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Abstract

Existing literature has identified humpback whales (Megaptera novaeangliae) as climate
sentinels since their feeding ecology is inextricably linked to the oceanic features around
Antarctica, and to the seasonal sea ice. The changing Antarctic cryosphere in response to
climate change threatens not only their habitat but also their prey resources. Understanding the
interaction between the changing Antarctic Sea ice and its influence on the recovering
humpback whales’ distribution and behaviour is fundamental. Long-term ecological research
offers the potential to understand ecological interactions and variability therein, over time
scales relevant to both the life history of the animals and their physical environment.
Implemented to assess the effectiveness of the moratorium on baleen whale densities, the
IDCR/SOWER dataset is the sole cetacean long-term dataset containing in-depth information
about the recent status of all Southern Ocean baleen whales. This study examines the potential
utility of this dataset beyond its original scope, specifically assessing how it can contribute to
climate research. Using the humpback whale sightings dataset, | prepared a workflow analysis
to visually assess the distribution of humpback whales during the IDCR/SOWER surveys in
relation to the sea ice from climate data records. The analysis was framed around the use of
regional sectors typically used for sea ice research, rather than the feeding areas identified by
the International Whaling Commission. The results show that although humpback whales
indicate southward expansion as the sea ice retreats, the influence of interannual changes in sea
ice on sightings is not uniform, and evident only in a few sectors. Taking into consideration the
caveats of using presence/absence whale distribution data, this study represents a significant
step forward in demonstrating the potential of this dataset for interdisciplinary research on polar

environments beyond its original intention.
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1. Introduction

The Southern Ocean (SO), dominated by the Antarctic Circumpolar Current (ACC), plays a
significant role in the global ocean circulation and climate systems (Turner et al., 2009;
Constable et al., 2014; Rogers et al., 2020). The observed trends in multi-decadal variability
within this region suggest a major influence from both natural and anthropogenic forces (Zhang
et al., 2019). The localized, amplified warming of the southern polar region over the last three
decades has altered the patterns of climate signals inducing more frequent occurrence of El
Nifio-Southern Oscillation (ENSO) events and positive Southern Annular Mode (SAM)
(Turner et al., 2014; Clem et al., 2020; Crosta et al., 2021).

These anomalies have had implications for the physical environment of the Southern Ocean
and around Antarctica, subsequently impacting crucial features and processes that define and
provide habitats for numerous species found in the marine ecosystem of this region (Ainley et
al., 2012; Bronselaer et al., 2018). Among the most obvious effects observed to date are
increased sea surface temperature, a poleward shift of frontal systems, modifications of sea-ice
dynamics, and changes in nutrient availability (Constable et al., 2014; Turner et al., 2014; Gutt
et al., 2015; Stammerjohn & Maksym, 2017; Meynecke et al., 2020). According to Gutt et al.
(2015) and Rogers et al. (2020), these climate-driven changes already and are projected to

further disrupt the habitats and functioning of the Antarctic marine ecosystem.

This ecosystem has been subjected to perturbations due to the historical exploitation of top
predators such as whales and seals, with some populations nearing extinction in the 20th
century (Trathan & Reid, 2009; Ainley, 2010). This period coincides with unprecedented
climatic changes, which have further affected the ecosystem, leaving it highly modified and
altered in terms of its structure and resilience (Croxall & Nicol, 2004; Nicol et al., 2007).
Specifically, Gutt et al (2015) quantitative assessment highlights that areas influenced by
changes in sea ice, both historically and projected into the future, are notably much larger than
those affected by sea surface temperature increase. This poses a significant threat considering
that the Antarctic sea-ice ecosystem supports species populations that are exclusively reliant
on sea ice throughout their life cycles, top predators that use it for breeding, or resting, as well

as cetaceans which undertake annual migrations to Antarctica for feeding purposes.



I, hereafter, refer to the various processes and changes occurring within the sea ice environment
over time as "sea ice dynamics". In this context, this is an umbrella term for all the classic sea
ice variables (derived from sea ice concentrations) often used as sea ice habitat descriptors and
are affected by factors like seasonal changes, climate patterns, and oceanic currents. Examples

include sea ice extent, thickness, duration, timing and rate of advance and retreat.

This thesis explores the relationship between the sea-ice environment and one specific group
of baleen whales, humpback whales (Megaptera novaeangliae). Baleen whales inhabit all
major oceans and adapt to various ecosystems and are known for their extensive migrations
over large distances throughout their lifespan (Schall et al., 2020). Their migrations are
characterised by strong site fidelity to the same routes, breeding and feeding grounds (Aidley,
1981; Horton et al., 2017). Whales' habitat preference in feeding grounds is driven by multiple
factors, including the availability of prey and environmental conditions such as temperature,

bathymetry, sea ice and hydrodynamics (Meynecke et al., 2020; Henderson et al., 2023b).

Following the implementation of a moratorium on commercial whaling in the 1980s, whale
populations have been recovering with the humpback whales demonstrating a relatively fast
recovery rate after full protection was implemented (Zerbini et al., 2019; Meynecke et al., 2020;
Johannessen et al., 2022). Could the simultaneous increase in whale populations and observed
changes in their biophysical environment, potentially affect the balance of the Antarctic sea ice
ecosystem, despite the direct correlation between these two trends? These interactions are not
necessarily linear and may involve cascading effects, where shifts in one component, such as
predator populations or sea ice cover, indirectly affect other ecosystem processes, including
prey availability and nutrient cycling (Smetacek & Nicol, 2005). This necessitates the need to
study humpback whales’ behavioural responses to the changing climate. The limited
accessibility of this region for conducting field observations limits our understanding of the

response of the Antarctic ecosystem to climate change.

Of all baleen whales, humpback whales are the best studied (Ralls & Mesnick, 2019). Existing
literature well defines large-scale spatial patterns for humpback whales and shows that the
environmental drivers of their distribution, movement, and reproduction are tightly coupled
with oceanographic features (Meynecke et al., 2020; Meynecke et al., 2021). Research on
predator-prey interactions in the Southern Ocean reveals that all Southern Hemisphere
humpback populations have broad longitudinal ranges, occupying distinct foraging niches

directly linked to prey availability (Murphy, 1995; Trathan et al., 2007; Trathan & Hill, 2016).



This makes humpback whales an ideal species for studying the potential impacts of climate-
induced sea ice changes on marine ecosystems. A comprehensive understanding of an animal's
ecology allows for the prediction of their spatial and temporal distribution and the identification
of their potential responses to changes in the environment (Potts & Borger, 2023). The ecology
of humpback whales inextricably links them to the sea ice dynamics of the Antarctic (Bengtson
Nash et al., 2018; Druskat et al., 2019). This forms the foundational premise of this study,
where knowledge of both ecological and cryosphere factors will be used to study the

distribution of humpback whales in relation to the Antarctic Sea ice.

Using historical whale observations of occurrence originally designed to assess baleen whales’
density, the project aims to set-up an investigative framework that will contribute to further the
understanding of humpback whales' relationship with Antarctic sea ice. To demonstrate the

potential of this framework, this thesis will focus on two initial key questions:

1) How do humpback whale sightings relate to Antarctic sea ice patterns?
2) Do humpback whales sightings follow closely the spatio-temporal variations of the

sea-ice edge?
1.1 Humpback Whales

1.1.1 The Feeding Ecology of Humpback Whales

These whales are among the most recognizable baleen whale species, primarily due to the
distinctive shape of their fins, such as their pectoral fins, which account for about one-third of
their body length (Gales & Gales, 2011). Currently, seven stocks (stocks A to G, Figure 1) of
the Southern Hemisphere humpback population are recognized by the International Whaling
Commission (IWC) based on the geographical location of their breeding grounds (IWC,
1998).Recovery patterns following the whaling ban vary across populations, with some
population reaching about 90% pre-exploitation levels (e.g., stock D) while some are still
classified as “Endangered and Vulnerable” under the Red List (stock E and F) (Seyboth et al.,
2023). Undertaking one of the longest marine mammal migrations, these stocks seasonally
migrate between their low-latitude breeding grounds and mid-high latitude feeding grounds.
Contrary to the Northern Hemisphere counterparts, despite supplementary feeding outside the
traditional areas being recorded (Seyboth et al., 2023), the Southern Hemisphere humpback
whales display high site-fidelity i.e., using the same migratory corridors (Horton et al., 2017).



Their strong fidelity to breeding grounds and migratory routes connects these stocks to six IWC
feeding areas (Areas I to VI) in the Antarctic (Donovan, 1991), as shown on Figure 1.
Historically, the demarcation of these feeding grounds is based on the premise that humpback
whales migrate directly from their breeding to feeding grounds (Leaper & Miller, 2011), as
direct migratory links have been established (Stevick et al., 2004; Zerbini et al., 2006; Barendse
et al., 2013). This classification assumes that these stocks does not overlap when inhabiting the
Antarctic feeding grounds (Branch, 2011), however evidence indicating intermixing of these
stocks in feeding grounds have emerged in recent years (Ramos et al., 2023; Seyboth et al.,
2023). Donovan (1991) describes these stock boundaries as "best guesses" and/or as founded
on a conservative principle from a management standpoint more than the ecological

perspective.

Globally classified as generalist, filter-feeders (consuming small planktonic crustaceans and
fish), studies on their dietary habits in the Antarctic reveal that they exclusively feed on
euphausiids (Eisenmann et al., 2016; GroB et al., 2020a; Rogers et al., 2020; Nash et al., 2023).
The Antarctic krill (Euphausia superba), a keystone species in the Antarctic sea-ice ecosystem,
is reliant on sea ice for most of its key life-cycle phases (Atkinson et al., 2019; Steiner et al.,
2021). Such that, its abundance depends on sea ice and also, it exhibits a circumpolar
distribution closely aligned with the seasonal extent of sea ice, even observed changes in its
distribution over the recent decades has been linked to the changing sea ice dynamics (i.e.,
extent, thickness, and duration) (Atkinson et al., 2019; Cavan et al., 2019; Steiner et al., 2021;
Swadling et al., 2023).

Humpback whales, as "capital-breeders," store energy accumulated during the intensive
summer feeding in their blubber reserves and use these reserves as their primary energy source
throughout migration and breeding activities (Irvine et al., 2017; GroB3 et al., 2021). This
reliance on prey availability makes them vulnerable to variability and long-term changes in the
Antarctic sea ice (Steiner et al., 2021; Baines et al., 2022), as sea ice dynamics not only
influence their spatial and temporal distribution within feeding grounds but also impact their
nutrition, therefore affecting nutrition and reproductive success (Simmonds & Isaac, 2007;

Seyboth et al., 2021Db).
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Figure 1.The seven stocks (A-G) of humpback whales recognized by the IWC and their feeding grounds
in the Southern Hemisphere. Some stocks have further been divided into sub-stocks, based on genetic
data or mark-recapture or whaling data. Color-coded to show which correspo Image source: (Seyboth
et al., 2023).

Based on the literature from the past four decades reviewed by Meynecke et al. (2021), the
environmental drivers of humpback whales habitats depend on whether they are feeding,
migrating, or breeding and can be best described using combination of multiple drivers (Figure
2). On the feeding grounds, these factors are generally associated with high prey
concentrations. Due to sea ice variability being heterogeneous around Antarctica, the type,
strength, and role of the same environmental drivers in relation to HW distribution may depend

on finer-scale regional ocean features.
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Figure 2. The main environmental drivers in order of relevance to humpback whale behavioural modes (i.e.,
breeding, migrating, and feeding). Adapted from (J.-O. Meynecke et al., 2021)



1.1.2 Methods Used for Humpback Whales research.

Several research methods have been used in research to enhance our understanding of
humpback whale population dynamics. These methods include seasonal sightings surveys
which are shore-based observations (e.g., Best et al. (1998)) and/or cruise-based programs like
the IDCR/SOWER. Other methods include natural marking through photo-identification,
tracking and monitoring through technologies like genetic sampling (e.g., Eisenmann et al.
(2016) & GroB et al. (2021)), satellite tagging (Dalla Rosa et al., 2008), time-depth recorders
(Heide-Jorgensen & Laidre, 2015), aerial surveys (Andriolo et al., 2006), and acoustic studies
(Clark & Clapham, 2004) . While whale tagging dates back to the early 20th century (Brown,
1978), tagging methods have since advanced significantly and gained traction in recent years
(Kennedy & Clapham, 2017). These advances involve attaching small devices such as satellite
tags to track the movements and behaviours of individual whales. The collected data provides
detailed individual information on whale distribution, seasonal movements, migration patterns,
and behaviour. This level of detail is analysed to identify seasonal patterns in species

distributions or gain insights into habitat use and preferences (Willson et al., 2018)

However, cruise-based sightings remain relevant as they offer a complementary set of
advantages. They provide valuable ancillary data on oceanographic variables, prey availability,
and other ecological parameters essential for ecosystem management (Gilman et al., 2017).
Vessel-based surveys are commonly utilized, especially in regions with limited information
regarding whale presence, distribution, and density (Henderson et al., 2023a). In this approach,
transect lines are systematically designed to ensure comprehensive coverage of the targeted
area. Researchers, aboard a dedicated vessel, navigate these lines, documenting all observations

along the way.

Combining satellite telemetry with these other research techniques offers a powerful way to
study large mammals, offering detailed individual data on whale movements and behaviour,
and their ecological interactions (Mull et al., 2022). This integrated approach allows
researchers to gain a more complete picture of top-predator ecology, including humpback
whales, thereby informing more effective conservation strategies (Louzao et al., 2009; Thums

et al., 2018; Fitzmaurice & Steenkamp, 2023).



1.1.3 The role of humpback whales in the Antarctic sea-ice ecosystem

Primarily recognized for their critical ecological role as top predators, whales have been the
focus of both historic and more recent long-term datasets in the Southern Hemisphere (e.g., as
discussed in Leaper et al. (2008) and Ferguson et al. (2009)). These datasets have proven
invaluable for studying whale population dynamics, contributing to a broader understanding of
the significant role whales play within ecosystems (Seyboth et al., 2023). Recent research has
identified whales not only as top predators but also as ecosystem engineers, forming an integral
part of the Southern Ocean's biochemistry (Pershing et al., 2010; Lavery et al., 2014;
Ratnarajah et al., 2014; Roman et al., 2014). An ecosystem engineer is an organism capable of
altering, maintaining, or creating habitats through its interaction with the physical

environment, and thereby indirectly affecting other organisms (Altieri, 2015).

Among their many ecological roles in feeding areas, baleen whales act as nutrient recyclers,
re-fertilizing the photic zone and promoting primary productivity. They contribute to nutrient
distribution through processes such as the "whale pump," wherein they release nutrients like
iron, carbon, nitrogen, and sulphur from deep, nutrient-rich waters into shallower waters
through feeding and excretion. These activities indirectly contribute to carbon sequestration,
playing a crucial role in maintaining the balance of the Antarctic ecosystem (Roman et al.,

2014; Meynecke et al., 2023).

Considering their migratory patterns and ecology, humpback whales have been identified as
sentinels of the Antarctic sea-ice ecosystem. This recognition stems from their sensitivity to
changes in sea-ice extent and shifts in krill, as this is closely associated with their foraging
habitats in the Antarctic feeding grounds (Andrews-Goff et al., 2018; Schall et al., 2020; Nash
et al., 2023). Based on this, humpback whales can therefore be regarded as climate sentinels.
Hazen et al. (2019) describes climate sentinels as marine-top predators that respond both to
climate and ecosystem variability. Understanding the adaptation of whales to climate change
is crucial because alterations in their migratory patterns and dietary habits can have far-
reaching repercussions for marine ecosystems. These shifts can also serve as valuable
indicators of climate change. It has become evident that a comprehensive understanding of
whale ecology can be utilized as a tool to advance our comprehension of climate dynamics
over Antarctica. Humpback whales, being highly responsive to environmental changes, serve
as indicators of shifts in the Antarctic ecosystem, providing valuable insights into the broader

impacts of climate change on this region.



1.2 The Antarctic Sea Ice

1.2.1 Reliability of Satellite Observations over Antarctica

Due to Antarctica’s remote location, obtaining quantitative in-situ observations is logistically
extremely difficult (Kohout et al., 2016; Arndt et al., 2020) and this introduced a knowledge
gap in understanding the conditions influencing Antarctic sea ice dynamics (Himmich et al.,
2023). To overcome this limitation, prior to the earth observations era, numerous methods were
used to infer sea ice conditions in the polar regions, both directly and indirectly (Polyak et al.,
2010). Examples include the use of in-situ observations, marine sedimentary records, historic
whaling records, snow accumulation, and polar ice cores as proxies for sea ice conditions and

extent (Mackintosh & Herdman, 1940; Abram et al., 2013; Thomas et al., 2019).

Most methods used before the satellite era indicated a decline in sea ice and a southward shift
of the sea ice edge between the 1950s and 1970s (De La Mare, 2009). The accuracy of these
predictions faced criticism, not only due to the spatial and temporal sporadic nature of the
observations (Abram et al., 2013) but also because the purely biological approaches, such as
using whale-catch records as proxy of sea ice edge (Vaughan, 2000; Ackley et al., 2003),
inherently possess limited spatial and temporal scope. These constraints arise from many
factors including catch restrictions, the uneven distribution of catch effort, and catch selectivity,

all of which reduce the comprehensiveness and representativeness of the data.

To overcome the shortcomings of in-situ observations, the field of earth observations has
continuously made significant advancements in accurately capturing sea ice dynamics since
the introduction of the first passive microwave Nimbus-5 satellite Electrically Scanning
Microwave Radiometer (ESMR) data in 1979 (Takenobu, 2009). Compared to the past four
decades, sea ice remote sensing is now a well-established application of satellite observations.
Passive microwave technology, in particular, has played a crucial role in retrieving essential
sea ice parameters, with a notable focus on sea ice concentration (SIC) (Sandven et al., 2023).
One of the key advantages of passive microwave sensors is their ability to penetrate cloud cover
and provide consistent observations under various weather conditions, ensuring reliable
monitoring even in the frequently overcast polar regions (Gabarr6 et al., 2023).Currently, the
monitoring and interpretation of the changing sea ice dynamics, primarily rely on earth
observation products derived from these remote sensing technologies (Sandven &

Johannessen, 2006; Gabarro et al., 2023).



For instance, attempts to accurately capture and quantify regional and annual variability
involve using sea ice variables derived from SIC as proxies for the marginal ice zone (MIZ)
and sea ice edge conditions (Smith et al., 1998; Stammerjohn et al., 2008). SIC represents the
percentage of ice cover within a single cell on a gridded map, and metrics derived from SIC
are typically a threshold of ice concentration (e.g., sea ice extent, area and MIZ )(Hobbs et al.,
2016). The sea ice extent (SIE) is computed by summing the grid cell area of all cells that has
15% or greater sea ice concentrations and the MIZ, which is the transitional region between

the open ocean and pack ice, ranging from 15% to 80% concentration.

Recent concerns about the reliability of this proxy in the Southern Ocean have been raised by
Vichi (2022), given the region's distinctive and expansive circumpolar MIZ. Vichi argues that
utilizing a threshold-based concentration criterion may not effectively capture the variability
of Antarctic sea ice, considering the heterogeneity of ice types in this region. As a solution,
Vichi proposed an alternative MIZ indicator that can reliably capture trends in ice variability
when conducting climatological assessments and regional analyses in the Southern Ocean. This
further highlights the ongoing efforts to refine and enhance earth observation methodologies

over Antarctica to improve our understanding of its complex sea ice dynamics.

1.2.2 Observed Trends in Antarctic sea ice.

Since the first satellite observations became available, in contrast to Arctic Sea ice, Antarctic
Sea ice does not display a clear long-term declining trend but instead exhibits significant year-
to-year variability with strong spatial heterogeneity (Constable et al., 2014; Stammerjohn &
Maksym, 2017). Over the period since 1979, the overall trend in Antarctica indicates that sea
ice cover has increased by about 1.64+0.4% per decade, with a climatological seasonal SIE cycle
(Figure 3) expanding to more than 19 million km? each winter and contracting by about 3—4
million km? each summer (Parkinson, 2019; Crosta et al., 2021). However, recent studies have
shown an intense decrease in sea ice cover, with the annual mean Antarctic sea ice extent
recording successive low years post-2014, with a record low in 2023 (Parkinson, 2019; Clem
et al., 2020; Clem et al., 2023; Gilbert & Holmes, 2024). This observed decline has been
attributed to the effects of ocean and atmospheric warming (Purich & Doddridge, 2023).

Compared to the Arctic, most Antarctic Sea ice is seasonal, except for the Weddell Sea, which
comprises multi-year sea ice and accounts for approximately 40% of the total summer sea ice

in Antarctica. Additionally, it holds the largest circumpolar marginal ice zone, which is



intensely affected by air-sea exchanges (Vichi, 2022). Thus, seasonality and regional variability

constitute critical factors affecting the Antarctic SIE.

The observed variability, occurring at regional, interannual, and long-term scales, is attributed
to the interaction between atmospheric, oceanic, and cryospheric processes. These processes
operate differently depending on the region and contribute differently to the overall variability
(Hobbs et al., 2016). Atmospheric drivers, such as local changes in wind patterns and shifts in
large-scale zonal winds dominant over the Southern Hemisphere like the Southern Annular
Mode (SAM) and the El Nifio—Southern Oscillation (ENSO) (Raphael & Hobbs, 2014;
Stammerjohn & Maksym, 2017), are primarily responsible for interannual variability.
Meanwhile, oceanic drivers, including the vertical structure of the near-surface water column
(Martinson & lannuzzi, 1998), cryospheric factors like melting ice shelves (Bintanja et al.,
2015), dynamic and thermodynamic processes (Massom & Stammerjohn, 2010; Himmich et

al., 2023), contribute significantly to the large annual cycle of Antarctic sea ice.

Antarctic Sea Ice Extent ~— 19812010 Average
+2 Standard Deviations
- 2023
= « 2022 (Record minimum)
- 1979

(Area of ocean with at least 15% sea ice)

225

20

Extent (Millions of square kilometers)
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Dec
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Figure 3. Climatological seasonal cycle of Antarctic sea ice extent for period 1981-2010, based on passive
microwave satellite derived SIC greater than 15%. Blue line denotes SIC for 2023 as the year with the lowest
minimum  and maximum  extent ever recorded. Image retrieved  from  the  NSIDC
(https://nsidc.org/arcticseaicenews/charctic-interactive-sea-ice-graph/).
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To examine the regional variability of Antarctic sea ice, studies conducted prior to 2014 relied
on regions defined geographically. However, Raphael and Hobbs (2014) introduced a
significant advancement as they redefined new ice sectors based on distinct sea ice regimes,
utilizing a decorrelation length scale. This scale measures how quickly the correlation between
sea ice extent measurements decreases by the longitude. Clear dips or minima on the graph
(Figure 4) indicate where sea ice regimes change noticeably, suggesting boundaries between
different sectors with distinct sea ice patterns. This redefinition was crucial for accurately
capturing the non-uniform patterns of key sea ice seasons in each region (i.e., the periods of

retreat and advance, including ice duration).
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Figure 4. Antarctic sea ice regions as defined by Raphael and Hobbs (2014). The black solid line represents the
standard deviation of sea ice extent anomalies by longitude, while the red line indicates the decorrelation length

scales.

Antarctic sea ice covers an extensive region of the Southern Ocean and plays a pivotal role in
shaping high latitude SO ecosystems and climate (Thomas & Dieckmann, 2008). It contributes
significantly to primary production and influences key environmental factors, while also
playing a pivotal role in moderating air-sea interactions. Understanding sea ice dynamics and
trends within each sector is crucial, as this helps disentangle what drives the regional
differences and how this may affect environmental conditions that shape the Antarctic sea-ice

ecosystems.
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1.2.3 The role of sea ice in structuring the Antarctica ecosystem.
The presence and seasonal variability of Antarctic sea ice impact nutrient dynamics, light

availability, habitat suitability, and the structure of food webs within the Southern Ocean (Gutt
et al., 2015; Fraser et al., 2023; Swadling et al., 2023). Changes in SIE, affect krill abundance,
which potentially influence the populations of krill-dependent species higher up in the food
web, such as whales, seals, and penguins (Figure 5). For example, during winter, the sea ice
cover acts as a nutrient-rich substrate, creating a critical habitat for a thriving population of
microbial communities. This, in turn, serves as the main food source for pelagic herbivores like
the Antarctic krill, particularly when the water column has limited food resources. Additionally,
sea ice provides shelter, resting, breeding, and feeding ground for larger predators such as seals,

penguins, and whales (Stammerjohn & Maksym, 2017; Steiner et al., 2021).
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Figure 5. The influence of Antarctic sea ice on the different trophic levels of the food web in
this region (Source: Massom and Stammerjohn (2010)).

In summer, as the sea ice melts, an increased number of polynyas are found along the coast,
associated with enhanced primary productivity (Smith et al., 2010; Moreau et al., 2019). Any
alterations in sea ice, whether in extent, concentration, thickness, dynamics, or spatio-temporal
characteristics, have far-reaching consequences across the entire marine food web and
ecosystem as different ice types support varied species (Massom & Stammerjohn, 2010;
Swadling et al., 2023). According to Constable et al. (2014), the regional variability around the
Antarctica could result in non-uniform responses from the biota, with some being more
vulnerable than others. As introduced earlier, regional differences affect habitat quality for

marine mammals, and ultimately their foraging success (Speakman et al., 2020).
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1.3 Previous Research on Humpback Whales and Sea Ice

1.3.1. Existing literature on environmental drivers of humpback whale behaviour and
distribution during feeding.

Most studies reveal that the environmental conditions relevant to the HW foraging behaviour
and feeding grounds habitat selection over the Southern Ocean are mostly areas where there is
high marine productivity (i.e., areas of upwelling and/or high chlorophyll-a concentrations
following sea ice retreat), where prey can be found in abundance (Owen et al., 2017; Bestley
et al., 2019; Riekkola et al., 2019). However, it is important to acknowledge that quantifying

prey abundance over the Antarctic region presents a substantial challenge.

To address this limitation, chlorophyll data from space are often employed as a proxy for
primary production. However, this approach introduces uncertainties, as whales do not directly
consume chlorophyll but rather feed on krill ,which may not always be directly correlated with
surface chlorophyll concentrations. Relying solely on chlorophyll as a proxy for prey
productivity can result to mismatches in both timing and location. Therefore, it is important to
account for the spatial, temporal, and trophic lags between chlorophyll concentrations and
actual prey availability when studying humpback whale feeding ecology, as these lags can

influence the effectiveness of using chlorophyll as a proxy for whale prey.

For instance, a study conducted by Andrews-Goff et al. (2018) observed no discernible
relationship between seasonal chlorophyll-a levels and HW foraging grounds over the
Antarctic. According to Andrews-Goff et al. (2018), the foraging habitat of humpback whales
in the Antarctic is strongly associated with the marginal ice zone. Using a Generalized Additive
Mixed Model (GAMM) that included all environmental variables that potentially had an
explanatory power on their inferred foraging behaviour, proximity to the ice edge (~65 km
away), the rate at which the ice is melting, and the fluctuations in ice concentration observed
two months prior to their arrival in the region were identified as the key environmental factors
characterizing the Antarctic foraging habitat. Findings of some studies (Reisinger et al., 2021;
Bamford et al., 2022; Bedrifiana-Romano et al., 2022), also suggest that the foraging activities
of these whales occur in high densities near the sea ice edge and/or along coastal regions,
particularly those adjacent to sub-Antarctic islands (except for the Ross Sea and Weddell seas,

due to their high ice concentrations (Branch, 2011)).
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Using a similar approach, Bassoi et al. (2020) found SST, topography, and distance to fronts to
be the most influential covariates associated with humpback distribution. These findings align
with those of Naganobu et al. (2006), who also identified close interactions between
oceanography of the surface layer (represented as an environmental index that integrated
temperature means from 0 to 200 m in depth (ITEM-200)) and the distribution of krill, and
baleen whales as predators. According to Naganobu et al. (2006), humpback whales were
distributed in high density in waters where the ITEM-200 = 0°C, which coincided with the
Antarctic Circumpolar Current (ACC), melting marginal waters of sea ice as well as relatively

high chlorophyll-a levels.

Recent studies (Mori et al., 2019; Bedrifiana-Romano et al., 2022; A. F. Henderson et al., 2023)
have recorded a southward shift in the foraging activities of these whales, presumed to be a
response to the recent low sea-ice extent recorded, which has induced a shift in krill
populations. As stated by Thomas et al. (2015) and Friedlaender et al. (2018), these observed
shifts in ocean productivity are most likely due to climate change and have also influenced the
recent changes or anomalies in migration patterns and feeding ground of whales. A review by
Seyboth et al. (2023), on supplementary feeding beyond the Southern Ocean and plasticity
shown by these species also indicate that the changing environmental conditions influence
humpback whale distribution and movement patterns. That is, it results in possible suppression

of migration or interchange/ overlapping of stocks in feeding grounds.

Furthermore, Reisinger et al. (2021) using regional models that employed an ensemble of
machine learning algorithms, reported that HW inhabiting the Antarctic exhibit a preference
for open water zones in close proximity to the sea ice edge although there is heterogeneity in
their circumpolar distribution. Their distribution patterns were observed to shift southwards as
the sea ice extent receded, as corroborated by earlier research (Bombosch et al., 2014;
Andrews-Goff et al., 2018). Similar behaviour has been reported for fur seals in winter, but not
for other baleen whales like minke whales’ which are consistently associated with pack ice
throughout all seasons (Ribic et al., 1991). The overlapping and time-lagged effects of factors
associated with prey availability and feeding events, make it challenging to disentangle the
natural variability of distribution patterns from climate change impacts (Meynecke et al., 2020;

Meynecke et al., 2021).

Genetic, isotope, and fatty acid studies of humpback whales have also highlighted that the

changing sea ice dynamics have led to changes in prey availability and abundance. Grof3 et al.
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(2020b) discovered some variations in feeding behaviour, though Antarctic krill remains the
primary prey for humpback whales. They attributed the observed variability in the whales' fatty
acid profiles more to changes in the krill population than to alterations in the whales' diet.
Studies by Kershaw et al. (2021) and Seyboth et al. (2021a) linked the decline in reproductive
success of humpback whales to shifts in prey availability within their feeding grounds, which

is induced by changing environmental conditions.

Most research supports the idea that humpback whales have a relatively narrow feeding niche,
primarily relying on Antarctic krill to replenish their blubber stores (Nowacek et al., 2011;
Owen, 2014; Curtice et al., 2015; Baines et al., 2022). This conventional feeding-fasting model
is based on historical whaling records and shapes our current understanding of whale migration.
However, recent studies have reported on a few populations feeding along their migration
routes (Seyboth et al., 2023). Although feeding behaviour in low- and mid-latitude areas has
been identified in earlier studies (Baraff et al., 1991; Gendron, 1993; Danilewicz et al., 2009),
Eisenmann et al. (2016) were the first study to use baleen plate analysis to explore the feeding
relationships and dietary habits of Southern Hemisphere humpback whales. Findings by
Fleming et al. (2016), further showed that humpback whales can exhibit behavioural and
dietary plasticity when environmental conditions are unfavourable for common target prey

species (i.e., shifting from krill to schooling fish due to increased SST).

Whether this emerging evidence of some populations deviating from the classical feeding
ecology model constitutes proof of a response to a changing environment due to climate change
or results from the recovering whale populations remains unclear. This further emphasizes the
need to understand how the changing multiple environmental drivers, including the effects of
past whaling, are influencing the distribution and habitat selection of humpback whales. Thus,
disentangling the impacts of climate change from those of historical perturbations and/or

natural variability of humpback population dynamics.

The examples mentioned above highlight several assessments of the environmental conditions
influencing humpback whales in Antarctic feeding grounds. A common thread among them is
their focus either on specific locations, stock populations and/or for relatively short periods of
time. This narrow focus could potentially lead to incomplete or biased assessments of the
drivers influencing humpback whale populations, hindering efforts to develop comprehensive

conservation and management strategies. Additionally, it may conceal the broader ecological
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context in which these whales operate, thereby limiting our ability to predict and mitigate the

impacts of environmental changes on their populations effectively.

1.3.2 The use of long-term ecological research in climate studies

Long-term ecological research programs serve as invaluable tools for tracking changes in the
movement and distribution of highly mobile diving marine mammals that spend relatively little
time on the surface, such as humpback whales (Ferguson et al., 2009; Friedlaender et al., 2018).
One such program is the International Decade of Cetacean Research, Southern Ocean Whale
and Ecosystem Research Programme (IDCR/SOWER), a multi-year initiative implemented by
the International Whaling Commission (IWC). This program represents the sole cetacean
sighting dataset that offers comprehensive, large-scale insights into the historical status of
Southern Hemisphere humpback whales in the Southern Ocean (Bombosch et al., 2014;
Friedlaender et al., 2018).

The initial goal of the IDCR was to provide reliable population estimates for minke whales in
the Southern Ocean, using systematic sightings and marking techniques, independent of
whaling operations, to support the management and conservation of the species (Best &
Ohsumi, 1980). However, as the needs of the IWC evolved, its design was adapted to focus on
assessing the effects of the 1985 whaling moratorium on all cetacean populations, while minke
whales remained the primary focus (Ensor et al., 2009). Data from these surveys have been
standardised, validated, and stored in the IWC database as described Burt (2004). It is not
publicly available but can be requested from the IWC secretariat. Due to this, this dataset has
not been of immediate exploitation and has mostly been utilized by individuals affiliated with
whale ecology and/or associated with the IWC. It has been primarily exploited to assess the
density distribution of baleen whales in the Antarctic region (Kasamatsu, 1996; Kasamatsu,
2000; Kasamatsu et al., 2000; Branch & Butterworth, 2001a; Matsuoka et al., 2003; Branch,
2007, 2011; Murase et al., 2020).

The structure of the dataset complicates its integration with other environmental information,
thus requiring an initial pre-processing work to make it usable. These challenges, arising from
the biases present in the data, are discussed on page 47. This work aims at highlighting the full
potential of this dataset through a preliminary investigation of humpback whales’ occurrence
in relation to environmental data. The objective of the study is to capitalize on the wealth of
the IDCR/SOWER dataset in ways that extend it beyond its initial scope, specifically by

assessing the relationship between the sightings dataset and satellite-derived observations of
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sea ice. This integrated approach has the potential to offer valuable insights into the changing
climate over time, even in complex and dynamic environments like the Southern Ocean, as

well as highlight the power of interdisciplinary research.

2. Materials and Methods
2.1 Description of the study area and survey design

The IDCR/SOWER Project was initiated to investigate the resources, ecology, and habitat of
whale species in the Southern Ocean. It comprises 31 separate multi-vessel surveys conducted
annually from 1978 to 2010. The primary objective was to assess whether whale populations
were recovering following the whaling ban established in 1986 by the IWC, with a particular
emphasis on estimating the abundance of Antarctic minke whales (Kasamatsu, 1996;
Kasamatsu, 2000; Kasamatsu et al., 2000; Matsuoka et al., 2003). All cetaceans , including
other baleen whales such as blue whales, humpback whales, and southern right whales, were

also subjects of research.

Surveys conducted under the project were strategically designed to maximize spatial coverage.
They encircled the Antarctic during three circumpolar series, crisscrossing strata of the open-
ocean area south of 60°S. All IWC Antarctic Management Areas (refer to Figure 6) were
surveyed during this period, with some areas receiving more frequent visits than others. During
the first circumpolar period (CPI: 1978/79—-1983/84) and the second (CPII: 1985/86—-1990/91),
longitudinal coverage took precedence over latitudinal coverage and a northern boundary of
each area was established arbitrarily. In the third circumpolar series (CPIII), which began in
1991/92-2003/04, the focus shifted to prioritize latitudinal coverage (from the ice-edge to
60°S), leading to the expansion of the southern stratum further north and additional coverage
of northern waters compared to the first and second circumpolar cruises. The cruise tracks and
strata covered since the first survey till 2003/04 have been used to derive whale densities
(Branch, 2011). Branch and Butterworth (2001a) described the sampling methods used during
these three circumpolar surveys. The survey cruises carried out from 2004/05 to 2009/10
included a series of experiments that adopted new survey methodologies to address the
shortcomings identified in previous analyses of abundance data. Raw data collected during
each cruise include sightings of all cetaceans, information on the survey effort, weather

conditions, ice-edge conditions.
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Figure 6. The six IWC Areas for the management of baleen whale species (except Bryde's whale). Source:

(Matsuoka et al., 2003)
2.2 HW sightings data

During each survey, two (or more in some cases) vessels collected sightings data through
various survey modes. All surveys were initially carried out in closing mode (during CPI), in
which the vessel would turn off the track line to confirm a sighting. Subsequent surveys
alternated between passing and closing modes. During the passing mode, the vessel continued
along its track line after a sighting, with topmen in the barrel maintaining their full searching
effort while those on the upper bridge focused on tracking and identifying the sighting. In this
mode, often referred to as “IO mode”, the effort involved an additional Independent Observer
(IO) stationed on a different platform on the main mast. The IO was positioned separately to
independently verify the sightings, minimizing bias and enhancing the reliability and accuracy
of the data through an additional assessment of the whale group (Matsuoka et al., 2003).

The sightings were categorized into primary sightings, when full searching effort was applied,
and secondary sightings, which encompassed all other sightings recorded during experiments
and during other non-primary activities such as closing on a sighting to confirm another group,

drifting, or steaming with the topmen down. Because the main objective of this work is
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assessing distribution on a spatial and temporal context, all the sightings were included in the

analysis.

Sourced from the IDCR/SOWER dataset available in the IWC database, the sightings
(presence-only) data (Table 1), were requested from IWC by Dr Elisa Seyboth from the
University of Pretoria. Each recorded sighting of a cetacean corresponds to a unique index key,
which is connected to a header key linking it to related effort and weather data. The sightings
entries contain details on position, date, time, observer information, and extra information
important for estimating abundance like whale size (minimum and maximum length), school
size, and any duplicate records. Starting from the 1990/91 survey, supplementary details
regarding behavioural observations, such as 'Pod/General Behaviour' and swimming activities,
have also been documented. Prior to the application of this dataset in the current study, it was

further filtered and sorted according to the Whales and Climate dataset structure?.

Table 1. Snapshot of the IDCR/SOWER dataset revised following the Whales and Climate dataset
structure.

A B c D E F G H I J K L M N 0 P Q R
L [IndexKey - [FormN: * | Vessel | ~ | Year |~ Month|~ Day ~ SurveyDate  ~ SightingN(~ Sightin. ~ |Time | ~|LatDec v LonDec v Activity * HighScl ~  LowSchool = BestScho v | ConfirmedE ~ | IWC Ar ~
H 180018 TI6 78 12 28 1978-12-28 001 1 05:24:00 -58,7004 102,5285 SE 2 2 2y v
3 230023 TI6 78 12 29 1978-12-20 D04 1 16:12:00  -63,549 98,97749 SE 2 2 2y v
1 500050 Ti6 7 2 1 1978-12-31 D07 1 15:19:00 -63,4157 95,5432 SE 1 1 1y v
| 5930598 T18 7 2 9 1978-12-29 006 1 15:22:00  -61,7495 98,14392 SE 1 1 1y v
5 5150615 T18 78 2 G0 1978-12-30 013 1 19:07:00 61,2496 94,39305 SE 2 2 2y v
7 5250625 T18 78 2 1 1978-12-31 010 1 13:13:00 -59,8834 94,55959 SE 2 2 2v v
3 15240016 K27 73 12 "6 1979-12-26 D01 1 08:50:00 56,1844 30,025 SE 1 1 1y m
) 15450017 K27 79 2 26 1979-12-26 002 1 09:23:00  -56,301 30,05835 SE 1 1 1y m
0 2400022 ™11 79 12 25 1979-12-25 005 1 18:20:00 52,8353 31,99222 SE 2 2 2y m
1 24300048 T11 79 12 0 1975-12-30 003 1 10:25:00  -64,2488 40,39455 SE 2 2 2y m
2 24510069 T11 79 12 a1 1975-12-31 D12 1 19:13:00  -65,3652 42,82856 SE 2 2 2y m
3 37020719 11 50 12 24 1980-12-24 006 1 14:48:00  -62,9492 159,109 SE 1 1 1y v
a a72’o;2s ™1 50 12 27 1980-12-27 002 1 04:57:00 -61,4996 155,0764 SE 2 2 2y v
5 a72s’om2 TR 50 12 30 1980-12-30 006 1 16:52:00 -64,6487 149,7082 SE 1 1 1y v
6 6392 D057 sM2 B1 2 6 1921-12-26 031 1 17:34:00  -61,083 -58,3338 SE 3 3 3y i
7 64300035 sM2 B1 2 %0 1921-12-30 D05 1 16:02:00 -61,7662 -47,4368 BX 2 2 2y i
8 69181523 vaa 51 2 o7 1981-12-27 D01 1 09:21:00  -62,366 -57,5673 SE 2 2 2y n
5 123530001 smM1 4 2 1 1984-12-21 D01 % 18:28:00 -32,7242 115,0653 TD 2 2 2y v
0 130501001 sm2 4 12 1 1984-12-21 D01 1 16:12:00 32,3577 115,082 SE 1 1 1N v
1 13073:1029 sm2 :84 :12 :25 1984-12-29 :006 :3 15:38:00 64,3654 112,2645 TD 1 1 1y v

2.3 Sea Ice Data:

The sea ice data used in this study were extracted from the NOAA/NSIDC Climate Data Record
of Passive Microwave Sea Ice Concentration, Version 4 (Meier, 2021). The dataset contains
sea ice concentrations which are estimates of the fraction of ocean area covered by sea ice. I

used monthly data covering the ocean surface area from 39.36°S to 89.84°S in the Southern

! https://whalesandclimate.org/portfolio/ : Whales and Climate data portal.
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Hemisphere. This product leverages on two well-established and well-validated concentration
algorithms, the NASA Team (NT) algorithm and NASA Bootstrap (BT) algorithm. An
additional advantage is that the SMMR data have been added to the period of record such that
the monthly CDR variable spans from November 1978 through to the most recent processing;

covering the entire period of interest (Meier, 2021).

The dataset uses a grid on a polar stereographic projection, with a spatial resolution of 25 km
x 25 km. The variable of interest is the monthly average of the daily CDR sea ice concentrations
(cdr_seaice conc). It consists of aggregated monthly files with spatial dimensions (x and y
grid) and a time dimension indicating the number of months. The presence of gaps in the data
is negligible because the CDR uses gap-filling procedures; only 12 out of 3412 sightings
recorded had no sea ice data due to missing or corrupt data. They correspond with the observing

period 1987/12/03 — 1988/01/13.

2.4 Data analysis

Data wrangling and visualization of both sea ice and sightings data were conducted using
Python, utilizing libraries such as Pandas, Matplotlib and Cartopy. For whale sightings, the
data was initially pre-processed and organized according to the guidelines of the Whales and

Climate Project database structure (https://whalesandclimate.org/portfolio/). Further data

manipulation involved using dataframes and dictionaries to add variables such as survey
seasons (defined as a combination of two consecutive years spanning December to February)
and assign sectors to each observation based on predefined geographical ranges. A size-
encoded heatmap depicting the number of whale sightings per IWC area (presence only) across
different survey seasons was generated to explore the overall spatial and temporal patterns of
whale sightings.

Pre-processing of the sea ice data included applying a scaling factor and adjusting flag values
to ensure consistency and facilitate meaningful comparisons. To analyse how sea ice evolved
over time and for identification of fine-scale patterns in each region, line plots were utilized to
present the monthly extent anomalies for the study period and annual cycles of sea ice each
IWC Area and ice sector. Anomalies were sliced to focus on the survey seasons period, from

December to February, and presented as a bar plot highlighting deviations from the monthly
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climatological mean. The years 1981-2010 were used as the reference period for calculating
the anomalies.

Next, a comparative analysis of whale sightings' latitudinal distributions between sectors
during the feeding season was conducted using violin plots. Further examination of the
sightings data within ice sectors included determining the whales’ median latitude per month
for each season, the total number of unique days in which whales were recorded and the total
count size per survey season. The output was presented in a table and aided in selecting years

(together with the criteria described below).

To assess humpback whales’ distribution in relation to sea ice, visual analyses of sea ice
anomalies, whale sightings, and vessel track lines were presented using a grid of subplots.
Track line data of the cruise surveys were included to aid in identifying presence/absence
where surveys were conducted but no sightings were made. A loop iterated over a predefined
set of different combinations of years and summer months, filtering and processing relevant
data subsets. Iteration produced a subplot within a grid including timestamps and geographic
features (e.g., land, coastlines, latitudes), enhancing the interpretability of the plots. For each
survey season, 5 months were visualized. The inclusion of the two months pre-survey season
(October and November) in the combined analyses was done to investigate if any lagged sea
ice effects were present. Since sea ice was the variable of interest, sightings only south the
latitude 55°S were analysed in combined analyses. This is the northernmost latitude Antarctic
sea ice extent reaches in winter (Eayrs et al., 2019). By organizing the data in this manner, the
structure facilitated systematic comparisons across different years and months. This approach

allowed for easier tracking and identification of patterns and trends over time.

All years and regions were included in the analysis and the regions not presented in the main
text are available in the Appendix. In Chapter 3, I present and discuss three sectors selected for
their unique combined features: the Amundsen-Bellingshausen (AB) sector (130°W to 170°W),
which have negative sea ice trends and smaller SIE; the Ross-Amundsen (RA) sector (165 ° E
to 130° W), which is representative of the behaviour of the majority of the Antarctic sea ice;
and the East Antarctic (EA) sector, representing sectors on the east part of Antarctica where the
greatest number of humpback whale sightings were recorded. The selection of survey seasons
to present was based on whale data, and the criteria for selection included:

1. The survey season had to have data for at least two of the three summer months (December

to February).
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2. High count size/ number of unique days with recorded sightings; a preference for seasons
with higher total counts/ number of unique days of sightings recorded. It is important to
mention that this does not reflect effort/encounter rate but determined so to aid in selecting
years with substantial data.

3. Differences in mean latitudes observed across seasons.

4. At least one survey during each circumpolar period.

The survey had to meet a minimum of three of these requirements, as some were not applicable
in some sectors (e.g., the AB sector had no sightings recorded in December for all the seasons
surveyed). In cases where seasons had minimal differences or did not meet the minimum
requirements, a season sharing common variables with a season already selected for meeting
the minimum requirements was also included to ensure comparability. This included taking the
sea ice anomalies conditions into consideration. All conditions were assessed where possible,
including years characterized by negative, positive, or neutral summer anomalies. By neutral
summer anomalies, I refer to survey seasons where there is a combination of both above- and
below-average anomalies, resulting in no clear trend. Throughout the analysis, considerations
were made for potential biases in the data and were taken into account when interpreting the

results.
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3. Results
3.1 Sightings data

The spatial distribution of humpback whale sightings across the Antarctic feeding grounds
reveals monthly disaggregation, with a southward shift in sightings over the months. February
shows the highest concentration of sightings south of 60°S, compared to January and December
(Figure 7). The total count of sightings recorded during the entire survey period is 3408. Each
survey season spanned three months (December, January, and February), with the highest
number of sightings recorded in the middle of the summer season, represented by percentages

of 8.4%, 52.1%, and 39.6%, respectively.

© December
January
February

N

Figure 7. IDCR/SOWER humpback whales sightings and survey lines in and around
Antarctica in the austral summer months from 1978/79 to 2009/10. Track lines = grey
broken lines. IWC Area boundaries = black dashed lines. The darker hue indicates multiple
sightings at the same location.
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The distribution of sightings per year and area is shown in Fig. 8. The number of whales sighted

between the first survey and the 1997/98 survey remained consistently low, with total sightings

recorded being less than 65 per season, except for the 1988/89 survey season in Area I'V. Of the

six IWC Areas, I, 11, and VI had the fewest seasons surveyed, with Areas I and II having 5 and

6 seasons respectively, and none conducted post-2000/01. Areas III, IV, and V, which were

more frequently surveyed, recorded a sudden increase in sightings during the last decade of the

study period.
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Figure 8. Number of sightings per survey season in each IWC Area. The first category

comprises 1 to 15 sightings; blank spaces indicate areas that were not surveyed during that

S€ason.
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3.2 Sea ice extent and choice of sectors

Sea ice extent was calculated as explained in Sec, 2.x for the whole Antarctic region and for
the sectors defined in Raphael and Hobbs (2014) (hereafter referred to as “the ice sectors”, Sec.
1.2.2 and Fig. 4) and IWC Areas (1991). The monthly anomalies of sea ice extent during the
period of the surveys show a minimal positive long-term trend but exhibits high interannual
variability (Fig. 9). This is aligned with the literature prior to the 2017 period (Parkinson, 2019).
However, Antarctic sea ice is known for its large regional differences; hence a sector-based

analysis is necessary.
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Figure 9. Monthly Antarctic sea ice extent anomalies stretching from November 1978 to
February 2010 (grey line), calculated from a climatological baseline of 1981-2010 (black
line). The red line shows the 4 months running mean anomaly.

The geographical locations of the Antarctic sea ice sectors and the IWC Areas are shown in
Figure 10. All IWC Areas, except Areas IIl and 1V, span across two ice sectors. Area I
predominantly occupies the Amundsen-Bellingshausen (AB) sector, with a minor overlap of

approximately 10 degrees into the Weddell Sea. Area VI largely spans the Ross-Amundsen
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(RA) sector with a similar overlap into the AB sector. Area V substantially extends over both
the East Antarctica (EA) sector (35 degrees) and the RA sector (65 degrees). These ice sectors
have distinct seasonal cycles of sea ice with differences in extent, duration, and timing of
advance and retreat (Figure 11, top panel). Of all the sectors, the AB and EA sectors have the
smallest ice extents, with the AB sector retreating the earliest. The RA sector is characterized

by an earliest advance and a later retreat.

When viewed through the lens of the IWC Areas, sea ice seasonality is also apparent as all
IWC Areas have different annual seasonal cycles (Fig.11, bottom panel). The intersection of
sectors has been graphically presented by combining the line colours in the plot. For areas that
extend over two sectors, the influence of multiple sea ice sectors is evident in their seasonal
cycles. For example, the summer extent of Area Il resembles that of the Weddell Sea, but the
overall extent is much larger, with the winter maximum resembling that of King Hakon VII.

The degree of influence varies depending on the longitudinal coverage of the ice sector. For
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instance, the influence of the early advancing RA sector is evident in the cycles of Areas V and

VI, with the latter having a stronger resemblance.

Amundsen Bellingshausen

Weddell Sea

King Hakon VII

East Antarctica 0°
Ross-Amundsen

90°W S - 90°E

Figure 10. Comparison of the geographical location of the ice sectors as defined in Raphael and Hobbs (2014)
and IWC Areas as defined by IWC (1991). Ice sectors are defined using colour and named as in the legend;
black vertical lines represent the IWC Areas boundaries and roman numerals are the area numbers.
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Figure 11. Annual seasonal cycle of sea ice extent in the sectors defined by Rafael and Hobbs (2014, top) and
IWC Areas (bottom). The dashed line colours in the bottom panel are determined by the overlap of sectors from
the top panel (also refer to Figure 10).
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The influence of multiple sectors on the sea ice trends obtained within each IWC Area is also
evident. Summer anomalies of the Amundsen Bellingshausen (a) and Ross Amundsen (b) ice
sectors are shown in Figure 12. During the first circumpolar set of IDCR observations in the
early 80’s, the summer anomalies of the RA sector were dominated by negative anomalies.
Thereafter, there was an increase in positive anomalies, which became more dominant from
1988/89 onwards. In contrast, the AB sector initially experienced very few negative anomalies,
which only became frequent post-1990. During the last set of survey seasons, this sector was
dominated by negative anomalies. When the same diagnostics are calculated with the IWC
sectors, the summer anomalies for Area VI (Figure 13), which span the two sectors illustrated
in Figure 12, showed no clear long-term trends with the occurrence of alternating negative and
positive anomalies. Initially dominated by positive anomalies for the first five years, the
anomalies then shifted to negative anomalies for the next five years, continuing this cycle until
the end of the study period. Overall, the zoning of IWC Areas when used to examine sea ice
trends adds more complexity as they do not align perfectly with sea ice sectors that are

identified through coherent dynamics and trends by Rafael and Hobbs (2014).

29



Ross-Amundsen {165°E to 130°W)

a.)
1.00

LWHW M'w‘

o

N JWWLJMMWHWJM

- 20-0T0Z
- 20-6002
- 20-8002
- 20-£002
- 20-900
- 20-5002
- Z0-¥00Z
- Z0-€00
- 20-2002
- Z0-100Z
- 20-000Z
- Z0-666T
- 20-866T
- 20-£66T =
- Z0-966T £
- 20-G66T 2
- 20-v661 g
- Z0-€66T £
- Z0-Z66T "
- 20-166T
- 20-066T
- Z0-6861

- SRRt
r €0-9861
- €0-6861
- Z0-r861
r €0-£861
r €0-¢gol
- £0-1861

- £0-0861
- 06461

0.75 A

0.50

0.25 A

0.00
—0.25 A

T
=)
n
o
I

(Z..Wy 9,,0Tx) Saljeiouy

—0.75 4

—=1.00

b.)

%MAMMMWJ“WJWAW%MLﬁWWMW$

1.00

0.75 1

I I ._
=1 ) o
\ ™ pt
el o o

—0.25 A

T
[=]
o
o
I

(Z.W 9.0TX) Sal|ewouy

—0.75

Z0-0102
Z0-6002
Z0-8002
Z0-2002
20-9002
20-5002
Z0-¥002
Z0-£002
Z0-2002
20-1002
Z0-0002
Z0-666T
70-866T
20-L66T =
Z0-9661 =
20-5661 2
Z0-766T 5
Z0-€66T £
z0-z66T F
Z0-166T
Z0-066T

06861

¢6-1961
0-9861
€0-S861T
C0-¥E86T
C0-£86T
20-286T
c0-1861
¢0-0861
£0-646T

Figure 12. Summer (December to February) anomalies of two adjacent sectors with

contrasting ice trends: a) The Ross-Amundsen sector and b) the Amundsen-Bellingshausen
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Figure 13. Summer (December-January-February) sea ice concentration anomalies in IWC Area VI, which
spans over the two ice sectors depicted in Fig.12

3.3 Distribution of sightings within the ice sectors

Sightings previously grouped within a single IWC area were now regrouped according to the
sea ice sectors (Fig. 14). For instance, sightings from Area I were primarily in the Amundsen
Bellingshausen sector, with a few seasons (1983/84, 1990/91, and 2000/01) from Area VI. The
remaining seasons from Area VI were within the Ross-Amundsen sector, which had the
majority of sightings from Area V. Minimal changes in groupings were noted in areas which

are confined within a single ice sector. That is, areas III and IV overlap with King Hakon VII

and East Antarctica, respectively.
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Figure 14. Frequency of humpback whale sightings within each sea ice sector per season
surveyed.

The assessment of the sighting distributions through violin plots revealed variability between
sector, month, and the median latitude occupied (Fig. 15). In all sectors except the RA, the
December median latitude of the distributions was north of 65°S. As hinted visually when
presenting Figure 7, a notable southward shift in the median latitude from December to January
was observed in all sectors except the AB sector, where no sightings were recorded in
December for any survey season. The AB sector, which has the smallest sea ice extent
seasonality (Fig. 11) also had a narrower latitudinal range of the sightings, approximately
between 62°S and 69°S for the entire season. A relatively minor southward shift from January

to February was observed only in the EA and Weddell sectors.
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In contrast, a northward shift in the median latitude in February was observed in the

distribution of whales from the RA and KH VII sectors, resulting in a bimodal distribution.
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Figure 15. Temporal distribution of humpback whales sightings for all the survey seasons
(December, January, and February) across different sea ice sectors.

From further examination of sightings distribution within the ice sectors (Table 2) and the
criteria discussed in Chapter 2 survey seasons were selected and are highlighted in bold. These
surveys seasons were selected based on the premise that they had sufficient data and were
comparable in terms of spatial coverage of the surveys, thus enabling analyses of sightings and
sea ice conditions over time. Sea ice concentration anomalies and humpback whale sighting
locations demonstrate regional variation across ice sectors in the Antarctic feeding grounds
(Figures 16, 17, and 18). To gain a broader overview of the sea ice conditions associated to
whale presence, sea ice concentration anomalies from two months prior to the survey period
were included, and only sightings south of 60°S were visualized. Survey paths were included
to illustrate the areas covered (i.e., giving a qualitative idea of the survey effort) since this
dataset is used as presence-only data. Presence-only datasets add complexity to the analysis
because they lack information on where whales were not observed. This limitation can pose
challenges for interpreting spatial patterns, as the absence of sightings does not necessarily

indicate the absence of whales. Additionally, while whale sightings are sometimes spread out
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and easily distinguishable, in denser areas, they appeared clustered graphically as a single large

point, and survey paths were not always clearly visible.

Despite these challenges, the analysis accounted for underlying biases, such as sampling effort

variations, to provide as accurate a representation as possible (see chapter 4).The survey design,

which prioritized coverage of strata south of 60°S and near the sea ice edge, combined with the

known feeding behaviour of humpback whales, allows for reasonable interpretation of

consistent whale aggregations around specific areas as indication that those areas are reliable

prey sources for humpback whales. Given the nature of the dataset, these figures are the best

compromise as they highlight key observations and provide context of how humpback whales

are distributed with respect to larger scale sea ice conditions.

Table 2. Examination of the median latitude of sightings south of 55°S for all months per
survey season. Total number of days with whales sightings and the total number of sightings

recorded in each survey season. Gaps/blanks = no survey conducted (except for the
December in the Amundsen Bellingshausen sector).

Sector season Median latitude per survey season
Dec Jan Feb Total Unique | Total
Days with Sightings
sightings Counted

Weddell sea 1981/82 | -62 -62 6 7
1982/83 -64 7 21
1986/87 | -61 -61 9 25
1989/90 | -63 -63 5 11
1993/94 -66 3 4
1996/97 -70 -69 9 17
1997/98 -63 4 23
1999/00 -63 9 142

King Hakon VI 1979/80 | -60 -66 -68 19 36
1981/82 -64 2 2
1986/87 -69 -57 6 13
1987/88 | -61 -65 11 19
1992/93 -66 -59 10 12
1994/95 -62 -65 17 55
1996/97 -61 -58 8 18
1997/98 -56 2 4
1998/99 -65 9 38
2004/05 -56 -66 25 293
2005/06 | -55 -57 -69 31 207
2006/07 | -56 -67 -63 25 118
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Sector

season

Median latitude per survey season

Dec Jan Feb Total Unique | Total
Days with Sightings
sightings Counted
Amundsen 1982/83 -67 -69 12 14
Bellingshausen 1983/84 67 5 5
1989/90 -69 -68 11 32
1990/91 -66 2 3
1993/94 -68 -69 12 23
1999/00 -67 -65 11 22
2000/01 -68 -69 17 44
1978/79 | -62 -64 -64 18 29
1980/81 -63 -66 7 10
1983/84 -68 1 2
1984/85 | -62 -63 -64 26 51
1985/86 | -65 -65 4 7
1987/88 | -58 1 1
1988/89 | -62 -62 -65 13 79
1991/92 -65 4 24
1994/95 -63 5 6
East Antarctica 1998/99 -63 -62 27 337
2001/02 | -64 -64 -66 12 28
2002/03 -65 -66 17 89
2004/05 -57 1 1
2007/08 | -63 -63 -65 32 387
2008/09 -64 -64 24 521
2009/10 -64 -64 27 218
Ross-Amundsen 1980/81 -68 -67 4 4
1982/83 -70 3 5
1983/84 -66 -68 15 25
1985/86 -69 -69 18 11
1990/91 -65 -67 12 33
1991/92 -67 -72 5 11
1995/96 -66 -66 13 25
2000/01 -64 7 10
2002/03 | -64 -65 21 90
2003/04 | -66 -65 -70 22 170
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For the Amundsen-Bellingshausen sector, survey seasons 1982/83, 1989/90, 1993/94, and
2000/01 are presented (Fig. 16). The 1982/83, 1989/90, and 2000/01 survey seasons were
chosen because they provide data for both January and February for CPI, CPII, and CPIII,
respectively, and were seasons with a high total count of sightings and unique survey days in
their circumpolar set. The 2000/01 season had the highest count size in this sector. The 1993/94
season was selected because its count size was higher than that of 1982/83 despite having the
same number of days where sightings were recorded. A similar approach was used to select the

presented survey seasons for the other sectors.

In the Amundsen Bellingshausen (AB) sector, the presence of both positive and negative
anomalies of sea ice concentration was observed, however no substantial differences were
observed in whale distribution patterns by latitude despite variations in region of occurrence or
intensity of anomalies. For example, in 1982/83, negative anomalies were recorded around the
Amundsen Sea with a band of below-average conditions near sea ice edge, while for the
1989/90 survey season, positive anomalies dominated near the Antarctic Peninsula for the

months prior to the surveys and during the summer months.

Despite these differences, humpback whale sightings in this sector were confined within a
narrower latitudinal range, north of the sea ice edge in both seasons. Similarly, the 2000/01
survey season experienced a combination of contrasting sea ice anomalies, with increasing
positive anomalies observed from December to February. However, during this season, whales
were recorded only towards the Amundsen Sea and further offshore in both January and
February. A common pattern observed across these three survey seasons is that, in February,
whales were recorded at varying distances from the sea ice edge but tended to shift further east

towards the 120° longitude.

In contrast, the 1993/94 survey season, characterized by persistent negative sea ice anomalies,
saw whales recorded closer to the Western Antarctic Peninsula (WAP) in February. Sightings
appear to be more present near sea ice edge only for a survey season conducted during CPI,
1.e., 1982/83. For other circumpolar surveys, they remained dispersed within these narrow
ranges and were constantly in areas that were covered by ice in months preceding the survey
seasons with shift following melting ice at a distance. Similar to the AB sector, there were no
remarkable features in the overall distribution patterns of humpback whales in the Ross-
Amundsen Sector (Fig. 15). Sightings were also not more frequent near the sea ice edge but

tended to return to previously occupied areas.
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Throughout the study period, no sightings were made south of 72°S, instead they remained
non-uniformly distributed north of it in all seasons surveyed. In contrast to the AB sector, the
distance between the sea ice edge and sightings increased as the season progressed. Except in
the recent survey seasons where sightings were noted in December and a southward shift in
sightings occurred in the late survey seasons, albeit at a slight distance. For CPI and CPII,
sightings were widely distributed between approximately 170°W and 135°W but shifted
towards the 180° longitude in the recent circumpolar set (CPIII). These minor expansions in
the late surveys occurred during survey season where increased above-average sea ice

conditions in the Ross Sea were observed.

East Antarctica stands out as one of the two sectors where evident increases in sightings were
observed over time (Figure 14). Sightings recorded during CPII (1988/89) were twice those
recorded in CPI (1978/79), with a fourfold increase in CPII (1998/99). This increase in
sightings saw a notable shift from being distributed around 90°E to between ~100°E and
~135°E. As shown in Figure 18, despite variations in survey methods, humpback whale
distribution during the circumpolar sets remained relatively wide throughout the survey
seasons, primarily in the vicinity of areas covered by positive ice anomalies two months prior.
The 2008/09 survey season recorded the highest number of sightings and is the only season
where humpback whales clustered within a closer distance to the sea ice edge, concentrated

around 90°E and remained there throughout the season.
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Figure 16. Humpback whales’ distribution in relation to sea ice anomalies in the Amundsen-Bellingshausen sector (130° W to 70° W). The shown parallel is
60°S. In magenta are the humpback whale sightings from the IDCR/SOWER data and the black lines are the cruise track lines.
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Figure 17. Humpback whales’ distribution in relation to sea ice anomalies in the Ross-Amundsen sector (165 ° E to 130° W). The shown parallel
is 60°S. In magenta are the humpback whale sightings from the IDCR/SOWER data and the black lines are the cruise track lines.
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Figure 18. Humpback whales’ distribution in relation to sea ice anomalies in the East Antarctica sector south of 65°S (70° E to 165° E). The
empty plot is due unavailability of sea ice concentration records for that period since CDRs of sea ice only extend from 25 October 1978. In
magenta are the humpback whale sightings from the IDCR/SOWER data and the black lines are the cruise track lines.
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4. Discussion
4.1 IWC Boundaries and Sea Ice Sectors

The six IWC areas were established as management boundaries based on multi-species whaling
catches, and existing literature indicates no differences between the environmental conditions
and feeding ecology of these stocks (Donovan, 1991). Several environmental factors are known
to affect HW behaviour (Meynecke et al., 2022), and sea ice is considered one major driver
during the feeding period. Most studies use the IWC areas for regional analyses of whales’
behaviour in their feeding grounds (Branch & Butterworth, 2001b; Rock et al., 2006; Branch,
2007, 2011; Matsuoka et al., 2011; Hakamada & Matsuoka, 2014; Murase et al., 2014). Some
studies have proposed redefinition of the existing area boundaries because of increasing
evidence of the porous boundaries and interchange between recognized stocks during feeding
(Dalla Rosa et al., 2008; Pastene et al., 2011; Marcondes et al., 2021). However, none of the
proposals have investigated the influence of sea ice at the larger scales because the division of

IWC Areas did not consider Antarctica's regional sea ice variability.

This work represents a preliminary attempt at combining the analysis of sea-ice extent and
concentration variability with the most extensive dataset of HW sightings. The standard
division of the IWC areas poses a challenge when attempting to find relationships between the
sea ice environment and the whales’ behaviour within the feeding grounds from an
environmental perspective. This work demonstrated that only few annual cycles computed over
the IWC areas are similar to those obtained from the standard sea ice sectors, as depicted in
Figure 11. The distinct patterns of localized sea ice variability within each of the five sectors
yield different sea ice annual cycles. These large-scale trends reflect the complex patterns of
change in the sea ice dynamics, such as rate and timing of sea ice advance, retreat, and duration,
occurring within each sector (Smith & Comiso, 2008; Constable et al., 2014; Gutt et al., 2015;
Fraser et al., 2023; Swadling et al., 2023).

Therefore, because a single IWC area encompasses contrasting sea-ice sectors, the average
spatial and temporal variability is affected by the presence of different sea ice dynamics. For
instance, Area VI spans over two sectors with very contrasting sea ice conditions; the Ross-
Amundsen, known for its early advance and later retreat which has been dominated by positive
anomalies in the last decade, and the Amundsen Bellingshausen sector which has a negative
monthly extent trend with a later advance and earlier retreat, hence has a shorter duration. The

extent and seasonality of Area VI sea-ice features is influenced by both these different trends
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despite that only a small portion of this area is overlapping the AB sector, as evident in the
summer anomalies (Figure 13). Physical conditions that determine habitat and food availability
are then more likely to differ even within a single area as some parts experience earlier or later

retreat compared to others resulting in patchy distribution of ice cover and food resources.

Consequently, this may induce non-uniform behavioural responses from species of the same
population regardless of the occupied IWC area being the same, as behaviour of migratory
species is driven by a combination of both internal and external cues (Constable et al., 2014,
(Raphael & Hobbs, 2014; Raphael et al., 2020). Perhaps even more important to humpback
whales is the timing and period of sea-ice retreat, which signals the commencement and
duration of the feeding season in the Antarctic waters (Horton et al., 2017; Bengtson Nash et
al., 2018; Druskat et al., 2019; Nash et al., 2023). This highlights the complexities of
considering uniform sea ice dynamics within a single IWC area, which makes it difficult to
identify clear cause-and-effect relationships between humpback whales and sea ice. Similar
observations were reported by Beekmans et al. (2010), as they noted the challenge of detecting
consistent qualitative relationships between minke whales and their environment within

prescribed management areas over various survey years.

In this study, ice sectors were used instead of IWC areas, and the distribution of humpback
whales sightings from IDCR/SOWER were reprocessed in relation to known sectors in which
sea ice thermodynamic and dynamics are assumed to be more coherent (Massom &
Stammerjohn, 2010). Given that much of our current knowledge on response of marine
ecosystems in the Antarctic to regional shifts on the krill abundance and their habitat quality
has been linked to variability and seasonality in sea ice (Ducklow et al., 2007; Ducklow et al.,
2012; Constable et al., 2014; Loeb & Santora, 2015; Atkinson et al., 2019), using defined sea
ice sectors was therefore more ideal because sea ice patterns and their influence on factors
effecting humpback whales’ distribution are more uniform within ice sectors than within IWC

areas.

By analysing anomalies in sea ice extent, this study offers a detailed perspective on how these
anomalies influence the latitude of the sea ice edge—relationships that may not be fully
captured by threshold-based methods (e.g., SIC), especially given the high temporal variability
observed in overall sea ice trends (Fig. 9) and within individual sectors (e.g., Fig. 12). Positive
anomalies, which increase spatial ice coverage, lead to a more northward shift in the ice edge.

In contrast, persistent negative anomalies a result in a poleward retreat, reducing suitable
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habitat for whales(Stammerjohn et al., 2008; Massom & Stammerjohn, 2010). Based on this
premise, if shifts in humpback whale sightings align with these changes in ice extent, it suggests
that variations in the latitude of the ice edge, driven by anomalies, may influence humpback

whale distribution.
4.2 Distribution of humpback whales sightings in relation to sea ice

While the observed patterns could reflect the distribution of survey effort, given that the vessels
did not penetrate the sea ice and the surveys were designed to be conducted north of the sea ice
extent, findings from this study align with existing literature. This literature indicates that
humpback whales tend to prefer open water but follow the sea ice edge to capitalize on the
abundance of krill when the sea ice melts (Friedlaender et al., 2006; Vigness-Raposa et al.,

2010; Kennedy, 2013; Zerbini et al., 2020; Seyboth et al., 2023).

The patterns observed in the IDCR/SOWER database support this, with humpback whales
consistently found in open waters, often in areas that were previously covered by ice. In sectors
where sightings' distribution visually correlated with sea ice changes (i.e., the Amundsen-
Bellingshausen and East Antarctica), sightings moved further south as the sea ice retreated
while maintaining distance from sea ice edge. Additionally, shifts in the latitudinal and

longitudinal ranges corresponded to presence of above and /or below-average ice conditions.

This study represents a preliminary investigation on the potential uses of the IDCR/SOWER
database. From this initial assessment, it appeared that humpback whales generally did not
cluster near sea ice edge. Instead, they were dispersed within their latitudinal ranges. During
CPI, sightings closely aligned with the vessel track creating an appearance of higher
concentrations near the sea ice edge due to the survey method closely tracking the sea ice edge.
Branch (2011) reported on the pronounced peak in sightings directly on the track line during
CPI, attributing this to the observers' tendency to round small sighting angles to the nearest 10-
degree interval. The overrepresentation of sightings near the trackline was also evident in
subsequent circumpolar surveys. This could partly reflect biases related to the use of reticle
binoculars, which were routinely used during surveys (Leaper & Gordon, 2001; Matsuoka et
al., 2003). Reticle binoculars' limited field of view, combined with overlapping observation

fields from both sides of the vessel, likely concentrated observation effort near the trackline.

During the first two months, sightings occurred over wider latitudinal ranges compared to
February, when they were recorded in narrower latitudinal ranges closer to the Antarctica

continent, except in the King Hakon and East Antarctica sectors. In these two sectors, high
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densities and localised distributions of humpback were recorded around specific longitudes and
coastal polynyas, e.g. around 90°E in East Antarctica. Notably, in the late experimental surveys
in the EA sector, increased sightings were recorded and clustered near sea ice edge. These
findings are consistent with previous studies by (Kasamatsu, 1996; Gales et al., 2011; Gales &
Gales, 2011; Bombosch et al., 2014), which also reported similar patterns in humpback whale
sightings.

Humpback whales’ distribution in the Southern Ocean feeding grounds can be categorised into
two main behavioural states: transiting and foraging (area-restricted search) (Weinstein et al.,
2017; Andrews-Goff et al., 2018). Behaviour south of 60°S is largely foraging and since
humpback whales demonstrate behavioural plasticity during foraging Riekkola et al. (2019),
the observed changes in the temporal and spatial distribution may reflect fluctuations in prey
and habitat availability. According to Bombosch et al. (2014), these patterns also correspond
to suitable habitat availability. Their study indicated that maximum habitat suitability occurs in
January and decreases as the season progresses, with the most favourable conditions forming
a narrow band around the Antarctic coastline by February. Furthermore, these maps showed
that habitat conditions in Amundsen-Bellingshausen only become favourable in January. This
may be the reason for the absence of sightings in December within the Amundsen-

Bellingshausen sector (ABS) throughout our study period.

Kasamatsu (1996) attributed the peak in January sightings in the IDCR dataset to the age and
sex-segregation in the migrations of humpback whale populations. He suggested that early
feeding begins when the first group of whales arrives in the feeding grounds from November
to early December and the arrival of the second group between mid-December and early
January marks the commencement of main feeding period. Nichols et al. (2022) further
suggested that the decline in February sightings and their narrow latitudinal occurrence may
indicate that foraging efforts and presence reduce as the season progresses. All these arguments
are consistent with the qualitative findings of this study. The number of sightings recorded

increased from December to January, followed by a decline in February.

To reduce predator-prey mismatches, humpback whales time their arrival on feeding grounds
and balance the time spent on foraging behaviour to exploit the habitat optimally (Bierlich et
al., 2022). This behavioural pattern is typical for long-distance migrating top predators and has
been documented also for species such as birds (Nakano et al., 1999; Fraser & Huntingford,

2010). Using their memory, maternally derived fidelity and environmental cues, humpback
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whales target known prey hotspots during foraging, and are able to adjust their movement and
behaviour in response to complex or patchy environments(Arthur et al., 2016; Riekkola et al.,
2019). Findings of this study largely supports this as the influence of changing sea ice dynamics
on humpback whale distribution patterns appeared to be greater in the AB and EA sectors,

which are characterized by higher variability of the sea ice environment (Vichi, 2022).

The AB sector is characterized by high nutrient levels but low productivity due to vertical
mixing and limited light availability(Stambler, 2003). However, productivity rates vary across
spatial scales, with localized high productivity observed along onshore-offshore gradients. For
instance, high abundances of krill are found inshore during summer around the Western
Antarctic Peninsula (WAP) and off the continental shelf in the Bellingshausen Sea (Ross et al.,
2008; Perry et al., 2019). The small-scale spatial variability in the AB sector, typical of sea ice
habitats (Convey & Peck, 2019), reflects its subdivision into distinct ecological regions shaped
by local physical and biological conditions such as light gradients, salinity, and nutrient
availability. Shorter ice duration coupled with an early sea-ice retreat, are deemed unfavourable
for krill reproduction (Loeb & Santora, 2015; Atkinson et al., 2019).This preliminary analysis
indicates that humpback whales followed the melting sea ice and only reached the coastline
during the years characterized by persistent occurrence of negative anomalies which resulted
in early sea ice retreat. For instance, in the AB sector, one explanation for the lack of major
differences in humpback whale distribution patterns when above- or below-average ice
conditions were present is that krill recruitment in the spawning hotspots or nursery grounds
of this sector is influenced by ice conditions from both the highly variable Bellingshausen and
Amundsen Seas (Wiedenmann et al., 2009; Veytia et al., 2021). If one sub-region experiences
below-average ice conditions, an average or above-average conditions in the other can mitigate

the effects (Wiedenmann et al., 2009), and become a favourable habitat for whales.

On a regional scale, the ice sectors in the South Pacific (i.e., Amundsen-Bellingshausen Sea
and Ross-Amundsen sectors) exhibit relatively homogeneous patterns of change in sea ice
seasonality (Constable et al., 2003; Constable et al., 2014). Conversely, East Antarctic sea ice
trends are more complex as they comprise mixed signals due to pockets of strongly positive
and negative trends, resulting in large spatio-temporal variability in sea ice seasonality and
areas of enhanced productivity hotspots within the marginal ice zone (Massom et al., 2013;
Hobbs et al., 2016). Riekkola et al. (2019) suggested that the consistent wider latitudinal range
throughout summer in this sector indicates patchy prey distribution, as whales are forced to

constantly move long distances to find food between these pockets.
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Sightings data obtained from JARPA surveys (Japanese Whale Research Program under
Special Permit in the Antarctic) demonstrated that, before the late 1990s, humpback whales
within Area IV were rarely observed near the shelf during the feeding season. It was only post-
2001 that they expanded their habitat closer to the coastline, subsequently occupying the entire
survey area (Matsuoka & Hakamada, 2008; Matsuoka et al., 2011; Murase et al., 2014;
Naganobu et al., 2014). The increased occurrence of sightings near the ice edge and/or their
latitudinal shifts in the recent survey period has also been reported in JARPA surveys as

observed in this study.

According to Matsuoka et al. (2011), this could be attributed to whale population size
expansion and partly to the changing oceanographic conditions caused by occurrence of ENSO
events. And as a result, humpback whales from this sector may prioritize feeding by timing
their arrival at higher latitudes and spending more time near areas with positive sea ice
anomalies to take advantage of increased productivity. For example, sightings recorded in the
EA sector during the 2008/09 survey season (Figure 18) were clustered near the sea ice edge,
corresponding to a season with the highest number of sightings and positive sea ice

concentration anomalies.

In contrast to humpback whales from the AB and EA sectors, which rely on sea ice dynamics
for prey availability, humpback whales in Ross-Amundsen (RA) sector have been reported to
return to established productivity hotspots (Andrews-Goff et al., 2018; Riekkola et al., 2019).
Similar trends are observed in the King Hakon VII ice sector, where the occurrence of whales
was often around the Maud rise polynya, a known ‘prey hotspot’(Kawamura, 1994; Tynan,
1998; Thiele et al., 2004; Andrews-Goff et al., 2018; Swadling et al., 2023).Despite of the
Antarctic continental shelf reaching its maximum production and chlorophyll-a concentrations
in January (Constable et al., 2003; Constable et al., 2014), humpback whales in the RA sector
were notably absent in the Ross Sea and consistently remained farther north of the continental
shelf break (north of ~70°S). This pattern, reported in previous studies by Branch (2011) and
from other long-term ecological research program such as JARPA surveys (Matsuoka &
Hakamada, 2008), may reflect the distribution of krill species, with Antarctic krill dominating
north of 73°S. Reports by Naganobu et al. (2006) and Murase et al. (2006) support this,
suggesting that Antarctic krill are present around the continental shelf but not south of 74°S in

the Ross Sea.
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4.3 Potential of the IDCR/SOWER dataset

The analysis of humpback whale sightings from the IDCR/SOWER dataset presented several

complexities stemming from biases inherent in the data and its original design. Since the

program's goal was to estimate the population densities of all cetaceans following their over-

exploitation and the implementation of the whaling moratorium, the cruise surveys prioritized

recording attributes relevant to abundance estimation. Specific biases include:

(1)

2)

€)

(4)

changes in survey methodology over time, including varying spatial coverage, survey
effort and duration, may have influenced the observed latitudinal range expansions. The
survey design focused on establishing density boundaries, by following the sea ice edge
with limited coverage of the entire feeding grounds south of 60°S. This is particularly
true in sectors with lesser seasonal variations in sea ice edge median latitudes or where
whales occupy wider latitudinal ranges, such as East Antarctica and Ross Amundsen
sectors (Areas IV and V);

observational constraints- availability and perception biases introduced by survey
methodologies impacted data accuracy. For example, the use of reticle binoculars,
although vital for distance measurements, limited observers' field of view. Additionally,
overlapping observation fields near the trackline likely led to an overrepresentation of
whale sightings close to the vessel, particularly in areas with high densities of whales;

The use of presence-only data in this study introduced potential biases, as the absence
of whale sightings does not necessarily indicate the absence of whales in a given area.
This limits the ability to identify regions where whales were not observed, which could
provide a more comprehensive understanding of their spatial distribution. However,
given that humpback whale feeding behaviour is associated with area-restricted search
and super-group feeding south of 60°S, aggregations of sightings in specific locations
are sufficient to infer that these areas are reliable feeding grounds for humpback whales.
While presence/absence data could offer additional insights the relationship between
whale distribution and the sea ice edge, the use of presence-only data sufficed for
investigating whether humpback whales utilize areas near the sea ice edge as main
feeding habitats;

information relevant for species distribution, such as general or pod behaviour was
sparsely collected as priority was given to information important for density

assessments, making it challenging to discern if the sightings was recorded in transiting
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or foraging mode. This gap complicates efforts to determine how observed aggregations
relate to feeding behaviour or habitat use;

(5) lastly, some sectors were only surveyed during seasons with similar sea ice conditions,
limiting the ability to analyse humpback whale distribution patterns in all possible sea

ice conditions.

Despite these challenges, this study represents the first necessary step towards expanding the
usage of the IDCR/SOWER data in the context of a changing Antarctic sea ice. The findings
demonstrate that, despite these biases and limitations, the IDCR/SOWER sightings dataset can
be valuable for interdisciplinary research. By integrating additional covariate data from
satellite, atmospheric reanalyses or directly from the cruise logs, such as wind direction and
speed, sea surface temperature, air temperature, ice cover, sea state, researchers can begin to
understand whale sightings in relation to environmental variables. Linking these data by means
of Headerkeys (which are unique to each sighting) can connect humpback whale sightings with

survey effort and weather conditions, facilitating more insights on whale distribution patterns.

Additionally, the study highlights the need for wider access to this dataset to enable
collaborative research efforts. This dataset is currently available on demand through the IWC,
which makes it accessible only to researchers from IWC member nations. Making the data
publicly available would allow researchers from various fields to combine interdisciplinary
expertise and resources, leading to innovative analyses and interpretations. The integration of
machine learning algorithms and distribution models could further aid in quantifying and
eliminating data bias in these integrated datasets. These modern quantitative approaches can
address various errors and biases commonly found in ecological datasets (Bird et al., 2014).
Thus, this study not only identifies the limitations and biases in the current data but also a
significant step forward in demonstrating the potential of the IDCR/SOWER dataset for
interdisciplinary research, providing a foundation for future studies to build a more
comprehensive understanding of humpback whale distribution in relation to environmental

variables.
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5. Conclusion

This study represents an important step in utilizing the under-exploited IDCR/SOWER dataset
and exploring its potential use for Antarctic climate research. Using humpback whales
sightings dataset, a qualitative approach was used to assess their distribution in relation to sea
ice. The results indicate that utilizing the standard IWC feeding areas to investigate
environmental drivers of humpback whale distribution may not be ideal. These areas were
primarily established based on historical catch data and management purposes, rather than for
studying the ecological or behavioural patterns of whales in feeding grounds. Not only do
most IWC areas span over two sectors known for their contrasting sea-ice features, but recent
studies also proposed the redefinition of boundaries due to increasing evidence of breeding

stocks overlapping and exchanging during feeding.

Given the spatial heterogeneity of Antarctic sea ice and how existing literature has linked
humpback whale feeding ecology patterns to key Antarctic sea ice seasons, this study focused
on broader spatial patterns using sea ice sectors. However, it is important to note that examining
it from a regional perspective may mask finer variations in whale distribution. Therefore, future
studies could capture these finer variations by using more refined spatial stratification, such as
10° longitudinal sectors, and quantitatively defining the latitude of the sea ice edge. Tracking
how the position of the ice edge shifts over time would offer a more dynamic and localized
perspective on the role of sea ice in shaping humpback whale feeding habitats and its impact

on whale distribution.

There is no doubt that sea ice plays a significant role in humpback whales’ feeding ecology.
This analysis indicates that humpback whales exhibit regional differences in their distribution
patterns, with their distribution being more uniform within an ice sector than at the circumpolar
level. Despite the analysis being qualitative, a few patterns were identified. The changes in
whale distribution could be related to the contrasting features of sea ice dynamics in the various
sectors, which ultimately affect prey availability: namely, the regional variations of seasonal
ice extent, lagged effects of interannual sea ice concentration anomalies, and distance between
sightings and the marginal ice edge. Although this is a conservative stance, as the precise
distance between the sea ice edge and sightings was not determined, it was evident in all cases
that whales do not preferentially occupy areas directly adjacent to the observed ice edge, but
they are rather found in earlier developed marginal ice zones and within a variable distance

from the sea ice edge.
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This suggests that humpback whales’ distribution may be more closely linked to factors such
as prey availability, including krill densities, which can vary independently of ice edge
proximity. These findings corroborates the notion that regions associated with high densities
of krill such as the eastern Weddell Gyre, the Antarctic Circumpolar Current, and the southern
Kerguelen Plateau serve as reliable sources of high-quality feeding areas for humpback whales,
although some of these areas exist at significant distances from the ice edges (Bestley et al.,
2019; Baines et al., 2022; Moreau et al., 2023). A more detailed analysis, incorporating co-
variates related to prey availability (e.g., chlorophyll-a, SST and bathymetry), is possible in

future work now that the dataset has been pre-processed and aligned with satellite sea-ice data.

At a regional scale, some ice sectors are more likely to experience alterations in marginal ice
zone dynamics. For example, the anticipated decline in sea-ice extent for the AB sector which
supports the F2 and G stocks, would result in the reduction of the total marginal ice zone area,
which in turn is expected to decrease productivity in the marginal ice zone (Constable et al.,
2014). This poses a challenge as the sector is characterised low chlorophyll-a concentrations
(Stambler, 2003), and the humpback whales of this sector rely on the marginal ice zones for
feeding. Additionally, the Oceania breeding stocks, which include the whales from the F2 stock,
are still listed as ‘Endangered’ (Seyboth et al., 2023) and their recovery rate may be affected.
The frequent occurrence of ENSO events as a response to the warming prompt ice shelves loss,
as observed in WAP, thus also threatening habitat availability for humpback whales which are

known for site fidelity.

Climate-induced changes in Antarctic sea ice affect both prey availability and habitat
availability for humpback whales. Of all Southern Ocean biogeographic zones, dominated by
E. superba and copepods, marginal ice zones have the highest seasonal primary productivity
(Constable et al., 2003). Consequently, these whales are consistently found in these open
waters, north of the sea ice edge, feeding upon Antarctic krill. In contrast to minke whales, who
seek shelter in sea ice, humpback whales are not only found in closer proximity to sea ice
(Ainley et al., 2012; Friedlaender et al., 2006; Thiele et al., 2004). To give a preliminary answer
to my question 2 on whether humpback whales sightings follow closely the spatio-temporal
variations of the sea-ice edge, I can conclude that focusing on the wider seasonally varying

MIZ region may be of higher relevance than focusing on the edge alone.
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This work did not specifically target the relationship between humpback whales and the spatial
variability in the distribution of the MIZ relative to the total sea ice extent around Antarctica.
In regions such as the Ross Sea and East Antarctica, the MIZ constitutes more than half of the
total sea ice extent (Vichi, 2022). This implies that ecosystems supported by these sectors are
potentially more vulnerable to climate-induced changes in Antarctic sea ice. Further research
could consider other definitions of the MIZ around Antarctica for the same period of study. For
instance, observing how MIZ characteristics changed over the years within each ice sector and
if the positions of sightings in the IDCR/SOWER data changed in response to that, thus
providing insights on if and how humpback whales have been affected by the changing ice

dynamics to date, and how the population may respond in the future.
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Figure 19. Humpback whales’ distribution in relation to sea ice anomalies in the Weddell Sea sector (70 ° W to 15 W). The shown parallel is 60°S.
In magenta are the humpback whale sightings from the IDCR/SOWER data and the black lines are the cruise track lines.
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In magenta are the humpback whale sightings from the IDCR/SOWER data and the black lines are the cruise track lines.

53

Anomalies (%)



References

Abram, N. J., Wolff, E. W., & Curran, M. A. (2013). A review of sea ice proxy information from polar ice
cores. Quaternary Science Reviews, 79, 168-183.

Ackley, S., Wadhams, P., Comiso, J. C., & Worby, A. P. (2003). Decadal decrease of Antarctic sea ice
extent inferred from whaling records revisited on the basis of historical and modern sea ice
records. Polar Research, 22(1), 19-25. https://doi.org/https://doi.org/10.1111/j.1751-
8369.2003.tb00091.x

Aidley, D. J. e. (1981). Animal migration. Cambridge : Cambridge university press.
http://lib.ugent.be/catalog/rug01:002070943

Ainley, D. (2010). A history of the exploitation of the Ross Sea, Antartica. Polar Record - POLAR REC, 46.
https://doi.org/10.1017/5003224740999009X

Ainley, D. G., Jongsomijit, D., Ballard, G., Thiele, D., Fraser, W. R., & Tynan, C. T. (2012). Modeling the
relationship of Antarctic minke whales to major ocean boundaries. Polar Biology, 35, 281-290.

Altieri, A. (2015). Ecosystem Engineers. In. https://doi.org/10.1093/0b0o/9780199830060-0134

Andrews-Goff, V., Bestley, S., Gales, N., Laverick, S., Paton, D., Polanowski, A., Schmitt, N., & Double,
M. (2018). Humpback whale migrations to Antarctic summer foraging grounds through the
southwest Pacific Ocean. Scientific reports, 8(1), 12333.

Andriolo, A., Martins, C., H.Engel, M., Pizzorno, J. L., Mds-Rosa, S., Freitas, A., Morete, M., & Kinas, P.
(2006). The first aerial survey to estimate abundance of humpback whales (Megaptera
movaeangliae) in the breeding ground off Brazil (Breeding Stock A). Journal of Cetacean
Research and Management, 8, 307. https://doi.org/10.47536/jcrm.v8i3.728

Arndt, S., Hoppmann, M., Schmithisen, H., Fraser, A. D., & Nicolaus, M. (2020). Seasonal and
interannual variability of landfast sea ice in Atka Bay, Weddell Sea, Antarctica. The Cryosphere,
14(9), 2775-2793.

Arthur, B., Hindell, M., Bester, M. N., Oosthuizen, W. C., Wege, M., & Lea, M. A. (2016). South for the
winter? Within-dive foraging effort reveals the trade-offs between divergent foraging
strategies in a free-ranging predator. Functional Ecology, 30(10), 1623-1637.

Atkinson, A., Hill, S. L., Pakhomov, E. A., Siegel, V., Reiss, C. S., Loeb, V. J., Steinberg, D. K., Schmidt, K.,
Tarling, G. A., & Gerrish, L. (2019). Krill (Euphausia superba) distribution contracts southward
during rapid regional warming. Nature Climate Change, 9(2), 142-147.

Baines, M., Jackson, J. A., Fielding, S., Warwick-Evans, V., Reichelt, M., Lacey, C., Pinder, S., & Trathan,
P. N. (2022). Ecological interactions between Antarctic krill (Euphausia superba) and baleen
whales in the South Sandwich Islands region — Exploring predator-prey biomass ratios. Deep
Sea  Research  Part I:  Oceanographic  Research  Papers, 189, 103867.
https://doi.org/https://doi.org/10.1016/j.dsr.2022.103867

Bamford, C. C., Jackson, J., Kennedy, A., Trathan, P., Staniland, I., Andriolo, A., Bedrifiana-Romano, L.,
Carroll, E., Martin, S., & Zerbini, A. (2022). Humpback whale (Megaptera novaeangliae)
distribution and movements in the vicinity of South Georgia and the South Sandwich Islands
Marine Protected Area. Deep Sea Research Part Il: Topical Studies in Oceanography, 198,
105074.

Baraff, L. S., Clapham, P. J., Mattila, D. K., & Bowman, R. S. (1991). FEEDING BEHAVIOR OF A HUMPBACK
WHALE IN LOW-LATITUDE WATERS. Marine Mammal Science, 7(2), 197-202.
https://doi.org/https://doi.org/10.1111/j.1748-7692.1991.tb00567.x

Barendse, J., Best, P. B., Carvalho, |., & Pomilla, C. (2013). Mother knows best: occurrence and
associations of resighted humpback whales suggest maternally derived fidelity to a Southern
Hemisphere coastal feeding ground. PloS one, 8(12), e81238.

54


https://doi.org/https:/doi.org/10.1111/j.1751-8369.2003.tb00091.x
https://doi.org/https:/doi.org/10.1111/j.1751-8369.2003.tb00091.x
http://lib.ugent.be/catalog/rug01:002070943
https://doi.org/10.1017/S003224740999009X
https://doi.org/10.1093/obo/9780199830060-0134
https://doi.org/10.47536/jcrm.v8i3.728
https://doi.org/https:/doi.org/10.1016/j.dsr.2022.103867
https://doi.org/https:/doi.org/10.1111/j.1748-7692.1991.tb00567.x

Bassoi, M., Acevedo, J., Secchi, E., Lobo, A., Dalla Rosa, L., Torres, D., Santos, M., & Azevedo, A. (2020).
Cetacean distribution in relation to environmental parameters between Drake Passage and
northern Antarctic Peninsula. Polar Biology, 43. https://doi.org/10.1007/s00300-019-02607-z

Bedrinana-Romano, L., Zerbini, A. N., Andriolo, A., Danilewicz, D., & Sucunza, F. (2022). Individual and
joint estimation of humpback whale migratory patterns and their environmental drivers in the
Southwest Atlantic Ocean. Scientific reports, 12(1), 7487.

Beekmans, B. W., Forcada, J., Murphy, E. J., De Baar, H. J., Bathmann, U. V., & Fleming, A. H. (2010).
Generalised additive models to investigate environmental drivers of Antarctic minke whale
(Balaenoptera bonaerensis) spatial density in austral summer. J. Cetacean Res. Manage., 11(2),
115-129.

Bengtson Nash, S. M., Castrillon, J., Eisenmann, P., Fry, B., Shuker, J. D., Cropp, R. A., Dawson, A.,
Bignert, A., Bohlin-Nizzetto, P., Waugh, C. A., Polkinghorne, B. J., Dalle Luche, G., & Mclagan,
D. (2018). Signals from the south; humpback whales carry messages of Antarctic sea-ice
ecosystem variability. Global Change Biology, 24(4), 1500-1510.
https://doi.org/https://doi.org/10.1111/gcb.14035

Best, P., Findlay, K., Sekiguchi, K., Peddemors, V., Rakotonirina, B., Rossouw, A., & Gove, D. (1998).
Winter distribution and possible migration routes of humpback whales Megaptera
novaeangliae in the southwest Indian Ocean. Marine Ecology Progress Series, 162, 287-299.

Best, P. B., & Ohsumi, S. (1980). International Whaling Commission/International Decade of Cetacean
Research (IWC/IDCR) Southern Minke Whale assessment cruise, 1978-79. Polar record,
20(124), 52-57. https://doi.org/10.1017/5S003224740000293X

Bestley, S., Andrews-Goff, V., van Wijk, E., Rintoul, S. R., Double, M. C., & How, J. (2019). New insights
into prime Southern Ocean forage grounds for thriving Western Australian humpback whales.
Scientific reports, 9(1), 13988.

Bierlich, K., Hewitt, J., Schick, R. S., Pallin, L., Dale, J., Friedlaender, A. S., Christiansen, F., Sprogis, K. R.,
Dawn, A. H., & Bird, C. N. (2022). Seasonal gain in body condition of foraging humpback whales
along the Western Antarctic Peninsula. Frontiers in Marine Science, 9, 1036860.

Bintanja, R., van Oldenborgh, G. J., & Katsman, C. A. (2015). The effect of increased fresh water from
Antarctic ice shelves on future trends in Antarctic sea ice. Annals of Glaciology, 56(69), 120-
126. https://doi.org/10.3189/2015A0G69A001

Bird, T. J., Bates, A. E., Lefcheck, J. S., Hill, N. A., Thomson, R. J., Edgar, G. J., Stuart-Smith, R. D.,
Wotherspoon, S., Krkosek, M., & Stuart-Smith, J. F. (2014). Statistical solutions for error and
bias in global citizen science datasets. Biological Conservation, 173, 144-154.

Bombosch, A., Zitterbart, D. P., Van Opzeeland, I., Frickenhaus, S., Burkhardt, E., Wisz, M. S., & Boebel,
0. (2014). Predictive habitat modelling of humpback (Megaptera novaeangliae) and Antarctic
minke (Balaenoptera bonaerensis) whales in the Southern Ocean as a planning tool for seismic
surveys. Deep Sea Research Part I: Oceanographic Research Papers, 91, 101-114.

Branch, T., & Butterworth, D. (2001a). Estimates of abundance south of 60° S for cetacean species
sighted frequently on the 1978/79 to 1997/98 IWC/IDCR-SOWER sighting surveys. J. Cetacean
Res. Manage., 3(3), 251-270.

Branch, T., & Butterworth, D. (2001b). Southern Hemisphere minke whales: standardised abundance
estimates from the 1978/79 to 1997/98 IDCR-SOWER surveys. J. Cetacean Res. Manage., 3(2),
143-174.

Branch, T. A. (2007). Abundance of Antarctic blue whales south of 60 S from three complete
circumpolar sets of surveys.

Branch, T. A. (2011). Humpback whale abundance south of 60 S from three complete circumpolar sets
of surveys.

Bronselaer, B., Winton, M., Griffies, S. M., Hurlin, W. J., Rodgers, K. B., Sergienko, O. V., Stouffer, R. J.,
& Russell, J. L. (2018). Change in future climate due to Antarctic meltwater. Nature, 564(7734),
53-58.

55


https://doi.org/10.1007/s00300-019-02607-z
https://doi.org/https:/doi.org/10.1111/gcb.14035
https://doi.org/10.1017/S003224740000293X
https://doi.org/10.3189/2015AoG69A001

Brown, S. G. (1978). Whale marking techniques. In B. Stonehouse (Ed.), Animal Marking: Recognition
Marking of Animals in Research (pp. 71-80). Macmillan Education UK.
https://doi.org/10.1007/978-1-349-03711-7 8

Burt, M. (2004). Overview of the standard dataset of IDCR/SOWER data.

Cavan, E., Belcher, A., Atkinson, A., Hill, S. L., Kawaguchi, S., McCormack, S., Meyer, B., Nicol, S.,
Ratnarajah, L., & Schmidt, K. (2019). The importance of Antarctic krill in biogeochemical cycles.
Nature communications, 10(1), 4742.

Clark, C. W., & Clapham, P. J. (2004). Acoustic monitoring on a humpback whale (Megaptera
novaeangliae) feeding ground shows continual singing into late Spring. Proc Biol Sci,
271(1543), 1051-1057. https://doi.org/10.1098/rspb.2004.2699

Clem, K. R., Adusumilli, S., Baiman, R., Banwell, A. F., Barreira, S., Beadling, R. L., Bozkurt, D., Colwell,
S., Coy, L., & Datta, R. T. (2023). Antarctica and the Southern Ocean. Bulletin of the American
Meteorological Society, 104(9), $322-S365.

Clem, K. R., Fogt, R. L., Turner, J., Lintner, B. R., Marshall, G. J., Miller, J. R., & Renwick, J. A. (2020).
Record warming at the South Pole during the past three decades. Nature Climate Change,
10(8), 762-770.

Constable, A. J., Melbourne-Thomas, J., Corney, S. P., Arrigo, K. R., Barbraud, C., Barnes, D. K. A., Bindoff,
N. L., Boyd, P. W,, Brandt, A., Costa, D. P., Davidson, A. T., Ducklow, H. W., Emmerson, L.,
Fukuchi, M., Gutt, J., Hindell, M. A., Hofmann, E. E., Hosie, G. W,, lida, T., . . . Ziegler, P. (2014).
Climate change and Southern Ocean ecosystems I: how changes in physical habitats directly
affect marine biota. Global Change Biology, 20(10), 3004-3025.
https://doi.org/https://doi.org/10.1111/gcb.12623

Constable, A. J., Nicol, S., & Strutton, P. G. (2003). Southern Ocean productivity in relation to spatial
and temporal variation in the physical environment. Journal of Geophysical Research: Oceans,
108(C4). https://doi.org/https://doi.org/10.1029/2001JC001270

Convey, P, & Peck, L. S. (2019). Antarctic environmental change and biological responses. Science
Advances, 5(11), eaaz0888. https://doi.org/doi:10.1126/sciadv.aaz0888

Crosta, X., Etourneau, J., Orme, L. C., Dalaiden, Q., Campagne, P., Swingedouw, D., Goosse, H., Massé,
G., Miettinen, A., & McKay, R. M. (2021). Multi-decadal trends in Antarctic sea-ice extent
driven by ENSO-SAM over the last 2,000 years. Nature Geoscience, 14(3), 156-160.

Croxall, J. P., & Nicol, S. (2004). Management of Southern Ocean fisheries: global forces and future
sustainability. Antarctic Science, 16(4), 569-584.
https://doi.org/10.1017/50954102004002330

Curtice, C., Johnston, D. W., Ducklow, H., Gales, N., Halpin, P. N., & Friedlaender, A. S. (2015). Modeling
the spatial and temporal dynamics of foraging movements of humpback whales (Megaptera
novaeangliae) in the Western Antarctic Peninsula. Movement Ecology, 3(1), 13.
https://doi.org/10.1186/s40462-015-0041-x

Dalla Rosa, L., Secchi, E. R., Maia, Y. G., Zerbini, A. N., & Heide-Jgrgensen, M. P. (2008). Movements of
satellite-monitored humpback whales on their feeding ground along the Antarctic Peninsula.
Polar Biology, 31(7), 771-781. https://doi.org/10.1007/s00300-008-0415-2

Danilewicz, D., Tavares, M., Moreno, I. B., Ott, P. H., & Trigo, C. C. (2009). Evidence of feeding by the
humpback whale (Megaptera novaeangliae) in mid-latitude waters of the western South
Atlantic. Marine Biodiversity Records, 2, e88.

De La Mare, W. K. (2009). Changes in Antarctic sea-ice extent from direct historical observations and
whaling records. Climatic Change, 92(3-4), 461-493.

Donovan, G. (1991). A review of IWC stock boundaries. Rep. int. Whal. Commn, 13, 39-68.

Druskat, A., Ghosh, R., Castrillon, J., & Nash, S. M. B. (2019). Sex ratios of migrating southern
hemisphere humpback whales: A new sentinel parameter of ecosystem health. Marine
environmental research, 151, 104749.

Ducklow, H., Clarke, A., Dickhut, R., Doney, S., Geisz, H., Huang, K., Martinson, D., Meredith, M.,
Moeller, H., Montes, M., Schofield, O., Stammerjohn, S., Steinberg, D., & Fraser, W. (2012). The

56


https://doi.org/10.1007/978-1-349-03711-7_8
https://doi.org/10.1098/rspb.2004.2699
https://doi.org/https:/doi.org/10.1111/gcb.12623
https://doi.org/https:/doi.org/10.1029/2001JC001270
https://doi.org/doi:10.1126/sciadv.aaz0888
https://doi.org/10.1017/S0954102004002330
https://doi.org/10.1186/s40462-015-0041-x
https://doi.org/10.1007/s00300-008-0415-2

Marine System of the Western Antarctic Peninsula. In (pp. 121-159).
https://doi.org/10.1002/9781444347241.ch5

Ducklow, H. W., Baker, K., Martinson, D. G., Quetin, L. B., Ross, R. M., Smith, R. C., Stammerjohn, S. E.,
Vernet, M., & Fraser, W. (2007). Marine pelagic ecosystems: the west Antarctic Peninsula.
Philos Trans R Soc Lond B Biol Sci, 362(1477), 67-94. https://doi.org/10.1098/rstb.2006.1955

Eayrs, C., Holland, D., Francis, D., Wagner, T., Kumar, R., & Li, X. (2019). Understanding the seasonal
cycle of Antarctic sea ice extent in the context of longer-term variability. Reviews of
Geophysics, 57(3), 1037-1064.

Eisenmann, P., Fry, B., Holyoake, C., Coughran, D., Nicol, S., & Bengtson Nash, S. (2016). Isotopic
evidence of a wide spectrum of feeding strategies in Southern Hemisphere humpback whale
baleen records. PloS one, 11(5), e0156698.

Ensor, P.,, Komiya, H., Kumagai, S., Kuningas, S., Olson, P., & Tsuda, Y. (2009). 2008-2009 International
Whaling Commission-Southern Ocean Whale and Ecosystem Research (IWC-SOWER) Cruise.

Ferguson, M., Zerbini, A., & Leaper, R. (2009). Identification of long term datasets on southern
hemisphere baleen whales with potential utility in climate change research.

Fitzmaurice, M., & Steenkamp, R. C. (2023). Marine Mammals in the Polar Regions. In The Routledge
Handbook of Polar Law (pp. 279-302). Routledge.

Fleming, A. H., Clark, C. T., Calambokidis, J., & Barlow, J. (2016). Humpback whale diets respond to
variance in ocean climate and ecosystem conditions in the California Current. Global Change
Biology, 22(3), 1214-1224.

Fraser, A., Wongpan, P., Langhorne, P., Klekociuk, A., Kusahara, K., Lannuzel, D., Massom, R., Meiners,
K., Swadling, K., Atwater, D. P, Brett, G., Corkill, M., Dalman, L., Fiddes, S., Granata, A,,
Guglielmo, L., Heil, P, Leonard, G., Mahoney, A., & Wienecke, B. (2023). Antarctic Landfast Sea
Ice: A Review of Its Physics, Biogeochemistry and Ecology. Reviews of Geophysics, 61.
https://doi.org/10.1029/2022RG000770

Fraser, D., & Huntingford, F. (2010). Feeding and Avoiding Predation Hazard: the Behavioral Response
of the Prey. Ethology, 73, 56-68. https://doi.org/10.1111/j.1439-0310.1986.tb00999.x

Friedlaender, A., Modest, M., & Johnson, C. (2018). WHALES OF THE ANTARCTIC PENINSULA - Science
and Conservation for the 21st Century. A report for policymakers from the University of
California, Santa Cruz and WWF. https://doi.org/10.13140/RG.2.2.29921.76640

Friedlaender, A. S., Halpin, P, Qian, S., Lawson, G. L., Wiebe, P. H., Thiele, D., & Read, A. (2006). Whale
distribution in relation to prey abundance and oceanographic processes in shelf waters of
Western Antarctic Peninsula. Marine Ecology-progress Series - MAR ECOL-PROGR SER, 317,
297-310. https://doi.org/10.3354/meps317297

Gabarrd, C., Hughes, N., Wilkinson, J., Bertino, L., Bracher, A., Diehl, T., Dierking, W., Gonzalez-Gambau,
V., Lavergne, T., Madurell, T., Malnes, E., & Wagner, P. M. (2023). Improving satellite-based
monitoring of the polar regions: Identification of research and capacity gaps [Review].
Frontiers in Remote Sensing, 4. https://doi.org/10.3389/frsen.2023.952091

Gales, N., Bannister, J., Findlay, K., Zerbini, A., & Donovan, G. (2011). Report of the Workshop on the
Comprehensive Assessment of Southern Hemisphere humpback whales. J Cetacean Res
Manag Spec(3), 1-50.

Gales, N., & Gales, N. J. (2011). Humpback whales: status in the Southern Hemisphere. International
Whaling Commission.

Gendron, D. (1993). Evidence of feeding by humpback whales (Megaptera novaeangliae) in the Baja
California breeding ground, Mexico. Marine Mammal Science, 9(1), 76-81.

Gilbert, E., & Holmes, C. (2024). 2023's Antarctic sea ice extent is the lowest on record. Weather, 79(2),
46-51. https://doi.org/https://doi.org/10.1002/wea.4518

Gilman, E., Weijerman, M., & Suuronen, P. (2017). Ecological data from observer programmes underpin
ecosystem-based fisheries management. ICES Journal of Marine Science, 74(6), 1481-1495.

GrokR, J., Fry, B., Burford, M. A., & Bengtson Nash, S. (2021). Assessing the effects of lipid extraction
and lipid correction on stable isotope values (613C and 815N) of blubber and skin from

57


https://doi.org/10.1002/9781444347241.ch5
https://doi.org/10.1098/rstb.2006.1955
https://doi.org/10.1029/2022RG000770
https://doi.org/10.1111/j.1439-0310.1986.tb00999.x
https://doi.org/10.13140/RG.2.2.29921.76640
https://doi.org/10.3354/meps317297
https://doi.org/10.3389/frsen.2023.952091
https://doi.org/https:/doi.org/10.1002/wea.4518

southern hemisphere humpback whales. Rapid Communications in Mass Spectrometry,
35(16), €9140. https://doi.org/https://doi.org/10.1002/rcm.9140

Grol3, J., Virtue, P.,, Nichols, P., Eisenmann, P.,, Waugh, C., & Bengtson Nash, S. (2020a). Interannual
variability in the lipid and fatty acid profiles of east Australia-migrating humpback whales
(Megaptera novaeangliae) across a 10-year timeline. Scientific reports, 10, 18274.
https://doi.org/10.1038/s41598-020-75370-5

GroR, J., Virtue, P, Nichols, P. D., Eisenmann, P., Waugh, C. A., & Bengtson Nash, S. (2020b). Interannual
variability in the lipid and fatty acid profiles of east Australia-migrating humpback whales
(Megaptera novaeangliae) across a 10-year timeline. Scientific reports, 10(1), 18274.

Gutt, J., Bertler, N., Bracegirdle, T. J., Buschmann, A., Comiso, J., Hosie, G., Isla, E., Schloss, I. R., Smith,
C. R., Tournadre, J., & Xavier, J. C. (2015). The Southern Ocean ecosystem under multiple
climate change stresses - an integrated circumpolar assessment. Global Change Biology, 21(4),
1434-1453. https://doi.org/https://doi.org/10.1111/gcb.12794

Hakamada, T., & Matsuoka, K. (2014). Estimates of abundance and abundance trend of the humpback
whale in Areas IIIE-VIW, south of 602S, based on JARPA and JARPAII sighting data (1989/90-
2008/09).

Hazen, E. L., Abrahms, B., Brodie, S., Carroll, G., Jacox, M. G., Savoca, M. S., Scales, K. L., Sydeman, W.
J., & Bograd, S. J. (2019). Marine top predators as climate and ecosystem sentinels. Frontiers
in Ecology and the Environment, 17(10), 565-574.
https://doi.org/https://doi.org/10.1002/fee.2125

Heide-Jgrgensen, M., & Laidre, K. (2015). Surfacing time, availability bias and abundance of humpback
whales in West Greenland. J. Cetacean Res. Manage., 15, 1-8.

Henderson, A. F., Cheeseman, T., Curcio, N., Marcias, M. L., Andrews, O., & Lea, M.-A. (2023). The most
southerly occurrence of humpback whales in the western Weddell Sea. Marine Mammal
Science, 39(4), 1324-1331. https://doi.org/https://doi.org/10.1111/mms.13033

Henderson et al. (2023a). Assessing the viability of estimating baleen whale abundance from tourist
vessels. Frontiers in Marine Science, 10, 1048869.
https://doi.org/10.3389/fmars.2023.1048869

Henderson et al. (2023b). The most southerly occurrence of humpback whales in the western Weddell
Sea. Marine Mammal Science, 39(4), 1324-1331.

Himmich, K., Vancoppenolle, M., Madec, G., Sallée, J.-B., Holland, P. R., & Lebrun, M. (2023). Drivers of
Antarctic sea ice advance. Nature communications, 14(1), 6219.

Hobbs, W., Massom, R., Stammerjohn, S., Reid, P., Williams, G., & Meier, W. (2016). A review of recent
changes in Southern Ocean sea ice, their drivers and forcings. Global and Planetary Change,
143. https://doi.org/10.1016/].gloplacha.2016.06.008

Horton, T. W., Hauser, N., Zerbini, A. N., Francis, M. P., Domeier, M. L., Andriolo, A., Costa, D. P,
Robinson, P. W., Duffy, C. A. J., Nasby-Lucas, N., Holdaway, R. N., & Clapham, P. J. (2017). Route
Fidelity during Marine Megafauna Migration [Original Research]. Frontiers in Marine Science,
4. https://doi.org/10.3389/fmars.2017.00422

Irving, L. G., Thums, M., Hanson, C. E., McMahon, C. R., & Hindell, M. A. (2017). Quantifying the energy
stores of capital breeding humpback whales and income breeding sperm whales using
historical whaling records. R Soc Open Sci, 4(3), 160290. https://doi.org/10.1098/rs0s.160290

IWC. (1998). Report of the scientific committee. Rep. int. Whal. Commn, 48, 53-118.

Johannessen, J. E. D., Biuw, M., Lindstrgm, U., Ollus, V. M. S., Martin Lépez, L. M., Gkikopoulou, K. C.,
Oosthuizen, W. C., & Lowther, A. (2022). Intra-season variations in distribution and abundance
of humpback whales in the West Antarctic Peninsula using cruise vessels as opportunistic
platforms. Ecology and Evolution, 12(2), e8571.

Kasamatsu, F. (1996). Current occurrence of baleen whales in the Antarctic waters. Rep. int. Whal.
Commn., 46, 293-304.

Kasamatsu, F. (2000). Species diversity of the whale community in the Antarctic. Marine Ecology
Progress Series, 200, 297-301.

58


https://doi.org/https:/doi.org/10.1002/rcm.9140
https://doi.org/10.1038/s41598-020-75370-5
https://doi.org/https:/doi.org/10.1111/gcb.12794
https://doi.org/https:/doi.org/10.1002/fee.2125
https://doi.org/https:/doi.org/10.1111/mms.13033
https://doi.org/10.3389/fmars.2023.1048869
https://doi.org/10.1016/j.gloplacha.2016.06.008
https://doi.org/10.3389/fmars.2017.00422
https://doi.org/10.1098/rsos.160290

Kasamatsu, F., Matsuoka, K., & Hakamada, T. (2000). Interspecific relationships in density among the
whale community in the Antarctic. Polar Biology, 23, 466-473.
https://doi.org/10.1007/s003009900107

Kawamura, A. (1994). A review of baleen whales feeding in the Southern Ocean [Article]. Forty-fourth
report of the International Whaling Commission, 261-271.
https://www.scopus.com/inward/record.uri?eid=2-s2.0-
0028564208&partnerlD=40&md5=a0c17337009f49e2dd38dfblbe045b71

Kennedy, A. (2013). Satellite telemetry and humpback whales: A tool for determining the habitat use,
distribution and behavior of an endangered large whale species Université Paris Sud-Paris XI].

Kennedy, A. S., & Clapham, P. J. (2017). From Whaling to Tagging: The Evolution of North Atlantic
Humpback Whale Research in the West Indies [Article]. Marine Fisheries Review, 79, 23+.
https://link.gale.com/apps/doc/A536256010/AONE?u=googlescholar&sid=bookmark-
AONE&xid=7c2bd26d

Kershaw, J. L., Ramp, C. A., Sears, R., Plourde, S., Brosset, P., Miller, P. J., & Hall, A. J. (2021). Declining
reproductive success in the Gulf of St. Lawrence’s humpback whales (Megaptera novaeangliae)
reflects ecosystem shifts on their feeding grounds. Global Change Biology, 27(5), 1027-1041.

Kohout, A., Williams, M., Toyota, T., Lieser, J., & Hutchings, J. (2016). In situ observations of wave-
induced sea ice breakup. Deep Sea Research Part Il: Topical Studies in Oceanography, 131, 22-
27.

Lavery, T. J., Roudnew, B., Seymour, J., Mitchell, J. G., Smetacek, V., & Nicol, S. (2014). Whales sustain
fisheries: blue whales stimulate primary production in the Southern Ocean. Marine Mammal
Science, 30(3), 888-904.

Leaper, R., Bannister, J. L., Branch, T. A, Clapham, P. J., Donovan, G. P., Matsuoka, K., Reilly, S., & Zerbini,
A. N. (2008). A review of abundance, trends and foraging parameters of baleen whales in the
Southern Hemisphere. Impington: International Whaling Commission.

Leaper, R., & Gordon, J. (2001). Application of photogrammetric methods for locating and tracking
cetacean movements at sea. J. Cetacean Res. Manage., 3(2), 131-141.

Leaper, R., & Miller, C. (2011). Management of Antarctic baleen whales amid past exploitation, current
threats and complex marine ecosystems. Antarctic Science, 23(6), 503-529.

Loeb, V. J., & Santora, J. A. (2015). Climate variability and spatiotemporal dynamics of five Southern
Ocean krill species. Progress in Oceanography, 134, 93-122.
https://doi.org/https://doi.org/10.1016/j.pocean.2015.01.002

Louzao, M., Bécares, J., Rodriguez, B., Hyrenbach, D., Ruiz, A., & Arcos, J. (2009). Combining vessel-
based surveys and tracking data to identify key marine areas for seabirds. Marine Ecology
Progress Series, Vol. 391, 183-197. https://doi.org/10.3354/meps08124

Mackintosh, N. J., & Herdman, H. (1940). Distribution of the pack-ice in the Southern Ocean. (No Title).

Marcondes, M. C. C., Cheeseman, T., Jackson, J. A., Friedlaender, A. S., Pallin, L., Olio, M., Wedekin, L.
L., Daura-Jorge, F. G., Cardoso, J., Santos, J. D. F., Fortes, R. C., Araujo, M. F., Bassoi, M., Beaver,
V., Bombosch, A., Clark, C. W., Denkinger, J., Boyle, A., Rasmussen, K., . . . Sousa-Lima, R. S.
(2021). The Southern Ocean Exchange: porous boundaries between humpback whale
breeding populations in southern polar waters. Sci Rep, 11(1), 23618.
https://doi.org/10.1038/s41598-021-02612-5

Martinson, D., & lannuzzi, R. (1998). Antarctic Ocean-Ice Interaction: Implications from Ocean Bulk
Property Distributions in the Weddell Gyre. https://doi.org/10.1029/AR074p0243

Massom, R., Reid, P., Stammerjohn, S., Raymond, B., Fraser, A., & Ushio, S. (2013). Change and
variability in East Antarctic sea ice seasonality, 1979/80—2009/10. PloS one, 8(5), e64756.

Massom, R. A., & Stammerjohn, S. E. (2010). Antarctic sea ice change and variability—physical and
ecological implications. Polar Science, 4(2), 149-186.

Matsuoka, K., Ensor, P., Hakamada, T., Shimada, H., Nishiwaki, S., Kasamatsu, F., & Kato, H. (2003).
Overview of minke whale sightings surveys conducted on IWC/IDCR and SOWER Antarctic

59


https://doi.org/10.1007/s003009900107
https://www.scopus.com/inward/record.uri?eid=2-s2.0-0028564208&partnerID=40&md5=a0c17337009f49e2dd38dfb1be045b71
https://www.scopus.com/inward/record.uri?eid=2-s2.0-0028564208&partnerID=40&md5=a0c17337009f49e2dd38dfb1be045b71
https://link.gale.com/apps/doc/A536256010/AONE?u=googlescholar&sid=bookmark-AONE&xid=7c2bd26d
https://link.gale.com/apps/doc/A536256010/AONE?u=googlescholar&sid=bookmark-AONE&xid=7c2bd26d
https://doi.org/https:/doi.org/10.1016/j.pocean.2015.01.002
https://doi.org/10.3354/meps08124
https://doi.org/10.1038/s41598-021-02612-5
https://doi.org/10.1029/AR074p0243

cruises from 197. Journal of Cetacean Research and Management, 5.
https://doi.org/10.47536/jcrm.v5i2.817

Matsuoka, K., & Hakamada, T. (2008). Geographical distribution of whales in the Indo-Pacific region of
the Antarctic based on JARPA and JARPAIIl sighting data collected in the period 1987/88-
2008/09. Technical reports of the Institute of Cetacean Research, 2018, 20-31.

Matsuoka, K., Hakamada, T., Kiwada, H., Murase, H., & Nishiwaki, S. (2011). Abundance estimates and
trends for humpback whales (Megaptera novaeangliae) in Antarctic Areas IV and V based on
JARPA sightings data. Journal of Cetacean Research and Management, 3, 75-94.
https://doi.org/10.47536/jcrm.vi.301

Meier, W. N., F. Fetterer, A. K. Windnagel, and J. S. Stewart. (2021). NOAA/NSIDC Climate Data Record
of Passive Microwave Sea Ice Concentration, Version 4. National Snow and Ice Data Center.
https://doi.org/10.7265/efmz-2t65

Meynecke et al. (2021). The role of environmental drivers in humpback whale distribution, movement
and behavior: A review. Frontiers in Marine Science, 8, 720774.

Meynecke, J.-O., de Bie, J., Barraqueta, J.-L. M., Seyboth, E., Dey, S. P,, Lee, S. B., Samanta, S., Vichi, M.,
Findlay, K., Roychoudhury, A., & Mackey, B. (2021). The Role of Environmental Drivers in
Humpback Whale Distribution, Movement and Behavior: A Review [Review]. Frontiers in
Marine Science, 8. https://doi.org/10.3389/fmars.2021.720774

Meynecke, J.-0., Samanta, S., de Bie, J., Seyboth, E., Prakash Dey, S., Fearon, G., Vichi, M., Findlay, K.,
Roychoudhury, A., & Mackey, B. (2023). Do whales really increase the oceanic removal of
atmospheric carbon? [Hypothesis and Theory]. Frontiers in Marine Science, 10.
https://doi.org/10.3389/fmars.2023.1117409

Meynecke, J. 0., Seyboth, E., De Bie, J., Menzel Barraqueta, J. L., Chama, A., Prakash Dey, S., Lee, S. B.,
Tulloch, V., Vichi, M., & Findlay, K. (2020). Responses of humpback whales to a changing
climate in the Southern Hemisphere: Priorities for research efforts. Marine Ecology, 41(6),
el2616.

Moreau, S., Hattermann, T., de Steur, L., Kauko, H. M., Ahonen, H., Ardelan, M., Assmy, P., Chierici, M.,
Descamps, S., Dinter, T., Falkenhaug, T., Fransson, A., Grgnningsaeter, E., Hallfredsson, E. H.,
Huhn, O., Lebrun, A., Lowther, A., Liibcker, N., Monteiro, P,, . . . Steen, H. (2023). Wind-driven
upwelling of iron sustains dense blooms and food webs in the eastern Weddell Gyre. Nature
communications, 14(1), 1303. https://doi.org/10.1038/s41467-023-36992-1

Moreau, S., Lannuzel, D., Janssens, J., Arroyo, M. C., Corkill, M., Cougnon, E., Genovese, C., Legresy, B.,
Lenton, A., Puigcorbé, V., Ratnarajah, L., Rintoul, S., Roca-Marti, M., Rosenberg, M., Shadwick,
E. H., Silvano, A., Strutton, P. G., & Tilbrook, B. (2019). Sea Ice Meltwater and Circumpolar Deep
Water Drive Contrasting Productivity in Three Antarctic Polynyas. Journal of Geophysical
Research: Oceans, 124(5), 2943-2968. https://doi.org/https://doi.org/10.1029/2019JC015071

Mori, M., Corney, S. P., Melbourne-Thomas, J., Klocker, A., Kawaguchi, S., Constable, A., & Sumner, M.
(2019). Modelling dispersal of juvenile krill released from the Antarctic ice edge: Ecosystem
implications of ocean movement. Journal of Marine Systems, 189, 50-61.

Mull, C. G., Andrzejaczek, S., Udyawer, V., & Dwyer, R. G. (2022). Advances in Methods, Understanding,
and Applications of Elasmobranch Movement Ecology. In Biology of Sharks and Their Relatives
(pp. 357-399). CRC Press.

Murase, H., Kiwada, H., Matsuoka, K., & Nishiwaki, S. (2006). Results of the cetacean prey survey using
a quantitative echo sounder in JARPA from 1998/99 to 2004/2005.

Murase, H., Matsuoka, K., Hakamada, T., & Kitakado, T. (2014). Preliminary analysis of changes in
spatial distribution of Antarctic minke and humpback whales in Area IV during the period of
JARPA and JARPAII from 1989 to 2006.

Murase, H., Palka, D., Punt, A., Pastene, L., Kitakado, T., Matsuoka, K., Hakamada, T., Okamura, H.,
Bando, T., & Tamura, T. (2020). Review of the assessment of two stocks of Antarctic minke
whales (eastern Indian Ocean and western South Pacific). J. Cetacean Res. Manage., 21, 95-
122.

60


https://doi.org/10.47536/jcrm.v5i2.817
https://doi.org/10.47536/jcrm.vi.301
https://doi.org/10.7265/efmz-2t65
https://doi.org/10.3389/fmars.2021.720774
https://doi.org/10.3389/fmars.2023.1117409
https://doi.org/10.1038/s41467-023-36992-1
https://doi.org/https:/doi.org/10.1029/2019JC015071

Murphy, E. J. (1995). Spatial structure of the Southern Ocean ecosystem: predator-prey linkages in
Southern Ocean food webs. Journal of Animal Ecology, 333-347.

Naganobu, M., Matsuoka, K., & KUTSUWADA, K. (2014). Consideration on the Kerguelen-Davis
Oscillation Index (KDOI) influencing variability on environmental ecosystem in the Prydz Bay
Region, east Antarctic: data exploration.

Naganobu, M., Nishiwaki, S., Yasuma, H., Matsukura, R., Takao, Y., Taki, K., Hayashi, T., Watanabe, Y.,
Yabuki, T., & Yoda, Y. (2006). Interactions between oceanography, krill and baleen whales in
the Ross Sea and Adjacent Waters: An overview of Kaiyo Maru-JARPA joint survey in 2004/05.
Pape r SCD, 6.

Nakano, S., Fausch, K. D., & Kitano, S. (1999). Flexible niche partitioning via a foraging mode shift: a
proposed mechanism for coexistence in stream-dwelling charrs. Journal of Animal Ecology,
68(6), 1079-1092.

Nash, S. M. B., Grop, J., Castrillon, J., Casa, M. V., Dalle Luche, G., Meager, J., Ghosh, R., Eggebo, J., &
Nizzetto, P. B. (2023). Antarctic sea-ice low resonates in the ecophysiology of humpback
whales. Science of the Total Environment, 887, 164053.

Nichols, R. C., Cade, D. E., Kahane-Rapport, S., Goldbogen, J., Stimpert, A., Nowacek, D., Read, A. J,,
Johnston, D. W., & Friedlaender, A. (2022). Intra-seasonal variation in feeding rates and diel
foraging behaviour in a seasonally fasting mammal, the humpback whale. R Soc Open Sci, 9(7),
211674. https://doi.org/10.1098/rso0s.211674

Nicol, S., Croxall, J., Trathan, P., Gales, N., & Murphy, E. (2007). Paradigm misplaced? Antarctic marine
ecosystems are affected by climate change as well as biological processes and harvesting.
Antarctic Science, 19(3), 291-295. https://doi.org/10.1017/50954102007000491

Nowacek, D. P, Friedlaender, A. S., Halpin, P. N, Hazen, E. L., Johnston, D. W., Read, A. J., Espinasse, B.,
Zhou, M., & Zhu, Y. (2011). Super-aggregations of krill and humpback whales in Wilhelmina
Bay, Antarctic Peninsula. PloS one, 6(4), e19173.

Owen, K. (2014). The feeding behaviour of humpback whales while on migration: methods, driving
factors and its importance to whale ecology

Owen, K., Kavanagh, A. S., Warren, J. D., Noad, M. J., Donnelly, D., Goldizen, A. W., & Dunlop, R. A.
(2017). Potential energy gain by whales outside of the Antarctic: prey preferences and
consumption rates of migrating humpback whales (Megaptera novaeangliae). Polar Biology,
40(2), 277-289. https://doi.org/10.1007/s00300-016-1951-9

Parkinson, C. L. (2019). A 40-y record reveals gradual Antarctic sea ice increases followed by decreases
at rates far exceeding the rates seen in the Arctic. Proceedings of the National Academy of
Sciences, 116(29), 14414-14423.

Pastene, L. A,, Fujise, Y., & Hatanaka, H. (2011). The Japanese Whale Research Program under Special
Permit in the Antarctic-Phase Il (JARPAII): origin, objectives, research progress made in the
period 2005.

Perry, F. A., Atkinson, A., Sailley, S. F., Tarling, G. A., Hill, S. L., Lucas, C. H., & Mayor, D. J. (2019). Habitat
partitioning in Antarctic krill: Spawning hotspots and nursery areas. PloS one, 14(7), e0219325.

Pershing, A. J., Christensen, L. B., Record, N. R., Sherwood, G. D., & Stetson, P. B. (2010). The impact of
whaling on the ocean carbon cycle: why bigger was better. PloS one, 5(8), e12444.

Polyak, L., Alley, R. B., Andrews, J. T., Brigham-Grette, J., Cronin, T. M., Darby, D. A., Dyke, A. S,,
Fitzpatrick, J. J., Funder, S., Holland, M., Jennings, A. E., Miller, G. H., O'Regan, M., Savelle, J.,
Serreze, M., St. John, K., White, J. W. C., & Wolff, E. (2010). History of sea ice in the Arctic.
Quaternary Science Reviews, 29(15), 1757-1778.
https://doi.org/https://doi.org/10.1016/j.quascirev.2010.02.010

Potts, J. R., & Borger, L. (2023). How to scale up from animal movement decisions to spatiotemporal
patterns: an approach via step selection. Journal of Animal Ecology, 92(1), 16-29.

Purich, A., & Doddridge, E. W. (2023). Record low Antarctic sea ice coverage indicates a new sea ice
state. Communications Earth & Environment, 4(1), 314.

61


https://doi.org/10.1098/rsos.211674
https://doi.org/10.1017/S0954102007000491
https://doi.org/10.1007/s00300-016-1951-9
https://doi.org/https:/doi.org/10.1016/j.quascirev.2010.02.010

Ralls, K., & Mesnick, S. L. (2019). Cetacean Mating Systems. In J. C. Choe (Ed.), Encyclopedia of Animal
Behavior (Second Edition) (pp. 556-562). Academic Press.
https://doi.org/https://doi.org/10.1016/B978-0-12-809633-8.90128-6

Ramos, E. A.,, Cheeseman, T., Marcondes, M. C. C., Olio, M., Vogel, A., Elwen, S., de Melo, T. H. M.,
Facchola, C., Cipolotti, S., Southerland, K., Findlay, K., Seyboth, E., McCue, S. A., Kotze, P. G. H.,
& Seakamela, S. M. (2023). Interchange of Southern Hemisphere humpback whales across the
South Atlantic Ocean. Scientific reports, 13(1), 4621. https://doi.org/10.1038/s41598-023-
31358-5

Raphael, M. N., Handcock, M. S., Holland, M. M., & Landrum, L. L. (2020). An assessment of the
temporal variability in the annual cycle of daily Antarctic sea ice in the NCAR Community Earth
System Model, Version 2: A comparison of the historical runs with observations. Journal of
Geophysical Research: Oceans, 125(11), e2020JC016459.

Raphael, M. N., & Hobbs, W. (2014). The influence of the large-scale atmospheric circulation on
Antarctic sea ice during ice advance and retreat seasons. Geophysical Research Letters, 41(14),
5037-5045. https://doi.org/https://doi.org/10.1002/2014GL060365

Ratnarajah, L., Bowie, A. R., Lannuzel, D., Meiners, K. M., & Nicol, S. (2014). The biogeochemical role
of baleen whales and krill in Southern Ocean nutrient cycling. PloS one, 9(12), e114067.

Reisinger, R. R., Friedlaender, A. S., Zerbini, A. N., Palacios, D. M., Andrews-Goff, V., Dalla Rosa, L.,
Double, M., Findlay, K., Garrigue, C., & How, J. (2021). Combining regional habitat selection
models for large-scale prediction: Circumpolar habitat selection of Southern Ocean humpback
whales. Remote Sensing, 13(11), 2074.

Ribic, C. A., Ainley, D., & Fraser, W. (1991). Habitat selection by marine mammals in the marginal ice
zone. Antarctic Science, 3(2), 181-186.

Riekkola, L., Andrews-Goff, V., Friedlaender, A., Constantine, R., & Zerbini, A. N. (2019). Environmental
drivers of humpback whale foraging behavior in the remote Southern Ocean. Journal of
experimental marine biology and ecology, 517, 1-12.

Rock, J., Pastene, L., Kaufman, G., Forestell, P., Matsuoka, K., & Allen, J. (2006). A note on East Australia
Group V Stock humpback whale movement between feeding and breeding areas based on
photo-identification. J. Cetacean Res. Manage., 8(3), 301-305.

Rogers, A. D., Frinault, B. A. V., Barnes, D. K. A,, Bindoff, N. L., Downie, R., Ducklow, H. W., Friedlaender,
A.S., Hart, T., Hill, S. L., Hofmann, E. E., Linse, K., McMahon, C. R., Murphy, E. J., Pakhomoyv, E.
A., Reygondeau, G., Staniland, I. J., Wolf-Gladrow, D. A., & Wright, R. M. (2020). Antarctic
Futures: An Assessment of Climate-Driven Changes in Ecosystem Structure, Function, and
Service Provisioning in the Southern Ocean. Annual Review of Marine Science, 12(1), 87-120.
https://doi.org/10.1146/annurev-marine-010419-011028

Roman, J., Estes, J. A., Morissette, L., Smith, C., Costa, D., McCarthy, J., Nation, J., Nicol, S., Pershing,
A., & Smetacek, V. (2014). Whales as marine ecosystem engineers. Frontiers in Ecology and the
Environment, 12(7), 377-385.

Ross, R. M., Quetin, L. B., Martinson, D. G., lannuzzi, R. A., Stammerjohn, S. E., & Smith, R. C. (2008).
Palmer LTER: Patterns of distribution of five dominant zooplankton species in the epipelagic
zone west of the Antarctic Peninsula, 1993—-2004. Deep Sea Research Part Il: Topical Studies in
Oceanography, 55(18-19), 2086-2105.

Sandven, S., & Johannessen, O. (2006). Sea Ice Monitoring by Remote Sensing. In (pp. 241-283).

Sandven, S., Spreen, G., Heygster, G., Girard-Ardhuin, F., Farrell, S. L., Dierking, W., & Allard, R. A.
(2023). Sea Ice Remote Sensing—Recent Developments in Methods and Climate Data Sets.
Surveys in Geophysics, 1-37.

Schall, E., Thomisch, K., Boebel, O., Gerlach, G., Spiesecke, S., & Van Opzeeland, |. (2020). Large-scale
spatial variabilities in the humpback whale acoustic presence in the Atlantic sector of the
Southern Ocean. Royal Society Open Science, 7(12), 201347.

62


https://doi.org/https:/doi.org/10.1016/B978-0-12-809633-8.90128-6
https://doi.org/10.1038/s41598-023-31358-5
https://doi.org/10.1038/s41598-023-31358-5
https://doi.org/https:/doi.org/10.1002/2014GL060365
https://doi.org/10.1146/annurev-marine-010419-011028

Seyboth, E., Félix, F., Lea, M.-A., Dalla Rosa, L., Watters, G., Reid, K., & Secchi, E. (2021a). Influence of
krill ( Euphausia superba ) availability on humpback whale ( Megaptera novaeangliae )
reproductive rate. Marine Mammal Science, 37. https://doi.org/10.1111/mms.12805

Seyboth, E., Félix, F., Lea, M. A, Dalla Rosa, L., Watters, G. M., Reid, K., & Secchi, E. R. (2021b). Influence
of krill (Euphausia superba) availability on humpback whale (Megaptera novaeangliae)
reproductive rate.

Seyboth, E., Meynecke, J.-0., de Bie, J., Roychoudhury, A., & Findlay, K. (2023). A review of post-whaling
abundance, trends, changes in distribution and migration patterns, and supplementary
feeding of Southern Hemisphere humpback whales [Review]. Frontiers in Marine Science, 10.
https://doi.org/10.3389/fmars.2023.997491

Simmonds, M. P, & Isaac, S. J. (2007). The impacts of climate change on marine mammals: early signs
of significant problems. Oryx, 41(1), 19-26.

Smetacek, V., & Nicol, S. (2005). Polar ocean ecosystems in a changing world. Nature, 437(7057), 362-
368. https://doi.org/10.1038/nature04161

Smith, J. A., Hillenbrand, C.-D., Pudsey, C. J., Allen, C. S., & Graham, A. G. C. (2010). The presence of
polynyas in the Weddell Sea during the Last Glacial Period with implications for the
reconstruction of sea-ice limits and ice sheet history. Earth and Planetary Science Letters,
296(3), 287-298. https://doi.org/https://doi.org/10.1016/j.epsl.2010.05.008

Smith, R. C., Baker, K. S., & Stammerjohn, S. E. (1998). Exploring sea ice indexes for polar ecosystem
studies. BioScience, 48(2), 83-93.

Smith, W., & Comiso, J. (2008). Influence of sea ice on primary production in the Southern Ocean: A
satellite perspective. Journal of Geophysical Research, 113.
https://doi.org/10.1029/2007JC004251

Speakman, C. N., Hoskins, A. J., Hindell, M. A., Costa, D. P, Hartog, J. R., Hobday, A. J., & Arnould, J. P.
Y. (2020). Environmental influences on foraging effort, success and efficiency in female
Australian fur seals. Sci Rep, 10(1), 17710. https://doi.org/10.1038/s41598-020-73579-y

Stambler, N. (2003). Primary production, light absorption and quantum yields of phytoplankton from
the Bellingshausen and Amundsen Seas (Antarctica). Polar Biology, 26(7), 438-451.
https://doi.org/10.1007/s00300-003-0508-x

Stammerjohn, S., & Maksym, T. (2017). Gaining (and losing) Antarctic sea ice: variability, trends and
mechanisms. Sea ice, 261-289.

Stammerjohn, S. E., Martinson, D. G., Smith, R. C., & lannuzzi, R. A. (2008). Sea ice in the western
Antarctic Peninsula region: Spatio-temporal variability from ecological and climate change
perspectives. Deep Sea Research Part Il: Topical Studies in Oceanography, 55(18), 2041-2058.
https://doi.org/https://doi.org/10.1016/j.dsr2.2008.04.026

Steiner, N. S., Bowman, J., Campbell, K., Chierici, M., Eronen-Rasimus, E., Falardeau, M., Flores, H.,
Fransson, A., Herr, H., Insley, S. J., Kauko, H. M., Lannuzel, D., Loseto, L., Lynnes, A., Majewski,
A., Meiners, K. M., Miller, L. A., Michel, L. N., Moreau, S., . . . Wongpan, P. (2021). Climate
change impacts on sea-ice ecosystems and associated ecosystem services. Elementa: Science
of the Anthropocene, 9(1). https://doi.org/10.1525/elementa.2021.00007

Stevick, P. T., Aguayo, A, Allen, J., Avila, I. C., Capella, J., Castro, C., Chater, K., Dalla Rosa, L., Engel, M.
H., & Félix, F. (2004). Migrations of individually identified humpback whales between the
Antarctic Peninsula and South America. J. Cetacean Res. Manage., 6(2), 109-113.

Swadling, K. M., Constable, A. J., Fraser, A. D., Massom, R. A., Borup, M. D., Ghigliotti, L., Granata, A.,
Guglielmo, L., Johnston, N. M., Kawaguchi, S., Kennedy, F., Kiko, R., Koubbi, P., Makabe, R.,
Martin, A., McMinn, A., Moteki, M., Pakhomoyv, E. A., Peeken, |, . . . Wotherspoon, S. J. (2023).
Biological responses to change in Antarctic sea ice habitats [Original Research]. Frontiers in
Ecology and Evolution, 10. https://doi.org/10.3389/fev0.2022.1073823

Takenobu, T. (2009). Application of Remote Sensing to the Estimation of Sea Ice Thickness Distribution.
In J. Gary (Ed.), Advances in Geoscience and Remote Sensing (pp. Ch. 2). IntechOpen.
https://doi.org/10.5772/8332

63


https://doi.org/10.1111/mms.12805
https://doi.org/10.3389/fmars.2023.997491
https://doi.org/10.1038/nature04161
https://doi.org/https:/doi.org/10.1016/j.epsl.2010.05.008
https://doi.org/10.1029/2007JC004251
https://doi.org/10.1038/s41598-020-73579-y
https://doi.org/10.1007/s00300-003-0508-x
https://doi.org/https:/doi.org/10.1016/j.dsr2.2008.04.026
https://doi.org/10.1525/elementa.2021.00007
https://doi.org/10.3389/fevo.2022.1073823
https://doi.org/10.5772/8332

Thiele, D., Chester, E. T., Moore, S. E., Sirovic, A., Hildebrand, J. A., & Friedlaender, A. S. (2004). Seasonal
variability in whale encounters in the Western Antarctic Peninsula. Deep Sea Research Part Il:
Topical Studies in Oceanography, 51(17), 2311-2325.
https://doi.org/https://doi.org/10.1016/j.dsr2.2004.07.007

Thomas, D. N., & Dieckmann, G. S. (2008). Sea ice: an introduction to its physics, chemistry, biology
and geology.

Thomas, E. R,, Allen, C. S., Etourneau, J., King, A. C. F,, Severi, M., Winton, V. H. L., Mueller, J., Crosta,
X., & Peck, V. L. (2019). Antarctic Sea Ice Proxies from Marine and Ice Core Archives Suitable
for Reconstructing Sea Ice over the Past 2000 VYears. Geosciences, 9(12), 506.
https://www.mdpi.com/2076-3263/9/12/506

Thomas, P., Reeves, R., & Brownell, R. (2015). Status of the world's baleen whales. Marine Mammal
Science, 32, n/a-n/a. https://doi.org/10.1111/mms.12281

Thums, M., Jenner, C., Waples, K., Salgado Kent, C., & Meekan, M. (2018). Humpback whale use of the
Kimberley; understanding and monitoring spatial distribution. Report of Project, 1(1).

Trathan, P. N., Forcada, J., & Murphy, E. J. (2007). Environmental forcing and Southern Ocean marine
predator populations: effects of climate change and variability. Philosophical Transactions of
the Royal Society B: Biological Sciences, 362(1488), 2351-2365.

Trathan, P. N., & Hill, S. L. (2016). The importance of krill predation in the Southern Ocean. Biology and
ecology of Antarctic krill, 321-350.

Trathan, P. N., & Reid, K. (2009). Exploitation of the marine ecosystem in the Sub-Antarctic: historical
impacts and current consequences. Pap. Proc. R. Soc. Tasmania, 143.
https://doi.org/10.26749/rstpp.143.1.9

Turner, J., Barrand, N. E., Bracegirdle, T. J., Convey, P., Hodgson, D. A,, Jarvis, M., Jenkins, A., Marshall,
G., Meredith, M. P., & Roscoe, H. (2014). Antarctic climate change and the environment: an
update. Polar record, 50(3), 237-259.

Turner, J., Bindschadler, R., Convey, P., Di Prisco, G., Fahrbach, E., Gutt, J., Hodgson, D., Mayewski, P., &
Summerhayes, C. (2009). Antarctic climate change and the environment.

Tynan, C. T. (1998). Ecological importance of the southern boundary of the Antarctic Circumpolar
Current. Nature, 392(6677), 708-710.

Vaughan, S. (2000). Can Antarctic sea-ice extent be determined from whaling records? Polar record,
36(199), 345-347.

Veytia, D., Bestley, S., Kawaguchi, S., Meiners, K. M., Murphy, E. J., Fraser, A. D., Kusahara, K., Kimura,
N., & Corney, S. (2021). Overwinter sea-ice characteristics important for Antarctic krill
recruitment in the southwest Atlantic. Ecological Indicators, 129, 107934.

Vichi, M. (2022). An indicator of sea ice variability for the Antarctic marginal ice zone. The Cryosphere,
16(10), 4087-4106.

Vigness-Raposa, K. J., Kenney, R. D., Gonzalez, M. L., & August, P. V. (2010). Spatial patterns of
humpback whale (Megaptera novaeangliae) sightings and survey effort: Insight into North
Atlantic  population  structure. Marine  Mammal  Science, 26(1), 161-175.
https://doi.org/https://doi.org/10.1111/j.1748-7692.2009.00336.x

Wiedenmann, J., Cresswell, K. A., & Mangel, M. (2009). Connecting recruitment of Antarctic krill and
sea ice. Limnology and Oceanography, 54(3), 799-811.
https://doi.org/https://doi.org/10.4319/10.2009.54.3.0799

Willson, A., Baldwin, R., Cerchio, S., Childerhouse, S., Collins, T., Findlay, K., Genov, T., Godley, B., Al
Harthi, S., & Leslie, M. (2018). Update on satellite telemetry studies and first unoccupied aerial
vehicle assisted health assessment studies of Arabian Sea humpback whales off the coast of
Oman. Document Presented to the Scientific Committee of the International Whaling
Commission. IWC/SC67B/CMP13Rev1. Bled, Slovenia.(unpublished), 11.

Zerbini, A. N., Adams, G., Best, J., Clapham, P. J., Jackson, J. A, & Punt, A. E. (2019). Assessing the
recovery of an Antarctic predator from historical exploitation. Royal Society Open Science,
6(10), 190368.

64


https://doi.org/https:/doi.org/10.1016/j.dsr2.2004.07.007
https://www.mdpi.com/2076-3263/9/12/506
https://doi.org/10.1111/mms.12281
https://doi.org/10.26749/rstpp.143.1.9
https://doi.org/https:/doi.org/10.1111/j.1748-7692.2009.00336.x
https://doi.org/https:/doi.org/10.4319/lo.2009.54.3.0799

Zerbini, A. N., Andriolo, A., Heide-Jgrgensen, M. P., Pizzorno, J. L., Maia, Y. G., VanBlaricom, G. R.,
DeMaster, D. P., Simdes-Lopes, P. C., Moreira, S., & Bethlem, C. (2006). Satellite-monitored
movements of humpback whales Megaptera novaeangliae in the Southwest Atlantic Ocean.
Marine Ecology Progress Series, 313, 295-304.

Zerbini, A. N., Ward, E. J., Kinas, P. G., Engel, M. H., & Andriolo, A. (2020). A Bayesian assessment of the
conservation status of humpback whales (Megaptera novaeangliae) in the western South
Atlantic Ocean. J. Cetacean Res. Manage., 131-144.

Zhang, L., Delworth, T. L., Cooke, W., & Yang, X. (2019). Natural variability of Southern Ocean
convection as a driver of observed climate trends. Nature Climate Change, 9(1), 59-65.

65





