from subsequent analyses.

2.3. Environmental covariates and model selection

To examine the distribution of humpback whales in the SGSSI region
we used habitat models developed within a commonly used Generalised
Additive Model (GAM) framework (e.g. Bamford et al., 2021; Raymond
et al., 2015; Warwick-Evans et al., 2018). These models enable
non-linear responses to environmental covariates to be accounted for,
and, based on the covariate responses, facilitate the prediction of the
likelihood of a whale being present in a given area. Models of this type
can take into account individuality or temporality expressed within the
data (Wood, 2006). However, accounting for individual variation by
using mixed models can lead to issues with model convergence, and is
particularly problematic for smaller datasets (Raymond et al., 2015).
Therefore, we applied standard GAMs.

Our models allowed for the modelling of both the presence and the
absence of a whale. To do this, for each observed presence of a whale,
three-independent background locations were randomly generated
using the ‘random point’ tool in the spatial analyst toolbox of ArcMap
v10.6. These random locations were confined to occur within the
modelled area, which was defined linearly at 50°S on the northern
extent, which is approximately the position of the Polar Front (Orsi
etal., 1995; Trathan et al., 2000), by available telemetry data to the east
and south (17°W and 64°S, respectively); and to include the extent of the
SGSSI Maritime Zone to the west (Fig. 2). A ratio of 3:1 random to
presence locations was chosen as to balance between data provision to
the model, covariate resolution, the impact of pseudo-replication in the
model, and processing speed. Environmental covariate data were then
extracted for all locations, random and observed. Here we opted to use
both static and dynamic variables to parameterise the habitat available
to humpback whales (Table 1). Candidate environmental variables were
chosen that are commonly used to represent oceanic habitats (Hindell
etal., 2020; Raymond et al., 2015; Reisinger et al., 2021). Our covariates
included silica concentration, to describe latitudinal patterns in the
western South Atlantic (Post et al., 2014) and iron concentration due to
its positive relationship with primary productivity (Holm-Hansen et al.,
2004; Korb et al., 2005). Where possible contemporaneous data were
used to capture finer resolution environmental features (e.g. sea level
anomaly and eddy kinetic velocity) that would be lost if all covariates
were applied as climatologies. However, in some instances, data avail-
ability dictated that we used climatologies of covariates (e.g. sea surface
temperature, chlorophyll a concentration, etc.) where these were also
informative. When climatologies were calculated, or when spatial or
temporal averaging calculations were performed on the underlying
environmental data (e.g. slope from bathymetry data), standard de-
viations were also input as covariates during model selection.

Both satellite derived chlorophyll and satellite derived sea surface
temperature data are impacted by cloud cover, which results in patchy
data availability. We therefore tested bi-linear (a weighted average
produced from the values of the nearest four raster cells), and 1.5 times
the raster resolution as extraction buffers for these covariates. However,
all resulted in unacceptable data gaps. To reduce the effect of gaps in
these data layers, for both chlorophyll and sea surface temperature data,
we created monthly climatologies between 2004 and 2020, and
extracted such monthly data. The R package ‘rerddapXtracto’ v.1.0



C.C.G. Bamford et al.

Table 1

Environmental variables used during model selection and their standard de-
viations (sd) where applicable.

Variable Resolution Processing Source
Depth (m) Fixed at None (GEBCO Bathymetric
Bathymetric 0.001° x Calculated Compilation Group, 2020)
slope (°) + sd 0.001° (15- from depth
arc second) layer in ArcGIS
Sea Level Daily at None AVISO + altimetry data -
Anomaly (m) 0.25° x https://www.copernicus.
+sd 0.25° eu/en
Eddy Kinetic None
Velocity (m
s +sd
Chlorophyll-a Monthly Log MODIS imagery
concentration composites transformed - (Behrenfeld and Falkowski,
(mgm™2) +sd at0.17° x monthly 1997) from http://sites.sci
0.17° climatologies ence.oregonstate.edu/o
cean.productivity/index.
php
Sea surface Monthly at Level 3 MODIS-aqua https
temperature 0.17° x monthly ://oceancolor.gsfc.nasa.go
(°C) + sd 0.17° climatologies v/13/
Mixed layer Monthly at 2004-2018 Global Reanalysis PHY 001
depth (m) +sd  0.083° x monthly 030: https://www.coperni
Salinity (PSU, 0.083° climatologies cus.eu/en
le %) +sd
Sea surface
height (m) +
sd
Silica Monthly at None Global ocean biogeography
concentration 0.25° x hindcast for January
(mmol m~3) 0.25° through October 2004 to
Iron 2019 and the Global Ocean
concentration biogeography analysis and
(mmol m~%) forecast for November
2019 to 2020:
https://www.copernicus.
eu/en
Wind stress curl Monthly at 1  None R package v. 1.0

(MPa m’l)

x 1

‘rerddapXtracto’ (
Mendelssohn, 2020) NOAA
SWFSC ERDDAP dataset
ID:
erdlasFnWPr_LonPM180

Frontal position Monthly at Based on the Based on Sea surface
estimates from  0.17° x above log temperature and
Sea surface 0.17° transformed chlorophyll a data
temperature Chlorophyll a calculated using R package
and data. ‘grec’ v.1.4.1 (
chlorophyll a Lau-Medrano, 2020)
Distance to sea Monthly (m) None Euclidean distance
ice edge calculated in ArcGIS v10.6

to the average monthly
position of the Antarctic
sea ice: https://nsidc.
org/data/seaice_index
/archives

(Mendelssohn, 2020) was used to extract wind stress curl data. This
package accesses the National Oceanic and Atmospheric Administration
(NOAA) Southwest Fisheries Science Centre (SWFSC) ERDDAP data
server and extracts values (ID: erdlasFnWPr LonPM180). Estimates of
frontal positions were derived from chlorophyll and sea surface tem-
perature data using the R package ‘grec’ v.1.4.1 (Lau-Medrano, 2020).
This package applies a Contextual Median Filter algorithm to discern
fine-scale gradients in these covariates, which are indicative of the
presence of a frontal feature (Belkin and O’Reilly, 2009), and were
extracted at monthly intervals. Prior to model selection, whale locations
that were affected by covariate data gaps were removed from the
analysis.

Small intra-year samples dictated the pooling of data across all years
(2004-2020). However, we expected that, due to the dynamic nature of
the oceanic currents in the southwest Atlantic (Young et al., 2014), and
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the importance of currents in transporting krill from the Antarctic
Peninsula into the South Georgia system (Hofmann and Murphy, 2004;
Murphy et al., 1998), whale use of the SGSSI MPA would likely vary
through the season. In response to this, we modelled three distinct pe-
riods within the year, which divided the austral season into three
approximately equal periods. The first of these was the early summer
period (October to December), which corresponds to the arrival period
for the whales on the feeding grounds; this period contains data from
nine whales. The second period, high summer (January to March),
represents a probable period of maximum habitat usage; this period
contains data from 12 whales. The final period represents autumn and
early-winter (April to July) habitat usage and is constrained temporally
by data availability in the winter months, which is either a consequence
of whale migration out of the modelled area, or tag longevity (likely the
dislodgment and loss of the implantable tags); this period contains data
from three whales. In some instances, data from an individual whale
spanned one or more modelled periods; such data were therefore subset
for use in each model period.

Due to limited availability of humpback whale tracking data in the
Austral autumn/winter, we were unable to match the model periods to
that of the licensed krill fishery. Defining a contemporaneous winter
model period for the krill fishery (i.e. from May onwards) would have
resulted in too little data to accurately parameterise humpback whale
habitat use. Therefore, we defined the winter model period as beginning
in April, which corresponds to the decrease in ambient air temperatures
and the onset of typically winter weather (Whitehouse et al., 2008). This
model period, at least in part, offers the ability to assess the distribution
of humpback whales during a proportion of the krill fishing season. This
provides information that could inform management measures, and is
timely given that a portion of the humpback whale population might be
remaining in the high latitudes through winter (Clark and Clapham,
2004; Moore et al., 1999).

We examined collinearity between the environmental variables
using Variance Inflation Factors (VIFs) in the R package ‘usdm’ 1.1.18
(Naimi et al., 2014). Using a threshold of 0.7 (Dormann et al., 2013)
pairs of variables were examined and the higher of the two scoring
variables were removed. Semi-variograms produced in the R package
‘gstat’ v.2.0.6 (Pebesma, 2004) showed that spatial autocorrelation was
present to some extent in the data (between ~5 and 8 km). Within
‘mgcv’, structures can be added to GAMs to help account for spatio-
temporal autocorrelation (Dormann et al., 2007), which is intrinsically
associated with tracking data (Reisinger et al., 2018). However, in this
instance, we opted not to, as despite aiding with explanatory power,
these structures would hinder the ability to extrapolate from the model
(Dormann et al., 2007), likely biasing predictions to areas with tracking
data, and hindering the primary objective of this study.

To predict the likelihood of occurrence, here also referred to as
habitat, of a whale we applied GAMs with a binomial error structure in
the R package ‘mgcv’ 1.8.31 (Wood, 2006). Smooths of each covariate
were taken and we fitted cubic regression splines with shrinkage and
with the number of knots set to four to minimise overfitting of the data
(Wood, 2006). To select candidate variables for the final model a for-
ward stepwise approach applying K-fold cross validation was used to
evaluate model performance. Here K equalled the number of months in
each modelled period. Variable performance was assessed by reviewing
area under the curve (AUC), sensitivity and specificity (correct pre-
dictions of presence and absence locations, respectively) produced in the
R package ‘pROC’ v.1.16.2 (Robin et al., 2011). Values range from 0.5 to
1.0, with scores closer to the lower bound implying performance no
better than random, and those with a score closer to 1 implying a model
with outstanding performance (Mandrekar, 2010). Additionally, our
applied cross-validation approach provided a conservative means of
selecting modelled covariates, and thus autocorrelation is unlikely to
affect the selection of the final model (Aarts et al., 2008).

Models were projected across the study area at a resolution of 0.1° x
0.1° (approx. 11 km x 6.5 km at this latitude) and standardised for ease


https://www.copernicus.eu/en
https://www.copernicus.eu/en
http://sites.science.oregonstate.edu/ocean.productivity/index.php
http://sites.science.oregonstate.edu/ocean.productivity/index.php
http://sites.science.oregonstate.edu/ocean.productivity/index.php
http://sites.science.oregonstate.edu/ocean.productivity/index.php
https://oceancolor.gsfc.nasa.gov/l3/
https://oceancolor.gsfc.nasa.gov/l3/
https://oceancolor.gsfc.nasa.gov/l3/
https://www.copernicus.eu/en
https://www.copernicus.eu/en
https://www.copernicus.eu/en
https://www.copernicus.eu/en
https://nsidc.org/data/seaice_index/archives
https://nsidc.org/data/seaice_index/archives
https://nsidc.org/data/seaice_index/archives

C.C.G. Bamford et al.

of comparison between modelled periods. Using visualisations of these
predictive models the spatial overlap between the current SGSSI MPA
management measures and predicted humpback whale habitats were
estimated.

2.4. Spatial overlaps

Overlaps between humpback whale spatial predictions and the
management measures implemented under the SGSSI MPA were calcu-
lated at three threshold levels; >95%, >50%, and >33% likelihood of
humpback whale occurrence. The upper thresholds were chosen to
identify important (>95%) and core (>50%) habitat used by humpback
whales. In addition, the lower threshold (>>33%) was selected to account
for the wide-ranging behaviour of whales and the likely lower per-
centage occurrence predictions associated with such a cosmopolitan
species. Overlaps were calculated using the extent of the SGSSI MPA
shapefiles (available at: https://www.sggis.gov.gs/) and the lower res-
olution predictive model raster layers subsampled using the above se-
lection thresholds. Layers were reprojected using a Lambert Azimuthal
Equal Area projection centred on 54.01°S 36.3°W, and measurements
reported to the nearest km?.

3. Results
3.1. Tagging success

A total of 140 whales were tagged between 2004 and 2019, of which,
20 transmitted from locations south of 50°S, and for modelling purposes

16 whales provided sufficient information to be included in the present

Table 2
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analyses (Table 2, Fig. S2). Data transmission continued on average for
46 + 40 days south of 50°S (Table 2), and in total the modelled data
corresponded to 738 days of whale feeding activity.

3.2. Model performance and visualisation

Telemetry data were pooled and modelled using GAMs to predict the
likelihood of occurrence across the study area for the defined seasonal
periods. Whale locations and random background points, hereafter po-
sitions, which were affected by covariate data gaps and removed from
the analysis corresponded to a removal of 19% (n = 542 positions) from
the early summer model; 21% (n = 1,152 positions) from the high
summer model; 27% (n = 402 positions) from the winter model; and
21% (n = 2,096 positions) from the all data model. VIFs indicated that in
the early summer model, six variables exhibited collinearity; in the high
summer model three variables exhibited collinearity; in the winter
model four variables exhibited collinearity; and in the all data model,
four variables exhibited collinearity. Details of the VIF values are
available in Table S1. Models of each period produced acceptable AUC,
specificity and sensitivity values (Table 3), with visualisations of these
models displaying shifts in spatial occupancy between the three time
periods.

The early summer model (October to December) indicated that the
distribution of humpback whales was best described by three covariates
(Table 3): (i) bathymetric depth, where deeper water suggested a greater
likelihood of whale occurrence, along with a slight increase in occur-
rence in regions >2,000 m deep; (ii) sea-level anomaly, which was
negatively linked to occurrence, with a slight peak between 0.1 and 0.2
m; and (iii) eddy-kinetic energy, where occurrence was positively

Deployment durations for the tagged humpback whales used in the habitat models with data south of the 50°S threshold used to differentiate between migratory and
feeding grounds. Total is inclusive of the random background locations. Whether or not a whale provided data to each modelled period is indicated by the final three
columns, where a cross indicates inclusion of data from a whale in the modelled period (Early summer, ES, n = 9; high summer, HS, n = 12; winter, W, n = 3).

Whale ID Modelled locations south of Tag deployed Date south of 50°S Date of transmission end/north of Duration Model period
50°S 50°S (days) contributed to
ES HS w
24642 145 October 27, 2003 February 02, 2004 April 29, 2004 87 X X
87771 74 September 14, October 19, 2009 November 13, 2009 25 X
2009
87783™ 119 September 18, December 31, February 01, 2010 32 X X
2009 2009
121189 159 October 20, 2012 March 21, 2013 July 27, 2013 128 X X
121203 287 September 25, November 22, February 04, 2018 74 X X
2017 2017
120937 213 September 23, November 24, January 18, 2018 55 X X
2017 2017
111870 258 October 07, 2017 December 01, February 06, 2018 67 X X
2017
84484 31 September 27, January 07, 2018 January 14, 2018 7 X
2018
112696 25 September 27, November 29, December 06, 2018 7 X
2018 2018
171994 87 September 26, November 30, December 22, 2018 22 X
2018 2018
84485 79 September 27, January 04, 2019 January 24, 2019 20 x
2018
121191 24 September 27, January 09, 2019 January 15, 2019 6 X
2018
81123"" 142 January 19, 2019 January 19, 2019 May 23, 2019 124 x x
174065"" 133 January 22, 2019 January 22, 2019 March 13, 2019 50 x
194601 37 October 13, 2019 December 01, December 10, 2019 9 X
2019
194591 100 October 10, 2019 December 16, January 10, 2020 25 X X
2019
Pseudo-absence 5957 - - -
data
Totals 7870 - - 738 9 12 3

@ 87783 tag duty cycled for every other day transmission.
b tags deployed on the SGSSI feeding ground.
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Table 3

Contribution of covariates to the final GAM models selected through a forward
step-wise cross-validation approach. Contribution was assessed in terms of area
under the curve (AUC), specificity (correctly predicted absences), and sensitivity
(correctly predicted presences) values. Covariate acronyms are as follows: Sea
level anomaly (SLA); Eddy-kinetic energy (EKV); Salinity (SAL); frontal features
detected in SST data (SSTF); wind stress curl (CURL); chlorophyl-a concentration
(CHL); iron concentration (FE); silica concentration (SI); and sea-surface height
(Z0S); and the standard deviation of the named covariate (SD). Bold indicates
the covariate combination with the highest AUC value, and the covariates of the
final model for each modelled time period.

Variable AUC Specificity ~ Sensitivity
Early Summer DEPTH 0.708 0.607 0.776
(Oct-Dec) SLA 0.634  0.529 0.742
EKV 0.617  0.557 0.687
DEPTH SLA EKV 0.734  0.607 0.814
High summer SAL.SD 0.679  0.483 0.878
(Jan-Mar) FE 0.543  0.424 0.691
SAL 0.511 0.686 0.476
SSTF 0.550  0.689 0.409
SI 0.640  0.600 0.711
SAL.SD FE SAL 0.684  0.685 0.661
SSTF  SI
Winter CURL 0.880  0.766 1.000
(Apr-Jul) CHL.COMP.SD 0.723  0.727 0.802
CHL.COMP 0.687 0.784 0.646
SSTF 0.571 0.689 0.589
Z0S.SD 0.788  0.807 0.847
CURL CHL.COMP.SD 0.896  0.847 0.886
CHL.COMP  SSTF
Z0S.SD
All data Z0S.SD 0.637 0.615 0.737
FE 0.574 0.443 0.775
SLA 0.595  0.600 0.688
Z0OS.SD FE SLA 0.660 0.576 0.788

correlated with higher eddy kinetic velocities (Fig. 3a).

The high summer model (January to March) showed that humpback
whale distribution was characterised by five covariates (Table 2): (i) the
standard deviation of salinity showed that humpback whale occurrence
peaked 0.2 units above the mean; (ii) iron concentration showed an
overall positive, yet sigmoidal relationship with occurrence; (iii) salinity
showed a peak at 33.85 PSU; (iv) frontal gradients detected in sea sur-
face temperature showed an initial positive correlation up until ~0.4C
km™!, with stronger frontal detections leading to a decrease in occur-
rence; (v) silica concentration peaked in its influence on occurrence at
~40 mmol m~3 (Fig. 3b).

The winter distribution (April to July, excluding June due to
telemetry disruption) was characterised by five covariates (Table 3): (i)
wind-stress curl showed a peak in humpback whale occurrence with
slight negative values; (ii and iii) the standard deviation of chlorophyll
concentration and chlorophyll concentration itself both showed that
occurrence was at its highest as chlorophyll concentration also peaked,
and remained within ~100 units; (iv) frontal gradients detected in sea
surface temperature data showed a strong correlation between occur-
rence and frontal activity; and (v) the standard deviation of sea surface
height where occurrence peaked in response to values < 0.05 above the
mean (Fig. 3c). For this model, both the standard deviations of chloro-
phyll concentration and sea surface height were subject to wide ranging
standard errors at higher values; this stemmed from there being fewer
data points corresponding to these high values (n = 18, 1.64% > 0.12 m
and n = 15, 1.37%, >150 mg m >, see Fig. S1).

Finally, a model using all data best described whale habitat use with
three covariates (Table 3): (i) the standard deviation of sea surface
height showed that humpback whale occurrence peaked with values
greater than 0.15 above the mean; (ii) increases in iron concentration
were positively correlated with occurrence; and (iii) sea-level anomaly,
which had a broadly consistent influence on occurrence throughout
(Fig. 3d) was included in the final model as it marginally increased the
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AUC of the model (+0.002).
3.3. Model visualisations over the SGSSI MPA region

Our habitat models describe the likely distribution of humpback
whales throughout the year based on multiple years of pooled data. The
first of these models predicted that during the early summer period
humpback whales mainly used areas to the north and east of the South
Sandwich Islands, with a particular focus on the vicinity of the South
Sandwich Trench (Fig. 4a). As the season progressed into the high
summer, model visualisations displayed a westward shift in where
whales were likely to be located compared to the early-summer period.
The tracked whales appeared to be moving west into the Scotia Arc, to
the south and south-east of South Georgia, as well as onto the South
Georgia shelf. The east of the South Sandwich Islands was still used to
some extent, but far less so than in previous months (Fig. 4b). Winter
habitat utilisation in our models showed that humpback whales
expanded their footprint over the majority of the South Georgia shelf
and beyond into the wider Scotia Sea, but with a notable increase in
their predicted occurrence around the South Sandwich Islands, and
further south towards the latitudes where the winter sea-ice reforms.
Humpback whales had a low likelihood of occurrence to the west of
mainland South Georgia (Fig. 4c). The combined model showed that
humpback whales were likely using large areas of the modelled area,
with the lower predictions occurring due north of the South Sandwich
Islands; mid-range predictions throughout the arc between South
Georgia and the South Sandwich Islands, and due south of the South
Sandwich Islands; and with higher predictions over the shelf of South
Georgia (Fig. 4d). Model visualisations display both latitudinal and
longitudinal shifts through the seasons. Between the early and high
summer, whale habitat shifted westwards, with a shift back to the south-
east as winter progressed. However, when all data are modelled
together, these seasonal patterns and regions of higher habitat use are
smoothed, and only the shelf of mainland South Georgia (to the coast
from the shelf break; <1,000 m) remains highly significant.

3.4. Spatial overlap with the SGSSI MPA

We used model visualisations at a resolution of 0.1° x 0.1° to
calculate the spatial overlap with the SGSSI MPA. The overlap with the
SGSSI MPA/SGMZ equates to approximately 1.27 x 10° km? or 57% of
the total modelled area of 2.2 x 10° km?. Within the MPA, our models
show that humpback whale distribution varies through the feeding
season. Visually, during the early summer period, humpback whales
concentrated to the east of the SGSSI MPA, focussing to the east of the
South Sandwich Islands within the MPA, and their likelihood of presence
was influenced by bathymetric features, and shelf break dynamics. As
the season progresses, whale distribution shifted, and became more
homogenous throughout the SGSSI MPA, particularly to the west of the
South Sandwich Islands, and onto the shelf of mainland South Georgia.
During the winter, humpback whale distribution saw an eastwards
expansion towards the South Sandwich Islands and 60°S, but whales
also maintained a presence near to South Georgia. More generally, the
all data model showed that humpback whale habitat use over all seasons
is focussed on the shelf of South Georgia, with lower levels of occurrence
throughout the SGSSI MPA than compared to the individually modelled
time periods.

An initial examination of the overlap between the available tracking
data and the SGSSI MPA revealed that at all times of the year humpback
whales use habitats within the MPA more than they use areas outside the
MPA. Overlap is at its lowest during the early summer where 68.6% of
the tracking data occurred within the MPA, and peaks during the winter
period where 96% of the data were within the boundaries of the MPA
(Table 4).

Overlaps between the MPA and the predicted whale habitat show
that the MPA provides a high level of overlap at multiple threshold
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Fig. 3. Covariate response curves for the four modelled time periods: (a) early-summer (Oct to Dec) in red; (b) high-summer (Jan-Mar) in black; (c) winter (Apr-Jul,
excluding June) in blue; and (d) all data model in green. Grey shading indicates 2 standard error bounds for the modelled covariates. Plot produced in the R package
‘visReg’ (Breheny and Burchett, 2017). Covariate acronyms are as follows: Sea level anomaly (SLA); Eddy-kinetic energy (EKV); Salinity (SAL); frontal features
detected in SST data (SSTF); wind stress curl (CURL); chlorophyl-a concentration (CHL); iron concentration (FE); silica concentration (SI); and sea-surface height

(Z0S); and the standard deviation of the named covariate (sd).

levels, over multiple time periods. At the highest threshold level of
>95%, during the high summer, 100% of predicted habitat used by
modelled humpback whales was within the boundaries of the SGSSI
MPA (Table 4, column c). This pattern of overlap between humpback
whale activity within the MPA was also seen in other modelled time
periods, where the overlap was between 50% and 96% within the MPA
at >50% threshold, and between 35% and 100% at the >33% threshold
(Table 4, column c). At the >50% and >33% thresholds the total overlap
between predicted humpback whale distribution and the SGSSI MPA
increased as the season progresses from early summer to winter (Table 4,
column b). The all data model predicts a more homogenous likelihood of
occurrence across the modelled area, with the range of the percentage
predictions reaching a lower maximum percentage compared to the

other modelled time periods (Fig. 4). Consequently, the overlap between
the all data model and the SGSSI MPA is lower than that of the indi-
vidually modelled time periods (Table 4, column b). In relation to the
modelled area, the largest predicted area of humpback whale habitat use
occurs during the early summer period at the >33% threshold, where
41% of the total modelled area (overlapping with 25% of the total SGSSI
MPA) corresponds to significant habitat use by humpback whales. The
highest spatial overlap between the SGSSI MPA and likelihood of
humpback whale occurrence was found in winter, with between 41 and
51% of the MPA overlapping with important whale habitat at the >50%
and >33% thresholds, respectively (Table 4, column d).

In regard to individual management measures of the SGSSI MPA, two
areas are of particular interest, as they are directly relevant to humpback
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Fig. 4. Generalised Additive Model (GAM) projections of the likelihood of humpback whale habitat use over the South Georgia and South Sandwich Island region
with standardised prediction ranges indicated (for ease of cross comparison). The solid white line indicates the 1000 m bathymetric contour; with the boundary of the
SGSSI MPA denoted by the solid black line; the specific measures implemented under the MPA denoted by solid red lines; the white dashed line in panels ¢ and
d indicates the average maximum extent of the winter sea ice between 1981 and 2010; and the grey dots show the available tracking data.

whale use of the SGSSI system. The first of these areas is the no-take zone
(NTZ) around Shag Rocks, which is the only management measure
within the SGSSI MPA that specifically includes whales within its con-
servation objective (GSGSSI, 2019). However, our models found no
overlap between predicted humpback whale habitat use and the Shag
Rocks NTZ in any model period, with the exception of a small overlap
with the winter model prediction. Our winter model showed that
humpback whale presence was predicted to be >33%, but <50% over a
74 km? section of the Shag Rocks NTZ (2,337 km?2, GSGSSI (2019)),
which equates to a 3.2% overlap between humpback whale predictions
and the total area of this management measure.

The second management measure of interest is the year-round
18,520 km? NTZ around mainland South Georgia. Our models show

that predicted humpback whale overlap with this NTZ varies through
the year; there is no overlap during the early summer period at any
threshold levels and overlap increases from 1,521 km? (8.2%) in the
high summer to 10,056 km? (54.3%) in the winter at >50% likelihood
threshold, and from 1,951 km? (10.5%) to 10,056 km? (54.3%) at >33%
likelihood threshold. In the all data model 7,824 km? (42.2%) of this
NTZ is predicted to have a humpback occurrence probability of >33%.

4. Discussion
Humpback whales represent an important, yet relatively under-

studied consumer of krill in the Antarctic system (Reilly et al., 2004).
Here we investigated the spatial distribution and overlap of humpback
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Overlaps between the humpback whale distributions and the SGSSI MPA at three likelihood of occurrence thresholds. Proportion of regularised tracking data located
within the SGSSI MPA over the model periods shown as a percentage of the total data post covariate extraction and gap removal (n = 1,913). Dashes in this column
indicate that the percentage values are the same irrespective of occurrence threshold. (a) Provides the total overlap between predicted humpback whale habitat
thresholds within the modelled area, and for each modelled time period. (b) Provides the total area within the SGSSI MPA that spans predicted humpback whale
habitat. (c) Provides the percentage of predicted humpback whale habitat falling within the SGSSI MPA (d) provides the percentage of humpback whale habitat within
the total SGSSI MPA area (1.27 x 10° km>. (e) Provides the percentage of humpback whale predicted habitat relative to the total model predicted area across all seasons

and thresholds (2.2 x 10° km?).

Likelihood of Model period  Percentage of (a) Area

(b) Overlap

(c) Percentage of (d) Percentage of total (e) Percentage of

whale regularised tracks within model ~ with the predicted habitat use SGSSI MPA that includes  predicted habitat use
occurrence within SGSSI MPA extent (km?) SGSSI MPA area falling inside the areas of predicted habitat area relative to total
threshold (%) (km?) SGSSI MPA (%) use (%) modelled area (%)
n=1,913 2.2 x 10° 1.27 x 10° 57 - -

>95% Early 68.6 1,186 - - - 0.1

summer

(Oct-Dec)

High summer  69.7 1,665 1,665 100 0.1 0.1

(Jan-Mar)

Winter 96 2,271 - - - 0.1

(Apr-July)

All data 72.7 1,592 - - - 0.1
>50% Early ibid 240,206 120,959 50 10 11

summer

(Oct-Dec)

High summer  ibid 51,907 38,022 73 3 2

(Jan-Mar)

Winter ibid 538,503 515,704 96 41 24

(Apr-July)

All data ibid 7,544 - - - 0.3
>33% Early ibid 895,020 313,778 35 25 41

summer

(Oct-Dec)

High summer  ibid 286,674 237,338 83 19 13

(Jan-Mar)

Winter ibid 856,552 651,265 76 51 39

(Apr—July)

All data ibid 16,471 16,471 100 1 1

Average (%) 76.7

=+ sd (%) 13

whales on their feeding grounds within the boundaries of the SGSSI MPA
to assess whether existing spatial measures have been created in loca-
tions frequented by whales, and as such either offer a degree of pro-
tection currently or could be adapted to provide protection in the future.

These investigations are important to the IWC from a population
dynamics perspective, and to CCAMLR, where the interest is geared
towards investigating how cetaceans can be included in the ecosystem
approach to krill management. Using tracking data from 16 whales, we
modelled and predicted habitat use by humpback whales across seasons.
Our models provide strong evidence that during the early summer, upon
arrival south of 50°S, whales utilise the outer edge of the Scotia Arc.
Here, they are concentrated over the South Sandwich Trench. Their
distribution centre then shifts as the summer progresses, and the inner
region of the arc and the shelf of South Georgia becomes the main region
of focus. Our final seasonal model shows that during the winter hump-
back whales continue to use the shelf of mainland South Georgia, whilst
also showing a south-easterly expansion throughout the study area
moving back towards the South Sandwich Islands, the MPA’s no-take
zone south of 60°S and the reforming ice-edge. Below, we consider
this in greater detail before making a number of recommendations for
futu