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Abstract 

 

Determining the distribution, movements and habitat use of animals is fundamental to understanding their 

ecology and the development of effective conservation measures. However, studying animals that migrate 

thousands of kilometres and inhabit remote and inaccessible areas is extremely difficult, especially in the marine 

environment. The Oceania humpback whale (Megaptera novaeangliae) population has been slow to recover 

from the effects of commercial whaling, and our understanding of what may influence this slow recovery has 

been limited by a lack of knowledge about the whales outside of their tropical breeding grounds. The aim of this 

thesis was to investigate the migratory movements, patterns of Antarctic feeding ground habitat use and 

energetics of Oceania humpback whales as they migrated from the South Pacific to the Southern Ocean. 

Satellite tags were deployed on 25 humpback whales on their southern migration past the Kermadec Islands, 

New Zealand, in September and October 2015. Photo-identification and genetic data were collected to assign 

breeding ground origins and to determine the pregnancy rate and age-profile of the population. The whales’ 

migratory paths and behavioural states were investigated by applying a hierarchical state-space model to the 

satellite telemetry data. These data were used in linear mixed-effect models to elucidate ecological relationships 

between whale behaviour and the environment within the remote Southern Ocean feeding grounds. The tag 

data, and data from two whales tagged in east Australia, were also used to inform a bioenergetic model to 

estimate the relative energetic cost of different migratory routes and distances. 

The Kermadec Islands were an important aggregation point for Oceania’s humpback whales from a range 

of breeding grounds spanning ~3,500 km of ocean, almost the entire breeding ground range, as they migrated 

south to their Southern Ocean summer feeding grounds. The age profile of the whales (mean = 14 years) and 

a high (57%) pregnancy rate indicated a recovering population. The whales migrated to two key feeding areas, 

the Ross Sea and the Amundsen and Bellingshausen Seas (~2,000 km apart), the choice of which was 

influenced by the presence of a calf, as mothers with calves migrated a shorter distance to the Ross Sea region. 

There were marked differences in the environmental features between the two areas (e.g. oceanic vs near 

continental shelf) and consequently the whales used these areas differently. Overall, time lagged ice-edge 

dynamics were identified as a key environmental feature influencing the whales’ foraging behaviour, along with 

season and sea surface height. Whales with the longest migration distance migrated the fastest (97 km/day vs 

71 km/day) and had the highest cost of transport, but this was offset by energy savings in terms of daily 

maintenance costs by using 11% fewer days to complete the migration, suggesting that migration distance alone 

is not a limiting factor to population recovery. 

Whilst there is no doubt that a complex set of variables is affecting the Oceania humpback whale population 

recovery, the findings of this thesis have improved our understanding of the whales and their movement ecology 

once they depart from their breeding grounds. Furthermore, understanding the movement patterns and habitat 

use of this large predator also improves our knowledge of the remote Southern Ocean ecosystem and the 

changes occurring within it as a result of climate change. With such a wide geographic longitudinal range of 

feeding grounds (~4,000 km span) behavioural plasticity may play a critical role in the whales’ ability to adapt 

to the environmental changes, therefore affecting the species’ future recovery. This work further highlights the 

value of bio-logging in providing opportunities to advance ecological research. 
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Chapter 1 

 

General Introduction 

 

 

 

1.1. Spatial ecology in conservation 

 

In nature, resources are not distributed uniformly in space and time, but instead they form spatial gradients and 

aggregations (Legendre & Fortin, 1989; Wiens, 1989). This heterogeneity plays a key role in the lives of mobile 

organisms as it forces them to move through their landscape in search of suitable habitat, mates and food, thus 

creating habitat use and distribution patterns for individual organisms and populations (Kareiva, 1990; Wiens et 

al., 1993; Ims, 1995). 

Understanding how animals select resources and utilise habitats is a central topic in animal ecology 

(Johnson, 1980; Sutherland et al., 2013). Studies on the spatial ecology of animals generally investigate the 

distribution and habitat use of organisms in respect to the spatial characteristics of their environment (Turner et 

al., 1995; Nathan & Muller-Landau, 2000). The term ‘movement ecology’ has been recently used as a unifying 

paradigm for studying the movement patterns of living organisms and how these are influenced by both internal 

and external factors (Nathan, 2008; Nathan et al., 2008; Spiegel et al., 2017). The external (environmental) 

factors affecting animal movement can operate at multiple spatial and temporal scales. For example, at fine 

scales (tens of meters; hours to days) animals may track suitable ephemeral food patches, while at broad scales 

(hundreds to thousands of kilometres; years to decades) animals select habitats based on predictable 

environmental patterns (Mayor et al., 2009; Mannocci et al., 2017; Abrahms et al., 2019). 

Studying the spatial ecology of individuals or species is a popular means of investigating their distribution, 

habitat use patterns and identifying areas of importance for the animals, and this information can be used for 

conservation purposes (Shuter et al., 2011; Runge et al., 2014; Allen & Singh, 2016). In fact, conservation and 

management efforts are more reliable when informed by data on the movements of animals and their critical 

habitats (Noss et al., 1997; Wells et al., 2018). Spatial ecology studies have been used in many cases, for 

example to mitigate the impacts of infrastructure developments on migratory animals (Bastille‐Rousseau et al., 
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2018) and to discover population home ranges to properly inform conservation measures (López-López et al., 

2016; Wells et al., 2018). Accurate information on species’ movements and interactions with the habitat 

therefore allows for the development of spatially explicit conservation management strategies. Changes in the 

spatial distribution of resources, habitats or environmental barriers over time can affect distribution and 

movement patterns of individuals (e.g. Laidre et al., 2008). Continued monitoring to identify changes in habitat 

use over time may therefore be vital in some cases when making management decisions (Hartel et al., 2014). 

 

 

1.2. Migration and capital breeding as life history strategies 

 

Many different animal groups in all major branches of the animal kingdom, including insects (Williams, 1917), 

fish (Jones, 1968), birds (Baird, 1867) and mammals (Lockyer & Brown, 1981), display migratory behaviour 

through air, water and/or land (Dingle & Drake, 2007). Migration occurs primarily in response to the 

spatiotemporal variation in resources, habitats, predation and competition, as well as the animal’s requirements 

at different life history stages and at different times of the year (Southwood, 1962; Alerstam et al., 2003). For 

example, the highly conspicuous seasonal movement of many bird species is perhaps one of the most 

recognised forms of migration between discrete summer and winter areas (Dingle, 1996). Migration between 

geographically separate key habitats following pulses in resource availability and abundance has a key role in 

the spatial distribution of mobile populations (Taylor & Taylor, 1977; Dingle & Drake, 2007). 

Migration utilises both time and energy (Alexander, 1998), hence there is always an element of trade-off 

between the benefits of moving (e.g. access to better habitats, increased food availability), and the costs 

associated with moving (e.g. energetic cost of transport, risk of mortality; Alexander, 1998; Alestram et al., 

2003). The animal’s ability to balance available energy reserves is therefore a critical aspect of migration (Blem, 

1980; Piersma & Jukema, 1990). All animals need to allocate the energy they gain from food between 

maintaining bodily processes (e.g. basal metabolism, respiration, thermoregulation), daily activities (e.g. 

moving, feeding), growth, energy storage and reproduction (Karasov, 1992). How much energy gets allocated 

to each process will depend on the sex and the life stage of an individual, as well as on food availability and the 

environmental conditions (Kooijman, 2010). For example, an individual with limited access to food would likely 

prioritise energy allocation to vital survival functions over reproduction (Martin, 1987; Taylor et al., 2005).  

In general, there are two strategies of resource use to facilitate the energetic demands of reproduction: 

income and capital breeding (Jönsson, 1997; Stephens et al., 2009). Income breeders increase their energy 

intake during the breeding season in response to a higher resource demand, while capital breeders rely on 

endogenous or exogenous energy reserves acquired prior to the breeding season (Jönsson, 1997; Stephens et 

al., 2009). The capital breeding strategy often involves periods of intensive feeding in areas of temporarily 

abundant food resources, followed by periods of fasting in habitats more suited for reproduction (Jönsson, 1997; 

Alerstam et al., 2003; Dingle & Drake, 2007). Capital breeders that perform long-distance migrations between 

these spatially and temporally separated key habitats must have sufficient energy stores to cover the cost of 

migration as well as the cost of reproduction during a period of fasting (Lockyer, 1987a; Plot et al., 2013). 

Therefore, the link between body condition and reproductive success is particularly strong in those capital 

breeders that meet the cost of reproduction using endogenous energy reserves (Festa-Bianchet et al., 1998; 

Bonnet et al., 2002). Although capital breeders may run the risk of exhausting their energy reserves before 



Chapter 1 - Humpback whale ecology 

 

 
3 

reaching suitable foraging grounds, in an unpredictable environment where food resources are limited and 

patchily distributed, being able to store and utilise energy reserves can be beneficial (Jönsson, 1997; Braithwaite 

et al., 2015). 

 

 

1.2.1. Baleen whales: migratory capital breeders 

 

Many species of baleen whales (mysticetes) undertake seasonal migrations, often across thousands of 

kilometres, between their low-latitude (winter) breeding grounds and high-latitude (summer) feeding grounds 

(Lockyer & Brown, 1981; Corkeron & Connor, 1999). Baleen whales perform these long-distance migrations in 

response to the need for warm waters for breeding and calving, and cold, nutrient-rich waters for feeding, 

however, the exact reasons for these migration patterns are still unclear (Corkeron & Connor, 1999; Bannister, 

2018; Stern & Friedlaender, 2018). 

Most baleen whales are capital breeders that rely heavily on their stored energy reserves (mainly blubber) 

during the fasting period lasting for several months when they migrate and reproduce within the less productive 

warmer waters (Lockyer, 1987b, 2007). During the feeding season baleen whales build up the energy reserves 

required to support energetically costly migratory behaviour as well as their large body size by filter feeding, 

whereby they strain small prey items (typically zooplankton such as euphausiids and copepods, or small 

schooling fish) from the water. To do this baleen whales use multiple plates made of keratin that hang down 

from the upper jaw. Filter feeding allows baleen whales to efficiently exploit lower trophic levels with higher 

biomass and therefore have more energy available for consumption (Werth, 2000; Goldbogen et al., 2017). The 

evolutionary transition of baleen whales from life on land to the life in water included a dramatic increase in size 

and foraging techniques that enabled exploitation of small prey, ultimately leading to successful expansion 

throughout the world’s oceans (Pyenson, 2017). 

 

 

1.3. Humpback whale ecology 

 

Humpback whales (Megaptera novaeangliae) have a cosmopolitan distribution and are found in all major 

oceans of the world, however populations from the Northern and Southern Hemispheres do not typically 

intermingle (Johnson & Wolman, 1984; Clapham & Mead, 1999). During winter, humpback whales aggregate 

close to islands and reef systems in the tropics to breed (Chittleborough, 1965; Dawbin, 1966; Clapham & Mead, 

1999). The inter-calf interval for females is around 2-3 years (Chittleborough, 1958; Clapham & Mayo, 1990; 

Gabriele et al., 2017), although annual calving does occur (Clapham & Mayo, 1990; Glockner-Ferrari & Ferrari, 

1990; Robbins, 2007). Humpback whales typically do not feed during the winter breeding season, but instead 

they typically spend spring through to autumn at discrete foraging grounds in mid- or high-latitude waters 

(Chittleborough, 1965; Dawbin, 1966; Lockyer, 1981). Humpback whales are generalist predators and in the 

Southern Hemisphere the whales feed mainly on euphausiids (krill) as well as on various species of small 

schooling fishes (Kawamura, 1994). The prey base for Northern Hemisphere whales is even more diverse and 

includes multiple species of krill (Thysanoessa spp., Euphausia pacifica) and fish such as Pacific herring 

(Clupea pallasii), juvenile salmon (Oncorhynchus spp.), capelin (Mallotus villosus), Pacific sandlance 

https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/thysanoessa
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/euphausia-pacifica
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/oncorhynchus
https://www.sciencedirect.com/topics/agricultural-and-biological-sciences/capelin
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(Ammodytes hexapterus), juvenile walleye pollock (Theragra chalcogramma), eulachon (Thaleichthys 

pacificus) and myctophids (Stenobrachius leucopsarus; Krieger & Wing, 1986; Neilson & Gabriele, 2008; 

Witteveen et al., 2008; Chenoweth et al., 2017), and the whales’ diet can vary by location, season and possibly 

individual preference (Witteveen et al., 2011). Many humpback whale populations exhibit natal breeding ground 

fidelity (i.e. whales will return to the breeding grounds where they were born), and in some cases also strong 

maternally inherited feeding ground fidelity, where the calf learns the migration path from their mother during 

the first year of life (Clapham & Mayo, 1987; Baker et al., 1990, 2013; Acevedo et al., 2006). 

Globally, humpback whales undertake annual migrations between their winter breeding and summer feeding 

grounds (Clapham, 2000). An exception to this is the non-migratory population in the Arabian Sea that is resident 

year-round (Mikhalev, 1997; Pomilla et al., 2014). Additionally, some humpbacks may refrain from migrating 

every year, and instead overwinter on the feeding grounds (Brown et al., 1995; Van Opzeeland et al., 2013; 

Magnúsdóttir & Lim, 2019). Humpback whales navigate across thousands of kilometres between their feeding 

and breeding grounds, however the exact cues they use to do this remain unresolved (Horton et al., 2011, 

2017). As capital breeders, humpback whales rely on stored energy reserves (blubber) acquired during the 

summer feeding season to support the energetic costs of basal metabolic activity, growth, reproduction as well 

as their annual migration (Lockyer, 1981). Traditionally the incidence of feeding outside the feeding grounds 

was considered to occur at very low levels, with only a few cases of feeding during migration or on the breeding 

grounds initially reported (Lockyer, 1981; Baraff et al., 1991). However, in recent times there is increased 

evidence of feeding during migration, which could in fact play an important role in the whales’ annual energy 

budgets (Danilewicz et al., 2009; Barendse et al., 2010; Owen et al., 2017; Andrews-Goff et al., 2018). 

 

 

1.3.1. Humpback whales of the South Pacific and Oceania 

 

In the Southern Hemisphere, for management purposes the International Whaling Commission (IWC) 

recognises seven geographically separate breeding populations, labelled as breeding stocks A to G (IWC, 

1998), and six distinct Antarctic feeding grounds (previously used as IWC management areas) labelled as Areas 

I-VI (Donovan, 1991). In summer, the whales from the South Pacific breeding stocks between Australia and 

South America (stocks E-G) migrate to high latitude feeding grounds in the Southern Ocean around Antarctica 

(Areas V-VI, I).  

Within the South Pacific, the humpback whale breeding populations that winter around the Pacific Islands of 

Oceania include the whales of New Caledonia (sub-stock E2), Tonga (sub-stock E3), the Cook Islands and 

French Polynesia (sub-stock F; IWC, 2014; Figure 1.1). Although these Oceania sub-populations are genetically 

distinct (Olavarría et al., 2007) there is some degree of connectivity throughout the region (Garland et al., 2011; 

Garrigue et al., 2011), and some areas (e.g. the Cook Islands) function mainly as migratory corridors rather than 

designated breeding grounds (Hauser et al., 2010; Garrigue et al., 2011). Apart from mainland New Zealand, 

there are no major land masses between the tropical breeding and Antarctic feeding grounds of the Oceania 

whales, especially when compared to breeding stocks D and E that migrate along the coasts of Australia, and 

stock G that migrates along the west coast of South America (Chittleborough, 1959a; Dawbin, 1966; Gales et 

al., 2010; Guzmán & Félix, 2017). Until now there has been relatively little research on the movements of the 

Oceania population (Dawbin, 1964; Garrigue et al., 2010, 2015; Hauser et al., 2010; Robbins et al., 2011; Steel 

https://www.sciencedirect.com/science/article/pii/S0967064516303174#bib42
https://www.sciencedirect.com/science/article/pii/S0967064516303174#bib67
https://www.sciencedirect.com/science/article/pii/S0967064516303174#bib22
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et al., 2018). Apart from earlier thoughts that the whales travelled due north and south between their breeding 

grounds and Southern Ocean feeding grounds, as determined from the historical Discovery tag data 

(Chittleborough, 1965; Dawbin, 1966), very little is still known about their long-distance migratory behaviour. 
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Figure 1.1 Breeding (blue circles) and feeding grounds (International Whaling Commission management areas IV-VI, I) of South Pacific humpback whales. 
Oceania population comprises breeding grounds E2, E3, F1 and F2. Southern Ocean is denoted by black line at 60°S 
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1.3.2. Southern Ocean ecosystem 

 

The remote Southern Ocean is a large, circumpolar ecosystem, semi-enclosed to the north by the Polar Front. 

The Southern Ocean has a strikingly rich and diverse biodiversity with high levels of spatial variation and 

community patchiness from the deep sea to pelagic and benthic communities (Clarke, 1990; Clarke & Johnston, 

2003; Rogers et al., 2012). The patchy distribution of primary productivity is driven by a range of physical, 

chemical and biological factors, particularly light, mixed depth layer, sea ice dynamics, micronutrients and 

grazing (Sakshaug & Holm-Hansen, 1984; Petrou et al., 2016). Low levels of primary production are generally 

found in oligotrophic (iron deficient) open waters, while high concentrations are associated with coastal areas, 

oceanic fronts, polynyas and the marginal ice zone (Moore & Abbott, 2000; Knox, 2006). The key area of interest 

for this study are the waters south of the South Pacific, around the Ross Sea region (Figure 1.1). The ocean 

circulation and surface properties in this area are dominated by the wind-driven Ross Sea gyre and it is one of 

the most biologically productive regions of the Southern Ocean (El-Sayed et al., 1983; Gouretski, 1999; 

Dinniman et al., 2003; Arrigo et al., 2008).  

The circumpolar distribution of herbivorous zooplankton follows that of primary productivity. The predominant 

herbivores are the euphausiids (Euphausia superba, the Antarctic krill, and E. crystallorophias, the crystal krill), 

which can form large aggregations (O’Brien, 1987; Knox, 2006; Nowacek et al., 2011). The Southern Ocean 

krill-based ecosystem provides the primary food source for a diverse group of large predators, including fish, 

birds, and marine mammals (Knox, 2006). The peak in productivity in the Southern Ocean is concentrated in 

late spring and summer, during which many migratory animals come to the region to take advantage of the 

seasonally available and abundant food resource (Dawbin, 1966; El-Sayed, 1988; Arrigo et al., 1998; Boyd et 

a., 1998; Egevang et al., 2010). 

The Southern Ocean is currently undergoing rapid climate-related changes. These include trends such as 

strengthening of westerly winds, increasing deep ocean temperatures, and a pole-ward shift of major ocean 

fronts (Gille, 2002; Fahrbach et al., 2011; Langlais et al., 2015; Rudeva & Simmonds, 2015). Some areas, such 

as the Amundsen and Bellingshausen Seas are experiencing significant decreases in the winter sea ice extent 

and duration, and while other regions, such as the Ross Sea, are experiencing increasing sea ice extent 

(Parkinson & Cavalieri, 2012; Hobbs et al., 2016) the ice cover itself may be thinning (e.g. Stewart et al., 2019). 

Another major trend in the Southern Ocean over the last decades has been the regional decline in Antarctic krill 

densities (mainly within the Southwest Atlantic sector) and the increase of salps (mainly Salpa thompsoni) in 

the southern part of their range (Atkinson et al., 2004; Hill et al., 2019). 

By identifying changes in the population sizes or demographic parameters of long-lived top predators, such 

as marine mammals, these species can serve as indicators of the ecosystem status (Hindell et al., 2003; 

Weimerskirch et al., 2003; Taylor et al., 2007). Although our current knowledge of the ecosystem role of large 

baleen whales is still lacking, baleen whales have been hypothesised to play a critical role in the recycling of 

iron in the surface waters of the Southern Ocean, thereby affecting phytoplankton productivity and ecosystem 

function (Nicol et al., 2010; Lavery et al., 2014; Ratnarajah et al., 2014). To understand the extent to which 

recovering whale populations may increase phytoplankton productivity in the iron-limited Southern Ocean 

through their role in the biochemical cycling of iron, we must first have a better understanding of their spatial 

distribution, habitat use and projected population recovery. 

https://www.sciencedirect.com/science/article/pii/S0967064511001809#!
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1.3.3. Whaling in the South Pacific 

 

Humpback whale hunting began in the 19th century following the decline in southern right whale (Eubalaena 

australis) stocks (Townsend, 1935; Wray & Martin, 1983). However, it was the 20 th century that brought about 

a revolution in whaling with technological advancements and inventions enabling more efficient hunting 

(Clapham & Ivashchenko, 2009; Clapham & Baker, 2018). Additionally, the industry expanded geographically 

as whalers discovered the rich whaling grounds around Antarctica that had until then remained largely 

unexplored (Clapham & Ivashchenko, 2009; Clapham & Baker, 2018). 

During the 20th century, humpback whales of the South Pacific were overexploited and hunted to near 

extinction, with illegal Soviet whaling playing a key role late in the whaling era when stocks were already heavily 

depleted (Clapham et al., 1999a; Clapham & Ivashchenko, 2009; Clapham & Baker, 2018). Over 25,000 whales 

were taken in just two seasons (1959-1961) primarily in the Antarctic management areas IV, V, and VI located 

south of Australia and New Zealand (Figure 1.1) contributing to the collapse of whale populations and the 

closure of whaling operations on land and at sea (Clapham et al., 2009; Ivashchenko et al., 2011). By the time 

commercial whaling (both legal and illegal) ended, more than 200,000 Southern Hemisphere humpback whales 

had been killed (Clapham & Ivashchenko, 2009; Rocha et al., 2014), reducing the South Pacific stocks to <10% 

of pre-exploitation levels (Jackson et al., 2015). 

Since the end of commercial whaling Southern Hemisphere humpback populations have exhibited different 

recovery trajectories, with some populations recovering more slowly than others (Best, 1993; Clapham et al., 

1999a; Jackson et al., 2015). While the neighbouring populations of east Australia and Oceania were subjected 

to similar whaling pressures (although this is complicated by the difficulty of allocating precise Antarctic whale 

catches to the correct breeding grounds) these populations have contrasting patterns of recovery 

(Chittleborough 1957, 1962; Jackson et al., 2015). The Oceania population (which consists of a number of sub-

populations) is currently listed as Endangered by the IUCN, estimated to be <50% of pre-exploitation numbers 

and recovering markedly slower than the almost fully recovered neighbouring east Australian population 

(Childerhouse et al., 2008; Constantine et al., 2012; IWC, 2015; Jackson et al., 2015). The reason for this slow 

recovery rate is currently unknown. Suitable breeding habitat throughout Oceania does not appear to be a 

limiting factor (Garrigue et al., 2015; Lindsay et al., 2016; but see Derville et al., 2019), but low numbers post-

whaling and social factors may have played a part driving some whales to move to more populated areas 

(Clapham & Zerbini, 2015). Alternatively, the slow recovery may be explained by factors related to the whales’ 

feeding grounds and/or the long-distance migration. 

 

 

1.4. Bio-logging in conservation 

 

Many aspects of animal ecology, such as distribution, behaviour and physiology are traditionally and most 

accurately studied through direct observations and measurements. However, in many cases obtaining such 

data for highly mobile and wide-ranging species, both terrestrial and marine, is often difficult especially for 

migratory animals that travel long distances across multiple ecosystems and habitats (Jacoby et al., 2012; 

Goldbogen et al., 2013; Chin et al., 2017). The conservation of such migratory species therefore presents a 

unique challenge that requires innovative solutions (Runge et al., 2014).  
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The advancements made in telemetry and bio-logging techniques and the miniaturisation of animal-borne 

tags seen in recent decades allow us to study the behaviour, space use, energetics and physiology of even the 

most remote of species (Cooke, 2008; Hussey et al., 2015). Data on animal locations, movements as well as 

their environment can now be collected at high spatial and temporal resolutions using radio telemetry, electronic 

archival tags, ARGOS and Global Positioning System satellite tags (Cooke, 2008; Rutz & Hays, 2009; 

Labrousse et al., 2018). These tools have been used to track everything from the movements and behaviour of 

birds (e.g. Weimerskirch et al., 2000; Hahn et al., 2004) and free ranging terrestrial mammals (e.g. Morales et 

al., 2004; Singh & Ericsson, 2014), to the long-distance migration and foraging of large pelagic animals (e.g. 

Godley et al., 2008; Bestley et al., 2010; Galuardi et al., 2010). 

An important complement to the advancement of technology and the increase in the amount of spatial data 

are increasingly sophisticated analytical methods and models (Morales et al., 2004; Van Moorter et al., 2010; 

Gregr et al., 2013). For example, movement models can be used to identify underlying behavioural states, such 

as foraging, in remotely collected movement data (Morales et al., 2004; Jonsen et al., 2005, 2006; Michelot et 

al., 2017), and statistical models can be further used to examine the relationships between animal locations or 

behavioural states and the environment (e.g. Mandel et al., 2008; Jonsen et al., 2019). Furthermore, modelling 

also allows us to study physiological processes and the energetic consequences of disturbances in animals that 

cannot be studied in captive settings (Fortune et al., 2013; New et al., 2013; Braithwaite et al., 2015; Villegas-

Amtmann et al., 2015). 

These technological and analytical advancements have many applications in addressing management 

questions, and scientists are increasingly relying on these tools in conservation research (Hays et al., 2016). 

Bio-logging has been used to inform conservation of many taxa, from reptiles such as snakes and turtles 

(Baxter-Gilbert et al., 2015); to eagles (López-López et al., 2016), songbirds (Bisson et al., 2008), moles 

(Jackson et al., 2009), elephants (Bastille-Rousseau et al., 2018), rays and sharks (Graham et al., 2012; Wells 

et al., 2018), and large whales (McKenna et al., 2015). 

 

 

1.4.1. Bio-logging as a tool to study humpback whales 

 

While advancements in technology once allowed for more efficient hunting of whales, now, technological 

improvements are allowing us to remotely study whales and better understand their movements and ecology. 

Directly observing the migration routes, behaviour and habitat use of humpback whales is logistically and 

financially challenging as they travel thousands of kilometres across open-oceans and often inhabit remote 

high-latitude locations (Clapham, 2000). Obtaining physiological and metabolic measurements is equally difficult 

due to the whales’ fully aquatic lives which prevent capture and studying them in laboratory settings (Williams 

& Noren, 2009; Goldbogen et al., 2013; Christiansen et al., 2018). For this reason, most of our knowledge on 

the physiology of these animals is limited to findings during the commercial whaling era (e.g. Bannister, 1964; 

Chittleborough, 1958). For pinnipeds and seabirds that periodically come to land, more creative methods can 

be deployed. For example, Kooyman (1967) captured Weddell seals (Leptonychotes weddellii) and transported 

them to a man-made ice hole surrounded with a tent and laboratory equipment. Due to its distance from any 

other breathing holes, the seals were constrained to return to the site allowing repeated measurements to be 
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taken. Similarly, an Automated Penguin Monitoring System was set up by Kerry et al. (1993) whereby tagged 

penguins returning to the colony were made to walk over a weighing station. 

The first limited information on humpback whale movements and migration came from expeditions in the 

1950s-60s where Discovery tags implanted into the whales were recovered after the individuals were killed 

(Chittleborough, 1959b; Dawbin, 1964). More recently photo-identification (e.g. Robbins et al., 2011; Stevick et 

al., 2011) and genotyping (e.g. Steel et al., 2018) provided non-lethal ways of investigating migratory paths, 

however, like the Discovery tags these methods only provided information on single endpoint locations, omitting 

detailed movement information between sampling and re-sighting locations. The development of satellite 

telemetry and bio-logging tools has therefore been crucial in allowing us to study whale movements and habitat 

use in the most remote parts of the world at resolutions not previously possible (Dalla Rosa et al., 2008; Curtice 

et al., 2015).  

Satellite telemetry has so far been successfully used to study humpback whale migration routes and 

destinations (e.g. Hauser et al., 2010; Zerbini et al., 2011; Félix & Guzmán, 2014; Kennedy et al., 2014a), 

behavioural and habitat use patterns (e.g. Mate et al., 1998; Dalla Rosa et al., 2008; Kennedy et al., 2014b), 

and to discover novel habitats (Garrigue et al., 2015). Given the lack of knowledge on the Oceania populations, 

satellite telemetry and bio-logging provide an opportunity to study the whales’ migration routes, behaviour and 

habitat use patterns. These are important for understanding not only the whales’ ecology, but also may reveal 

why whales from this region are recovering so slowly, as well as guiding future conservation and management 

efforts. 

 

 

1.5. Thesis structure 

 

The main aim of this thesis is to examine the migratory movements and energetics as well as the patterns of 

feeding ground habitat use of the endangered Oceania humpback whale population. This research will 

contribute to understanding the link between these factors and the population’s slow recovery rate. This aim is 

addressed in three data chapters, each of which deals with a key objective of this research. This thesis is 

formatted as a single body of work with a single reference list at the end. However, each data chapter is written 

as an independent scientific manuscript that has been published or submitted for publication. Consequently, 

there may be some overlap or repetition between the chapters. A brief overview of each chapter is presented 

below. 

Chapter 1. A general introduction to the topic. This chapter contains background information relating to the 

themes of this thesis, e.g. spatial ecology, migration and conservation, followed by an overview of the study 

species, the study area and the broad tools discussed in this thesis. 

Chapter 2. This chapter examines the broad-scale movements and population demographics of the 

humpback whales of Oceania. Using a multidisciplinary dataset and innovative analytical tools the objective was 

to comprehensively assess the population structure of these whales, to identify their migratory paths and 

behaviour, and to reveal their Antarctic feeding ground destinations. This chapter has been published as: 

Riekkola, L., et al. (2018). Application of a multi-disciplinary approach to reveal population structure and 

Southern Ocean feeding grounds of humpback whales. Ecological Indicators, 89, 455-465.  
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Chapter 3. In this chapter the fine-scale habitat use patterns and behaviour of Oceania humpback whales 

are investigated within the Southern Ocean feeding grounds using satellite telemetry data, movement models 

and statistical models. The objective of this chapter was to identify underlying behaviour from movement data, 

and to investigate the relationship between whale behaviour and environmental variables between animals 

using different regions of the Southern Ocean. This chapter has been published as: Riekkola, L., et al. (2019). 

Environmental drivers of humpback whale foraging behaviour in the remote Southern Ocean. Journal of 

Experimental Marine Biology and Ecology, 517, 1-12. 

Chapter 4. This chapter examines the energetic cost of long-distance migration. Using satellite telemetry 

data to inform a bioenergetic model the objective of this chapter is was to estimate the relative differences in 

the energetic cost of different migratory routes and distances to determine whether migration distance is a factor 

in the slow population recovery rate of the Oceania humpbacks. This chapter has been provisionally accepted 

as: Riekkola, L., et al. Estimating the energetic cost of long-distance migration in satellite tagged humpback 

whales. Aquatic Conservation: Marine and Freshwater Ecosystems. 

Chapter 5. A general discussion which draws together the thesis findings and provides future research 

directions. 
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Chapter 2 

 

Application of a multi-disciplinary approach to reveal 

population structure and Southern Ocean feeding 

grounds of humpback whales 

 

 

 

2.1. Introduction 

 

Using animal-borne loggers to monitor the movement and behaviour of wide-ranging predators such as marine 

mammals can provide valuable information on the environmental conditions in extreme habitats such as the 

Southern Ocean (e.g. Aarts et al., 2008; Hindell et al., 2016). Additionally, cross-discipline collaborations can 

be helpful in identifying patterns in animal movements that are often important when designing conservation 

strategies (Hays et al., 2016). Therefore, it is increasingly important to collect a suite of data when undertaking 

field studies in remote sites, or when examining species that are rare, elusive or unable to be caught. Studying 

migratory animals across their full range poses logistical and operational challenges, particularly for studies of 

large animals in the complex marine environment (e.g. Heupel et al., 2015). Yet, migration is important for many 

marine animals, including for baleen whales which undertake some of the longest documented annual 

movements (e.g. Robbins et al., 2011; Stevick et al., 2011), and is therefore an important research area. 

The humpback whale (Megaptera novaeangliae) requires specific habitats for major life functions: warm 

waters for breeding and calving, and cold, nutrient-rich waters for feeding. Most humpback populations 

undertake annual migrations between low-latitude (winter) breeding grounds and high-latitude (summer) feeding 

grounds (Chittleborough, 1965; Dawbin, 1966; Clapham & Mead, 1999). In the Southern Hemisphere, studying 

humpbacks within their breeding grounds near continental mainland or islands is logistically attainable. 
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However, within their Antarctic feeding grounds discrete populations of these whales collectively span large 

areas of open ocean that are largely inaccessible (Amaral et al., 2016). 

Commercial whaling heavily exploited all Southern Hemisphere humpback stocks (Clapham & Ivashchenko, 

2009; Ivashchenko & Clapham, 2014) and the Oceania whales, that feed in Areas V and VI around Antarctica 

(Figure 2.1) are still estimated to be <50% of their pre-exploitation numbers. Their recovery is considerably 

slower than the neighbouring east Australian population and the reasons for this remain unknown (Constantine 

et al., 2012; IWC, 2015). The migratory movements of the Oceania humpback whales as they travel across 

open ocean to their remote Southern Ocean feeding grounds are poorly described, and have typically involved 

single individual movement data. Discovery tag data from the 1950s–60s provided the first limited information 

on the movements of a few individuals, suggesting that these whales likely moved directly north to south 

between their breeding and feeding grounds (e.g. Chittleborough, 1959b; Dawbin, 1964). Later, matches of 

photo-identified (Robbins et al., 2011) and genotyped individuals (Steel et al., 2018) provided alternate, non-

lethal methods of investigating the migratory destinations of this population. However, like Discovery tags, these 

methods provided only endpoint locations, omitting detailed movement information between sampling and re-

sighting locations. 

The advancement of satellite telemetry has provided the opportunity to study migratory animals, such as 

humpback whales, continuously for several months. Telemetry has been an effective tool for describing 

migration routes and destinations (e.g. Zerbini et al., 2006, 2011; Garrigue et al., 2010; Félix & Guzmán, 2014), 

behaviour and habitat use patterns (Kennedy et al., 2014b; Curtice et al., 2015; Weinstein et al., 2017), and for 

discovering novel habitats (Zerbini et al., 2006; Garrigue et al., 2015). However, most tag deployments on 

Oceania humpbacks have occurred on the breeding grounds (Garrigue et al., 2010, 2015; Hauser et al., 2010) 

and have not been fully integrated with other research tools. 

Large whales are challenging to study as they can be difficult to approach and cannot be captured or handled 

during tag deployment and sample collection. The development of remote biopsy sampling techniques allowed 

the relatively easy collection of tissue samples from wild cetaceans (Lambertsen, 1987). These tissue samples 

(containing skin and sometimes blubber) can be used for several analyses that can inform us about the whales’ 

life history patterns. Genetic methods can for example be used to obtain the genotype and sex of individuals 

(Lambertsen et al., 1988; Baker et al., 1991), as well as investigating the relatedness between whales (Steeves 

et al., 2001; LeDuc et al., 2002). Adequate sampling of the source populations and a sufficient number of genetic 

markers are required for accurate relatedness estimations (Kalinowski, 2004; Thomas, 2005), however many 

of the growing whale populations may not be sampled frequently enough to obtain this, and if too much time 

lapses between sampling events the historic data can become less robust for understanding population 

genetics. New approaches such as genome by sequencing, skim-sequencing and restriction site-

associated DNA sequencing may provide a way of obtaining greater population level genomic information for 

highly mobile marine mammals (e.g. Cammen et al., 2016; Lah et al., 2016; Lal et al., 2016). Another life history 

trait that can be obtained from tissue samples is epigenetic aging (Polanowski et al., 2014; Jarman et al., 2015). 

However, there are still uncertainties associated with the precision of this method for measuring the age of long-

lived animals such as humpback whales. In particular, in young populations a variance of +/-3 years for an age 

estimate can influence the interpretation of the results (Polanowksi et al., 2014). We can also gain information 

on the diet and foraging location of sampled individuals through isotope and fatty acid analyses (Todd et al., 

1997; Clark et al., 2016). Such dietary studies are hindered for example by accurate data on the distribution of 

carbon and nitrogen isotopes in the Southern Ocean food webs across different regions. It is also important to 
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understand the variability in tissue types used for isotopic diet analyses as they can differ in their metabolic 

activity.  

Tissue biopsies are often small (~10-20 mm), as obtaining larger samples may lead to ethical considerations, 

and blubber samples may be needed for multiple analyses, such as pregnancy assignment (Mansour et al., 

2002; Kellar et al., 2006) and toxicology (Borrell, 1993; Metcalfe et al., 2004). Challenges associated with 

pregnancy assignment from blubber hormones includes the lack of historic controls, and as large whales cannot 

be managed in captive settings long-term datasets on contemporary populations are required. One such 

population exists in the Gulf of Maine and has been used to calibrate recent pregnancy assignment models 

(Pallin et al., 2018a), but such long-term consistent data is sparse in the Southern Hemisphere. Another use for 

blubber samples is toxicology analyses of lipophilic compounds. Biopsies typically sample the superficial 

blubber layer yet the vertical distribution of contaminants through the blubber layer may vary (Waugh et al., 

2014). Also, the timing of sampling is an important factor due to the mobilisation of toxins in metabolically active 

blubber and the fluctuations in body energy stores across the year during feeding and fasting phases, which 

may influence the results (Bengtson Nash et al., 2013). Although these tools provide us with the opportunity to 

investigate different aspects of whales’ lives, the technologies are changing and being developed at different 

rates. However, by combining oceanic movement patterns, life history and relatedness markers we can integrate 

several research techniques to answer complex questions about whale populations and their relationship with 

the Southern Ocean ecosystem. 

In this multi-disciplinary study, we combined satellite tagging, genotyping, epigenetic markers, photo-

identification and hormone analysis to undertake the most extensive assessment of a highly mobile baleen 

whale, and of their southern migration to their Antarctic feeding grounds. The movement, behaviour and 

population demographics of these whales are used as indicators of important habitats within the Southern 

Ocean ecosystem. 
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Figure 2.1 Breeding (blue areas) and feeding grounds (International Whaling Commission management areas; green areas) of Southern Hemisphere 
humpback whales. Oceania population comprises breeding grounds E2, E3, F1 and F2. Note that only breeding grounds D-F, and feeding grounds IV, 
V, VI and I are shown. Arrows denote photo-identification (solid blue) and genotype matches (dashed red) in the current study between various breeding 
grounds of the Oceania humpback whales and the study site (Raoul Island, Kermadec Islands) in 2015. 
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2.2. Methods 

 

2.2.1. Data collection 

 

Data were collected off Raoul Island (29°16'S, 177°55'W), Kermadec Islands, New Zealand, from 29 th 

September to 11th October 2015. Land-based observations since 2008 have indicated large numbers of 

southbound whales passing the Kermadec Islands between mid-September to mid-November (Brown, 2010; 

Gibson, 2014). We used two rigid-hulled vessels to conduct non-systematic surveys, recording the position, 

number, and age-class (adults/calves; Clapham et al., 1999b) of whale pods. The pods were approached for 

photo-identification, biopsy sampling, and/or satellite tag deployment; detailed descriptions below. 

 

 

2.2.2. Photo-identification 

 

We used digital SLR cameras with 100–400 mm lenses to photograph the ventral surface of whale flukes to 

identify individuals (Katona et al., 1979). Following methods used in previous studies on the Oceania population 

(Constantine et al., 2012) the fluke photographs were quality scored from 1 (highest) to 5 (lowest) on each of 

five features (proportion of the fluke visible, vertical angle, lateral angle, focus/sharpness, and exposure) 

according to standards developed for North Pacific humpback whale research and required for mark-recapture 

(Friday et al., 2000; Calambokidis et al., 2001). Only high-quality images, irrespective of distinctiveness of the 

fluke, were reconciled to create the Kermadec Islands catalogue of whales. The catalogue consisted of 124 

photos collected during this study and 12 opportunistic photos from 2007–2015. The images were entered into 

Fluke Matcher, a computer assisted matching program (Kniest et al., 2010) and compared to catalogues from 

the Oceania breeding grounds, the migratory corridors of east Australia, New Zealand and Norfolk Island, and 

Antarctica (Appendix A Table A.1). Due to the large size of some of the catalogues, this was a preliminary 

matching effort focusing on the most likely matches; as such, our results do not represent all possible matches. 

 

 

2.2.3. Genetics 

 

Biopsy samples were collected using a modified veterinary capture rifle or a crossbow equipped with 7 × 10 mm 

or 7 × 20 mm surgical stainless-steel cutting tips. Samples were processed by separating the blubber from the 

epidermis, with the blubber used for pregnancy assignment. The blubber was frozen at -20°C, and the epidermis 

was stored in 70% ethanol. Sloughed skin samples were opportunistically collected from the sea surface. 

Total genomic DNA was extracted using standard proteinase K digestion and phenol/chloroform methods 

(Sambrook et al., 1989), as modified for small samples by Baker et al. (1994). Each sample was used for 

individual identification and stock analysis by DNA profiling, consisting of sex identification, mitochondrial DNA 

(mtDNA) control region haplotype (470 bp). Up to fifteen microsatellite loci (EV1, EV14, EV21, EV94, EV96 and 

EV104; Valsecchi & Amos, 1996; GATA28 and GATA417; Palsbøll et al., 1997; RW18, RW31, RW410 and 
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RW48; Waldick et al., 1999; GT23, GT211 and GT575, Bérubé et al., 2000) were generated following methods 

previously described by Olavarría et al. (2007) and Constantine et al. (2012). 

MtDNA control region sequences were identified to haplotype using Sequencher v4.7 (Genecodes) and all 

variable sites were visually inspected. Microsatellite alleles were sized with Genemapper v4.0 (Applied 

Biosystems) and all automated calling was confirmed by visual inspection (Bonin et al., 2004). As a precaution 

against poor DNA quality, only those samples that amplified at a minimum of 11 microsatellite loci were retained 

for further analyses (Quality Control dataset). Arlequin v3.1 (Excoffier & Lischer, 2010) was used to test for 

differentiation in mtDNA haplotype frequency between the Kermadec Islands population, the migratory corridors 

of east Australia and New Zealand, and the winter breeding grounds in Oceania. The significance of this 

differentiation was tested with 10,000 random permutations within Arlequin. Replicate genotypes within the 

Kermadec Islands samples were identified using Cervus v3.0 (Kalinowski et al., 2007). Individuals identified 

within the Kermadec Islands samples were compared with a curated database of DNA profiles from 2,262 

humpback whales sampled in three breeding grounds of Oceania (New Caledonia/stock E2, Tonga/stock E3, 

American Samoa-Samoa-French Polynesia/stock F), two databases from the east Australian migratory corridor 

(Anderson et al., 2010; Schmitt, et al., 2014a), a database from the New Zealand migratory corridor (Steel et 

al., 2014), and Antarctic data. 

To investigate the origins of whales migrating through the Kermadec Islands we conducted a mixed-stock 

analysis of mtDNA using SPAM (v.3.7, Alaska Department of Fish and Game, 2003; Debevec et al., 2000). We 

considered three breeding grounds within Oceania, and the migratory corridor of east Australia as likely source 

populations and calculated maximum likelihood estimates of contributions from these sources to the Kermadec 

Islands population using similar methods to Schmitt et al. (2014b). We included the east Australian migratory 

corridor as a proxy in the absence of breeding ground data. Whales sampled on the Tongan breeding grounds 

include whales passing the Cook Islands (Garrigue et al., 2011) and are considered a similar stock. The whales 

of east Oceania (American Samoa, Samoa and French Polynesia) are genetically similar (Albertson et al., 2018) 

and considered one stock. 

 

 

2.2.4. Pregnancy assignment   

 

To assign pregnancy status to sampled whales, progesterone concentrations were quantified from a blubber 

subsample (Mansour et al., 2002; Kellar et al., 2006). Progesterone was extracted from the blubber using a 

multitube homogeniser, followed by a series of ethanol, ethanol: acetone, and ethyl ether washes. The resulting 

lipid residue was separated from the sex-steroid hormones using a biphasic mixture of acetonitrile and hexane. 

The progesterone concentrations from the steroid pellets were quantified using a progesterone enzyme 

immunoassay (EIA, ADI-900-011, ENZO Life Sciences). Pregnancy status was assigned for sampled female 

humpbacks by predicting the probability of being pregnant across a logistic model developed from a series of 

humpback progesterone control samples of females of known reproductive status (Pallin, 2017). 
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2.2.5. Epigenetic age estimation   

 

We used the Humpback Epigenetic Age Assay (HEAA) method developed by Polanowski et al. (2014) to 

estimate whale age based on changes in DNA methylation levels at three age-informative CpG sites in three 

loci: TET2 (ten eleven translocation 2), CDKN2A (cyclin dependent kinase inhibitor 2A), and GRIA2 (glutamate 

receptor Ia2/AMPA2). Age estimates for whales in our study were based on the calibration used in Polanowski 

et al. (2014). The overall precision of HEAA (estimated as the standard deviation of the mean difference between 

known and estimated ages) is 2.991 years, with similar variance throughout the range of ages assayed, although 

the method generally slightly overestimates the age of young whales and slightly underestimates the age of 

older whales. Whales with an age estimate of <2 years (i.e. calves, n = 7) were excluded due to the uncertainty 

within the method (Polanowski et al., 2014), and as calves could be visually identified in the field by size. 

 

 

2.2.6. Satellite tagging and telemetry data analysis   

 

Satellite tags (n = 25) were deployed on adult whales, high on the body near the dorsal fin (Gales et al., 2009) 

using a modified version of the Air Rocket Transmitter System (Heide-Jørgensen et al., 2001) at 10–12 bar 

pressure. We used transdermal-implantable, location-only SPOT-5 satellite transmitters (Wildlife Computers, 

Redmond, USA) housed in stainless-steel cylinders, and sterilised with a chlorhexidine-methylated spirits 

mixture prior to deployment. 

Tags were duty cycled to transmit for 21 h each day to maximise the time with overhead Argos satellites. 

The maximum number of transmissions per day was set to 600 at a repetition rate of 45 s. Observed locations 

and estimated errors were calculated by the Argos System when multiple uplinks from a tag were received by 

a satellite, and raw locations were assigned a location class in a descending order of accuracy: 3, 2, 1, 0, A, B 

and Z. Location classes A and B have no accuracy estimation and Z is an invalid location. 

A hierarchical version of a Bayesian switching state-space model (SSM; Jonsen et al., 2005, 2006) was fitted 

to the data to estimate locations and behavioural states at a 12-h time-step. We used a SSM as it simultaneously 

solves for observational and movement models (Jonsen et al., 2005), yielding more accurate estimates of the 

locations and the associated uncertainty than raw tracking data (Jonsen et al., 2005, 2006). The SSM was fitted 

in R (R Core Team, 2016) using the software JAGS (Plummer, 2013) and the R packages rjags (Plummer, 

2016) and bsam (Jonsen et al., 2015). 

Two Markov chain Monte Carlo (MCMC) chains were run in parallel, each for a total of 90,000 simulations. 

The first 50,000 samples were discarded as a ’burn-in’, and the remaining samples were thinned, retaining every 

50th sample to reduce autocorrelation. The final 1,600 samples were used to compute the posterior distribution 

of the model parameter estimates. The behavioural modes (b) were inferred from the means of the MCMC 

samples, ranging between 1 and 2. We used a conservative approach (Jonsen et al., 2007) for classifying 

behavioural modes, with mean estimates of b<1.25 labelled as ‘transiting’, and mean estimates of b>1.75 

labelled as ‘area restricted search’ (ARS), indicative of foraging, resting or breeding behaviour. Locations with 

a mean b estimate between 1.25 and 1.75 were classified as uncertain in the final dataset. 

Total track distance was calculated for each whale as Great Circle distances. Based on visual inspection of 

tracks and bearings between consecutive locations, the whales began migration at ~30°S, when the tracks took 
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on a linear south or south-easterly direction. Whales reached the Antarctic feeding grounds (60°S) when their 

tracks became more sinuous. The state-space modelled data were used to calculate speeds between 

consecutive locations for each whale. To determine whether there were differences in travel speed during 

migration (30°–60°S) and non-migration (<30°S, >60°S) between females with calves and adults without calves, 

we conducted a Welch two-sample t-test. The data were log-transformed prior to statistical testing, and results 

were considered significant at p≤0.05. 

 

 

2.3. Results  

 

2.3.1. Research effort   

 

Over 13 days we non-systematically surveyed 1,480 km around Raoul Island. We encountered 127 pods of 

humpback whales, containing a cumulative total of 235 adults and 37 calves. 

 

 

2.3.2. Photo-identification   

 

A total of 136 individual whales were included in the Kermadec Islands humpback whale catalogue. A total of 

thirteen individuals were matched to whales from the breeding grounds of New Caledonia (n = 9), Tonga (n = 

1), Niue (n = 1), American Samoa (n = 1) and the Cook Islands (n = 1; Figure 2.1). 

 

 

2.3.3. Biopsy samples and genotype identification   

 

A total of 84 tissue samples were collected (70 biopsy and 14 sloughed skin). Three samples did not amplify 

due to insufficient quantities of extracted DNA, and one failed to pass Quality Control (QC11) criteria of 

amplification at a minimum of 11 microsatellite loci. From the remaining 80 samples, we genetically identified 

72 individuals (27 males: 45 females). 

There were four genotype matches to whales previously sampled on the breeding grounds: New Caledonia 

(female with a calf, sampled as a calf in 1999), American Samoa (male, 2009 sample), and Tonga (two females, 

2003 and 2005 samples; Figure 2.1) both of which were satellite tagged in the current study (PTT112721 and 

PTT111866, respectively). The female matched to New Caledonia was the only whale identified both genetically 

and photographically. 

 

 

2.3.4. Population differentiation and mixed-stock analysis   

 

Review of mtDNA control region sequences identified 33 haplotypes from 71 individuals with confirmed 

sequence; one individual did not give a clean sequence. The humpbacks migrating past the Kermadec Islands 



Chapter 2 - Results 

 

 
21 

had no 1:1 relationship with any single breeding ground population and were significantly different to all other 

populations at p = 0.05, reflecting the diversity of genotype matches to the Oceania breeding grounds and 

migratory corridors (Table 2.1a). We identified one haplotype (EC007, Genbank No. HQ241485) that was 

previously unknown from the Oceania or east Australia regions. The mixed stock analysis assigned probable 

breeding ground origins of whales to New Caledonia (49%), Tonga (36%), American Samoa – Samoa – French 

Polynesia (12%), east Australia (1%) and an unknown stock (2%; Table 2.1b). 

 

 

Table 2.1 a) Pairwise comparisons for mtDNA haplotype diversity (FST) between humpback whales sampled at 
Raoul Island, Kermadec Islands (n = 71 with sequence), the migratory corridors of east Australia and New 
Zealand, and breeding grounds of Oceania (see Figure 2.1). The number in brackets is the number of individuals 
with sequence used for each population. b) Results of the SPAM mixed stock analysis assigning probability of 
breeding ground for the humpback whale samples at the Kermadec Islands. 

 

(a) Sampling site (n)  FST p-value 

 East Australia (316) Migratory corridor 0.012 0.000 

 New Zealand (151) Migratory corridor 0.009 0.001 

 New Caledonia (953) Breeding ground 0.004 0.011 

 Tonga (337) Breeding ground 0.005 0.009 

 French Polynesia - American Samoa - Samoa (292) Breeding ground 0.020 0.000 

     

(b) Population Estimate S.E. C.V 

 East Australia 0.0007 0.0031 4.7 

 New Caledonia 0.4941 0.1153 0.23 

 Tonga 0.3641 0.1444 0.40 

 French Polynesia - American Samoa - Samoa 0.1212 0.1006 0.83 

 Unknown 0.0200   

 

 

 

2.3.5. Pregnancy assignment   

 

Progesterone levels were analysed from 38 blubber samples, including samples from three males and four 

calves as controls (all classified as not-pregnant). Progesterone levels for one adult female could not be 

determined. Concentrations, reported as nanograms of progesterone per gram of blubber (ng/g P4), ranged 

between 1.28 and 5.26 for non-pregnant, and between 25.81 and 352.68 for pregnant individuals (Appendix B 

Table B.1). Seventeen out of 30 females (56.7%) were classified as pregnant. This included five out of 11 

(45.5%) females that were accompanied by a calf at the time of sampling, and six out of 11 (54.5%) females, 

for which we had satellite tag data. 
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2.3.6. Epigenetic age estimation   

 

Epigenetic age was estimated for 81 sampled whales, including eight whales sampled twice, and three samples 

for which age could not be determined (due to poor DNA quality). Thus, 78 age estimates were obtained from 

70 individuals to generate an age profile for the sampled population. The mean observed age estimate was 13.8 

years (median = 11.6, range = 2.1–67.5, n = 71, excludes whales estimated as <2 years, Figure 2.2). 

 

 

 

Figure 2.2 Population age distribution estimated with the HEAA (Humpback Epigenetic Age Assay) method for 
n = 71 humpback whale samples collected at Raoul Island, Kermadec Islands in 2015. Ages are grouped into 
bins of two years. Whales with an age estimate of <2 years were excluded. 
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2.3.7. Satellite tag deployment   

 

Of 25 tags, six failed to transmit. One tag (PTT131172) transmitted inconsistently for five days, during which the 

whale never left Raoul Island. Due to insufficient migration data, this tag was excluded from further analyses. 

The remaining 18 whales comprised 5 females without calves, 6 females with calves, 5 males, and 2 of unknown 

sex (PTT102211 – no sample, PTT112722 – molecular sex identification unsuccessful). These whales were 

tracked for an average of 105 days (range = 12–254, Table 2.2, Figure 2.3). Four tags did not transmit for an 

extended period after deployment (range = 32–66 days), including two that began transmissions after reaching 

the Antarctic feeding grounds south of 60°S. 

 

 

2.3.8. Migratory behaviour and destinations   

 

The average migration duration between the Kermadec Islands (30°S) and the Southern Ocean (60°S) was 51 

days (range = 35–67, n = 11). This excluded tags that stopped before 60°S (n = 4), or those for which the first 

transmission occurred south of 30°S (n = 3). The longest tag transmission duration was 254 days with a total 

track distance of 13,113 km, including the beginning of the return (northbound) migration (Table 2.2).  

The average speed (± SD) of all whales used for the SSM was significantly different between migration (3.3 

± 1.6 km/h) and non-migration (1.8 ± 1.6 km/h; Welch two-sample t-test, p<0.01, t = 29.8, 95% CI for difference 

between means: 0.46–0.53; Table 2.3). The average speed of females with a dependent calf during migration 

(3.1 ± 1.5 km/h), and non-migration (1.5 ± 1.4 km/h) was significantly different from the average speed of adults 

without calves both during migration (3.4 ± 1.7 km/h) and non-migration (1.8 ± 1.7 km/h; Welch two-sample t-

test, p = 0.038, t = 2.0746, 95% CI for difference between means: 0.003–0.100, and p = 0.002, t = 3.14, 95% 

CI for difference between means: 0.036–0.157, respectively; Table 2.3).  

The SSM tracks show the occurrence of different behavioural states throughout the whales’ southern 

migration (Figure 2.4a). The model distinguished between transiting (b<1.25, 86% of locations) and ARS 

(b>1.75, 4% of locations), with the behavioural mode of the remaining 10% of locations categorised as uncertain 

(1.25<b<1.75). The range of b-values varied along the migration path with a general shift towards higher b-

values at 60°S (Figure 2.4b). The satellite tracks show that the whales migrated to feeding grounds spanning 

~4,500 km from eastern Ross Sea to eastern Bellingshausen Sea. Of those individuals whose tags transmitted 

the entire migration to the feeding grounds, all females with a calf (n = 4) migrated to the Ross Sea region, while 

70% of adults without calves (n = 4 females, n = 3 males) migrated to the Amundsen and Bellingshausen Seas. 

The remaining three adults (one male, two of unknown sex) migrated to the Ross Sea region.  
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Table 2.2 Summary of satellite tracking data from 18 humpback whales tagged at Raoul Island, Kermadec Islands in 2015. F = female, M = male, calf refers to a young-
of-year animal, and * denotes a pregnant female. Whales of unknown sex: PTT102211 - no sample, PTT112722 - molecular sex identification unsuccessful. All dates 
are in UTC. Tracking duration = from first to last transmission. Data days = number of days when one or more locations were received. Track distance is calculated 
using state-space modelled data. 

 

Tag PTT 

number 

Sex – 

behaviour class 

Deployment 

date 

First 

transmission 

Last 

transmission 

Tracking 

duration (d) 
Data days (d) 

Track distance 

(km) 

88727 F + calf 08 Oct 15 08 Oct 15 14 Jan 16 99 99 5,369 

102211 Unknown 10 Oct 15 11 Oct 15 19 Dec 15 70 57 5,124 

102218 M 10 Oct 15 11 Oct 15 20 Jun 16 254 249 13,113 

111866 F* 04 Oct 15 06 Nov 15 15 Mar 16 131 130 5,877 

111871 F 08 Oct 15 09 Oct 15 04 Nov 15 27 26 2,359 

112718 M 05 Oct 15 05 Oct 15 13 Nov 15 40 40 3,234 

112721 F + calf 09 Oct 15 10 Nov 15 28 Nov 15 19 19 752 

112722 Unknown 10 Oct 15 11 Oct 15 03 Apr 16 176 174 8,307 

112723 F* + calf 06 Oct 15 07 Oct 15 18 Oct 15 12 12 500 

131173 M 30 Sep 15 30 Sep 15 08 Apr 16 192 184 10,174 

131175 M 04 Oct 15 04 Oct 15 18 Jan 16 107 97 6,395 

131178 F* + calf 08 Oct 15 09 Oct 15 17 Jan 16 101 101 5,524 

131179 M 02 Oct 15 07 Dec 15 22 Mar 16 107 84 2,844 

131182 F* 01 Oct 15 02 Oct 15 02 Apr 16 184 150 10,497 

131185 F* 02 Oct 15 27 Nov 15 06 Jan 16 41 41 1,900 

131187 F 30 Sep 15 01 Oct 15 02 Jan 16 94 94 7,303 

131188 F* + calf 29 Sep 15 30 Sep 15 11 Dec 15 73 73 4,749 

131190 F + calf 08 Oct 15 08 Oct 15 20 Mar 16 165 90 6,755 
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Figure 2.3 Tracks for 18 humpback whales satellite tagged at Raoul Island, Kermadec Islands in 2015
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Table 2.3 Average and median (± SD) travel speeds (km/h) for humpback whale adults without (w/o) calves and females with (w/) a young-of-year calf during migration 
(30-60°S), and non-migratory (<30°S, >60°S) phases. The number of individual whales and the number of data points used to calculate speeds and conduct t-tests are 
shown. Calculations were done using state-space modelled data from the tags of 18 whales (note that some tags only transmitted during the migration, or non-migration 
phase). 

 During migration  Non-migration 

 
Average Median SD 

Individuals  

(data points) 
 Average Median SD 

Individuals  

(data points) 

Adult w/o calf 3.4 3.5 1.71 10 (889)  1.8 1.2 1.66 12 (1730) 

Female w/ calf 3.1 3.1 1.48 6 (452)  1.5 0.9 1.44 5 (323) 

All whales 3.3 3.3 1.64 16 (1341)  1.8 1.2 1.63 17 (2053) 
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Figure 2.4 a) State-space modelled tracks of 18 humpback whales showing behavioural states identified by the 
model at each location (dot = transit, open circle = uncertain, filled in circle = area restricted search, and b) 
distribution of b-values (denotes behavioural state) from the state-space model by latitude (b<1.25 = transit, 
1.25<b<1.75 = uncertain, b>1.75 = area-restricted search). Red line represents a 2D density plot (kernel density 
estimation) of the data. 
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2.4. Discussion  

 

Obtaining direct measurements to characterise the functioning of a complex system such as the Southern 

Ocean marine ecosystem can be challenging due to its large size, the complex interactions within the system 

and the difficulty and cost involved in accessing the region (Girardin et al., 1999). Advances in satellite tracking 

technology and the miniaturisation of animal-borne loggers have enabled the use of animals as tools to collect 

information about the ecosystem in remote and inaccessible environments (e.g. Aarts et al., 2008; Hindell et al., 

2016). Here we combined multiple research and analytical tools to obtain a comprehensive understanding of 

the population demography, life history differences and space use of Oceania humpback whales over their large 

spatial range. We reveal a young population of whales indicating recovery from exploitation, from winter 

breeding grounds spanning ~3,500 km, with high pregnancy rates not reflected in the rate of population 

recovery. The whales had different migratory trajectories depending on their reproductive state and spread 

across ~4,500 km of Antarctic waters to feed during the productive summer months. 

 

 

2.4.1. Differential dispersal to feeding grounds 

 

Our findings suggest that Oceania humpback whales may migrate to different feeding grounds based on their 

life history stage. All tagged females with calves tracked through their full migration travelled to the Ross Sea 

region, whereas most adults without calves travelled east to the Bellingshausen Sea. This pattern, whereby the 

presence of a calf may influence the choice of feeding ground destination for female humpbacks, was also 

reflected in historical whaling catch data (Appendix C, Figure 5.1). 

Differential habitat use occurs in some mammals and may be a result of differences in energetic 

requirements, environmental conditions, social mechanisms or risk of predation (e.g. Main et al., 1996; Loe et 

al., 2006). Humpback whales exhibit some age- and sex-linked differences, most notably the staggered time of 

departure and arrival at breeding and feeding grounds (Chittleborough, 1965; Dawbin, 1966, 1997). Also, small-

scale habitat use patterns vary on the breeding grounds depending on sex and reproductive status (Smultea, 

1994; Craig & Herman, 2000; Lindsay et al., 2016). However, the large-scale division based upon reproductive 

status that we observed in this study has not, to our knowledge, been reported across feeding grounds. Although 

differences in the spatial distribution of some sex or age classes have been observed within feeding grounds 

such as the Gulf of Maine in the North Atlantic (Clapham & Mayo, 1987; Robbins, 2007), our study is on a much 

larger scale (distances of 2,000 km+ vs ~400 km). 

Humpbacks have been found to show natal fidelity to feeding grounds, where the calf learns the migration 

path from their mother during the first year of life (e.g. Clapham & Mayo, 1987; Baker et al., 1990, 2013; Acevedo 

et al., 2006). Our findings however suggest a possible deviation from the traditional view of maternally inherited 

migration routes and feeding ground destinations. Calves may migrate to the Ross Sea during their first year, 

and to either the Ross Sea or the Amundsen and Bellingshausen Seas later in life. The utilisation of the region 

north of the Ross Sea for feeding, especially by females with dependent calves, may be used as an indicator of 

the ecological resources available in the marine environment, and highlights the conservation importance of this 

area. 
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Our satellite tracking shows several adult humpback whales migrating towards the broader Amundsen and 

Bellingshausen Sea area, which has remained poorly studied (e.g. Kaiser et al., 2009; Griffiths, 2010; Munilla 

& Soler-Membrives, 2015). Humpback whales have huge energetic demand and their presence in the 

Amundsen and Bellingshausen Seas region could be taken as an indicator of the quality and suitability of this 

habitat to satisfy their energetic needs. This region must be able to support sufficient amounts of krill (Euphausia 

superba), the whales’ main prey, to provision for the (slowly) recovering whale population. Comparisons with 

future tracking studies of these whales’ distribution will be informative in assessing changes in prey availability 

in this region. 

It is worth noting how in our case, the additional information on the reproductive status of the animals was 

key to interpreting the distribution data. Knowledge of the reproductive status of individuals using different 

regions for feeding could be relevant in the future when examining fluctuations in their distribution patterns, as 

one reproductive class might respond more strongly to changes in the environment or prey availability. Future 

research should now aim to validate these findings of different migratory destinations in the Oceania population 

and distinguish whether such division is due to life history related requirements, differences in productivity 

between feeding habitats or the energetic cost associated with migration distance. Within the Southern Ocean, 

this dispersal pattern could result in different exposure to threats (e.g. fisheries, climate change effects) by life 

history stage, with potentially complex implications for the management and conservation of this population. 

 

 

2.4.2. Migration behaviour 

 

Baleen whales undertake some of the longest migrations known, and the Kermadec Islands humpbacks crossed 

~50° of latitude, and ~110° of longitude, one way, between their breeding and feeding grounds. The straight-

line distances from breeding grounds (with photo-identification or genetic matches) to Kermadec Islands ranged 

from ~900 km (Tonga) to ~2,000 km (Cook Islands), and from Kermadec Islands to the Antarctic feeding grounds 

from ~4,500 km (Ross Sea) to ~6,000 km (Amundsen and Bellingshausen Seas). Reported extreme long-

distance movements (>7,000 km) between feeding and breeding grounds (Stone et al., 1990; Stevick et al., 

1999, 2011; Rasmussen et al., 2007; Robbins et al., 2011) have mainly involved a single or a few individuals 

and were generally considered exceptional. Our simultaneous tracking of several individuals highlights that long-

distance migration from Oceania to the Amundsen and Bellingshausen Seas region is not exceptional, and 

confirms previous single records (Hauser et al., 2010; Robbins et al., 2011). The energetic costs of the different 

migration distances (Ross Sea vs Amundsen and Bellingshausen Seas), the effects on the fitness and 

reproductive potential of individuals of different life history stages, and the consequences of climate change on 

krill availability in these areas should be investigated. 

The travel speeds we report are comparable to previous studies (Lagerquist et al., 2008; Kennedy et al., 

2014b; Rosenbaum et al., 2014; Garrigue et al., 2015). Females with calves were slower than other adults, 

however, due to a large sample size this difference, while statistically significant, may not be biologically 

meaningful. Other baleen whales have been shown to have similar speed differences: for example, North 

Atlantic right whale (Eubalaena glacialis) females with calves were slower than adults without calves (Hain et 

al., 2013). Andriolo et al. (2014) tagged pairs of humpbacks within larger groups, and a mother-calf pair was 

found to move slower than the adult female associated with them when they were tagged. Within the Oceania 
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population, slower travel speeds by mother-calf pairs could be linked to the feeding ground destination. Females 

with calves could be theorised to migrate to the Ross Sea as this is a shorter and more direct route to the feeding 

grounds from Kermadec Islands, with possibly a lower energetic cost for the young calf or the lactating mother. 

The SSM identified different behavioural modes in the data, with the high number of transiting points 

reflecting the long migration. The shift in whale behaviour at ~60°S, at which point the whales began to move 

more sinuously, presumably in search of prey, roughly coincided with the locations of the Antarctic Circumpolar 

Current (ACC) fronts (the placement of which fluctuate from year-to-year; Kim & Orsi, 2014). Some of the fronts 

of the ACC have been associated with productivity (e.g. Tynan, 1998; Bost et al., 2009). The change in whale 

behaviour may therefore be due to the whales encountering productive conditions and possibly the first patches 

of krill. Future northward or southward movement in the shift from migratory behaviour to feeding could serve 

as an indicator of changes in krill availability and distribution. Humpback whales occasionally feed outside 

Antarctic waters and during their southern migration, e.g. off south-eastern Australia (Stockin & Burgess, 2005; 

Stamation et al., 2007; Owen et al., 2015), and possibly off south-western New Zealand (Gales et al., 2009). In 

some areas this may be important in the annual energy budget. In our study, nine whales exhibited ARS 

behaviour outside the feeding grounds, accounting for 1.7% of all modelled locations during migration. This 

ARS behaviour may have been opportunistic feeding, or a collection of behaviours that have similar movement 

characteristics (e.g. resting, socialising, mating). Future studies should quantify the role of supplementary 

feeding for the Oceania humpbacks that will allow comparisons with the rapidly increasing east Australian 

whales. Additionally, increase in the feeding activity during migration might serve as an indicator of the Southern 

Ocean ecosystem in that the energetic requirements of the whales aren’t fully met during the summer feeding 

season. 

 

 

2.4.3. Age distribution and pregnancy 

 

The age profile of whales migrating past the Kermadec Islands is an indicator of a recovering Oceania 

population. With an average age of 14 years the profile was similar to an epigenetic-based estimate of the 

adjacent east Australian population (Polanowski et al., 2014). Both populations had a high proportion of younger 

individuals and a relatively low proportion of older individuals. Comparison of the east Australian age estimates 

with the population’s expected pre-exploitation age structure was suggestive of high fecundity in the population 

(Polanowski et al., 2014). Given the adjacency of the areas, we assume that the pre-exploitation age structure 

for Oceania humpbacks was comparable. Determining population age structure can be a powerful tool for 

ascertaining the impact of exploitation on populations of long-lived animals (Jones et al., 2018). 

Over half (57%) of all sampled females were pregnant. This is similar to earlier studies (Chittleborough, 1965; 

Baker et al., 1987; Clark et al., 2016), and to a recent estimate of 58% from the Western Antarctic Peninsula 

(Pallin, 2017). However, our findings may not be representative of the population. Although the field work was 

conducted at the peak of the southern migration past the Kermadec Islands, and we aimed to sample all possible 

whales, there is a chance of bias. Humpbacks stagger their departure from their breeding grounds by life history 

stage (Chittleborough, 1965; Dawbin, 1966, 1997). Due to a short sampling period at the Kermadec Islands, we 

may have captured uneven proportions of these migration cohorts. Additionally, we do not have an accurate 

estimate of the proportion of sampled females that were not sexually mature at the time of sampling. The 
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average age at sexual maturity in humpback whales is known to range from ~5 to 10 years (Chittleborough, 

1965; Clapham, 1992; Gabriele et al., 2007; Zerbini et al., 2010), and although likely to be similar, this has not 

been estimated for the Oceania population. 

Almost half of the females with new-born calves were also pregnant, suggesting a higher rate of annual 

pregnancies than expected. Female humpbacks generally have an inter-calf interval of ~2–3 years (e.g. 

Chittleborough, 1958, 1965; Clapham & Mayo, 1990; Gabriele et al., 2017), with annual pregnancies less 

common (e.g. Clapham and Mayo, 1990; Glockner-Ferrari & Ferrari, 1990; Barlow & Clapham 1997; Robbins, 

2007). However, most of the information has come from Northern Hemisphere whales. Recent work in New 

Caledonia has estimated a 1.4-year inter-calf interval (Chero, 2017). 

The high pregnancy rates observed in the Oceania population is in contrast to the estimated low population 

size and relatively slow recovery rate (Constantine et al., 2012; IWC, 2015). This discrepancy could be due to 

calf loss, possibly in the form of foetal resorption, or early termination of pregnancy that can occur in mammals 

in response to changing environmental conditions or stressors (e.g. Conaway et al., 1960; Huck et al., 1988). 

The sampling for our study occurred soon (~6–8 weeks) after the peak of the breeding season (Chittleborough, 

1958, 1965; Garrigue et al., 2001) and the whales may not have experienced conditions resulting in foetal loss. 

However, similar rates of pregnant females (58%) and annual pregnancies (52%) were reported from the 

Western Antarctic Peninsula ~5–8 months into the 12-month gestation period (Pallin, 2017). We currently do 

not have an estimate of foetal and neonatal mortality for the Oceania population, nor of the recruitment rate of 

calves into the population. Such inference would require resightings of previously sampled females to ascertain 

the fate of the pregnancy. The high pregnancy rate could indicate that the foraging areas are able to support a 

high proportion of females with increased energetic need due to gestation. Future monitoring of the pregnancy 

rates could serve as an indicator of the energetic gain females obtain during the summer feeding season. 

 

 

2.5. Conclusions  

 

Here we show how combining new techniques and different analysis methods can be an efficient approach for 

investigating a key ecological species, and its environment, that may otherwise be hard to access. For the 

Oceania humpback whale population, this work represents the most comprehensive study on the population 

demography, life history differences and space use patterns over their large spatial range. The life history stage 

of the whales may have influenced their choice of two Antarctic feeding regions. This is important when informing 

conservation and management planning as whales may be exposed to very different climate change and 

anthropogenic pressures. This highlights the need for sufficient knowledge of the dispersal patterns and 

population demography for understanding how individuals and populations respond to future environmental 

change. Sampling and satellite tagging whales further north, closer to their breeding grounds, was a cost-

effective alternative to expensive and logistically difficult voyages to the remote Southern Ocean. Comparisons 

with future re-sampling and satellite tagging could provide valuable insight into changes in the distribution of the 

whales’ main prey (krill) as well as into possible factors affecting the whales’ future recovery. 
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Chapter 3 

 

Environmental drivers of humpback whale foraging 

behaviour in the remote Southern Ocean 

 

 

 

3.1. Introduction  

 

Many animal behaviours, such as movement and habitat use, are driven by responses to internal cues as well 

as the external conditions experienced by the animal (Nathan et al., 2008). Understanding how the physical 

environment shapes the behaviour and distribution of animals as they try to satisfy their resource requirements 

is a fundamental topic in behavioural ecology (e.g. Ballance et al., 2006; Aarts et al., 2008; Davies et al., 2012). 

A wide range of animals from moths to caribou (Rangifer tarandus) migrate between critical habitats following 

pulses in resource availability and abundance (Jiang et al., 2011; Le Corre et al., 2017). In many terrestrial and 

aquatic taxa the decision to depart for a new habitat is often controlled by variables such as photoperiod, 

temperature, snow fall and severe weather at the initial location, at which point the animals cannot predict the 

habitat conditions at the end destination (Jonsson & Ruud-Hansen, 1985; Vøllestad et al., 1986; Cotton, 2003; 

Balbontín et al., 2009; Jiang et al., 2011; Rivrud et al., 2016). Memory of long-term average conditions may also 

play a role in directing migrants to their destination (Bracis & Mueller, 2017; Abrahms et al., 2019). Upon arrival 

at a new location resources, such as prey, are often patchily distributed throughout space and time, at which 

point animals initiate search strategies to locate and secure prey (Benhamou, 1992; Boyd,1996; Sims et al., 

2008; Humphries et al., 2010; Carroll et al., 2017). In marine systems specifically, biological productivity can be 

highly variable due to the heterogeneity of the many physical processes in the environment (Haury et al., 1978). 

This results in some habitats being more productive than others, which in turn influences prey availability and 

predator behaviour. To forage efficiently predators must move through their dynamic environment in search of 

prey while maximising time spent foraging in the most productive areas (Stephens & Krebs, 1986; Fauchald & 

Tveraa, 2006). In patchy environments individuals may even adjust aspects of their foraging behaviour 

https://besjournals.onlinelibrary.wiley.com/action/doSearch?ContribAuthorStored=Balbont%C3%ADn%2C+Javier
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depending on the external environmental conditions (Weimerskirch, 2007; Sebastiano et al., 2012; Kirchner et 

al., 2018).  

Obtaining direct observations of movement and behaviour in wide-ranging predators can be challenging, 

and more indirect techniques, such as animal-borne transmitters and data loggers, are often required to detect 

and identify behaviour. Advancements in satellite telemetry and tagging technology have improved the ability to 

remotely collect animal movement data at high spatial and temporal resolutions (Hussey et al., 2015; Gurarie 

et al., 2016; Chimienti et al., 2017). Different movement models can be applied to these remotely collected data 

to identify underlying behavioural states such as foraging (Morales et al., 2004; Jonsen et al., 2005, 2006; 

Michelot et al., 2017). Various statistical models can then be used to link animal locations and behaviour with 

ecological variables. Such models are useful tools for explaining spatial distribution patterns of highly mobile 

animals, for identifying critical habitats, and they have many applications including addressing management and 

conservation questions (Mandel et al., 2008; Gregr et al., 2013; Guisan et al., 2013).  

In the Southern Hemisphere, humpback whales (Megaptera novaeangliae) migrate thousands of kilometres 

annually from the tropics to the Southern Ocean to feed on their main prey, the Antarctic krill (Euphausia 

superba; Kawamura, 1994; Murase et al., 2002). The endogenous and exogenous cues used by the whales to 

navigate to the feeding grounds and to search for prey remains unresolved (Horton et al., 2011, 2017; Torres, 

2017). Directly observing the foraging behaviour and characterising the foraging habitat of large marine 

predators, such as humpback whales, in the Southern Ocean is notoriously difficult due to the logistical 

challenges associated with accessing this remote and vast area (Griffiths, 2010). Therefore, our knowledge of 

the fine-scale behaviour and patterns of habitat use by humpback whales in this region remains limited, 

compared to for example the more accessible Antarctic Peninsula (e.g. Friedlaender et al., 2013, 2016).  

During the commercial whaling era, Southern Hemisphere humpback whale stocks were highly 

overexploited and hunted to near extinction (Ivashchenko & Clapham, 2014; Clapham & Baker, 2018). Since 

being granted protection from whaling, humpback populations have shown variable recovery. The Oceania 

humpback whales, comprising whales from multiple breeding ground subpopulations from the Pacific Islands 

(spanning New Caledonia to French Polynesia) are estimated to be <50% of pre-exploitation numbers and 

recovering more slowly than the neighbouring east Australian population (Childerhouse et al., 2008; Constantine 

et al., 2012; IWC, 2015). To date there has been little information available on the Oceania humpback whales 

within the Southern Ocean feeding grounds, and we only recently revealed their migration paths and location of 

the feeding grounds (Riekkola et al., 2018 - Chapter 2). As a consequence, we do not know whether the feeding 

behaviour and patterns of habitat use by these humpback whales could be linked to the different population 

recovery rates (IWC, 2015). 

Here we applied a movement model to satellite tagging data of humpback whales on their Southern Ocean 

feeding grounds to infer underlying behavioural states: transiting and area restricted search (ARS), a behaviour 

indicative of foraging (Weinstein et al., 2017; Andrews-Goff et al., 2018). We expected that aspects of whale 

foraging behaviour would change throughout the feeding season. For example, we hypothesised that there 

would be an increase in foraging effort as prey becomes more abundant with the onset of spring and summer. 

We then used a statistical model to investigate the relationship between the inferred behavioural states 

(specifically the occurrence of ARS-foraging) and different environmental variables. We expected the whales’ 

behaviour to be affected by different environmental factors, and that behavioural differences would exist 

between animals utilising different regions of the Southern Ocean. By linking whale movement data and 
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behavioural changes to the conditions of their foraging habitat, this study ultimately contributes to a better 

understanding of the behaviour of wide-ranging predators.  

 

 

3.2. Methods  

 

3.2.1. Satellite tag deployment 

 

Wildlife Computers (Redmond, WA, USA) SPOT 5 Platform Transmitting Terminals (PTTs) were attached to 25 

adult humpback whales during the peak of their southern migration past the Kermadec Islands, New Zealand, 

between September and October 2015 (Figure 3.1). The tags were deployed using a modified version of the Air 

Rocket Transmitter System (Heide-Jørgensen et al., 2001) at a pressure of 10-12 bars. Observed locations 

were calculated by the Argos System using the Doppler Effect on transmission frequency when multiple 

messages from a tag were received by a satellite. An estimated error and a location class (in descending order 

of accuracy: 3, 2, 1, 0, A, B, Z) were assigned to each location (see Argos user’s manual, 2016). Location 

classes A and B have no accuracy estimation and Z is an invalid location. The tags were duty cycled to transmit 

for 21 hours each day to maximise the time with overhead Argos satellites. The maximum number of 

transmissions per day was set to 600 at a repetition rate of 45 s. Reproductive status (mother with a calf, or 

adult) of the tagged whales was inferred in the field based on the presence of a calf closely associated with the 

satellite tagged animal (Clapham et al., 1999b). Molecular sex identification was conducted using tissue 

samples collected at the time of tagging (Riekkola et al., 2018 - Chapter 2). 

 

 

3.2.2. Data processing and hierarchical state-space model 

 

Raw Argos locations were speed filtered using the R package argosfilter (Freitas et al., 2008) at a conservative 

maximum speed of 36 km/h to remove only highly erroneous and unrealistic locations. We used a hierarchical 

version of a Bayesian state-space model (SSM; Jonsen et al., 2005, 2006) to estimate locations (via an 

observational model) and behavioural states (via a movement model). We used a 6-h time-step in the model to 

provide detailed whale movement data. Obtaining whale data on an even finer scale was not necessary given 

the low resolution of some of the environmental covariates (see section ‘Explanatory variables for statistical 

model’ and Table 3.1). The SSM was fitted in R (version 3.5.1, R Core Team, 2018) using the software JAGS 

(Plummer, 2013) and the R packages rjags (Plummer, 2016) and bsam (Jonsen et al., 2015). Where a gap of 

>1 day existed in the satellite data transmission, the individual track was split and ran as segments to avoid 

interpolating over long periods of time with no data. Two Markov chain Monte Carlo (MCMC) chains were run 

in parallel, each for a total of 200,000 simulations. The first 100,000 samples were discarded as a ’burn-in’, and 

the remaining samples were thinned, retaining every 100th sample to reduce autocorrelation. The final 2,000 

samples were used to compute the posterior distribution of the model parameter estimates: the mean turning 

angles, and movement persistence (i.e. the autocorrelation in speed and direction). The behavioural mode 

estimate (b), ranging between 1 and 2, was inferred from the means of the MCMC samples. A behavioural mode 
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close to 1 (b <1.25) indicates transiting behaviour, which is persistent and highly directional movement with low 

turning angles (near 0°). Animals are expected to be in transiting mode during migration or when traveling 

between favourable locations (e.g. prey patches). A behavioural mode close to 2 (b >1.75) indicates area-

restricted search (ARS) behaviour, a more variable movement with large turning angles (near 180°) and 

increased rate of turning. ARS is generally considered to be indicative of foraging, resting or breeding behaviour 

(e.g. Weinstein et al., 2017; Andrews-Goff et al., 2018). Locations with a mean b estimate between 1.25 and 

1.75 were treated as ‘uncertain’. 

 

 

3.2.3. Explanatory variables for statistical model 

 

We used both static and dynamic variables estimated at each state-space modelled location as explanatory 

variables to identify those that had most effect on the whales’ behavioural mode (specifically the occurrence of 

ARS-foraging). We selected environmental variables which, based on prior knowledge, are likely to be 

biologically relevant (e.g. Friedlaender et al., 2011; Bombosch et al., 2014; Trudelle et al., 2016; Andrews-Goff 

et al., 2018; Table 3.1), and that were available for the entire spatial extent of location data.  

Daily sea ice concentration data were obtained from the National Snow and Ice Data Center (NSIDC, 

https://nsidc.org/data). Distance to the ice edge was calculated from the daily ice concentration as the minimum 

distance between whale locations and the 15% sea ice concentration contour (e.g. Gloersen et al., 1993; 

Stammerjohn & Smith, 1997). One month and two-month lags were calculated as the distance of each SSM-

estimated whale location to where the ice edge was one month and two months prior. It takes approximately 

one to two months after ice melt for productivity to peak in the marginal ice zone (Lehodey et al., 1998; Arrigo 

et al., 2008; Dalpadado et al., 2014). Altimeter derived daily sea surface heights (SSH) and daily sea surface 

current velocity data were obtained using E.U. Copernicus Marine Service Information 

(http://marine.copernicus.eu). SSH and sea surface current velocity gradients can be used to trace the locations 

of the Antarctic Circumpolar Current fronts, and therefore by using these variables we could account for possible 

interactions with the fronts (e.g. Sokolov & Rintoul, 2009). Sea surface current velocity was log transformed 

prior to analysis. Data on sea ice, SSH, and sea surface current velocity were obtained through the Australian 

Antarctic Data Centre and extracted using the R package raadtools (Sumner, 2016a). 

Bathymetry was obtained from the International Bathymetric Chart of the Southern Ocean (IBCSO) digital 

bathymetric model of the circum-Antarctic waters (Arndt et al., 2013). IBCSO is a regional mapping project of 

the General Bathymetric Chart of the Oceans (GEBCO) and the digital bathymetric model is publicly available 

(www.ibcso.org). Slope was derived from the IBCSO digital bathymetric model using the ‘slope’ tool in ArcGIS 

(version 10.5, Esri, Redlands, CA, USA) and was log transformed prior to analysis.  

Month for each point was obtained from the SSM estimated locations. We chose to include month as a 

continuous variable in the model. Therefore, November, the first month for which there were data within the 

feeding grounds, was labelled ‘0’ (followed by December = 1 through to June = 7) in order to set November as 

the baseline and to maintain chronological order. 
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Figure 3.1 Migration pathways for 18 Oceania humpback whales satellite-tagged at the Kermadec Islands, New Zealand. Left column: State-space model estimated 
behavioural states: red dot = area restricted search (ARS; inferred foraging); black dot = inferred transit; grey dot = uncertain behavioural mode. Bottom left: Tracks 
of 14 whales whose tags transmitted on their Southern Ocean feeding grounds with circles denoting the approximate locations of the two key foraging grounds. The 
background colour scale indicates the bathymetric depth (derived from the International Bathymetric Chart of the Southern Ocean (IBCSO) digital bathymetric model 
of the circum-Antarctic waters). Right column: Satellite tracks colour coded by month.
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Table 3.1 The unit of measure, source and resolution of the environmental predictor variables used to construct the species distribution models. 

   Resolution 

Variable Definition and unit Source Spatial Temporal 

Dynamic 
     

 Ice concentration (ice conc) Percentage of ocean area covered by sea ice National Snow and Ice Data Center (NSIDC) 25 x 25km Daily 

 Distance to ice edge (dist ice) Distance of whale location to ice edge (15% ice 

concentration; km) on the same day 

Derived from ice concentration 25 x 25km Daily 

 Distance to ice edge – 1-month lag 

(dist ice lag 1) 

Distance of whale location to where the ice edge 

was 1 month prior 

Derived from ice concentration 25 x 25km Daily 

 Distance to ice edge – 2-month lag 

(dist ice lag 2) 

Distance of whale location to where the ice edge 

was 2 months prior 

Derived from ice concentration 25 x 25km Daily 

 Sea surface height (SSH) Sea surface height (m) E.U. Copernicus Marine Service Information 

(CMEMS) 

0.25 x 0.25° Daily 

 Sea surface current velocity (current) Surface current velocity (m/s) Derived from SSH 0.25 x 0.25° Daily 

Static 
     

 Bathymetry (bathy) Depth (m) International Bathymetric Chart of the 

Southern Ocean (IBCSO) 

500 x 500m  

 Slope Topographic gradient (degrees) Derived from bathymetry 500 x 500m  

Other 
    

 Month Month SSM estimated locations   

 Region Ross Sea or Amundsen and Bellingshausen 

Seas (cut-off at 130°W) 

SSM estimated locations   
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Prior analysis of the satellite tags had revealed that the whales diverged to two broad feeding regions 

(Riekkola et al., 2018 - Chapter 2). To make comparisons between these feeding areas, each location was 

assigned a ‘region’ based on whether it occurred west (Ross Sea) or east (Amundsen and Bellingshausen Seas) 

of the 130°W meridian (Figure 3.1). Studies have identified regional trends in the Antarctic sea ice variability, 

with increasing sea ice extent occurring in the Ross Sea region, and contrasting decrease in sea ice extent 

occurring in the Amundsen and Bellingshausen Seas region (e.g. Zwally et al., 2002; Turner et al., 2009). Future 

ocean and sea-ice changes are also projected to affect the growth rates of krill (the whales’ main prey), with 

modelled high potential growth rates in Ross Sea, and low or negative potential growth rates in the Amundsen 

and Bellingshausen Seas (Murphy et al., 2017). 

 

 

3.2.4. Environmental drivers of behaviour 

 

To assess the influence of the explanatory variables on the SSM estimated behavioural modes, we fitted a 

series of linear mixed-effect models (LMMs) by maximum likelihood (ML) using the R software package nlme 

(Pinheiro et al., 2018). Similar to previous studies, we adjusted the behavioural mode (b) to range between 0 

and 1 (by subtracting 1 from each value), after which the variable (continuous) was logit transformed (O’Toole 

et al., 2015; Cerchio et al., 2016). We dealt with sample proportions equal to exactly zero or one by adding the 

smallest non-zero proportion (ε) to the numerator and denominator of the logit function (i.e. log(y+ε /1-y+ε)) as 

per Warton & Hui (2011). Individual whales (i.e. unique tag numbers/PTTs) were fitted as a random effect to 

account for individual variation, and a first order AR(1) autocorrelation structure for each individual whale was 

assumed. We first built LMMs with the full data set using region as a factorial variable, and then split the data 

to build region specific models. 

The remotely sensed variables SSH and sea surface current speed included missing values (n = 31 and n = 

35 respectively, representing 0.9% of the data), most likely due to sea ice coverage. To maintain the same 

number of observations between models, the rows including missing values were removed from the data set 

prior to model fitting. The variables sea surface current velocity and slope were log transformed prior to analysis. 

A quadratic term was included for month and the different ‘distance to ice edge’ candidate variables following 

examination of the relationships visually. All continuous variables were tested for pairwise correlation (Appendix 

D Figure D.1). SSH and log transformed sea surface current velocity had a Spearman correlation of 0.66. All 

other variables showed a Spearman correlation of ≤0.5.  

As the different ‘distance to ice edge’ candidate variables represent the same environmental process, we 

included each of these terms sequentially during the model building (Table 3.2). Several model combinations of 

the different main effects and various interaction terms were run (Table 3.2). For model selection we explored 

both backward selection following Zuur et al. (2009; starting with a full model with all explanatory variables 

included, dropping individual variables one by one until all remaining variables are significant) and automated 

model selection (function dredge in R package MuMIn; Bartoń, 2018) to check for all possible variable 

combinations. We used the Akaike Information Criterion (AIC) to select the most parsimonious (lowest AIC 

value) model as the criterion penalises for the use of more variables (Burnham & Anderson, 2002; Burnham et 

al., 2011). The best model based on AIC was then run using restricted maximum likelihood (REML) to obtain 

the final parameter estimates (as per Zuur et al., 2009). The normality of residuals was checked graphically. 
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Table 3.2 Model selection results of the best linear mixed-effect models to explain the effects of different variables on humpback whale behavioural mode (b).  

 

 

  

 
Variables K AIC ΔAIC 

Comparison of different ice distance variables     

Month + Month2 + Region + dist ice lag 2 + dist ice lag 22 + Ice conc + SSH + bathy + slope(log) 13 18471.5  

Month + Month2 + Region + dist ice lag 1+ dist ice lag 12+ Ice conc + SSH + bathy + slope(log) 13 18475.2 3.7 

Month + Month2 + Region + dist ice + dist ice2 + Ice conc + SSH + bathy + slope(log) 13 18475.6 4.1 

    
Comparison of different interaction terms    

All models have the same base: Month + Month2 + Region + dist ice lag 2 + dist ice lag 22 + Ice conc + SSH + bathy + slope(log)  

     + Region*Month + Region*Month2 15 18449.9  

     + Region*SSH 14 18468.9 19.0 

     + Region* dist ice lag 2 + Region* dist ice lag 22 15 18471.2 21.3 

    
Reduced version of the best model    

Month + Month2 + Region + dist ice lag 2 + dist ice lag 22 + SSH + Region*Month + Region*Month2 12 18447.5  

All models include the individual whale (unique tag number, PTT) fitted as a random effect. For each candidate model we report the Akaike’s Information Criterion (AIC) and the 

change in AIC (∆AIC) compared to the best model of each scenario. K = number of parameters. The best overall model is bolded. 
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3.3. Results  

 

3.3.1. Whale movement and behaviour 

 

Out of 25 tags deployed, 18 transmitted sufficient data for the SSM analysis (Table 3.3). This included five 

females without calves, six females with calves, five males and two individuals of unknown sex (PTT102211 

had no tissue sample; molecular sex identification for PTT112722 was unsuccessful). Ten tags had data gaps 

of >1 day (range = 2-76 d), excluding those tags that did not begin transmission straight after deployment. The 

average number of location fixes per day received from a tag was 22 (range = 10-42).  

The tags of 14 individual humpback whales transmitted data within the feeding grounds south of 60°S, 

covering a temporal period from November 2015 to June 2016 and a spatial range from 175°E to 80°W. The 

number of active tags transmitting data varied between months (range = 1-14; Table 3.4). The SSM 

distinguished well between the two behavioural states (Appendix E Table E.1) and classified 6.3% of locations 

as ARS-foraging, and 79.3% of locations as transiting behaviour, with the remaining 14.4% classified as 

uncertain (Figure 3.1). The average behavioural mode (i.e. likelihood of ARS-foraging behaviour) increased as 

the feeding season progressed, peaking in March (February-March for whales on the Ross Sea region only; 

Figure 3.2a). Overall, the whales on the Ross Sea region were consistently farther away from the continental 

shelf break (Figure 3.1) and from the ice edge than the whales in the Amundsen and Bellingshausen Seas 

region (Figure 3.2b). In general, the whales’ distance from the ice edge increased between December and 

January (December-February for Ross Sea whales) and decreased between January and April (February-May 

for Ross Sea whales; Figure 3.2b). 

 

 

3.3.2. Environmental drivers of behaviour 

 

Out of the highly correlated variables SSH was identified as being a more important predictor than log 

transformed sea surface current speed and was therefore kept in the model. Examination of the different 

‘distance to ice edge’ scenarios resulted in two-month lag being identified as the most relevant, and out of 

several trials with different interaction terms interaction between month (representing time) and region was 

found to be most significant (Table 3.2). The most parsimonious model identified month, two-month lag in the 

distance to the ice edge, SSH and the interaction between region and month as important predictors of the 

behavioural state of humpback whales within their Southern Ocean feeding grounds (Table 3.2, Table 3.5). 

Non-linear relationships indicated that the whales were more likely to exhibit ARS-foraging behaviour during the 

middle of the summer feeding season, and near where the marginal ice-edge had been two months prior. 

Humpback whales were also more likely to exhibit ARS-foraging behaviour at lower SSH values, and there was 

a significant interaction between region and month (Table 3.5, Figure 3.3). The model provided some indication 

of possible differences between regions. The variable ‘region’ was marginally significant (F-test p = 0.06), 

although the coefficient estimate was not significantly different from zero (t-test p = 0.36).  Dredge automated 

model selection identified region to be a significant variable in 70% of 1,664 model variations.  
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Figure 3.2 a) Average behavioural mode (b) by month. Values closer to 1 indicate transiting behaviour 
and values closer to 2 indicate ARS-foraging behaviour, and b) distance to ice edge (km; all locations) 
by month. Black dashed = all whales, green = Ross Sea, blue = Amundsen & Bellingshausen Seas.
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Table 3.3 Summary of satellite tag deployments and tracking data for 18 humpback whales used in the state-space model. 

 

PTT 
Transmitted 

south of 60°S 

Sex (*=with 

calf) 

Deployment 

date 
First location Last location 

Transmitting 

days 

Data gaps 

(d1,d2,dn) 

No. of 

locations 

Mean no. 

locs/day (± SE; 

range) 

% Argos location class 
Mean time (h) 

between locs 

(± SE) 
3 2 1 0 A B Z 

88727 Yes F* 08-Oct-15 08-Oct-15 14-Jan-16 99 
 

2,665 27 (±1.3; 1-64) 3.3 6.1 7.0 2.0 16.3 64.9 0.3 0.9 (±0.02) 

102211 Yes U 10-Oct-15 11-Oct-15 19-Dec-15 57 14 594 10 (±0.9; 1-26) 0.2 0.2 0.0 0.2 4.7 94.1 0.7 2.8 (±0.57) 

102218 Yes M 10-Oct-15 11-Oct-15 20-Jun-16 249 2,4 8,659 33 (±1.1; 1-85) 4.1 10.1 12.2 3.8 15.1 54.7 0.0 0.7 (±0.02) 

111866 Yes F 04-Oct-15 06-Nov-15 15-Mar-16 130 2 3,820 29 (±1.1; 4-65) 2.1 4.3 5.7 2.2 13.5 72.1 0.1 0.8 (±0.02) 

112722 Yes U 10-Oct-15 11-Oct-15 03-Apr-16 174 2,2 6,390 37 (±1.0; 3-71) 12.8 17.0 11.4 2.5 18.9 37.4 0.0 0.7 (±0.02) 

131173 Yes M 30-Sep-15 30-Sep-15 08-Apr-16 184 8,2 5,925 32 (±1.1; 2-70) 2.9 7.9 11.1 3.9 16.7 57.5 0.1 0.8 (±0.04) 

131175 Yes M 04-Oct-15 04-Oct-15 18-Jan-16 97 11 2,077 21 (±1.1; 4-47) 0.7 1.7 1.7 1.1 11.2 83.4 0.2 1.2 (±0.13) 

131178 Yes F* 08-Oct-15 09-Oct-15 17-Jan-16 101 
 

2,167 21 (±1.1; 2-58) 0.8 1.7 4.7 1.6 14.4 76.7 0.2 1.1 (±0.03) 

131179 Yes M 02-Oct-15 07-Dec-15 22-Mar-16 84 23,2 1,785 21 (±0.9; 6-50) 0.3 0.6 1.6 0.3 6.2 90.9 0.2 1.4 (±0.30) 

131182 Yes F 01-Oct-15 02-Oct-15 02-Apr-16 150 30,5,2 6,264 42 (±1.2; 11-90) 10.0 27.9 22.0 5.8 12.1 22.1 0.0 0.7 (±0.12) 

131185 Yes F 02-Oct-15 27-Nov-15 06-Jan-16 41 
 

886 22 (±1.4; 1-44) 0.1 0.3 1.0 0.2 6.2 91.6 0.5 1.1 (±0.06) 

131187 Yes F 30-Sep-15 01-Oct-15 02-Jan-16 94 
 

1,876 20 (±0.9; 6-51) 1.4 1.6 2.6 0.9 10.5 82.9 0.0 1.2 (±0.04) 

131188 Yes F* 29-Sep-15 30-Sep-15 11-Dec-15 73 
 

1,310 18 (±0.7; 8-37) 1.0 2.8 2.3 0.8 13.4 79.7 0.0 1.3 (±0.04) 

131190 Yes F* 08-Oct-15 08-Oct-15 20-Mar-16 90 76 2,334 26 (±0.9; 1-45) 5.8 13.5 13.4 4.4 18.4 44.5 0.0 1.7 (±0.78) 

                  

111871 No F 08-Oct-15 09-Oct-15 04-Nov-15 26 2 308 12 (±1.1; 1-20) 1.9 4.5 4.2 1.0 14.0 74.4 0.0 2.1 (±0.20) 

112718 No M 05-Oct-15 05-Oct-15 13-Nov-15 40 
 

562 14 (±0.6; 2-21) 2.1 3.4 3.4 0.9 14.4 75.4 0.4 1.7 (±0.08) 

112721 No F* 09-Oct-15 10-Nov-15 28-Nov-15 19 
 

224 12 (±1.1; 5-24) 0.4 1.3 1.3 0.0 6.3 90.2 0.4 2.0 (±0.16) 

112723 No F* 06-Oct-15 07-Oct-15 18-Oct-15 12 
 

204 17 (±1.7; 2-24) 2.5 2.9 4.9 2.9 18.1 68.6 0.0 1.3 (±0.08) 

All tags were deployed at Raoul Island (Kermadec Islands, New Zealand). PTT = unique tag number. Only whales whose tags transmitted data south of 60°S were used in the linear mixed-effect model. 

F = female, M = male, U = unknown sex, and * denotes animals that had a calf. All dates are in UTC. Transmitting days = number of days when one or more locations were received. 

Data gaps = any gaps in data transmission >1 day in length, data gap length is in days, multiple data gaps for the same animal are separated with a comma. 

Percent of locations belonging to each of the seven Argos service provider assigned location classes. Location classes in a descending order of accuracy: 3, 2, 1, 0, A, B and Z. See Argos user’s manual, 2016. 
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Table 3.4 Number of unique tags transmitting in any given month, and the number of state-space modelled data 
points (in brackets) within the feeding grounds (south of 60°S). 

Year Month Ross Sea A&B Seas Total 

2015     

 November 4*(119) 2*(48) 5 (167) 

 December 11†(717) 6†(487) 14 (1204) 

2016     

 January 5‡(373) 7‡(453) 11 (826) 

 February 2 (187) 4 (365) 6 (552) 

 March 3 (323) 4 (378) 7 (701) 

 April 2 (45) 2 (127) 4 (172) 

 May 1§(80) 1§ (39) 1 (119) 

 June 1 (77) 0 (0) 1 (77) 

In total, the tags of 14 individual whales transmitted data within the feeding grounds.   

A&B seas = Amundsen and Bellingshausen Seas.  

* PTT131182 travels through both regions during the month of November  

† PTT102218, PTT131175 and PTT131187 travel through both regions during the month of December  

‡ PTT131175 travels through both regions during the month of January  

§ PTT102218 travels through both regions during the month of May 

 

 

 

 

 

Table 3.5 Results of the best linear mixed-effect model, with logit transformed behavioural state (b) as a 
response variable and individual whales as a random effect. Higher b-values indicate an increasing likelihood 
of whales exhibiting ARS-foraging behaviour. 

Parameter Estimate SE DF t-value p-value 

Intercept -9.49 1.10 3796 -8.61 <0.001 

Region_Ross Sea -0.55 0.58 3796 -0.96 0.34 

Month 1.91 0.38 3796 4.99 <0.001 

Month2 -0.35 0.06 3796 -5.40 <0.001 

dist ice lag 2 0.00 0.00 3796 0.26 0.80 

dist ice lag 22 -0.00 0.00 3796 -3.55 <0.001 

SSH -4.92 1.08 3796 -4.57 <0.001 

Region_Ross Sea*Month -0.93 0.48 3796 -1.95 0.05 

Region_Ross Sea*Month2 0.24 0.08 3796 3.16 <0.01 

Estimates are in log-odds scale. During model selection all models were fitted using maximum likelihood for comparing 

models with different fixed effects. The best model was then fitted with restricted maximum likelihood to obtain final 

parameter estimates. Variables with a significant parameter estimate (<0.05) are in bold. 
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Figure 3.3 The relationship between significant explanatory variables a) month, b) distance to the ice edge (2-month lag) and c) SSH (sea surface height) and the logit 
transformed behavioural mode (b). Green = Ross Sea, Blue = Amundsen and Bellingshausen Seas. Higher predicted b(logit) values indicate an increasing likelihood 
of whales exhibiting ARS-foraging behaviour. A negative value for ‘distance to ice edge’ indicates that the whale has moved past the point where the ice edge was two 
months prior. Simplified univariate regression lines from the mixed-effect model analysis (without random effects and autocorrelation structure) were added to b) and c) 
to highlight the overall trend in the data for the sample population. 
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3.4. Discussion  

 

Humpback whales foraging in the Southern Ocean changed their ranging behaviour and habitat use patterns 

throughout the summer feeding season suggesting that behavioural plasticity is important for this large predator. 

The changes were related to the environmental features of the different habitats, in particular to an important 

lag effect in the ice edge dynamics, and consequently the whales ended up utilising these areas very differently. 

Similar to other long-distance migrants that move between critical habitats for different life functions (Both & 

Visser, 2001; Le Corre et al., 2017), these whales time their arrival at their feeding grounds to exploit the habitat 

optimally without knowing the precise habitat conditions when beginning their migration ~7,000km north. The 

large-scale sensitivity to environmental cues enabling prediction of conditions in another geographic location is 

key to the success of migratory animals, e.g. barn swallow (Hirundo rustica L.; Balbontín et al., 2009), caribou 

(Le Corre et al., 2017).  

 

 

3.4.1. Characterising whale movement and behaviour on the Southern Ocean 

feeding grounds 

 

The SSM results revealed two important resource sites for Oceania humpback whale foraging; one within the 

Amundsen and Bellingshausen Seas and one north of the Ross Sea, ~2,000 km west (Figure 3.1). The majority 

of ARS-foraging locations for the whales within the Amundsen and Bellingshausen Seas occurred near the 

continental shelf break (within ~200km) where high densities of krill are expected to be found due to life history 

related movement (e.g. Pauly et al., 2000; Nicol, 2006; Davis et al., 2017), as well as near the ice edge (~210 

km on average) where ice melt stimulates primary production which in turn supports elevated concentrations of 

higher trophic level organisms (e.g. Brierley et al., 2002; Nicol, 2006; Meyer et al., 2017). In contrast, the main 

aggregation of ARS-foraging locations north of the Ross Sea did not occur near the shelf break (>500 km away; 

Figure 3.1) nor the ice edge (~370 km on average; Figure 3.2b). However, the ARS-foraging locations of the 

Ross Sea whales occurred in a reported hotspot, with increased chlorophyll a as an indicator of primary 

production (Schine et al., 2016). The observed differences between the foraging regions suggest that humpback 

whales utilise different environmental cues, with some cues being of greater importance for whales in one area 

than the other.  

Although we were not able to confirm ARS behaviour identified by our SSM as foraging, both previous studies 

and the general knowledge about humpback whale behaviour south of 60°S suggest that ARS behaviour 

identified by the SSM is largely foraging (Chittleborough. 1965; Weinstein et al., 2017; Andrews-Goff et al., 

2018). With this assumption in mind, the high overall amount of transiting behaviour south of 60°S might serve 

as an indicator of prey distribution, whereby whales may have to move quite long distances between prey 

patches. For instance, the Amundsen and Bellingshausen Seas reportedly have generally low chlorophyll a 

concentration with only isolated pockets of high productivity (e.g. Constable et al., 2003; Stambler, 2003). This 

could result in smaller prey aggregations that are highly spread out, increasing the whales’ need to transit 

between foraging patches.  
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Humpback whales in the Northern Hemisphere have been shown to exhibit strong maternally inherited 

feeding ground fidelity (Palsbøll et al., 1995; Stevick et al., 2006; Baker et al., 2013). In contrast, humpback 

whales from discrete Oceania breeding grounds do not show such clear patterns of feeding ground fidelity 

(Rosenbaum et al., 2017). Additionally, as satellite tagged Oceania mothers with calves migrated to the Ross 

Sea and given that whales still also migrate to the Amundsen and Bellingshausen Seas (Riekkola et al., 2018- 

Chapter 2), these whales may not have maternally inherited feeding grounds. Knowing the approximate location 

of profitable foraging areas and consistently returning to them may increase foraging success and individual 

fitness, which could be highly advantageous for the slowly recovering Oceania population. Memory of long-term 

average conditions may be more important for cetaceans than previously thought (Abrahms et al., 2019), and 

some marine species in the Southern Ocean have been found to consistently return to foraging areas that may 

have arisen as a consequence of predictable oceanographic conditions (Weimerskirch, 2007; McIntyre et al., 

2017; Sztukowski et al., 2018). Data on the Oceania whales across multiple years could help identify persistent 

patterns in the whales’ behaviour to determine the role of memory, and assess the stability of the two feeding 

areas over time, especially given the predicted future changes in ice dynamics due to climate change (de la 

Mare, 1998; Turner et al., 2009). Changes in global oceanographic events are becoming more common, for 

example they are likely to have disrupted the long-term feeding ground fidelity of humpback whales in southern 

Alaska (Neilson & Gabriele, 2019). 

 

 

3.4.2. Environmental effects on whale movement and behaviour on the 

Southern Ocean feeding grounds 

 

Because large baleen whales have very high energetic demands (Lockyer, 1981), we expect that humpback 

whale behaviour on the feeding grounds is largely driven by the distribution and availability of krill; especially 

given they effectively undertake all foraging during the ~five months they spend in the Southern Ocean. Previous 

studies have linked the behaviour and distribution of humpback whales to krill abundance and distribution (e.g. 

Friedlaender et al., 2006, 2011, 2013; Curtice et al., 2015). However, as obtaining reliable data on krill 

abundance and distribution for the large temporal and spatial extent covered by our satellite telemetry data is 

all but impossible, we examined how the behaviour of these whales was affected by more easily recorded, 

remotely sensed environmental parameters. In the absence of easily obtained prey field data understanding 

how marine top predators, such as whales, pinnipeds and seabirds, respond to more easily recorded variables 

(which act as proxies for prey availability) is often the only approach available (Raymond et al., 2015; Reisinger 

et al., 2018). 

The best LMM indicated that the inferred behavioural states of humpback whales within the Southern Ocean 

feeding grounds were most affected by timing within the feeding season (month), where the marginal ice edge 

was two months prior, SSH, and to some extent the region (Table 3.5, Figure 3.3). All these variables are 

thought to be linked to krill availability and distribution associated with local and regional scale oceanographic 

features. By targeting and favouring areas with environmental conditions that are associated with increased 

prey availability, large marine predators, such as humpback whales, can improve their foraging opportunities 

(Heerah et al., 2017).  In the absence of prior knowledge regarding potential prey locations, whales might use 

environmental cues to place themselves in likely profitable foraging areas.   
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As the feeding season progressed the likelihood of adopting ARS-foraging behaviour increased, peaking in 

February-March (Figure 3.2a). This was expected as the whales would be finding sufficient prey to feed on after 

several months of fasting, and as productivity should increase following the spring/summer ice melt (Lehodey 

et al., 1998; Arrigo et al., 2008; Dalpadado et al., 2014). After the peak, the likelihood of ARS-foraging behaviour 

decreased likely in response to productivity declining in late summer-autumn months, however data for the last 

two months came from only one whale (Table 3.4).  

The results indicated that foraging behaviour was more likely to occur near where the ice edge was two 

months prior. As the sea ice melts, the ice-free waters promote phytoplankton blooms which in turn trigger 

grazers such as krill to aggregate at the sea ice edge (Nicol, 2006; Arrigo et al., 2008). This link between 

humpback whales and the ice indicates that the whales do not actively track the ice edge itself, but instead the 

productivity that occurs following ice melt (i.e. after a time lag).  Organisms do not always respond immediately 

to changes in the physical or biotic environment. Animal population trends respond to fluctuations in the 

environment after appropriate time lags (e.g. Baker et al., 2007; Walker et al., 2013), however distribution and 

foraging behaviour can also show lagged responses to environmental conditions (Pinaud & Weimerskirch, 

2005). Our findings therefore support the importance of including time-lagged variables when modelling the 

relationships between animals and their environment, which is applicable to both aquatic and terrestrial species 

across a broad array of ecosystems. 

The humpback whales were also more likely to exhibit ARS-foraging behaviour at lower SSH values. Lower 

(more negative) SSH values are linked to meso-scale eddies, which stimulate productivity near the surface 

through vertical mixing of deep nutrient rich waters, and trap aggregations of buoyant and weekly swimming 

plankton and fish (Olson & Backus, 1985; Nel et al., 2001; Hyrenbach et al., 2006). However, whether the 

whales can detect changes in SSH and relate them to krill presence is unknown. As noted above, areas with 

lower SSH are generally linked to productivity and prey, and SSH is therefore functioning as a proxy for prey in 

our model.  

There was some evidence that the behavioural mode of the whales was affected by the feeding region they 

were in, and the interaction between region and month suggests that the whales behave differently in the 

different regions during different points of the season (Figure 3.2a).  Animals are expected to strive to maximise 

foraging success while minimising the associated effort and costs (MacArthur & Pianka, 1966; Schoener, 1971). 

Predators foraging in complex and patchy environments should therefore adjust their movements and foraging 

behaviour according to prey availability (and density) to maximise foraging efficiency. They might for instance 

employ distinct foraging strategies in different habitats (Arthur et al., 2016). We expect that the observed regional 

foraging behaviours by the humpback whales are the result of region-specific decisions made in response to 

the dynamic characteristics of the environment in each habitat, suggesting that there is behavioural plasticity in 

this population. Many ecological studies have treated conspecific individuals as ecological equivalents, but the 

existence of intraspecific plasticity in foraging behaviour (in the form of dietary differences, variation in habitat 

use or foraging strategies for example) is widespread among taxonomic groups and can be ecologically 

important (Bolnick et al., 2003; Ceia & Ramos, 2015; McHuron et al., 2018). The predicted climate change 

induced spatial variability in factors that influence krill populations, such as sea ice characteristics and seasonal 

dynamics, are likely to result in region-specific responses in the whales’ main prey (e.g. Constable et al., 2014), 

which might necessitate region-specific foraging strategies in the future. 

In order to respond dynamically to sensory cues from the dynamic environment whales likely use multimodal 

sensory systems (Carroll et al., 2017; Torres, 2017). Additionally, species-habitat relationships are often scale 
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dependent, and different environmental parameters may have a stronger influence on animals at different scales 

(Ballance et al., 2006; Redfern et al., 2006). For example, during long distance migration to the feeding grounds 

(thousands of kilometres) humpback whales, as well as other cetaceans, use large-scale oceanographic 

patterns and features to navigate (Horton et al., 2017; Torres, 2017). Once near or within the feeding grounds 

the whales are expected to change their movement to a smaller-scale prey search pattern, and will likely utilise 

different, finer-scale environmental cues (Ballance et al., 2006; Doniol-Valcroze et al., 2007; Torres, 2017; 

Kirchner et al., 2018). It is therefore important to use temporal and spatial scales that are appropriate for the 

main objectives of the analysis and relevant for the ecology of the target species (e.g. Ballance et al., 2006; 

Redfern et al., 2006; Fernandez et al., 2017). Unfortunately, the temporal and spatial scale used is often 

determined by the availability of the environmental data. We were not immune to this problem, yet we aimed to 

use resolutions closest to our modelled data to best capture the whales’ behaviour patterns. Using different 

movement/behavioural modelling techniques (e.g. McClintock et al., 2015; McClintock & Michelot, 2018) it can 

be possible to further improve the accuracy of the animal locations. In our case, due to the low resolution of 

many of the environmental covariates (raster data), improving the whale location estimates would have likely 

resulted in us sampling from the same environmental raster cell. In studies covering a smaller study area and 

having higher quality environmental data increasing the accuracy of the animal locations would be more 

paramount. Despite some caveats, using the available remotely sensed data and spatial modelling techniques 

enabled us to uncover the behavioural patterns of these whales spread over 4,000 km across the Southern 

Ocean largely devoid of distinct land mass features, apart from the Antarctic continent. The whales’ ability to 

detect and use environmental cues to locate patchily distributed prey in this vast ocean environment is 

remarkable and identifying the key variables for these animals will help us better understand their behaviour 

and how they might respond to changes in their environment. 

In many animal taxa (including insects, birds and mammals) the decision to begin migrating from one critical 

habitat to another often occurs in response to environmental conditions, social cues or sexual hierarchy, and is 

highly affected by individual variation (Chittleborough, 1965; Gunnarsson et al., 2006; Balbontín et al., 2009; 

Jiang et al., 2011; Rivrud et al., 2016; Berdahl et al., 2017). Climate change has a variety of effects on the critical 

habitats of different animals, for example by altering the distribution and seasonal availability of food as well as 

the size of suitable breeding areas (Fitter & Fitter, 2002; Walther et al., 2002; Derville et al., 2019). If the timing 

of migration relies on endogenous cues that are not affected by climate change (compared to e.g. weather 

cues), the migration of such species will not advance even though they need to arrive earlier on their breeding 

or feeding grounds (Both & Visser, 2001). It is yet unclear whether climate change will influence whale arrival 

at the Southern Ocean feeding grounds, and whether this would have a positive or a negative effect on their 

fitness. Waiting for krill to become available could incur an energetic cost due to the wait time, yet the whales 

might adapt and prey switch to forage more on already available prey; this has been documented in different 

humpback whale populations (e.g. Weinrich et al., 1992; Fleming et al., 2016). 
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3.5. Conclusions  

 

Here we used spatial modelling techniques to identify underlying behavioural states from movement data for a 

wide-ranging marine predator inhabiting a remote area and related those behaviours with environmental 

conditions. We identified two important Southern Ocean feeding areas for humpback whales and observed 

differences in behaviour, likely related to decisions made about the local environmental variation between the 

two adjacent habitats. Behavioural plasticity is critical to survive in environments that are unpredictable and 

changing (Stien et al., 2010; Wong & Candolin, 2015; Courbin et al., 2017). This could therefore be of advantage 

to whales in a changing Southern Ocean, especially as the two feeding areas are experiencing different 

responses to climate change; sea ice increase in the Ross Sea, sea ice retreat in the Amundsen and 

Bellingshausen Seas (e.g. Zwally et al., 2002; Turner et al., 2009) and regional differences in food web structure 

(e.g. Murphy et al., 2012; Constable et al., 2014). Environmental changes may therefore elicit different 

behavioural and demographic responses for populations inhabiting different, yet adjacent, regions of the 

Southern Ocean. Having whales of the same population being subject to different environmental conditions 

provides an opportunity to study changes in their distribution and behaviour within and between circum-Antarctic 

regions, which in turn can be used as indicators of change in the ecosystem (e.g. prey distribution) for all marine 

predators (Raymond et al., 2015). The phenomena of range shifts and behavioural adaptations in response to 

environmental change are currently better understood in the Northern Hemisphere where such events are more 

apparent (Both & Visser, 2001; Post et al., 2009).  
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Chapter 4 

 

Estimating the energetic cost of long-distance migration 

in satellite tagged humpback whales 

 

 

 

4.1. Introduction  

 

The way in which animals allocate energy to different activities and behaviours has important implications for 

their fitness and population demography (Nathan et al., 2008; Morales et al., 2010). Migration has evolved 

among many different animal groups and is primarily a behavioural adaptation to spatiotemporal variation in 

resources, habitats, predation and competition (Alerstam et al., 2003; Dingle & Drake, 2007). Long-distance 

migrations are outstanding physical achievements and typically occur between geographically separated key 

habitats required for different life history stages and functions (Dingle & Drake, 2007).  

Migration requires both time and energy (Alexander, 1998), hence there needs to be a balance between the 

benefits of moving (e.g. access to better habitats, increased food availability), and the costs associated with the 

migratory process (e.g. energetic cost of movement, risk of mortality; Alexander, 1998; Alestram et al., 2003). 

Migrants moving through different media use various modes of locomotion, either running, swimming or flying, 

each with their own associated energetic cost (Schmidt-Nielsen, 1972; Alexander, 1998). For same-sized 

animals swimming has the lowest cost of transport, three and ten times lower than for flying and running, 

respectively (Schmidt-Nielsen, 1972), and hence long-distance migrations should only be worthwhile for flyers 

and endothermic swimmers (Alexander, 1998; Alerstam et al., 2003). For example, the longest terrestrial 

migration, <2,000 km round trip by the caribou (Rangifer tarandus; Alerstam & Bäckman, 2018) pales in 

comparison to those reported for swimming (22,000 km round trip, gray whale, Eschrichtius robustus, Mate et 

al., 2015) and flying animals (81,000 km round trip, Arctic tern, Sterna paradisaea, Egevang et al., 2010).  

A critical aspect of long-distance migration is the need to balance available energy reserves (Blem, 1980; 

Piersma & Jukema, 1990). Many animals therefore use different strategies to reduce their locomotory costs 

during migration. Aquatic animals such as eels, fish and sea turtles utilise currents and tidal stream transport 
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(Parker & McCleave, 1997; Lambardi et al., 2008) while flying animals such as birds take advantage of thermal 

updrafts and favourable air currents to save energy (Egevang et al., 2010; Bohrer et al., 2012). Another strategy 

to facilitate long-distance migration involves the use of stopover sites along the migration route to feed and refill 

energy stores (Alerstam et al., 2003; Sawyer & Kauffman, 2011). Since carrying large and heavy energy 

reserves, usually stored in the form of fat (Downer & Matthews, 1976; Jenni & Jenni-Eiermann, 1998), increases 

locomotion cost, the best strategy for minimising energy expenditure may be to travel as light as possible and 

to use all potential feeding sites along the migratory route (Alerstam et al., 2003). However, this is more relevant 

for smaller aerial and terrestrial migrants, as due to allometric scaling the large body size of some oceanic 

migrants, such as marine mammals, allows for greater fasting capabilities (Boyd, 2004). For time-minimising 

migrants on the other hand it may be better to by-pass poor quality stopover sites and only stop at those of high 

enough quality (Beekman et al., 2002). Insufficient access to feeding sites can exhaust the animals’ energy 

reserves before migration is completed, or influence future reproductive success and survival (Newton, 2006; 

Braithwaite et al., 2015). Feeding during migration is therefore important for many bird species and terrestrial 

mammals, whereas due to the low cost of transport swimming migrants can go for a longer time without stopping 

to refuel (Newton, 2006; Sawyer & Kauffman, 2011; Alerstam & Bäckman, 2018).  

There are two general strategies for meeting the energetic demands of reproduction: income and capital 

breeding (Jönsson, 1997; Stephens et al., 2009). While income breeders continue to feed throughout the 

reproductive period, capital breeders meet the cost of reproduction using previously accumulated endogenous 

or exogenous energy stores (Jönsson, 1997; Stephens et al., 2009). The capital breeding strategy generally 

involves periods of intensive feeding in habitats of temporarily abundant food resources, followed by periods of 

fasting in environments more suited for reproduction (Jönsson, 1997; Dingle & Drake, 2007). This spatial and 

temporal decoupling of feeding and breeding activities brings about the need to move between the two habitats. 

Capital breeders undertaking long-distance migrations between these key habitats must therefore have 

sufficient energy stores to cover the cost of migration as well as the cost of reproduction during the period of 

fasting. If the animals cannot replenish their energy stores during the breeding season or during migration, they 

may be susceptible to exhausting their energy reserves before reaching the feeding grounds (Jönsson, 1997; 

Braithwaite et al., 2015).  

Obtaining direct measurements of energy requirements and expenditure for free-ranging migratory baleen 

whales is challenging due to their large size and fully aquatic lives, which prevents capture and studying them 

in laboratory settings (Williams & Noren, 2009; Goldbogen et al., 2013; Christiansen et al., 2018). Compared to 

sea birds and pinnipeds that periodically come ashore, data on the metabolic rates of fully aquatic large whales 

are limited as most standard methods (e.g. caloric intake, respirometry, doubly labelled water) generally used 

for marine species in the field or in captive settings cannot be applied (Fortune et al., 2013; Christiansen et al., 

2018). As an alternative tactic, mathematical and bioenergetic models can be used to estimate energy needs 

and to quantitatively assess how animals acquire and allocate their energy resources (Fortune et al., 2013; 

Villegas-Amtmann et al., 2015). The developments made in satellite tracking technology in recent years coupled 

with the discipline of movement ecology provides further opportunity for studying physiological processes and 

energy use and acquisition of hard to access long-distance migrants (Mandel et al., 2008; Nathan et al., 2008; 

Dodge et al., 2014).   

Humpback whales (Megaptera novaeangliae), like other baleen whales (mysticetes), are capital breeders 

that migrate annually between their breeding grounds in the tropics and feeding grounds in higher latitudes 

(Stern & Friedlaender, 2018). During the summer feeding season surplus energy is stored mainly as fat tissue 
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in the blubber (Lockyer et al., 1985; Lockyer, 1986). Many whale species rely on these energy stores for six to 

eight months out of the year to cover the cost of their long-distance migration as well as that of breeding and 

lactation (Dawbin, 1966; Brodie, 1975). Maternal body condition has been linked to reproductive success in 

migratory baleen whales, with females in poorer condition and insufficient energy stores sometimes foregoing 

reproduction during years of low food availability (Lockyer, 2007; Seyboth et al., 2016). How the whales balance 

their energy reserves during the migratory cycle may therefore affect individual survival, reproductive success 

and ultimately the population dynamics. 

Commercial whaling during the 20th century heavily exploited all Southern Hemisphere humpback stocks 

(Clapham & Ivashchenko, 2009; Ivashchenko & Clapham, 2014) and the Oceania humpback whales, 

comprising whales from multiple breeding ground sub-populations from the South Pacific Islands (Figure 4.1), 

are estimated to be <50% of pre-exploitation numbers (Childerhouse et al., 2008; Constantine et al., 2012; IWC, 

2015). Furthermore, this population is recovering slower than the neighbouring east Australian population (IWC, 

2015) which could be indicative of differences in energy reserves and/or use between these populations. A 

2015-2016 satellite tracking study has revealed the migratory paths for a sample of Oceania humpback whales 

that migrate to their Southern Ocean feeding grounds (Riekkola et al., 2018 - Chapter 2; Figure 4.1). The 

Oceania whales migrating to the Amundsen and Bellingshausen Seas have a longer migratory distance than 

satellite tracked east Australian whales (Andrews-Goff et al. 2018; Figure 4.1). 

The aim of this study was to build a model to estimate the cost of transport for a long-distance marine migrant 

across different migration routes and distances. We use satellite tracking data of humpback whales to 

investigate the relative difference in the energetic costs of whales migrating to different Southern Ocean feeding 

grounds. We compare two cohorts of whales from the same population (Oceania) with two different routes and 

destinations, as well as between a third migratory cohort from a neighbouring population (east Australia). The 

neighbouring humpback whale populations of Oceania and east Australia have different migratory routes and 

behaviours, and they are recovering from the effects of whaling at very different rates. We therefore examine 

whether migratory energetics play a role in the differential rates of population recovery. In addition, studying the 

physiology of these animals in the field is highly difficult, yet necessary for accurate conservation management. 

Therefore, they represent an ideal system for examining the cost of transport and migration energetics by using 

a mathematical model, which can be applied to other migrating organisms. 
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Figure 4.1 Satellite tracks with speed (m s-1) used to calculate the energetic cost of migration for three cohorts of humpback whales: d’Urville Sea (n = 2), Ross Sea (n 
= 7), Amundsen and Bellingshausen Seas (n = 4). Black dots denote the end of migration phase for each track. Dashed circles denote International Whaling Commission 
designated population breeding grounds; the Oceania population comprises breeding grounds E2, E3, F1 and F2. Dashed lines from Oceania breeding grounds denote 
straight-line paths to the Kermadec Islands tagging location. Southern Ocean is denoted by black line at 60°S. 
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4.2. Methods  

 

4.2.1. Satellite tag deployment and hierarchical state-space model 

 

4.2.1.1 Oceania humpback whale data   

 

We used existing humpback whale telemetry data reported in Riekkola et al. (2018 - Chapter 2). Adult humpback 

whales (n = 25) were fitted with location-only SPOT-5 satellite transmitters (Wildlife Computers, Redmond, USA) 

at the Kermadec Islands (Figure 4.1), New Zealand, between September and October 2015. Observed locations 

were calculated by the Argos System using the Doppler Effect on transmission frequency when multiple 

messages from a tag were received by a satellite. Further details on the study site, deployment techniques and 

duty cycles are reported in Riekkola et al. (2018 - Chapter 2). 

We used the hierarchical version of a Bayesian state-space model (SSM; Jonsen et al., 2005, 2006) at a 6-

h time-step to estimate locations (via an observational model) and behavioural states (via a movement model). 

The SSM provides more accurate estimates of the locations and the associated uncertainty than raw tracking 

data (Jonsen et al., 2005, 2006). The model was fitted in R (version 3.5.1, R Core Team, 2018) using the 

software JAGS (Plummer, 2013) and the R packages rjags (Plummer, 2016) and bsam (Jonsen et al., 2015). 

Where a gap of >1 day existed in the raw satellite transmission data the individual track was split and ran as 

separate segments to avoid interpolating over long periods of time. Two Markov chain Monte Carlo (MCMC) 

chains were run in parallel, each for a total of 200,000 simulations. The first 100,000 samples were discarded 

as a ’burn-in’, and the remaining samples were thinned, retaining every 100th sample to reduce autocorrelation. 

The final 2,000 samples were used to compute the posterior distribution of the model parameter estimates. The 

behavioural mode estimates (b), ranging between 1 and 2, were inferred from the means of the MCMC samples. 

We used a conservative approach (Jonsen et al., 2007) for classifying behavioural modes, with mean estimates 

of b<1.25 labelled as ‘transiting’, and mean estimates of b>1.75 labelled as ‘area restricted search’ (ARS), 

indicative of foraging. Locations with a mean b estimate between 1.25 and 1.75 were classified as ‘uncertain’. 

 

 

4.2.1.2 East Australian humpback whale data 

 

To make comparisons with the neighbouring east Australian populations we used existing satellite tracking data 

reported in Andrews-Goff et al. (2018). Location-only SPOT-5 satellite transmitters were deployed on adult 

humpback whales along the east coast of Australia near Eden between October and November 2008, and off 

the Sunshine Coast during October 2010. Further details on the study site, deployment techniques and duty 

cycles are reported in Andrews-Goff et al. (2018). The tracks were entered into a separate hierarchical switching 

state-space model using the same settings as for the Oceania data. 
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4.2.2. Data preparation 

 

We calculated speed between consecutive locations for each whale using the SSM data. Distance between 

consecutive locations were calculated using a great circle distance (trip package, function trackDistance, 

Sumner, 2016b). Where the raw satellite track for an individual whale was run as two or more separate segments 

in the SSM (Oceania dataset only) this resulted in data gaps in the final SSM tracks. For the tracks to be 

comparable between whales we were required to have a data point every 6 hours. We therefore filled the data 

gaps by generating new time points spaced at 6-h intervals (note that no locational data were associated with 

these points, only time and speed). For each newly generated point within the data gap we assigned the speed 

to be the speed across the entire gap (i.e. the speed between last SSM location before the gap and first SSM 

location after the gap). There were no gaps in the east Australian tracks and generating new points was not 

required. 

In order to keep the tracks comparable between whales we specified the start and end points for the 

migratory phase for which we the energetic cost of transport. The migration phase began when the animals 

crossed 30°S (Figure 4.1). Using a set latitude as the end for the migration phase was not appropriate as the 

whales do not stop migrating at an arbitrary human-defined latitude (Andrews-Goff et al., 2018; Riekkola et al., 

2018 - Chapter 2). Therefore, we considered the migration phase complete at the first sign of behavioural 

change after entering the feeding grounds (south of 60°S). This behavioural change was defined as the first 

occurrence of ARS behaviour as identified by the SSM, or three or more consecutive locations classified as 

‘uncertain’ behaviour (PTTs 131178 where the model identified no ARS, and 131190 that had a data gap south 

of 60°S). This meant that the energetic cost for the migration phase was only calculated for tagged animals 

whose tags transmitted north of 30°S and lasted until at least 60°S. Within the Oceania population the whales 

had two migratory destinations: Ross Sea or Amundsen and Bellingshausen Seas (Figure 4.1). The migratory 

destination for each whale was assigned based on a visual grouping of the tracks on either side of 150°W. The 

east Australian whales migrated to a region between western Ross Sea and d’Urville Sea (Figure 4.1), and their 

migratory destination will therefore be referred to as the d’Urville Sea.  

 

 

4.2.3. Energetic cost of transport and basal metabolic rate 

 

Following Braithwaite et al. (2015) we grouped the energy expenditure of all activities for a migrating humpback 

whale as the energetic cost of transport (ECOT). The power required by a swimming animal to overcome the 

hydrodynamic drag forces (D) is proportional to the cube of swimming velocity (V), and therefore the energetic 

cost of swimming increases exponentially with speed (Sumich, 1983; Fish, 1994). The energetic cost of transport 

in Watts (W) was calculated using the formula from Hind & Gurney (1997): 

 

𝐸𝐶𝑂𝑇 =  
𝜆

𝜀𝐴(𝑉)𝜀𝑃

𝜌𝑆𝐶𝐷𝑉3

2
 

 

where λ is the ratio of active to passive drag, ε is aerobic efficiency, ρ is the density of sea water (kg m-3), S 

is the wetted surface area (m2), and CD is the drag coefficient. All model parameters and their sources are 
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summarised in Table 4.1. As we aimed to compare the energetic costs of different migration distances, we kept 

all other variables (e.g. sex, age, size) constant, and therefore did not estimate the energetic cost of e.g. growth 

or lactation.  

Basal metabolic rate (BMR) is the energy required by an organism to maintain vital bodily functions at rest. 

BMR was estimated as:  

𝐵𝑀𝑅 =  
4186.8

86400
[70𝑀0.75] 

 

where M is mass (kg). The term in brackets is the allometric relationship between BMR and body mass 

among animals (kcal d-1; Kleiber, 1975), and the first term converts this to W (as per Baumgartner & Mate, 

2003).  

 

 

4.3. Results  

 

For the Oceania cohort, 11 whales had tracks covering the full migration from 30°S to the observed change in 

behaviour south of 60°S (Ross Sea n = 7, Amundsen & Bellingshausen Seas n = 4; Table 4.2a). Only two 

whales from east Australia had migration data across the same spatial range. Three whales from the Oceania 

cohort (PTTs 131175, 102211, 131173; Table 4.2a) had large data gaps resulting in a large proportion (>13%) 

of generated data points and speeds during the migration phase. As we could not be fully confident in the 

accuracy of the generated sections, we excluded these whales from the final comparisons (Table 4.2b).  

The whales that migrated to the Amundsen & Bellingshausen Seas covered the farthest migration distance 

(in km), 21% and 15% longer than for the Ross Sea and d’Urville Sea migratory cohorts respectively (Table 

4.2b). The Ross Sea whales migrated for 12% longer (in days) than the d’Urville Sea and Amundsen & 

Bellingshausen Seas whales. The Amundsen & Bellingshausen Seas whales had 85% and 25% higher 

energetic cost of transport than the Ross Sea and d’Urville Sea whales, respectively. The total energetic cost 

of migrating (cost of transport and BMR) to the Amundsen & Bellingshausen Seas was 6% and 7% higher than 

for the Ross Sea and d’Urville Sea migratory cohorts, respectively (Table 4.2b). The average migratory speed 

for each cohort varied throughout the migration phase (Figure 4.2). Apart from the early stages of the migratory 

phase, the Amundsen & Bellingshausen Seas whales migrated in general at a faster velocity than the Ross Sea 

and d’Urville Sea whales (Figure 4.2).  
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Table 4.1 Model parameters and values used to calculate energetic cost of transport. 

Parameter Unit Value Source 

Ratio of active to passive drag λ 0.7 Hind & Gurney (1997) 

Assimilation efficiency εA 0.2 Fish (1996) 

Propeller efficiency εP 0.8 Fish (1996) 

Density of fluid ρ (kg m-3) 1,027 Standard for seawater 

Surface area S (wetted, m2) 0.045M0.696 Ryg et al. (1993) 

Mass M (kg) 30,000 Lockyer (1976); value held constant between whales 

Drag coefficient CD 0.003 Estimated for humpback whale by Braithwaite et al. (2015) 

Swimming velocity V (m s-1) Dynamic variable SSM data, this study (range: 0-3.2 m s-1) 
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Table 4.2 a) Summary of satellite tag data used for calculating energetic cost of migration. PTT = unique tag number, % generated points = points generated to fill data 
gaps (‘na’ denotes cases with no data gaps), M = male, F = female, MC = mother-calf pair, U = animal of unknown sex, ECOT = energetic costs of transport (in Watts 
(W)), BMR = basal metabolic rate. b) Relative difference of energetic cost metrics between migration destinations. Note that the comparisons were done excluding 
individuals with >5% generated points. 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

(a) 

Migratory destination PTT 

% generated 

points 

Sex/reproductive 

class 

Migration length Migration 

ECOT (W) 

Migration 

BMR (W) 

Total 

migratory 

cost (W) 
 days km 

 Amundsen and 

Bellingshausen Seas  

102218 na M 63 5,564 176,236 487,116 663,352 

 131175 16.1 M 66 4,504 108,810 512,245 621,055 

 131182 na F 56 6,161 244,925 434,925 679,850 

 131187 na F 53 5,025 161,722 411,729 573,451 

 Average   60 5,313 172,923 461,504 634,427 

 Ross Sea  88727 na MC 37 3,709 108,495 286,084 394,579 

 102211 24.9 U 55 3,208 158,587 427,193 585,780 

 112722 2.0 U 87 5,487 100,112 670,751 770,863 

 131173 13.5 M 57 4,192 143,866 442,657 586,523 

 131178 na MC 95 5,517 101,592 732,607 834,199 

 131188 na MC 48 4,202 118,562 367,270 485,832 

 131190 na MC 55 4,127 95,866 427,193 523,059 

 Average   62 4,349 118,154 479,108 597,262 

 d’Urville Sea  64235 na M 39 4,158 195,069 301,548 496,617 

 98129 na MC 76 5,579 115,968 583,766 699,734 

 Average   57 4,869 155,519 442,657 598,176 

(b) 

Comparison 

Migration length Migration 

ECOT (W) 

Migration 

BMR (W) 

Total 

migratory 

cost (W) 
 days km 

 Amdundsen & Bellingshausen Seas relative to Ross Sea -11% 21% 85% -11% 6% 

 Amdundsen & Bellingshausen Seas relative to d'Urville Sea 0% 15% 25% 0% 7% 

 Ross Sea relative to d'Urville Sea 12% -5% -33% 12% 1% 
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Figure 4.2 Swimming speed (m s-1) by latitude during the migration phase (30°-60°S). Orange = d’Urville Sea, 
light blue = Ross Sea, dark blue = Amundsen and Bellingshausen Seas. Shaded areas represent LOESS 
smoother functions applied to whales of the same cohort. 

 

 

 

4.4. Discussion  

 

Animals need to balance their energy reserves during long-distance migration, and additional costs incurred 

during the migratory cycle can have consequences on individual survival and breeding success. For example, 

mortality during spring migration was highest in Eurasian spoonbills (Platalea leucorodia leucorodia) with the 

longest migration distance (Lok et al., 2015), and monarch butterflies (Danaus plexippus) infected with 

protozoan parasites were not able to migrate as far as uninfected individuals (Altizer et al., 2015). Here we 

estimated migratory costs for humpback whales with different migration routes and distances to their Southern 

Ocean feeding grounds. The total energetic cost of migration was a trade-off between cost of transport (speed) 

and daily maintenance costs (BMR). While migrating slowly minimises the energetic cost of transport, the 

extended travel time accrues a higher cost in terms of daily maintenance. In this case, while the cost of transport 

was highest for the Amundsen and Bellingshausen Seas whales due to the longest migration distance and their 

faster speed of travel, the energy saved in BMR costs by using fewer days to migrate to the feeding grounds 

resulted in only a small (6-7%) increase in the total energetic cost compared to the two shorter migration routes.  
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Migratory animals often employ different strategies, such as using favourable environmental conditions or 

stopover sites, to reduce migration costs (Lambardi et al., 2008; Sawyer & Kauffman, 2011; Bohrer et al., 2012). 

A faster migration speed may therefore be a behavioural adaptation through which the whales travelling to the 

Amundsen and Bellingshausen Seas minimise the costs associated with daily BMR, thus reducing the total 

energetic cost. Migratory wood thrushes (Hylocichla mustelina) for example adjust their travel speed as a 

migratory strategy, whereby individuals that departed later from their non-breeding habitats migrated faster and 

for fewer days to compensate for the delayed departure (McKinnon et al., 2015). Many marine mammals 

regardless of size routinely swim at slow speeds, ranging from 1.0 to 3.6 m s−1 (Williams, 2009), which is similar 

to the estimated range of optimal swimming velocities for baleen whales (Kshatriya & Blake, 1988). Throughout 

much of the migration phase the average speed of whales migrating to the Amundsen and Bellingshausen Seas 

was around 1.1 m s−1 (Figure 4.2b), which was identified in simulation models by Braithwaite et al. (2015) to be 

the most optimal speed for migrating humpback whales. This suggests that the whales likely migrate near the 

optimal speed that minimises cost of transport, at which point the total cost of long-distance migration is not 

expected to be significantly different from moving around in one location (Costa & Maresh, 2018).  

Even a small annual energetic deficit can have a big impact on migrating animals. For example, a 4% loss 

in the annual energy budget of a female gray whale during pregnancy can prevent the successful production 

and weaning of a calf (Villegas-Amtmann et al., 2015). A bioenergetic modelling approach revealed that a 25% 

increase in the migration length, as well as higher metabolic rates at foraging grounds, resulted in ~11% greater 

energy requirements during a two-year breeding cycle for the western gray whale population compared to the 

eastern population (Villegas-Amtmann et al., 2017). However, the small extra cost during migration that we 

identified here for humpback whales does not necessarily equal to a net loss in the animals’ annual energy 

budget. As detailed data on the energy usage and gain for these whale cohorts on the feeding grounds does 

not exist, we do not know whether the whales that use more energy during migration also gain more during the 

feeding season, or if the extra cost is balanced out in some other way during the year. Such data, as well as a 

more detailed model will be required to quantitatively estimate all annual energy costs and gains and to 

determine whether a 6-7% extra cost during migration could be significant to all, or some individuals in the 

population dependent on their life-history stage and natural variation in body size and condition. 

None of the Oceania females with a dependent calf tagged at the Kermadec Islands migrated to the more 

distant feeding grounds of the Amundsen and Bellingshausen Seas (Riekkola et al., 2018 - Chapter 2). While a 

~6% extra cost during migration might not affect the energy balance of adult whales, the added cost may have 

more of an impact on individuals that also have to bear the cost of growth or lactation. Immature and growing 

individuals require more energy than adults due to the energetic costs associated with body growth and high 

mass-specific metabolic demand (Worthy, 1987; Fortune et al., 2013), and may therefore be more vulnerable 

to nutritional stress during the migration or fasting period than mature individuals (Irvine et al., 2017). For 

example, long-distance migration to wintering grounds was found to be costlier for young and inexperienced 

greater flamingos (Phoenicopterus roseus) compared to adults (Sanz‐Aguilar et al., 2012). However, 

considering calves in other humpback whale populations successfully complete long-distance migrations 

(Stevick et al., 1999; Rasmussen et al., 2007) we have no reason to assume that they would not be physically 

capable of migrating to the Amundsen and Bellingshausen Seas. Lactation on the other hand is one of the most 

energetically costly physiological process in mammals (Lockyer, 1986; Gittleman & Thompson, 1988), and in 

capital breeding humpback whales this cost occurs during the fasting period. We might therefore hypothesise 
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that the preference for a closer feeding ground by lactating females (Riekkola et al., 2018 - Chapter 2) may 

indicate that they are more conservative with their energy expenditure, and therefore less likely to migrate to 

the Amundsen and Bellingshausen Seas. As stated above, more detailed data on the physiology of these 

animals are required for testing such hypotheses.  

Because life is a balance between energy gain and use, the energetic costs of a given migratory route and 

distance is only one part of the equation. To maintain a positive energy balance, the energy acquired by capital 

breeding animals during the feeding season must exceed the energy required during the year. Experiencing 

favourable conditions at either end of the migratory range has been linked to better survival and breeding 

success in migrant animals, including many bird species (Newton, 2004; Alves et al., 2013). Therefore, the extra 

6-7% migratory cost of a longer migration distance in humpback whales may not have a negative net effect as 

long as prey of sufficient quantity and quality is consumed during the feeding season. Future studies could 

therefore focus on evaluating the quality of the various Antarctic feeding grounds, for example by measuring 

lipid content in krill (Euphausia superba), the whales’ main prey (Murase et al., 2002; Hellessey et al., 2018), as 

well as the availability of sufficiently dense krill swarms (e.g. Hazen et al., 2015).  

The whales can also help balance their annual energy budget by feeding at stopover sites during migration, 

a strategy that is important for many bird species and terrestrial migrants (Newton, 2006; Sawyer & Kauffman, 

2011). Due to the low cost of transport for swimming, aquatic migrants can go for a long time without stopping 

to refuel (Alerstam & Bäckman, 2018). Therefore, although humpback whales might not need to stop to forage 

during migration, supplementary feeding has been recorded in the east Australian population (Owen et al., 2017; 

Andrews-Goff et al., 2018). While humpback whales mostly rely on energy gained during the summer feeding 

season, opportunistic feeding during migration could in fact be an important contribution to the whales’ annual 

energy budgets (Owen et al., 2017). The difference in the recovery rate between the Oceania and east 

Australian humpback whale populations might therefore be less due to energetic costs associated with different 

migration distances and more due to the extra energy gained by the east Australian whales, or perhaps a 

compounding effect of the two. It remains to be seen how these differences might affect the two populations in 

coming years given the expected ecosystem changes occurring on the Southern Ocean feeding grounds (e.g. 

Deppeler & Davidson, 2017). Various consequences of climate change on long-distance migrants, such as 

increased migration distances due to shifts in breeding ranges and temporal mismatches between food 

availability and migrant arrival, have already been recorded (e.g. Both et al., 2009; Doswald et al., 2009). 

 

 

4.4.1. Caveats of the model 

 

All models are inherently constrained by their input parameters. It is therefore crucial to use the most accurate 

and reliable data available, however obtaining estimates of energetic expenditure for large whales measured in 

absolute caloric value is highly difficult. Many of the variables required for such calculations cannot be reliably 

measured for free-living whales (Williams & Noren, 2009; Goldbogen et al., 2013; Christiansen et al., 2018). 

Additionally, small errors or changes in parameter measurements can have large impacts on the final results 

(Jeanniard-du-dot et al., 2017). We therefore did not attempt to obtain exact values and were instead interested 

only in the relative energetic costs between different migration routes and distances. Nonetheless, many of the 

factors in the model were likely over-simplified due to the lack of data on the physiology of large migratory 
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whales. For example, an estimate for the drag coefficient does not exist for humpback whales, and the 

parameter used in our model was estimated based on values for other species (Braithwaite et al., 2015). 

Following Braithwaite et al. (2015) we grouped all activity as ‘cost of transport’. Even though we likely 

underestimated the exact energetic costs by not including different high energy behaviours (such as breaching, 

a frequent behaviour for humpback whales; Clapham et al., 1993) we expect all cohorts to display these 

behaviours equally and therefore that the ratios of total energetic costs between the cohorts (and populations) 

would remain similar. Despite the various limitations and the small sample size of our study, we provide valuable 

insight into the migratory ecology of these animals. The work also highlights an opportunity for more detailed 

model development, as well as the need to obtain better parameter estimates for hard to study marine migrants 

and to account for uncertainty and variability in these estimates. Our modelling approach utilised currently 

available biological knowledge and it can be adapted to incorporate new information or to include more detail 

on movement, environment, or other costs (e.g. lactation). 

 

 

4.5. Conclusions  

 

For capital breeding humpback whales that complete long-distance migrations the ability to balance limited 

energy reserves will have consequences on migratory performance as well as on individual survival and 

breeding success. The model developed in this study demonstrates that long-distance migrants manage energy 

used by balancing swimming velocity and the time taken to complete the migration. Our approach represents 

an example of using satellite tracking data to better inform energetic models and is therefore applicable to other 

organisms where similar data are available. 

The whales studied here migrated at speeds near to those estimated to be optimal, suggesting that even 

extreme long-distance migration does not take a heavy toll on the animals, as much as we might be inclined to 

believe the opposite. However, the high additional energetic cost of lactation might limit the migration ability of 

mothers with a suckling calf. 

Based on the energetic calculations done here, it seems that migration distance alone is not enough to 

explain the slow recovery rate for the Oceania population. However, models of the full annual energy budgets 

are required to fully determine whether energy gained during the feeding season is enough to outweigh all 

migratory costs, as well as to discern the role of stopover sites and supplementary feeding. Such insight will 

increase our ability to conserver these whale populations, especially given the changing environment. While 

more detailed data and models are required, our model provides valuable insight into the migratory energetics 

of humpback whales and into the differences between the two neighbouring populations. 
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4.6. New findings about Oceania humpback whale ecology 
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Chapter 5 

 

General discussion 

 

 

 

5.1. New findings about Oceania humpback whale ecology 

 

Prior to the research presented in this thesis, we had a rudimentary understanding of the migratory movements 

and the Antarctic feeding ground distribution patterns of Oceania humpback whales. Our knowledge was mainly 

limited to imprecise individual movement data from whales tagged with Discovery tags during the commercial 

whaling era, and more recently to whales identified through fluke matching or genetics at the end points of their 

migratory range (e.g. Chittleborough, 1959b; Dawbin, 1964; Robbins et al., 2011; Steel et al., 2018). Unlike the 

Northern Hemisphere, the area where most of our knowledge about humpback whales comes from (e.g. 

Clapham, 1992; Smith et al., 1999; Gabriele et al., 2007; Calambokidis et al., 2008), the Southern Ocean has 

no terrestrial geographic boundaries. This opens the possibility for whales to move great distances across their 

feeding grounds to other breeding grounds (e.g. Noad et al., 2000; Stevick et al., 2011; Robbins et al., 2011). 

Through the use of bio-logging tools my research revealed the migratory routes and the vast expanse of 

Southern Ocean feeding grounds for Oceania’s humpback whales.  

Humpback whales passing the Kermadec Islands, an area once abundant with whale sightings (Oliver, 1922; 

Townsend, 1935; Richards, 2009) and the site where satellite tags were deployed for this research, came from 

a range of breeding grounds spanning ~3,500 km of ocean, almost the entire breeding ground range for the 

Oceania humpbacks. This challenges previous ideas that most whales migrate from their breeding grounds due 

north (e.g. Fiji, Tonga; Chapter 2) to the feeding grounds due south (Chittleborough, 1965; Dawbin, 1966). The 

Kermadec Islands, in particular Raoul Island, is an important stopover location for the Oceania whales ~1,000 

km (Tonga) to ~3,000 km (French Polynesia) south of their primary breeding grounds. From mid-September to 

mid-November, whales from multiple breeding grounds stay for periods of several days (Clark et al., 2017; 

Lindsay et al., unpublished manuscript), resting, engaging in low level social activity including exposure to the 

song of whales from other breeding grounds (Owen, 2016) before continuing their migration south. The area is 
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the largest aggregation point for Oceania humpback whales in the open waters of the South Pacific once they 

are on their migration path and is therefore a region of great conservation value.  

From the Kermadec Islands the whales migrated to the Southern Ocean (straight-line distances of up to 

7,000 km). Apart from one individual that migrated past mainland New Zealand and four others that transited 

past Chatham Island to the east, all other whales migrated through open ocean waters. The whales’ migratory 

tracks were not straight, but instead were quite sinuous with multiple individuals performing noticeable turns. 

Without obvious land masses constricting and guiding movement the whales are able to choose their paths, 

however we still do not fully understand this process (Horton et al., 2011, 2017). With the ever-developing 

accuracy of satellite tags and remote sensing data this is hopefully a question we can answer in the future.  

The Antarctic feeding grounds of Oceania’s whales spanned ~4,500 km from the eastern Ross Sea to 

eastern Bellingshausen Sea. This expanse of Southern Ocean covers regions where our understanding of 

productivity is quite poor (Siegel & Harm, 1996; Kaiser et al., 2009; Munilla & Soler-Membrives, 2015), compared 

to areas such as the Antarctic Peninsula (El-Sayed, 1967; Arrigo et al., 2008). Despite such a wide expanse, 

none of the tagged whales migrated to the west Antarctic Peninsula or the Balleny Islands, primary feeding 

grounds for humpbacks from western South America (Stevick et al., 2004) and east Australia (Constantine et 

al., 2014), respectively. Oceania whales have been recorded in both the west Antarctic Peninsula and the 

Balleny Islands (Robbins et al., 2011; Franklin et al., 2012; Constantine et al., 2014; Albertson et al., 2018) and 

such sightings are likely to increase in the future as whale numbers increase. However, my work suggests that 

most Oceania whales are spread in the open, remote Antarctic waters south of South Pacific (175°E-90°W), a 

region that remains largely under-represented by Antarctic scientists (e.g. Clarke et al., 2007; Griffiths, 2010; 

McLeod et al., 2010). The Oceania humpback whale telemetry data have helped answer questions about the 

extent to which stocks mix on the feeding grounds (Valsecchi et al., 2010; Jackson et al., 2015). This will inform 

the allocation of historical feeding ground whaling catches to individual breeding populations, something that 

has proven challenging when tracking the recovery of the heavily exploited humpback whales in this region 

(Clapham & Ivashchenko, 2009; Jackson et al., 2015). The whales’ use of the IWC designated Southern Ocean 

feeding areas were historically informed by Discovery tag data when humpback whale populations were larger.  

Although these assignments may have been relevant at the time, now that the whale populations are recovering 

in a changing Southern Ocean these feeding areas may not be as representative as they once were, especially 

when informed by using modern research approaches. 

The life history stage of the whales influenced their feeding ground destination, with all fully tracked mothers 

with a dependent calf migrating to the Ross Sea, and most adults without calves migrating to the Amundsen 

and Bellingshausen Seas. This appears to be a long-term pattern for these whales, as the same trend was 

observed in the historical whaling data (Appendix C, Figure 5.1). During their first year of life the calves learn 

the migration route to the Ross Sea from their mothers (typical for humpback whales; Palsbøll et al. 1995; 

Stevick et al., 2006; Baker et al., 2013). As the Kermadec Islands are an important social gathering point, young 

animals may learn the migration route to the Amundsen and Bellingshausen Seas from their mother if she 

returns to these feeding grounds with her calf after the first year, or possibly from other whales during 

subsequent years once independent. Of course, this pattern is not strictly adhered to, as all reproductive classes 

are found in both of the regions, but it is clear that the pattern has been persistent in the Oceania whales both 

when there were abundant numbers of whales and when numbers are severely reduced. This indicates the 

importance of culture in humpback whales, which may be the most social species of all rorquals (e.g. Clapham, 

1996, 2000; Clapham & Zerbini 2015). There are well documented examples of cultural transmission, i.e. the 
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social learning of information or behaviours from conspecifics, such as natal site fidelity and migration paths 

(Clapham & Mayo, 1987; Baker et al., 1990; Olavarría et al., 2007; Rosenbaum et al., 2017), feeding strategies 

(Allen et al., 2013), and song evolution (Garland et al., 2011). The suggested non-maternal inheritance of 

migratory routes and the lack of maternal fidelity to feeding grounds clearly highlights the difference between 

Northern and Southern Hemisphere feeding grounds and humpback whale populations. 
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Figure 5.1 Location of humpback whale catches by the Soviet factory ship Yuri Dolgorukiy (1960-1973) within Western Pacific (90°-160°E), Ross Sea (160°E-130°W), 
and Amundsen and Bellingshausen Seas (130°-60°W); grey plus = adult, black dot = calf (inferred from the recorded length, whales <8.4m in length). Data provided by 
Dmitry Tormosov. 
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5.2. How will Oceania whales respond to climate change?  

 

The Southern Ocean, like many other marine ecosystems, is experiencing rapid change (e.g. Turner et al., 

2009; Hindell et al., 2017). In Chapter 3 I modelled the whales’ behaviour within the feeding grounds and 

identified two areas within the Ross Sea and the Amundsen and Bellingshausen Seas regions where the whales 

focused their foraging efforts. There were clear differences in the environmental characteristics of the two key 

feeding habitats (e.g. depth, sea ice extent and dynamics). This raises the question, how will the Oceania whales 

respond to climate change, especially if the environmental effects are not the same across this large feeding 

region? Discerning how cetaceans in general will respond to climate change can be difficult, but some of the 

possible effects may include changes in their distribution patterns (MacLeod, 2009; Lambert et al., 2014), in the 

timing and length of migration (Ramp et al., 2015), and in reproductive success, mainly due to variations in prey 

abundance or distribution (Leaper et al., 2006). Behavioural plasticity is key in enabling individuals and 

populations to rapidly respond to environmental changes (Sydeman et al., 2015; Hindell et al., 2017). Plasticity 

in foraging strategies in particular may be important enabling species to better adapt to long-term climate change 

impacts, for example as seen in wandering albatrosses (Diomedea exulans) that successfully shifted their 

foraging range in response to changes in the Southern Ocean wind patterns (Weimerskirch et al., 2012). In 

Chapter 3 I identified behavioural plasticity within the Oceania whales, suggesting that these whales have the 

ability to adapt to the inevitable environmental changes, for example by prey switching or by completely shifting 

their range and distribution within the Southern Ocean.  

The diverse and flexible diet of humpback whales enables them to forage on different available prey, leading 

to shifts between prey types (Hain et al., 1995; Owen et al., 2015; Fleming et al., 2016) and the exploitation of 

fully novel prey (Chenoweth et al., 2017). The Southern Ocean food web is already changing, with regional 

declines in krill stocks (mainly within the Southwest Atlantic sector) and the increase of salps in the southern 

part of their range (Atkinson et al., 2004; Lee et al., 2010; Constable et al., 2014; Hill et al., 2019). Although 

traditionally viewed as nutritionally poor, salps have recently been shown to have high levels of protein and 

carbon, and to be a key part of the Southern Ocean food web and the diets of many predators (Knox, 2006; 

Dubischar et al., 2012; Henschke et al., 2016).  Due to their flexible diet and the apparent behavioural plasticity, 

we would expect Oceania humpbacks to successfully prey switch from krill to forage more on fish or salps, if 

necessary. In other regions the diet of baleen whales has been found to contain salps (e.g. Carroll et al., 2019), 

however whether they provide sufficient energy for a capital breeding whale needs to be assessed. Regardless, 

flexibility in diet and behaviour are likely to be important for the future survival and recovery of Oceania whales, 

given that models are predicting declines in those whale species that cannot adapt to the shifting prey base 

(Tulloch et al., 2019).  

Alternatively, Oceania humpback whales might shift their range and distribution within the Southern Ocean. 

This could be especially relevant for the Amundsen and Bellingshausen Seas regions which have low overall 

productivity (Siegel & Harm, 1996; Constable et al., 2003), however this region remains poorly studied (Kaiser 

et al., 2009; Munilla & Soler-Membrives, 2015). If for example the area can no longer support foraging whale 

populations, or if krill distribution shifts markedly (Atkinson et al., 2019), we might see fewer whales in the 

Amundsen and Bellingshausen Seas in the future. A situation like this has recently arisen in south-eastern 

Alaska where a previously important humpback whale feeding ground has seen a drastic reduction in the 

number of whales (Neilson & Gabriele, 2019). It is unclear whether this reflects a range shift, or increased 
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mortality, but the observed trend seems to be linked to poorer prey availability and/or quality in the Gulf of Alaska 

ecosystem as a result of a marine heatwave in the North Pacific (Neilson & Gabriele, 2019). Range shifting by 

Oceania whales would also influence competition with other krill predators, however this is a highly complex 

subject (Fraser et al.,1992; Clapham & Brownell, 1996; Clapham et al., 2007). Range shifting might also affect 

resource and niche partitioning between humpbacks and other recovering whale populations, a topic that has 

been studied around the Antarctic Peninsula (Friedlaender et al., 2009, 2011; Herr et al., 2016) but of which our 

understanding is lacking in almost all other Antarctic regions.  

The observed division to two feeding regions by the Oceania whales could also lead to contrasting responses 

to environmental change. The physical oceanography fluctuates across the Southern Ocean resulting in a 

variable distribution and abundance of lower trophic level species (Fraser & Hofman, 2003; Murphy et al., 2007; 

Southwell et al., 2015). Studies have identified regional trends in the Antarctic sea ice variability, with increasing 

sea ice extent occurring in the Ross Sea region, and a decrease in sea ice extent occurring in the Amundsen 

and Bellingshausen Seas region (e.g. Zwally et al., 2002; Turner et al., 2009; but see Stewart et al., 2019 on 

sea ice thinning in Ross Sea). Due to these regional differences in the food web structure and sea ice dynamics, 

the environmental changes experienced by populations of the same species inhabiting different parts of the 

Southern Ocean may not be uniform and may elicit contrasting responses from the animals (Hindell et al., 2016, 

2017; Jonsen et al., 2019). For example, differences in habitat quality and in the long-term trends in sea ice 

conditions across regions have been linked to the different population trends among southern elephant seal 

(Mirounga leonina) colonies (Hindell et al., 2016). For the Oceania whales, the fact that most, if not all, mothers 

with dependent calves migrate to the Ross Sea feeding grounds is important information for conservation 

management. This population might be more sensitive to changes occurring in the Ross Sea region as any 

major anthropogenic impacts, either direct (e.g. increased krill fishery) or indirect (e.g. climate change effects), 

could have proportionately larger impact on mothers and calves, which is more likely to affect the overall 

population recovery.  

Furthermore, the whales’ world is changing at both ends of their range. Warming waters in the tropics are 

predicted to result in some of the Oceania breeding sites (such as American Samoa) to become unsuitable for 

the whales by the end of 21st century (Derville et al., 2019). Plasticity in habitat use patterns may therefore 

facilitate distribution shifts to more suitable habitats of southern Oceania. Alternatively, some Oceania whales 

may immigrate to east Australia, something that has been suggested as a possible reason for the high rate of 

increase in east Australian population (Clapham & Zerbini, 2015; work is underway to answer this question – 

Steel et al. in progress).  

 

 

5.3. Oceania population recovery and migratory energetics 

 

One of the main aims of my thesis was to better understand why the Oceania whale population is recovering 

slower than for example the neighbouring east Australian population, which continuous to grow at a rapid rate 

and is now considered fully recovered (IWC, 2015; Noad et al., 2019). The Oceania population is recovering, 

albeit slowly (Constantine et al., 2012; IWC, 2015), and the pregnancy and age analyses (Chapter 2) support 

this. There was a high proportion of younger whales and a relatively low proportion of older whales, similar to 

that seen for the east Australian whales a decade ago and indicative of a population recovering from exploitation 
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(Polanowski et al., 2014; Jones et al., 2018). The 57% pregnancy rate was higher than expected for such a slow 

recovering population. It is worth noting however, that the last abundance estimate for the Oceania population 

is 15 years old, and recent estimates show that the New Caledonian sub-population is growing (Garrigue et al., 

2012). Furthermore, populations experiencing high levels of exploitation often show a decrease in age and size 

at sexual maturity, favouring early reproduction (Lockyer, 1984; Proaktor et al., 2007), therefore the high 

pregnancy rates in the young Oceania populations may be a population level post-whaling response. The high 

pregnancy rate recorded here was also comparable to the rapidly growing western South American populations 

of humpback whales feeding in the West Antarctic Peninsula where pregnancy rates ranged from 36% in 2010 

to 86% in 2014 (average 63.5% across five years), and between 58% and 72% from summer to autumn across 

all years (Pallin et al., 2018b). It is possible that the Oceania whales are experiencing a high rate of foetal loss 

and/or calf mortality, with fewer calves being recruited into the population than in other areas, thus slowing down 

the overall population recovery. However, we are currently very limited with such information for the Oceania 

population, with the breeding grounds of New Caledonia the only region where a sufficient long-term dataset 

exists for us to answer some of these questions (Garrigue et al., 2001; Chero et al., 2017). Such inference would 

require re-sightings of previously sampled females to ascertain the fate of their pregnancy, as well as re-

sightings of the calf to ascertain survival and recruitment success. Obtaining such repeated measures is 

complicated by low resighting rates within and between breeding grounds (Garrigue et al., 2011; Constantine 

et al., 2012) largely due to the vast and complex network of atolls, seamounts and islands that offer suitable 

habitat for these whales within the Oceania region (Oremus & Garrigue, 2014; Garrigue et al., 2015; Lindsay et 

al., 2016; Derville et al., 2019). Additionally, for a large part of the year these whales migrate through the remote 

waters of the South Pacific and the Southern Ocean and are not easily observed or sampled.  

As the breeding grounds are unlikely to be a limiting factor for humpback whale recovery, my research on 

the Southern Ocean feeding grounds as well as the migratory routes taken there may provide some explanation 

for the slower recovery than the neighbouring east Australian whales. Once I determined the migration path and 

feeding grounds (Chapter 2), I was able to examine whether whales migrating greater distances (to the 

Amundsen and Bellingshausen Seas) bear a higher energetic cost compared to whales with shorter migration 

distances (Ross Sea region; Chapter 4). As capital breeders the reproductive success of humpback whales 

during a period of fasting is related to maternal body condition (Festa-Bianchet et al., 1998; Bonnet et al., 2002; 

Christiansen et al., 2014). Greater energetic requirements during the ~six to seven month migration and 

breeding portion of the whales’ lifecycle could therefore mean that there is less energy available for successful 

breeding and weaning of calves. I investigated this question in Chapter 4 where I used the satellite tracking data 

to inform a bioenergetic model. I found insufficient evidence to support the idea that a greater migration distance 

alone is the reason for the different recovery rates between Oceania and east Australian humpback whale 

populations. This is not surprising given how little we know about the fine-scale feeding behaviour of humpback 

whales and the environmental dynamics in the Southern Ocean, with the exception of the west Antarctic 

Peninsula (e.g. Ware et al., 2011; Friedlaender et al., 2013; Tyson et al., 2016).  

The main reason I was unable to conclude that the slightly higher (7%) total energetic cost for those Oceania 

whales migrating to the Amundsen and Bellingshausen Seas was the reason behind the slow recovery was that 

we do not have sufficient information on the energetic gains by the whales throughout the year. Because the 

life of a capital breeding humpback whale is a balance between energy gain and use, the energetic costs of a 

given migratory route and distance is only one part of the equation. For example, lunge feeding is energetically 

costly (e.g. Goldbogen et al., 2007, 2011, 2012; Potvin et al., 2012) and there is no evidence of cooperative 
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feeding by humpbacks in the Southern Ocean, unlike the Northern Hemisphere whales feeding on fish (e.g. 

D'Vincent et al., 1985; Weinrich & Kuhlberg, 1991; Wiley et al., 2011). Therefore, a key component in building 

accurate bioenergetic models for these whales will be the acquisition of reliable data on the energy gained and 

used throughout the feeding season, which will depend on the availability of prey as well as the quality of prey 

consumed. The use of data archival tags, such as DTAGs, would be a valuable tool to answer such questions. 

As with most ecological studies the complex dynamics between behaviour, individual variation and the 

environment mean there is never a simple answer. For example, the slightly higher energetic cost to Oceania 

whales migrating to the Amundsen and Bellingshausen Seas likely interacts with other factors, such as a higher 

energetic gain by east Australian whales due to higher quality prey on the feeding grounds or feeding during 

migration. Feeding on fish and krill has been recorded in the east Australian population (Stamation et al., 2007; 

Owen et al., 2017; Andrews-Goff et al., 2018), however, the full extent of its occurrence within the population is 

unknown and the recorded cases could represent only a small proportion of individuals. Feeding during 

migration is a critical aspect for some migratory species (Alerstam & Bäckman, 2018; Newton, 2006; Sawyer & 

Kauffman, 2011) and insufficient access to re-fuelling sites may cause animals to exhaust their energy reserves 

before migration is completed (Braithwaite et al., 2015; Newton, 2006). Given that feeding during migration 

could be an important contribution to the whales’ annual energy budgets (Owen et al., 2017) future studies 

should aim to ascertain the energetic importance of re-fuelling sites for migrating humpback whales from all 

populations.  

Large inter-individual variation has been observed in humpback whale body condition (Christiansen et al., 

2016; Irvine et al., 2017; Narazaki et al., 2018), yet we do not know what role this plays in their energetics. Like 

other long-distance migrants, humpback whales cannot predict resource availability and abundance at the end 

destination when departing from the breeding grounds, whereas for short-distance migrants the conditions at 

one end of the migratory range may be a better predictor for the optimal arrival time at the other end (Both & 

Visser, 2001; Cotton, 2003). In general, the timing of arrival is likely to be critical for animals to fully exploit their 

habitat. By arriving too early the animal may risk facing unfavourable weather conditions or having to wait for 

resources to become available, whereas late arrival may mean that the best, or all, of the resources (e.g. 

breeding partners, nesting sites, prey patches) have been locally depleted. For humpback whales, arriving too 

early, before sea ice melting and prey becoming available, would incur the cost of daily metabolic requirements 

with little to no foraging success and energetic gain. Such wait could be detrimental for some, perhaps smaller 

animals in poorer condition. It is also possible that for a capital breeding whale a wait time of few days or even 

weeks might not make a difference in the overall condition of individuals. It is yet unclear whether climate change 

will influence the arrival time of Oceania humpbacks at the Southern Ocean feeding grounds, and whether this 

will have a positive or a negative effect on their fitness. Waiting for krill to become available may drive those 

individuals with sufficient energy stores to move elsewhere, or the whales might prey switch to forage on already 

available prey, which has been documented in different humpback whale populations (e.g. Weinrich et al., 1992; 

Fleming et al., 2016). With baleen whales potentially playing an important role in nutrient cycling in the iron 

depleted Southern Ocean, understanding the whales’ response to ice-related changes in productivity may help 

prioritise areas of future investigations (Nicol et al., 2010; Ratnarajah et al., 2014, 2016). 
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5.4. The power of bio-logging and the challenges with cetacean telemetry 

 

By using bio-logging and modelling tools I was able to determine cumulative totals of ~58,000 km of migratory 

tracks from 18 whales travelling from the Kermadec Islands to the Southern Ocean (60°S), ~47,000 km of 

movement and behavioural patterns for 14 whales within the Southern Ocean, as well as conducting energetic 

modelling. All of this was done without having to directly observe the animals (apart from the tag deployment). I 

would not have been able to achieve all this without bio-logging and modelling methods, as Oceania humpbacks 

inhabit vast sections of remote oceans that are logistically challenging to access. This is true for most parts of 

the Southern Ocean, with the exception of the Antarctic Peninsula, where research on the fine-scale behaviour 

of humpback whales is facilitated by the whales congregating in more sheltered waters close to the coast, often 

at high densities (e.g. Nowacek et al., 2011; Johnston et al., 2012; Herr et al., 2016). Yet it is worth noting that 

this region differs from most of the Southern Ocean (Siegel & Harm, 1996; El-Sayed, 1967; Meredith & King, 

2005; Arrigo et al., 2008) and findings may not be applicable to whale populations away from the Peninsula. 

Tagging of cetaceans (or any other animal for that matter) should not be taken lightly, however, as there are 

almost certainly costs of some kind to the animal. Implantable satellite tags deployed on large cetaceans 

penetrate the tissue and anchor into the blubber-muscle interface, thereby causing damage to the tissue (Mate 

et al., 2007; Moore et al., 2012). Tag deployment sites have been reported to exhibit symptoms such as shallow 

depressions surrounding the tag and swelling that has persisted over extended periods, leaving permanent 

indentations and scarring once the tag has been expelled from the body (Mate et al., 2007; Robbins et al., 2013; 

Best et al., 2015). Such permanent visible damage can even be a sign of remnants of the tag (e.g. splines or 

petals) being left in the tissue and there have been reported cases of known issues with earlier versions of 

transdermal tags (Robbins et al., 2013; Best et al., 2015; Gendron et al., 2015). Although in general the negative 

impacts of tagging have not been found to significantly impact the animals’ survival or reproduction there have 

been relatively few studies on the long-term effects of tagging or the related injuries which have the potential to 

affect the animals’ fitness (Robbins et al., 2013; Baumgartner et al., 2015; Best et al., 2015; Gendron et al., 

2015; Moore & Zerbini, 2017).  

Less invasive tag attachment methods such as glue and tethering exist, as often used for pinnipeds (Field 

et al., 2012; Labrousse et al., 2015) and manatees (Deutsch et al., 2003; Aven et al., 2015), however the use 

of these methods is not possible for baleen whales as they require the capture of the animal, and whales are 

constantly sloughing skin to remain hydrodynamic. Suction cup attachments have successfully been used on 

large baleen whales to collect fine-scale information, but these attachments are usually short-lived (e.g. Tyson 

et al., 2012; Wensveen et al., 2015; Szesciorka et al., 2016; Izadi et al. 2018). Transdermal-implantable tags 

with longer attachment times are therefore required for long-term movement and behavioural studies for large 

cetaceans (Best et al., 2015), however even then the tag duration has been highly variable (Lagerquist et al., 

2008; Rosenbaum et al., 2014; Garrigue et al., 2015; Riekkola et al., 2018 - Chapter 2), and generally shorter 

than the battery capacity (Robbins et al., 2013). 

Tagging of cryptic and highly mobile animals such as large whales has obvious benefits in gathering 

information about their distribution, movements, behaviour and physiology. It is therefore necessary to carry out 

a cost-benefit analysis to carefully assess the conservation need for the tagging study and the ethical 

considerations of potential negative impacts to the animals so that studies on endangered species do not further 

exacerbate species decline or hinder their recovery (Cooke, 2008; Weller, 2008). It is important to also carefully 
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consider the number of animals to be tagged in order to sufficiently answer the conservation question on a 

population level (without having to rely too heavily on extrapolation) while minimising the number of animals 

being affected by the equipment of tags (Roncon et al., 2018). Furthermore, it is always advisable to maximise 

opportunities for data collection as well as the data collected. Such was the case with my study, as multiple data 

were collected to produce a more comprehensive picture than the tagging data alone could have provided, and 

I was able to answer multiple research questions. The data still has potential to be used further and is being 

used by other researchers.  

 

 

5.5. Future research directions  

 

5.5.1. Opportunities with a long-term data set 

 

Given that this tagging study provided the first movement data on the Oceania humpbacks, and only for one 

season, an obvious future direction will be to collect more data. A longer-term data set would allow us to answer 

a new array of questions. 

Long-term memory of average environmental conditions plays a key role in terrestrial mammalian migration 

(e.g. Bracis & Mueller, 2017) and has recently also been shown to be important in the long-distance migration 

of marine megafauna (Hindell et al., 2017; Abrahms et al., 2019). In Chapter 3 I assessed how contemporary 

environmental cues were driving whale movements and behaviour but could not assess the role of memory with 

a single sampling season. With multiple years of tracking data, ideally on the same individuals, a logical 

continuation of this work will be to determine what role memory plays in driving Oceania humpback whale 

migratory movements. Animals that rely on memory may struggle to respond to rapid deviations from historical 

mean environmental conditions (Abrahms et al., 2019), therefore knowledge of the role of memory may help us 

predict how Oceania humpbacks will respond to changes in the Southern Ocean ecosystem. Obtaining a long-

term tagging data set for Oceania whales is within our power, but repeatedly finding and tagging the same 

individuals will be logistically challenging. Additionally, with a population that seems to be recovering slowly, 

repeated tagging of the same individuals will carry additional ethical concerns.  

Due to their long lifespans, marine mammals such as whales can be monitored long-term and they can act 

as sentinels of the overall ecosystem status and health (Schick et al., 2013; Fleming et al., 2016). Quantifying 

the distribution and behaviour of large whales can provide information on areas of high and low ocean 

productivity and how these change over time (Roncon et al., 2018; Neilson & Gabriele, 2019). Previous studies 

on humpback whales have demonstrated that these animals respond to ecosystem shifts (Fleming et al., 2016; 

Neilson & Gabriele, 2019), and we should therefore be able to effectively use their distribution and behaviour 

as indicators of the oceanographic and ecological conditions in the Southern Ocean. This is a useful addition to 

the well established and valuable studies of pinniped and seabird movements throughout the Southern Ocean 

(Charrassin et al., 2008; Raymond et al., 2010; Labrousse et al., 2017; Roquet et al., 2017). 
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5.5.2. Opportunities with tags and models 

 

The tags used in this study (Wildlife Computers SPOT-5) provided a great opportunity to answer multiple 

questions about the movement and behaviour of Oceania humpback whales in the open ocean, something I 

would not have been able to achieve otherwise. These tags however provided locational data only, and they 

had very variable deployment durations, providing data only on the southward part of the migration (with the 

exception of PTT102218). Although the tagging and modelling approaches used here were useful tools, they 

were limited in revealing any fine-scale behavioural patterns. There are therefore multiple avenues for 

improvements. 

Given that the current tag design and hardware seem unlikely to last for the full migratory cycle of the Oceania 

humpback whales, one possible workaround to capture the return (northward) migration would be to deploy 

tags on the whales at the feeding grounds. This task is unfortunately hindered by the fact that the Southern 

Ocean feeding areas of the Oceania whales lack clear aggregation points, compared to for example the 

Kermadec Islands on the way south, or the Balleny Islands as a key feeding ground for east Australian whales 

(Franklin et al., 2012; Constantine et al., 2014). A possible solution to identify the location of whales in the 

Southern Ocean could be the use of recent technology such as drones and cameras (Linchant et al., 2015; 

Werth et al., 2019), gliders (Baumgartner et al., 2013) or high-resolution satellite imagery (Fretwell et al., 2014; 

Cubaynes et al., 2018). These technologies, especially satellite imagery, could inform research voyage plans 

to areas of high whale density, monitor and count the presence of whales across different regions of the 

Southern Ocean and/or to determine whether whales consistently return to the two key feeding areas identified 

in my thesis. Satellite imagery would not be sufficiently detailed to identify individual humpback whales (by fluke 

markings) but could confirm the annual presence of whales in specific areas. Using such technology might be 

more cost effective in geographically isolated regions like the Southern Ocean, especially if we develop 

advanced algorithms and automate the process of identifying whales in satellite imagery (Fretwell et al., 2014; 

Cubaynes et al., 2018).  

Future tag deployments should also aim to use high resolution dive tags. Fine-scale behaviours within the 

feeding grounds have been reported for humpback whales within the Antarctic Peninsula (e.g. Nowacek et al., 

2011; Friedlaender et al., 2013), but not in my study area. Data on the whales’ dive patterns can for example 

help confirm whether ARS behaviour identified by state-space modelling is truly feeding. Although the energetics 

work I present in this thesis shows the potential for this kind of quick approach, I acknowledge that there were 

several caveats and uncertainties with the methods used. DTAGs that record dive data could capture dive 

depths and durations, metabolic energy expenditure (via respiration rates; Bejder et al., 2019) and 3-axis 

acceleration data which can be fitted to a hydrodynamic glide model to estimate parameters such as tissue 

density, drag term and diving gas volume (e.g. Narazaki et al., 2018). Such information can be used to develop 

more sophisticated and detailed energetic models. 

 In addition to dive data, cetacean tags could draw inspiration from tags used for example with pinnipeds 

that also collect other in situ environmental data, such as hydrographic profiles of temperature and salinity, and 

phytoplankton fluorescence which can be used to calculate chlorophyll a (Charrassin et al., 2008; Lander et al. 

2015; Labrousse et al., 2018). This approach would allow us to obtain local environmental data at the exact 

time and location required. The information could also help deal with the problem that remotely sensed data of 
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such variables is often of very high resolution, and may therefore not accurately capture and represent smaller, 

local scale events in the environment.  

There are almost certainly many reasons behind the contrasting recovery rates of Oceania and east 

Australian humpback whale populations. Considering the energetic costs was not, at least on its own, found to 

be a clear indicator, the next logical step would be to estimate differences in energetic gain between the 

populations. Possible approaches to this would be the sampling of krill from the Antarctic feeding grounds and 

evaluating their energetic quality by measuring lipid content (Hellessey et al., 2018) or by sampling the blubber 

of the whales as a proxy of their built-up energetic reserves (Waugh et al., 2012; Castrillon et al., 2017). 

Differences in whales prey and its nutritional content could reveal differences in the energetic gains between 

regions or cohorts. For example, isotope studies (e.g. Quillfeldt et al., 2008; Eisenmann et al., 2016) enable us 

to evaluate diet and foraging areas for the whales. Preliminary results of this approach on Oceania whales 

suggest the males forage on a higher trophic level prey (Constantine, 2016), providing an opportunity for the 

future to investigate this further. 

 

 

5.6. Conclusions 

 

This thesis provided the first comprehensive study on the population demographics, migratory movements and 

energetics, and feeding ground habitat use patterns for the endangered Oceania humpback whales. The results 

complement our current understanding of humpback whales throughout the Southern Hemisphere, and the 

methods are broadly applicable to other species and environments. The remoteness of the Southern Ocean 

feeding grounds makes data collection very difficult, therefore the use of bio-logging technologies and modelling 

tools were key to studying whales without the need for capture or direct observations. However, our knowledge 

on the fine-scale behavioural patterns of these whales still remains limited. Understanding the whales’ current 

status is the first step in determining how these and other whales will respond to a rapidly changing climate. 

The knowledge I present here will therefore help direct future research questions as well as inform future 

conservation and management decisions about whales whose lives span the vast expanse of ocean from the 

tropics to Antarctica. 
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Appendix A 

 
Table A.1 Summary of fluke identification catalogues of humpback whales from breeding grounds, migratory corridors and feeding grounds entered in Fluke Matcher 
and matched to the Kermadec Islands catalogue (n = 136). The photographs from Antarctica are primarily supplied from previous Southern Ocean Research Partnership 
voyages (Areas V & VI only) and these have been submitted to the Antarctic Humpback Whale Catalogue curated by College of the Atlantic. The east Australia 
photographs include whales from the northern and southern migration past the Gold Coast, southeast Queensland (SEQ) only. 

   

 Location 
Fluke Matcher 

catalogue size 
Years included 

 Kermadec Islands 136 2007, 2008, 2011, 2013, 2015 

Breeding grounds    

 American Samoa 265 2003-2011, 2014, 2015 

 Cook Islands 98 1999-2008 

 Fiji 15 2002, 2003, 2005, 2008, 2011, 2013 

 New Caledonia 1200 1995-2015 

 Niue 58 2001, 2007-2011, 2014, 2015 

 Samoa 15 2001, 2006-2008 

 Tonga 141 2007-2012, 2015 

 Vanuatu 7 2003, 2007 

Migratory corridors    

 East Australia (SEQ) 641 2008-2012 

 New Zealand 130 1994-1996, 1998, 2001, 2002, 2004-2013 

 Norfolk Island 6 2001, 2002, 2007, 2008 

Feeding grounds    

 Antarctica 115 1991, 1999, 2002, 2006, 2008, 2010, 2013, 2015 
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Appendix B 

 

Table B.1 Progesterone analysis of adult female humpback whales (n = 31) sampled at Raoul Island, Kermadec 
Islands in 2015. Progesterone concentrations are reported as nanograms of progesterone per gram of blubber 
(ng/g P4). Females were assigned as pregnant if their probability of being pregnant was greater than 99%, and 
not-pregnant if the probability was less than 1%, using a logistic regression model. Progesterone analysis of 
one sample was unsuccessful. Final column indicates if the female was with a dependent calf at the time of 
sampling. 

   
Sample-ID ng/g P4 Status With a calf? 

Mno15KI-004 140.937 Pregnant  

Mno15KI-016 74.927 Pregnant  

Mno15KI-018 283.191 Pregnant  

Mno15KI-019 71.735 Pregnant  

Mno15KI-022 25.810 Pregnant  

Mno15KI-023 76.572 Pregnant  

Mno15KI-024 147.229 Pregnant  

Mno15KI-027 352.676 Pregnant  

Mno15KI-031 78.714 Pregnant  

Mno15KI-036 147.532 Pregnant  

Mno15KI-045 63.712 Pregnant  

Mno15KI-062 287.891 Pregnant  

Mno15KI-003 68.878 Pregnant Yes 

Mno15KI-038 26.596 Pregnant Yes 

Mno15KI-049 33.524 Pregnant Yes 

Mno15KI-053 231.240 Pregnant Yes 

Mno15KI-218 87.728 Pregnant Yes 

Mno15KI-009 2.778 Not-pregnant  

Mno15KI-032 5.257 Not-pregnant  

Mno15KI-035 3.404 Not-pregnant  

Mno15KI-047 4.977 Not-pregnant  

Mno15KI-052 1.746 Not-pregnant  

Mno15KI-055 4.037 Not-pregnant  

Mno15KI-221 2.471 Not-pregnant  

Mno15KI-017 1.482 Not-pregnant Yes 

Mno15KI-054 2.006 Not-pregnant Yes 

Mno15KI-056 1.282 Not-pregnant Yes 

Mno15KI-057 3.172 Not-pregnant Yes 

Mno15KI-205 1.305 Not-pregnant Yes 

Mno15KI-216 1.540 Not-pregnant Yes 

Mno15KI-044 na Unsuccessful  
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Appendix C 

 

To investigate whether the observed difference between migratory destinations between mothers with 

dependent calves and adults without calves was observed during high whale abundance (i.e., during 

commercial whaling), we examined data from one Soviet factory ship, the Yuri Dolgorukiy (data provided by 

Dmitry Tormosov), operating between the Western Pacific and the Bellingshausen Sea between 1960 and 1973. 

We found that the proportion of calves taken between the regions differed significantly (Pearson's χ2, p = 0.008), 

with the highest proportion of calves caught within the Ross Sea region (Table C.1, Figure 5.1). Proportionally 

the least amount of calves caught occurred in the Amundsen and Bellingshausen Seas sector.  

 

 

Table C.1 Percentage of humpback whale calves (<8.4m in length) and adults caught by the Soviet whaling 
ship Yuri Dolgorukiy (1960-1973; data provided by Dmitry Tormosov). Regions: Western Pacific 90°E-160°E, 
Ross Sea 160°E-130°W, Amundsen and Bellingshausen Seas 130°W-60°W. 

 

 

 

 

 

 % Total catch 

Region Calf Adult 

Ross Sea 2.13 97.87 

Western Pacific 1.14 98.86 

Amundsen & Bellingshausen Seas 0.30 99.70 
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Appendix D 

 

 

 

Figure D.1 Spearman correlation matrix of the 10 covariates used in the statistical model. 

 

 



APPENDIX 

 

 
82 

Appendix E 

 

 

Table E.1 Posterior sample means and 95% confidence intervals for movement parameters (transit, and area-
restricted search; ARS) estimated using a hierarchical state-space model. γ = autocorrelation in speed and 
direction, θ = turning angles (radians). 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

  

 State Lower 95% Mean Upper 95% 

γ 
ARS 0.0491 0.0497 0.0503 

Transit 0.9545 0.9546 0.9547 

θ 
ARS 2.9088 2.9156 2.9224 

Transit 0.0042 0.0043 0.0044 



References 

 

 
83 

References 

 

Aarts, G., MacKenzie, M., McConnell, B., Fedak, M., & Matthiopoulos, J. (2008). Estimating space‐use and 

habitat preference from wildlife telemetry data. Ecography, 31(1), 140-160. 

Abrahms, B., Hazen, E. L., Aikens, E. O., Savoca, M. S., Goldbogen, J. A., Bograd, S. J., ... & Mate, B. R. 

(2019). Memory and resource tracking drive blue whale migrations. Proceedings of the National Academy 

of Sciences, 116(12), 5582-5587. 

Acevedo, J. A., Aguayo-Lobo, A., & Pastene, L. A. (2006). Site fidelity of humpback whales (Megaptera 

novaeangliae Borowski, 1781) to the Magellan Strait feeding ground. Revista de Biología Marina y 

Oceanografía, 41(1), 11. 

Alaska Department of Fish and Game (2003). SPAM Version 3.7: Addendum II to user’s guide for version 3.2. 

Division of Commercial Fisheries, Gene Conservation Laboratory, Special Publication No. 15, 

Anchorage, Alaska, USA. 

Albertson, G. R., Friedlaender, A. S., Steel, D. J., Aguayo-Lobo, A., Bonatto, S. L., Caballero, S., ... & Baker, C. 

S. (2018). Temporal stability and mixed-stock analyses of humpback whales (Megaptera novaeangliae) 

in the nearshore waters of the Western Antarctic Peninsula. Polar Biology, 41(2), 323-340. 

Alerstam, T., & Bäckman, J. (2018). Ecology of animal migration. Current Biology, 28(17), R968-R972. 

Alerstam, T., Hedenström, A., & Åkesson, S. (2003). Long-distance migration: evolution and determinants. 

Oikos, 103, 247–260. doi:10.1034/j.1600-0706.2003.12559.x 

Alexander, R. M. (1998). When is migration worthwhile for animals that walk, swim or fly? Journal of Avian 

Biology, 29, 387-394. 

Allen, A. M., & Singh, N. J. (2016). Linking movement ecology with wildlife management and 

conservation. Frontiers in Ecology and Evolution, 3, 155. 

Allen, J., Weinrich, M., Hoppitt, W., & Rendell, L. (2013). Network-based diffusion analysis reveals cultural 

transmission of lobtail feeding in humpback whales. Science, 340(6131), 485-488. 

Altizer, S., Hobson, K. A., Davis, A. K., De Roode, J. C., & Wassenaar, L. I. (2015). Do healthy monarchs 

migrate farther? Tracking natal origins of parasitized vs. uninfected monarch butterflies overwintering in 

Mexico. PLoS ONE, 10(11): e0141371. 

Alves, J. A., Gunnarsson, T. G., Hayhow, D. B., Appleton, G. F., Potts, P. M., Sutherland, W. J., & Gill, J. A. 

(2013). Costs, benefits, and fitness consequences of different migratory strategies. Ecology, 94, 11-17. 

Amaral, A. R., Loo, J., Jaris, H., Olavarria, C., Thiele, D., Ensor, P., ... & Rosenbaum, H. C. (2016). Population 

genetic structure among feeding aggregations of humpback whales in the Southern Ocean. Marine 

Biology, 163(6), 132 

Anderson, M., Steel, D., Franklin, W., Franklin, T., Paton, D., Burns, D., … Baker, C. S. (2010). Microsatellite 

genotype matches of eastern Australian humpback whales to Area V feeding and breeding grounds. 

SC/62/SH7 presented to the IWC Scientific Committee. 

Andriolo, A., Zerbini, A. N., Moreira, S., Pizzorno, J. L., Danilewicz, D., Maia, Y. G., ... & Clapham, P. (2014). 

What do humpback whales Megaptera novaeangliae (Cetartiodactyla: Balaenopteridae) pairs do after 

tagging? Zoologia (Curitiba), 31(2), 105-113. 

Andrews-Goff, V., Bestley, S., Gales, N. J., Laverick, S. M., Paton, D., Polanowski, A. M., ... & Double, M. C. 

(2018). Humpback whale migrations to Antarctic summer foraging grounds through the southwest Pacific 

Ocean. Scientific Reports, 8(1), 12333. 

Argos user’s manual. (2016). CLS.  

http://www.argos-system.org/wp-content/uploads/2016/08/r363_9_argos_users_manual-v1.6.6.pdf 



References 

 

 
84 

Arndt, J. E., Schenke, H. W., Jakobsson, M., Nitsche, F. O., Buys, G., Goleby, B., ... & Wigley, R. (2013). The 

International Bathymetric Chart of the Southern Ocean (IBCSO) Version 1.0—A new bathymetric 

compilation covering circum‐Antarctic waters. Geophysical Research Letters, 40(12), 3111-3117. 

Arrigo, K. R., van Dijken, G. L., & Bushinsky, S. (2008). Primary production in the Southern Ocean, 1997–

2006. Journal of Geophysical Research: Oceans, 113(C8). 

Arrigo, K. R., Worthen, D., Schnell, A., & Lizotte, M. P. (1998). Primary production in Southern Ocean 

waters. Journal of Geophysical Research: Oceans, 103(C8), 15587-15600. 

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., ... & Sailley, S. F. (2019). Krill 

(Euphausia superba) distribution contracts southward during rapid regional warming. Nature Climate 

Change, 9(2), 142. 

Atkinson, A., Siegel, V., Pakhomov, E., & Rothery, P. (2004). Long-term decline in krill stock and increase in 

salps within the Southern Ocean. Nature, 432(7013), 100. 

Aven, A. M., Carmichael, R. H., Ajemian, M. J., & Powers, S. P. (2015). Addition of passive acoustic telemetry 

mitigates lost data from satellite-tracked manatees. Marine and Freshwater Research, 66(4), 371-374. 

Baird, S. F. (1867). The Distribution and Migrations of North American Birds. Ibis, 9(3), 257-293. 

Baker, C. S., Lambertsen, R. H., Weinrich, M. T., Calambokidis, J., Early, G., & O’Brien, S. J. (1991). Molecular 

genetic identification of the sex of Humpback whales (Megaptera novaeangliae). Reports of the 

International Whaling Commission, Special Issue 13, 105–111. 

Baker, C. S., Palumbi, S. R., Lambertsen, R. H., Weinrich, M. T., Calambokidis, J., & O'Brien, S. J. (1990). 

Influence of seasonal migration on geographic distribution of mitochondrial DNA haplotypes in humpback 

whales. Nature, 344(6263), 238. 

Baker, C. S., Perry, A., & Herman, L. M. (1987). Reproductive histories of female humpback whales Megaptera 

novaeangliae in the North Pacific. Marine Ecology Progress Series, 41(2), 103-114. 

Baker, J. D., Polovina, J. J., & Howell, E. A. (2007). Effect of variable oceanic productivity on the survival of an 

upper trophic predator, the Hawaiian monk seal Monachus schauinslandi. Marine Ecology Progress 

Series, 346, 277-283. 

Baker, C. S., Slade, R. W., Bannister, J. L., Abernethy, R. B., Weinrich, M. T., Lien, J., ... & Palumbi, S. R. 

(1994). Hierarchical structure of mitochondrial DNA gene flow among humpback whales Megaptera 

novaeangliae, world‐wide. Molecular Ecology, 3(4), 313-327. 

Baker, C. S., Steel, D., Calambokidis, J., Falcone, E., González-Peral, U., Barlow, J., ... & Yamaguvhi, M. 

(2013). Strong maternal fidelity and natal philopatry shape genetic structure in North Pacific humpback 

whales. Marine Ecology Progress Series, 494, 291-306. 

Balbontín, J., Møller, A. P., Hermosell, I. G., Marzal, A., Reviriego, M., & De Lope, F. (2009). Individual 

responses in spring arrival date to ecological conditions during winter and migration in a migratory 

bird. Journal of Animal Ecology, 78(5), 981-989. 

Ballance, L. T., Pitman, R. L., & Fiedler, P. C. (2006). Oceanographic influences on seabirds and cetaceans of 

the eastern tropical Pacific: a review. Progress in Oceanography, 69(2-4), 360-390. 

Bannister, J. L. (1964). Australian whaling 1963 catch results and research. Cronulla, Sydney: CSIRO Division 

of Fisheries and Oceanography. 

Bannister, J. L. (2018). Baleen whales (Mysticeti). In B. Würsig, J. G. M. Thewissen & K. M. Kovacs (Eds.), 

Encyclopedia of marine mammals (3rd ed., pp. 62-69). London, UK: Academic Press. 

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. 



References 

 

 
85 

Barendse, J., Best, P. B., Thornton, M., Pomilla, C., Carvalho, I., & Rosenbaum, H. C. (2010). Migration 

redefined? Seasonality, movements and group composition of humpback whales Megaptera 

novaeangliae off the west coast of South Africa. African Journal of Marine Science, 32(1), 1-22. 

Barlow, J., & Clapham, P. J. (1997). A new birth‐interval approach to estimating demographic parameters of 

humpback whales. Ecology, 78(2), 535-546. 

Bartoń, K. (2018). MuMIn: Multi-Model Inference. R package version 1.42.1. https://cran.r-

project.org/web/packages/MuMIn/index.html. 

Bastille‐Rousseau, G., Wall, J., Douglas‐Hamilton, I., & Wittemyer, G. (2018). Optimizing the positioning of 

wildlife crossing structures using GPS telemetry. Journal of Aapplied Ecology, 55(4), 2055-2063. 

Baumgartner, M. F., Fratantoni, D. M., Hurst, T. P., Brown, M. W., Cole, T. V., Van Parijs, S. M., & Johnson, M. 

(2013). Real-time reporting of baleen whale passive acoustic detections from ocean gliders. The Journal 

of the Acoustical Society of America, 134(3), 1814-1823. 

Baumgartner, M. F., Hammar, T., & Robbins, J. (2015). Development and assessment of a new dermal 

attachment for short‐term tagging studies of baleen whales. Methods in Ecology and Evolution, 6(3), 289-

297. 

Baumgartner, M. F., & Mate, B. R. (2003). Summertime foraging ecology of North Atlantic right whales. Marine 

Ecology Progress Series, 264, 123-135. 

Baxter-Gilbert, J. H., Riley, J. L., Lesbarrères, D., & Litzgus, J. D. (2015). Mitigating reptile road mortality: fence 

failures compromise ecopassage effectiveness. PLoS ONE, 10(3), e0120537. 

Beekman, J. H., Nolet, B. A., & Klaassen, M. (2002). Skipping swans: fuelling rates and wind conditions 

determine differential use of migratory stopover sites of Bewick's Swans Cygnus bewickii. Ardea, 90(3), 

437-460. 

Bejder, L., Videsen, S., Hermannsen, L., Simon, M., Hanf, D., & Madsen, P. T. (2019). Low energy expenditure 

and resting behaviour of humpback whale mother-calf pairs highlights conservation importance of 

sheltered breeding areas. Scientific Reports, 9(1), 771. 

Bengtson Nash, S. M., Waugh, C. A., & Schlabach, M. (2013). Metabolic concentration of lipid soluble 

organochlorine burdens in the blubber of Southern Hemisphere humpback whales through migration and 

fasting. Environmental Science & Technology, 47(16), 9404-9413. 

Benhamou, S. (1992). Efficiency of area-concentrated searching behaviour in a continuous patchy 

environment. Journal of Theoretical Biology, 159(1), 67-81. 

Berdahl, A., Westley, P. A., & Quinn, T. P. (2017). Social interactions shape the timing of spawning migrations 

in an anadromous fish. Animal Behaviour, 126, 221-229. 

Bérubé, M., Jørgensen, H., McEwing, R., & Palsbøll, P. J. (2000). Polymorphic di‐nucleotide microsatellite loci 

isolated from the humpback whale, Megaptera novaeangliae. Molecular Ecology, 9(12), 2181-2183. 

Best, P. B. (1993). Increase rates in severely depleted stocks of baleen whales. ICES Journal of Marine Science, 

50(2), 169–186.  

Best, P. B., Mate, B., & Lagerquist, B. (2015). Tag retention, wound healing, and subsequent reproductive 

history of southern right whales following satellite‐tagging. Marine Mammal Science, 31(2), 520-539. 

Bestley, S., Patterson, T. A., Hindell, M. A., & Gunn, J. S. (2010). Predicting feeding success in a migratory 

predator: integrating telemetry, environment, and modeling techniques. Ecology, 91(8), 2373-2384. 

Bisson, I. A., Butler, L. K., Hayden, T. J., Romero, L. M., & Wikelski, M. C. (2008). No energetic cost of 

anthropogenic disturbance in a songbird. Proceedings of the Royal Society B, 276(1658), 961-969. 

Blem, C. R. (1980). The energetics of migration. In S. A. Gauthreaux (Ed.), Animal migration, orientation and 

navigation (1st ed., pp. 175-224). Orlando, FL: Academic Press.  



References 

 

 
86 

Bohrer, G., Brandes, D., Mandel, J. T., Bildstein, K. L., Miller, T. A., Lanzone, M., ... & Tremblay, J. A. (2012). 

Estimating updraft velocity components over large spatial scales: contrasting migration strategies of 

golden eagles and turkey vultures. Ecology Letters, 15(2), 96-103. 

Bolnick, D. I., Svanbäck, R., Fordyce, J. A., Yang, L. H., Davis, J. M., Hulsey, C. D., & Forister, M. L. (2003). 

The ecology of individuals: incidence and implications of individual specialization. The American 

Naturalist, 161(1), 1-28. 

Bombosch, A., Zitterbart, D. P., Van Opzeeland, I., Frickenhaus, S., Burkhardt, E., Wisz, M. S., & Boebel, O. 

(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. 

Bonin, A., Bellemain, E., Bronken Eidesen, P., Pompanon, F., Brochmann, C., & Taberlet, P. (2004). How to 

track and assess genotyping errors in population genetics studies. Molecular Ecology, 13(11), 3261-

3273. 

Bonnet, X., Lourdais, O., Shine, R., & Naulleau, G. (2002). Reproduction in a typical capital breeder: costs, 

currencies, and complications in the aspic viper. Ecology, 83(8), 2124-2135. 

Borrell, A. (1993). PCB and DDT in blubber of cetaceans from the northeastern north Atlantic. Marine Pollution 

Bulletin, 26(3), 146-151. 

Bost, C. A., Cotté, C., Bailleul, F., Cherel, Y., Charrassin, J. B., Guinet, C., ... & Weimerskirch, H. (2009). The 

importance of oceanographic fronts to marine birds and mammals of the southern oceans. Journal of 

Marine Systems, 78(3), 363-376. 

Both, C., Van Turnhout, C. A., Bijlsma, R. G., Siepel, H., Van Strien, A. J., & Foppen, R. P. (2009). Avian 

population consequences of climate change are most severe for long-distance migrants in seasonal 

habitats. Proceedings of the Royal Society B, 277(1685), 1259-1266. 

Both, C., & Visser, M. E. (2001). Adjustment to climate change is constrained by arrival date in a long-distance 

migrant bird. Nature, 411(6835), 296. 

Boyd, I. L. (1996). Temporal scales of foraging in a marine predator. Ecology, 77(2), 426-434. 

Boyd, I. L. (2004). Migration of marine mammals. In: D. Werner (Ed.), Biological Resources and Migration (pp. 

203-210). Springer, Berlin, Heidelberg. 

Boyd, I. L., McCafferty, D. J., Reid, K., Taylor, R., & Walker, T. R. (1998). Dispersal of male and female Antarctic 

fur seals (Arctocephalus gazella). Canadian Journal of Fisheries and Aquatic Sciences, 55(4), 845-852. 

Bracis, C., & Mueller, T. (2017). Memory, not just perception, plays an important role in terrestrial mammalian 

migration. Proceedings of the Royal Society B, 284(1855), 20170449. 

Braithwaite, J. E., Meeuwig, J. J., & Hipsey, M. R. (2015). Optimal migration energetics of humpback whales 

and the implications of disturbance. Conservation Physiology, 3(1), cov001. 

Brierley, A. S., Fernandes, P. G., Brandon, M. A., Armstrong, F., Millard, N. W., McPhail, S. D., ... & Griffiths, 

G. (2002). Antarctic krill under sea ice: elevated abundance in a narrow band just south of ice 

edge. Science, 295(5561), 1890-1892. 

Brodie, P. F. (1975). Cetacean energetics, an overview of intraspecific size variation. Ecology, 56, 152-161. 

Brown, N. (2010). Raoul Island Whale Survey. Unpublished Department of Conservation Report, Warkworth, 

New Zealand, pp. 30. 

Brown, M. R., Corkeron, P. J., Hale, P. T., Schultz, K. W., & Bryden, M. M. (1995). Evidence for a sex-segregated 

migration in the humpback whale (Megaptera novaeangliae). Proceedings of the Royal Society 

B, 259(1355), 229-234. 

Burnham, K. P., & Anderson, D. R. (2002). Model selection and multimodel inference: a practical information-

theoretic approach. (2nd ed.) New York, NY: Springer. 



References 

 

 
87 

Burnham, K. P., Anderson, D. R., & Huyvaert, K. P. (2011). AIC model selection and multimodel inference in 

behavioral ecology: some background, observations, and comparisons. Behavioral Ecology and 

Sociobiology, 65(1), 23-35. 

Calambokidis, J., Falcone, E. A., Quinn, T. J., Burdin, A. M., Clapham, P. J., Ford, J. K. B., Gabriele, C. M., … 

& Maloney, N. (2008). SPLASH: Structure of Populations, Levels of Abundance and Status of Humpback 

whales in the North Pacific. Final report for the U.S. Department of Commerce, AB133F-03-RP-00078. 

57pp. 

Calambokidis, J., Steiger, G. H., Straley, J. M., Herman, L. M., Cerchio, S., Salden, D. R., ... & Quinn, T. J. II. 

(2001). Movements and population structure of humpback whales in the North Pacific. Marine Mammal 

Science, 17(4), 769-794. 

Cammen, K. M., Andrews, K. R., Carroll, E. L., Foote, A. D., Humble, E., Khudyakov, J. I., … & Van Cise, A. M. 

(2016). Genomic methods take the plunge: Recent advances in high-throughput sequencing of marine 

mammals. Journal of Heredity, 107, 481-495. 

Carroll, G., Cox, M., Harcourt, R., Pitcher, B. J., Slip, D., & Jonsen, I. (2017). Hierarchical influences of prey 

distribution on patterns of prey capture by a marine predator. Functional Ecology, 31(9), 1750-1760. 

Carroll, E. L., Gallego, R., Sewell, M. A., Zeldis, J., Ranjard, L., Ross, H. A., ... & Constantine, R. (2019). Multi-

locus DNA metabarcoding of zooplankton communities and scat reveal trophic interactions of a generalist 

predator. Scientific Reports, 9(1), 281. 

Castrillon, J., Huston, W., & Bengtson Nash, S. (2017). The blubber adipocyte index: A nondestructive 

biomarker of adiposity in humpback whales (Megaptera novaeangliae). Ecology and Evolution, 7(14), 

5131-5139. 

Ceia, F. R., & Ramos, J. A. (2015). Individual specialization in the foraging and feeding strategies of seabirds: 

a review. Marine Biology, 162(10), 1923-1938. 

Cerchio, S., Trudelle, L., Zerbini, A. N., Charrassin, J. B., Geyer, Y., Mayer, F. X., ... & Rosenbaum, H. C. (2016). 

Satellite telemetry of humpback whales off Madagascar reveals insights on breeding behavior and long-

range movements within the southwest Indian Ocean. Marine Ecology Progress Series, 562, 193-209. 

Charrassin, J. B., Hindell, M., Rintoul, S. R., Roquet, F., Sokolov, S., Biuw, M., ... & Guinet, C. (2008). Southern 

Ocean frontal structure and sea-ice formation rates revealed by elephant seals. Proceedings of the 

National Academy of Sciences, 105(33), 11634-11639. 

Chenoweth, E. M., Straley, J. M., McPhee, M. V., Atkinson, S., & Reifenstuhl, S. (2017). Humpback whales feed 

on hatchery-released juvenile salmon. Royal Society Open Science, 4(7), 170-180. 

Chero, G., (2017). Dynamique de population liée au comportement de reproduction des baleines à bosse de 

Nouvelle-Calédonie (Unpublished master’s thesis). Université Pierre et Marie Curie, France. 

Childerhouse, S., Jackson, J., Baker, C. S., Gales, N., Clapham, P. J., & Brownell Jr, R. L. (2008). Megaptera 

novaeangliae (Oceania subpopulation). The IUCN Red List of Threatened Species. Version 2009.2 

http://www.iucnredlist.org/. 

Chimienti, M., Cornulier, T., Owen, E., Bolton, M., Davies, I. M., Travis, J. M., & Scott, B. E. (2017). Taking 

movement data to new depths: Inferring prey availability and patch profitability from seabird foraging 

behavior. Ecology and Evolution, 7(23), 10252-10265. 

Chin, A., Simpfendorfer, C. A., White, W. T., Johnson, G. J., McAuley, R. B., & Heupel, M. R. (2017). Crossing 

lines: a multidisciplinary framework for assessing connectivity of hammerhead sharks across jurisdictional 

boundaries. Scientific Reports, 7, 46061. 

Chittleborough, R. G. (1957). An analysis of recent catches of humpback whales from the stocks in groups IV 

and V. CSIRO Australian Division of Fisheries, Oceanographic Reports No.4. 

Chittleborough, R. G. (1958). The breeding cycle of the female humpback whale, Megaptera nodosa 

(Bonnaterre). Marine and Freshwater Research, 9(1), 1-18. 



References 

 

 
88 

Chittleborough, R. G. (1959a). Determination of age in the humpback whale, Megaptera nodosa 

(Bonnaterre). Marine and Freshwater Research, 10(2), 125-143. 

Chittleborough, R.G. (1959b). Australian marking of humpback whales. Norsk Hvalfangst Tidende, 48, 47–55. 

Chittleborough, R. G. (1962). Australian catches of humpback whales, 1961. CSIRO Australian Division of 

Fisheries, Oceanographic Reports No.34. 

Chittleborough, R.G. (1965). Dynamics of two populations of the humpback whale, Megaptera novaeangliae 

(Borowski). Australian Journal of Marine Freshwater Research, 16, 33–128. 

Christiansen, F., Dujon, A. M., Sprogis, K. R., Arnould, J. P., & Bejder, L. (2016). Noninvasive unmanned aerial 

vehicle provides estimates of the energetic cost of reproduction in humpback whales. Ecosphere, 7(10). 

Christiansen F, Víkingsson GA, Rasmussen MH, Lusseau D (2014) Female body condition affects foetal growth 

in a capital breeding mysticete. Functional Ecology, 28, 579−588. 

Christiansen, F., Vivier, F., Charlton, C., Ward, R., Amerson, A., Burnell, S., & Bejder, L. (2018). Maternal body 

size and condition determine calf growth rates in southern right whales. Marine Ecology Progress 

Series, 592, 267-281. 

Clapham, P. J. (1992). Age at attainment of sexual maturity in humpback whales, Megaptera 

novaeangliae. Canadian Journal of Zoology, 70(7), 1470-1472. 

Clapham, P. J. (1996). The social and reproductive biology of humpback whales: an ecological 

perspective. Mammal Review, 26(1), 27-49. 

Clapham, P. J. (2000). The humpback whale: Seasonal feeding and breeding in a baleen whale. In: J. Mann, 

R. C. Connor, P. L. Tyack, H Whitehead (Eds.), Cetacean Societies: Field Studies of Dolphins and 

Whales. (1st ed., pp. 173-196). Chicago, IL: The University of Chicago Press. 

Clapham, P. J., & Baker, C. S. (2018). Whaling, modern. In B. Würsig, J. G. M. Thewissen & K. M. Kovacs 

(Eds.), Encyclopedia of marine mammals. (3rd ed., pp. 1070-1074). London, UK: Academic Press. 

 Clapham, P. J., & Brownell, R. L. (1996). The potential for interspecific competition in baleen whales. Reports 

of the International Whaling Commission, 46, 361-370. 

Clapham, P. J., Childerhouse, S., Gales, N. J., Rojas-Bracho, L., Tillman, M. F., & Brownell Jr, R. L. (2007). 

The whaling issue: conservation, confusion, and casuistry. Marine Policy, 31(3), 314-319. 

Clapham, P., & Ivashchenko, Y. (2009). A whale of a deception. Marine Fisheries Review, 71(1), 44-52. 

Clapham, P. J., & Mayo, C. A. (1987). Reproduction and recruitment of individually identified humpback whales, 

Megaptera novaeangliae, observed in Massachusetts Bay, 1979–1985. Canadian Journal of 

Zoology, 65(12), 2853-2863. 

Clapham, P.J., & Mayo, C.A. (1990). Reproduction of humpback whales (Megaptera novaeangliae) observed 

in the Gulf of Maine. Reports of the International Whaling Commission, Special Issue 12, 171–175. 

Clapham, P.J., & Mead, J.G. (1999). Megaptera novaeangliae. Mammalian Species, 604, 1–9. 

Clapham, P., Mikhalev, Y., Franklin, W., Paton, D., Baker, C. S., Ivashchenko, Y. V., & Brownell Jr, R. L. (2009). 

Catches of humpback whales, Megaptera novaeangliae, by the Soviet Union and other nations in the 

Southern Ocean, 1947–1973. Marine Fisheries Review, 71(1), 39-43. 

Clapham, P. J., Palsbøll, P. J., & Mattila, D. K. (1993). High‐energy behaviors in humpback whales as a source 

of sloughed skin for molecular analysis. Marine Mammal Science, 9(2), 213-220. 

Clapham, P. J., Wetmore, S. E., Smith, T. D., & Mead, J. G. (1999b). Length at birth and at independence in 

humpback whales. Journal of Cetacean Research and Management, 1(2), 141-146. 

Clapham, P. J., Young, S. B., & Brownell, Jr, R. L. (1999a). Baleen whales: conservation issues and the status 

of the most endangered populations. Mammal Review, 29, 37–62. 



References 

 

 
89 

Clapham, P. J., & Zerbini, A. N. (2015). Are social aggregation and temporary immigration driving high rates of 

increase in some Southern Hemisphere humpback whale populations? Marine Biology, 162(3), 625-634. 

Clark, C. T., Fleming, A. H., Calambokidis, J., Kellar, N. M., Allen, C. D., Catelani, K. N., ... & Harvey, J. T. 

(2016). Heavy with child? Pregnancy status and stable isotope ratios as determined from biopsies of 

humpback whales. Conservation Physiology, 4(1), cow050. 

Clark, M. R., Trinski, T., Constantine, R., Aguirre, J. D., Barker, J., Betty, E. … & van Oosterom, L. (2017). 

Biodiversity of the Kermadec Islands and offshore waters of the Kermadec Ridge: report of a coastal, 

marine mammal and deep-sea survey (TAN1612). New Zealand Aquatic Environment and Biodiversity 

Report No. 179. Ministry for Primary Industries. https://www.niwa.co.nz/files/TAN1611-Voyage-report-

Kermadec-Islands-survey-web.pdf 

Clarke, A. (1990). Temperature and evolution: Southern Ocean cooling and the Antarctic marine fauna. In: 

Kerry K. R., Hempel G. (Eds) Antarctic ecosystems (pp. 9-22). Berlin, Germany: Springer. 

Clarke, A., Griffiths, H. J., Linse, K., Barnes, D. K., & Crame, J. A. (2007). How well do we know the Antarctic 

marine fauna? A preliminary study of macroecological and biogeographical patterns in Southern Ocean 

gastropod and bivalve molluscs. Diversity and Distributions, 13(5), 620-632. 

Clarke, A., & Johnston, N. M. (2003). Antarctic marine benthic diversity. In Oceanography and Marine Biology, 

An Annual Review, Volume 41 (1st ed., pp. 55-57). CRC Press. 

Conaway, C. H., Baskett, T. S., & Toll, J. E. (1960). Embryo resorption in the swamp rabbit. The Journal of 

Wildlife Management, 24(2), 197-202. 

Constable, A. J., Melbourne‐Thomas, J., Corney, S. P., Arrigo, K. R., Barbraud, C., Barnes, D. K., ... & 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. 

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):8079. 

Constantine, R. (2016). Humpback Whale Connectivity: Determining the Migration Path and Antarctic Feeding 

Grounds of New Zealand’s Humpback Whales. Report prepared for the Ministry for Primary Industries, 

New Zealand (unpublished). 

Constantine, R., Jackson, J. A., Steel, D., Baker, C. S., Brooks, L., Burns, D., ... & Garrigue, G. (2012). 

Abundance of humpback whales in Oceania using photo-identification and microsatellite 

genotyping. Marine Ecology Progress Series, 453, 249-261. 

Constantine, R., Steel, D., Allen, J., Anderson, M., Andrews, O., Baker, C. S., ... & Ward, J. (2014). Remote 

Antarctic feeding ground important for east Australian humpback whales. Marine Biology, 161(5), 1087-

1093  

Cooke, S. J. (2008). Biotelemetry and biologging in endangered species research and animal conservation: 

relevance to regional, national, and IUCN Red List threat assessments. Endangered Species 

Research, 4(1-2), 165-185. 

Corkeron, P. J., & Connor, R. C. (1999). Why do baleen whales migrate? Marine Mammal Science, 15(4), 1228-

1245. 

Costa, D. P., & Maresh, J. L. (2018). Energetics. In B. Würsig, J. G. M. Thewissen & K. M. Kovacs (Eds.), 

Encyclopedia of marine mammals (3rd ed., pp. 329-335), London, UK: Academic Press. 

Cotton, P. A. (2003). Avian migration phenology and global climate change. Proceedings of the National 

Academy of Sciences, 100(21), 12219-12222. 

Courbin, N., Dussault, C., Veillette, A., Giroux, M. A., & Côté, S. D. (2017). Coping with strong variations in 

winter severity: plastic habitat selection of deer at high density. Behavioral Ecology, 28(4), 1037-1046. 



References 

 

 
90 

Craig, A. S., & Herman, L. M. (2000). Habitat preferences of female humpback whales Megaptera novaeangliae 

in the Hawaiian Islands are associated with reproductive status. Marine Ecology Progress Series, 193, 

209-216. 

Cubaynes, H. C., Fretwell, P. T., Bamford, C., Gerrish, L., & Jackson, J. A. (2018). Whales from space: Four 

mysticete species described using new VHR satellite imagery. Marine Mammal Science, 35(2), 466-491. 

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. 

Dalla Rosa, L., Secchi, E. R., Maia, Y. G., Zerbini, A. N., & Heide-Jørgensen, M. P. (2008). Movements of 

satellite-monitored humpback whales on their feeding ground along the Antarctic Peninsula. Polar 

Biology, 31(7), 771–781.  

Dalpadado, P., Arrigo, K. R., Hjøllo, S. S., Rey, F., Ingvaldsen, R. B., Sperfeld, E., ... & Ottersen, G. (2014). 

Productivity in the Barents Sea-response to recent climate variability. PLoS ONE, 9(5), e95273. 

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. 

Davies, N. B., Krebs, J. R., & West, S. A. (2012). An introduction to behavioural ecology. (4th ed.) United 

Kingdom: John Wiley & Sons. 

Davis, L. B., Hofmann, E. E., Klinck, J. M., Piñones, A., & Dinniman, M. S. (2017). Distributions of krill and 

Antarctic silverfish and correlations with environmental variables in the western Ross Sea, 

Antarctica. Marine Ecology Progress Series, 584, 45-65. 

Dawbin, W.H. (1964). Movements of humpback whales marked in the southwest Pacific Ocean 1952 to 1962. 

Norsk Hvalfangst Tidende, 53, 68–78. 

Dawbin, W.H. (1966). The seasonal migratory cycle of humpback whales. In: Norris, K.S. (Ed.), Whales, 

Dolphins, and Porpoises. (pp. 145–169). Berkeley, CA: University of California Press. 

Dawbin, W.H. (1997). Temporal segregation of humpback whales during migration in Southern Hemisphere 

waters. Memoirs of the Queensland Museum, 42, 105–138. 

Debevec, E. M., Gates, R. B., Masuda, M., Pella, J., Reynolds, J., & Seeb, L. W. (2000). SPAM (version 3.2): 

statistics program for analyzing mixtures. Journal of Heredity, 91(6), 509-510. 

de la Mare, W. K. (1998). Abrupt mid-twentieth-century decline in Antarctic sea-ice extent from whaling 

records. Oceanographic Literature Review, 2(45), 227-228. 

Deppeler, S. L., & Davidson, A. T. (2017). Southern Ocean phytoplankton in a changing climate. Frontiers in 

Marine Science, 4, 40. 

Derville, S., Torres, L. G., Albertson, R., Andrews, O., Baker, C. S., Carzon, P., ... & Garrigue, G. (2019). Whales 

in warming water: Assessing breeding habitat diversity and adaptability in Oceania's changing 

climate. Global Change Biology, 25(4), 1466-1481. 

Deutsch, C. J., Reid, J. P., Bonde, R. K., Easton, D. E., Kochman, H. I., & O'Shea, T. J. (2003). Seasonal 

movements, migratory behavior, and site fidelity of West Indian manatees along the Atlantic coast of the 

United States. Wildlife Monographs, 151, 1-77. 

Dingle, H. (1996). Migration: The Biology of Life on the Move. (1st ed). New York, NY: Oxford University Press. 

Dingle, H., & Drake, V. A. (2007). What is migration? BioScience, 57(2), 113-121. 

Dinniman, M. S., Klinck, J. M., & Smith Jr, W. O. (2003). Cross-shelf exchange in a model of the Ross Sea 

circulation and biogeochemistry. Deep Sea Research Part II: Topical Studies in Oceanography, 50(22-

26), 3103-3120. 



References 

 

 
91 

Dodge, S., Bohrer, G., Bildstein, K., Davidson, S. C., Weinzierl, R., Bechard, M. J., ... & Wikelski, M. (2014). 

Environmental drivers of variability in the movement ecology of turkey vultures (Cathartes aura) in North 

and South America. Philosophical Transactions of the Royal Society B, 369(1643), 20130195. 

Doniol-Valcroze, T., Berteaux, D., Larouche, P., & Sears, R. (2007). Influence of thermal fronts on habitat 

selection by four rorqual whale species in the Gulf of St. Lawrence. Marine Ecology Progress Series, 335, 

207-216. 

Donovan, G. P. (1991). A review of IWC stock boundaries. Reports of the International Whaling Commission, 

Special Issue 13, 39–68. 

Doswald, N., Willis, S. G., Collingham, Y. C., Pain, D. J., Green, R. E., & Huntley, B. (2009). Potential impacts 

of climatic change on the breeding and non‐breeding ranges and migration distance of European Sylvia 

warblers. Journal of Biogeography, 36(6), 1194-1208. 

Downer, R. G. H., & Matthews, J. R. (1976). Patterns of lipid distribution and utilisation in insects. American 

Zoologist, 16(4), 733-745. 

Dubischar, C. D., Pakhomov, E. A., von Harbou, L., Hunt, B. P. V. & Bathmann, U. V. (2012). Salps in the 

Lazarev Sea, Southern Ocean: II. Biochemical composition and potential prey value. Marine Biology, 159, 

15–24. 

D'Vincent, C. G., Nilson, R. M., & Hanna, R. E. (1985). Vocalization and coordinated feeding behavior of the 

humpback whale in southeastern Alaska. Scientific Reports of the Whales Research Institute, 36, 41-47. 

Egevang, C., Stenhouse, I. J., Phillips, R. A., Petersen, A., Fox, J. W., & Silk, J. R. (2010). Tracking of Arctic 

terns Sterna paradisaea reveals longest animal migration. Proceedings of the National Academy of 

Sciences, 107(5), 2078-2081. 

Eisenmann, P., Fry, B., Holyoake, C., Coughran, D., Nicol, S., & Nash, S. B. (2016). Isotopic evidence of a wide 

spectrum of feeding strategies in Southern Hemisphere humpback whale baleen records. PLoS 

ONE, 11(5), e0156698. 

El-Sayed, S. Z. (1967). On the productivity of the southwest Atlantic Ocean and the waters west of the Antarctic 

Peninsula. Biology of the Antarctic Seas III. Antarctic Research Series, 11, 15-47. 

El-Sayed, S. Z. (1988). Productivity of the Southern Ocean: a closer look. Comparative Biochemistry and 

Physiology Part B: Comparative Biochemistry, 90(3), 489-498. 

El-Sayed, S. Z., Biggs, D. C., & Holm-Hansen, O. (1983). Phytoplankton standing crop, primary productivity, 

and near-surface nitrogenous nutrient fields in the Ross Sea, Antarctica. Deep Sea Research Part A. 

Oceanographic Research Papers, 30(8), 871-886. 

Excoffier, L., & Lischer, H. E. (2010). Arlequin suite ver 3.5: a new series of programs to perform population 

genetics analyses under Linux and Windows. Molecular Ecology Resources, 10(3), 564-567. 

Fahrbach, E., Hoppema, M., Rohardt, G., Boebel, O., Klatt, O., & Wisotzki, A. (2011). Warming of deep and 

abyssal water masses along the Greenwich meridian on decadal time scales: The Weddell gyre as a heat 

buffer. Deep Sea Research Part II: Topical Studies in Oceanography, 58(25-26), 2509-2523. 

Fauchald, P. K., & Tveraa, T. (2006). Hierarchical patch dynamics and animal movement 

pattern. Oecologia, 149(3), 383-395. 

Félix, F., & Guzmán, H. M. (2014). Satellite tracking and sighting data analyses of Southeast Pacific humpback 

whales (Megaptera novaeangliae): is the migratory route coastal or oceanic? Aquatic Mammals, 40, 329-

340 

Fernandez, M., Yesson, C., Gannier, A., Miller, P. I., & Azevedo, J. M. (2017). The importance of temporal 

resolution for niche modelling in dynamic marine environments. Journal of Biogeography, 44(12), 2816-

2827. 

Festa-Bianchet, M. (1998). Condition-dependent reproductive success in bighorn ewes. Ecology Letters, 1(2), 

91-94. 



References 

 

 
92 

Field, I. C., Harcourt, R. G., Boehme, L., Bruyn, P. N. D., Charrassin, J. B., McMahon, C. R., ... & Hindell, M. A. 

(2012). Refining instrument attachment on phocid seals. Marine Mammal Science, 28(3), E325-E332. 

Fish, F. E. (1994). Influence of hydrodynamic-design and propulsive mode on mammalian swimming 

energetics. Australian Journal of Zoology, 42(1), 79-101. 

Fish, F. E. (1996). Transitions from drag-based to lift-based propulsion in mammalian swimming. American 

Zoologist, 36, 628–641. 

Fitter, A. H., & Fitter, R. S. R. (2002). Rapid changes in flowering time in British plants. Science, 296(5573), 

1689-1691. 

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. 

Fortune, S. M., Trites, A. W., Mayo, C. A., Rosen, D. A., & Hamilton, P. K. (2013). Energetic requirements of 

North Atlantic right whales and the implications for species recovery. Marine Ecology Progress 

Series, 478, 253-272. 

Franklin, W., Franklin, T., Brooks, L., Gibbs, N., Childerhouse, S., Smith, F., ... & Clapham, P. (2012). Antarctic 

waters (Area V) near the Balleny Islands are a summer feeding area for some eastern Australian Breeding 

Stock E (i) Humpback Whales (Megaptera Novaeangliae). Journal of Cetacean Research and 

Management, 12(3), 321-327. 

Fraser, W. R., & Hofmann, E. E. (2003). A predator¹s perspective on causal links between climate change, 

physical forcing and ecosystem response. Marine Ecology Progress Series, 265, 1-15. 

Fraser, W. R., Trivelpiece, W. Z., Ainley, D. G., & Trivelpiece, S. G. (1992). Increases in Antarctic penguin 

populations: reduced competition with whales or a loss of sea ice due to environmental warming. Polar 

Biology, 11(8), 525-531. 

Freitas, C., Lydersen, C., Fedak, M. A., & Kovacs, K. M. (2008). A simple new algorithm to filter marine mammal 

Argos locations. Marine Mammal Science, 24(2), 315-325. 

Fretwell, P. T., Staniland, I. J., & Forcada, J. (2014). Whales from space: counting southern right whales by 

satellite. PLoS ONE, 9(2), e88655. 

Friday, N., Smith, T. D., Stevick, P. T., & Allen, J. (2000). Measurement of photographic quality and individual 

distinctiveness for the photographic identification of humpback whales, Megaptera novaeangliae. Marine 

Mammal Science, 16(2), 355-374. 

Friedlaender, A. S., Halpin, P. N., Qian, S. S., Lawson, G. L., Wiebe, P. H., Thiele, D., & Read, A. J. (2006). 

Whale distribution in relation to prey abundance and oceanographic processes in shelf waters of the 

Western Antarctic Peninsula. Marine Ecology Progress Series, 317, 297-310. 

Friedlaender, A. S., Johnston, D. W., Fraser, W. R., Burns, J., & Costa, D. P. (2011). Ecological niche modeling 

of sympatric krill predators around Marguerite Bay, Western Antarctic Peninsula. Deep Sea Research 

Part II: Topical Studies in Oceanography, 58(13-16), 1729-1740. 

Friedlaender, A. S., Johnston, D. W., Tyson, R. B., Kaltenberg, A., Goldbogen, J. A., Stimpert, A. K., ... & 

Nowacek, D. P. (2016). Multiple-stage decisions in a marine central-place forager. Royal Society Open 

Science, 3(5), 160043. 

Friedlaender, A. S., Lawson, G. L., & Halpin, P. N. (2009). Evidence of resource partitioning between humpback 

and minke whales around the western Antarctic Peninsula. Marine Mammal Science, 25(2), 402-415. 

Friedlaender, A. S., Tyson, R. B., Stimpert, A. K., Read, A. J., & Nowacek, D. P. (2013). Extreme diel variation 

in the feeding behavior of humpback whales along the western Antarctic Peninsula during autumn. Marine 

Ecology Progress Series, 494, 281-289. 



References 

 

 
93 

Gabriele, C. M., Neilson, J. L., Straley, J. M., Baker, C. S., Cedarleaf, J. A., & Saracco, J. F. (2017). Natural 

history, population dynamics, and habitat use of humpback whales over 30 years on an Alaska feeding 

ground. Ecosphere, 8(1), e01641.http://dx.doi.org/10.1002/ecs2.1641. 

Gabriele, C. M., Straley, J., & Neilson, J. (2007). Age at first calving of female humpback whales in southeastern 

Alaska. Marine Mammal Science, 23(1), 226-239. 

Gales, N., Double, M., Robinson, S., Jenner, C., Jenner, M., King, E., … & Raymond, B. (2009). Satellite tracking 

of southbound East Australian humpback whales (Megaptera novaeangliae): challenging the feast or 

famine model for migrating whales. SC61/SH/17 presented to the IWC Scientific Committee. 

Gales, N., Double, M., Robinson, S., Jenner, C., Jenner, M., King, E., … & Paton, D. (2010). Satellite tracking 

of Australian humpback (Megaptera novaeangliae) and pygmy blue whales (Balaenoptera musculus 

brevicauda). SC/62/SH21 presented to the IWC Scientific Committee. 

Galuardi, B., Royer, F., Golet, W., Logan, J., Neilson, J., & Lutcavage, M. (2010). Complex migration routes of 

Atlantic bluefin tuna (Thunnus thynnus) question current population structure paradigm. Canadian 

Journal of Fisheries and Aquatic Sciences, 67(6), 966-976. 

Garland, E. C., Goldizen, A. W., Rekdahl, M. L., Constantine, R., Garrigue, C., Hauser, N. D., ... & Noad, M. J. 

(2011). Dynamic horizontal cultural transmission of humpback whale song at the ocean basin 

scale. Current Biology, 21(8), 687-691. 

Garrigue, C., Albertson, R., & Jackson, J. A. (2012). An anomalous increase in the New Caledonia humpback 

whales breeding sub-stock E2. Scientific Committee of the International Whaling Commission, Paper, 

(SC/64/SH6). 

Garrigue, C., Clapham, P. J., Geyer, Y., Kennedy, A. S., & Zerbini, A. N. (2015). Satellite tracking reveals novel 

migratory patterns and the importance of seamounts for endangered South Pacific humpback 

whales. Royal Society Open Science, 2(11), 150489. 

Garrigue, C., Constantine, R., Poole, M., Hauser, N., Clapham, P., Donoghue, M., … & Baker, C. S. (2011). 

Movement of individual humpback whales between wintering grounds of Oceania (South Pacific), 1999 

to 2004. Journal of Cetacean Research and Management (Special Issue 3), 275–282. 

Garrigue, C., Greaves, J., Chambellant, M. (2001). Characteristics of the New Caledonian humpback whale 

population. Memoirs of the Queensland Museum, 47(2), 539–546. 

Garrigue, C., Zerbini, A. N., Geyer, Y., Heide-Jørgensen, M. P., Hanaoka, W., & Clapham, P. (2010). 

Movements of satellite-monitored humpback whales from New Caledonia. Journal of Mammalogy, 91(1), 

109-115. 

Gendron, D., Serrano, I. M., de la Cruz, A. U., Calambokidis, J., & Mate, B. (2015). Long-term individual sighting 

history database: an effective tool to monitor satellite tag effects on cetaceans. Endangered Species 

Research, 26(3), 235-241. 

Gibson, T. (2014). Raoul Island Whale Survey. Unpublished Department of Conservation Report, Warkworth, 

New Zealand, pp. 10. 

Gille, S. T. (2002). Warming of the Southern Ocean since the 1950s. Science, 295(5558), 1275-1277. 

Girardin, P., Bockstaller, C., & van der Werf, H. (1999). Indicators: tools to evaluate the environmental impacts 

of farming systems. Journal of Sustainable Agriculture, 13(4), 5-21. 

Gittleman, J. L., & Thompson, S. D. (1988). Energy allocation in mammalian reproduction. American 

Zoologist, 28(3), 863-875. 

Glockner-Ferrari, D. A., & Ferrari, M. J. (1990). Reproduction in the humpback whale (Megaptera novaeangliae) 

in Hawaiian waters, 1975–1988: the life history, reproductive rates and behavior of known individuals 

identified through surface and underwater photography. Reports of the International Whaling 

Commission, Special Issue 12, 161-169. 



References 

 

 
94 

Gloersen, P., Campbell, W. J., Cavalieri, D. J., Comiso, J. C., Parkinson, C. L., & Zwally, H. J. (1993). Satellite 

Passive-Microwave Observations and Analysis of Arctic and Antarctic sea ice, 1978–1987. Annals of 

Glaciology, 17, 149-154. 

Godley, B. J., Blumenthal, J. M., Broderick, A. C., Coyne, M. S., Godfrey, M. H., Hawkes, L. A., & Witt, M. J. 

(2008). Satellite tracking of sea turtles: where have we been and where do we go next? Endangered 

Species Research, 4(1-2), 3-22. 

Goldbogen, J. A., Cade, D. E., Calambokidis, J., Friedlaender, A. S., Potvin, J., Segre, P. S., & Werth, A. J. 

(2017). How baleen whales feed: the biomechanics of engulfment and filtration. Annual Review of Marine 

Science, 9, 367-386. 

Goldbogen, J. A., Calambokidis, J., Croll, D. A., McKenna, M. F., Oleson, E., Potvin, J., ... & Tershy, B. R. 

(2012). Scaling of lunge‐feeding performance in rorqual whales: mass‐specific energy expenditure 

increases with body size and progressively limits diving capacity. Functional Ecology, 26(1), 216-226. 

Goldbogen, J. A., Calambokidis, J., Oleson, E., Potvin, J., Pyenson, N. D., Schorr, G., & Shadwick, R. E. (2011). 

Mechanics, hydrodynamics and energetics of blue whale lunge feeding: efficiency dependence on krill 

density. Journal of Experimental Biology, 214(1), 131-146. 

Goldbogen, J. A., Friedlaender, A. S., Calambokidis, J., Mckenna, M. F., Simon, M., & Nowacek, D. P. (2013). 

Integrative approaches to the study of baleen whale diving behavior, feeding performance, and foraging 

ecology. BioScience, 63(2), 90-100. 

Goldbogen, J. A., Pyenson, N. D., & Shadwick, R. E. (2007). Big gulps require high drag for fin whale lunge 

feeding. Marine Ecology Progress Series, 349, 289-301. 

Gouretski, V. (1999). The large-scale thermohaline structure of the Ross Sea Gyre. In: Spezie G, Mabzella 

G.M.R. (Eds) Oceanography of the Ross Sea Antarctica. (pp 77–100) Milan, Italy: Springer. 

Graham, R. T., Witt, M. J., Castellanos, D. W., Remolina, F., Maxwell, S., Godley, B. J., & Hawkes, L. A. (2012). 

Satellite tracking of manta rays highlights challenges to their conservation. PLoS ONE, 7(5), e36834. 

Gregr, E. J., Baumgartner, M. F., Laidre, K. L., & Palacios, D. M. (2013). Marine mammal habitat models come 

of age: the emergence of ecological and management relevance. Endangered Species Research, 22(3), 

205-212. 

Griffiths, H. J. (2010). Antarctic marine biodiversity – what do we know about the distribution of life in the 

Southern Ocean? PLoS ONE, 5(8), e11683. http://dx.doi.org/10.1371/journal.pone.0011683. 

Guisan, A., Tingley, R., Baumgartner, J. B., Naujokaitis-Lewis, I., Sutcliffe, P. R., Tulloch, A. I., ... & Buckley, Y. 

M. (2013). Predicting species distributions for conservation decisions. Ecology Letters, 16(12), 1424-

1435. 

Gunnarsson, T. G., Gill, J. A., Atkinson, P. W., Gelinaud, G., Potts, P. M., Croger, R. E., ... & Sutherland, W. J. 

(2006). Population-scale drivers of individual arrival times in migratory birds. Journal of Animal 

Ecology, 75(5), 1119-1127. 

Gurarie, E., Bracis, C., Delgado, M., Meckley, T. D., Kojola, I., & Wagner, C. M. (2016). What is the animal 

doing? Tools for exploring behavioural structure in animal movements. Journal of Animal Ecology, 85(1), 

69-84. 

Guzmán, H. M., & Félix, F. (2017). Movements and habitat use by southeast pacific humpback whales 

(Megaptera novaeangliae) satellite tracked at two breeding sites. Aquatic Mammals, 43(2), 139-155. 

Hahn, T. P., Sockman, K. W., Breuner, C. W., & Morton, M. L. (2004). Facultative altitudinal movements by 

mountain white-crowned sparrows (Zonotrichia leucophrys oriantha) in the Sierra Nevada. The 

Auk, 121(4), 1269-1281. 

Hain, J. H., Ellis, S. L., Kenney, R. D., Clapham, P. J., Gray, B. K., Weinrich, M. T., & Babb, I. G. (1995). 

Apparent bottom feeding by humpback whales on Stellwagen Bank. Marine Mammal Science, 11(4), 

464-479. 



References 

 

 
95 

Hain, J. H., Hampp, J. D., McKenney, S. A., Albert, J. A., & Kenney, R. D. (2013). Swim speed, behavior, and 

movement of North Atlantic right whales (Eubalaena glacialis) in coastal waters of northeastern Florida, 

USA. PLoS ONE, 8(1), e54340. http://dx.doi.org/10.1371/journal.pone.0054340. 

Hartel, E. F., Constantine, R., & Torres, L. G. (2014). Changes in habitat use patterns by bottlenose dolphins 

over a 10‐year period render static management boundaries ineffective. Aquatic conservation: Marine 

and Freshwater ecosystems, 25(5), 701-711. 

Haury, L. R., McGowan, J. A., & Wiebe, P. H. (1978). Patterns and processes in the time-space scales of 

plankton distributions. In Steele J. H. (Ed) Spatial pattern in plankton communities (pp. 277-327). Boston, 

MA: Springer. 

Hauser, N., Zerbini, A. N., Geyer, Y., Heide‐Jørgensen, M. P., & Clapham, P. (2010). Movements of satellite‐

monitored humpback whales, Megaptera novaeangliae, from the Cook Islands. Marine Mammal 

Science, 26(3), 679-685. 

Hays, G. C., Ferreira, L. C., Sequeira, A. M., Meekan, M. G., Duarte, C. M., Bailey, H., ... & Thums, M. (2016). 

Key questions in marine megafauna movement ecology. Trends in Ecology & Evolution, 31(6), 463-475. 

Hazen, E. L., Friedlaender, A. S., & Goldbogen, J. A. (2015). Blue whales (Balaenoptera musculus) optimize 

foraging efficiency by balancing oxygen use and energy gain as a function of prey density. Science 

Advances, 1(9), e1500469. 

Heerah, K., Hindell, M., Andrew‐Goff, V., Field, I., McMahon, C. R., & Charrassin, J. B. (2017). Contrasting 

behavior between two populations of an ice‐obligate predator in East Antarctica. Ecology and 

Evolution, 7(2), 606-618. 

Heide‐Jørgensen, M. P., Kleivane, L., ØIen, N., Laidre, K. L., & Jensen, M. V. (2001). A new technique for 

deploying satellite transmitters on baleen whales: tracking a blue whale (Balaenoptera musculus) in the 

North Atlantic. Marine Mammal Science, 17(4), 949-954. 

Hellessey, N., Ericson, J. A., Nichols, P. D., Kawaguchi, S., Nicol, S., Hoem, N., & Virtue, P. (2018). Seasonal 

and interannual variation in the lipid content and composition of Euphausia superba Dana, 1850 

(Euphausiacea) samples derived from the Scotia Sea fishery. Journal of Crustacean Biology, 38(6), 673-

681. 

Henschke, N., Everett, J. D., Richardson, A. J. & Suthers, I. M. (2016). Rethinking the role of salps in the ocean. 

Trends in Ecology and Evolution, 31, 720–733. 

Herr, H., Viquerat, S., Siegel, V., Kock, K. H., Dorschel, B., Huneke, W. G., ... & Gutt, J. (2016). Horizontal niche 

partitioning of humpback and fin whales around the West Antarctic Peninsula: evidence from a concurrent 

whale and krill survey. Polar Biology, 39(5), 799-818. 

Heupel, M. R., Simpfendorfer, C. A., Espinoza, M., Smoothey, A. F., Tobin, A., & Peddemors, V. (2015). 

Conservation challenges of sharks with continental scale migrations. Frontiers in Marine Science, 2, 12. 

Hill, S. L., Atkinson, A., Pakhomov, E. A., & Siegel, V. (2019). Evidence for a decline in the population density 

of Antarctic krill Euphausia superba still stands. A comment on Cox et al. (J Crust Biol, 2018). Journal of 

Crustacean Biology, 39(3), 316-322, doi:10.1093/jcbiol/ruz004. 

Hind, A. T., & Gurney, W. S. (1997). The metabolic cost of swimming in marine homeotherms. Journal of 

Experimental Biology, 200(3), 531-542. 

Hindell, M. A., Bradshaw, C. J. A., Guinet, C., & Harcourt, R. G. (2003) Ecosystem monitoring and modelling: 

Can marine mammals signal or predict change? In N. Gales, M. A. Hindell & R. Kirkwood (Eds.), Marine 

mammals and humans: towards a sustainable balance (pp. 330-343). Melbourne, Australia: CSIRO 

Publishing. 

Hindell, M. A., McMahon, C. R., Bester, M. N., Boehme, L., Costa, D., Fedak, M. A., ... & Charrassin, J.-B. 

(2016). Circumpolar habitat use in the southern elephant seal: implications for foraging success and 

population trajectories. Ecosphere, 7(5), 1-27:e01213. 



References 

 

 
96 

Hindell, M. A., Sumner, M., Bestley, S., Wotherspoon, S., Harcourt, R. G., Lea, M. A., ... & McMahon, C. R. 

(2017). Decadal changes in habitat characteristics influence population trajectories of southern elephant 

seals. Global Change Biology, 23(12), 5136-5150. 

Hobbs, W. R., 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, 228-

250. 

Horton, T. W., Hauser, N., Zerbini, A. N., Francis, M. P., Domeier, M. L., Andriolo, A., ... & Clapham, P. J. (2017). 

Route fidelity during marine megafauna migration. Frontiers in Marine Science, 4, 422. 

Horton, T. W., Holdaway, R. N., Zerbini, A. N., Hauser, N., Garrigue, C., Andriolo, A., & Clapham, P. J. (2011). 

Straight as an arrow: humpback whales swim constant course tracks during long-distance 

migration. Biology Letters, 7(5), 674-679. 

Huck, U. W., Lisk, R. D., Miller, K. S., & Bethel, A. (1988). Progesterone levels and socially-induced implantation 

failure and fetal resorption in golden hamsters (Mesocricetus auratus). Physiology & Behavior, 44(3), 

321-326.  

Humphries, N. E., Queiroz, N., Dyer, J. R., Pade, N. G., Musyl, M. K., Schaefer, K. M., ... & Sims, D. W. (2010). 

Environmental context explains Lévy and Brownian movement patterns of marine 

predators. Nature, 465(7301), 1066-1069. 

Hussey, N. E., Kessel, S. T., Aarestrup, K., Cooke, S. J., Cowley, P. D., Fisk, A. T., ... & Whoriskey, F. G. (2015). 

Aquatic animal telemetry: a panoramic window into the underwater world. Science, 348(6240), 1255642. 

Hyrenbach, K. D., Veit, R. R., Weimerskirch, H., & Hunt Jr, G. L. (2006). Seabird associations with mesoscale 

eddies: the subtropical Indian Ocean. Marine Ecology Progress Series, 324, 271-279. 

Ims, R. A. (1995). Movement patterns related to spatial structures. In L. Hansson, L. Fahrig & G. Merriam 

(Eds.) Mosaic landscapes and ecological processes (pp. 85-109). Dordrecht, Netherlands: Springer. 

IWC [International Whaling Commission], (1998). Appendix 4. Reports of the International Whaling Commission 

48, 181. 

IWC [International Whaling Commission], (2014). Report of the sub-committee on other Southern Hemisphere 

whale stocks Annex H. International Whaling Commission IWC/65/Rep01, Bled, Slovenia 12 – 24 May 

2014, pp 34. 

IWC [International Whaling Commission], (2015). Report of the sub-committee on other Southern Hemisphere 

whale stocks Annex H. International Whaling Commission IWC/66/Rep01, San Diego, USA 22 May–3 

June 2015, pp. 38. 

Irvine, 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. Royal Society Open Science, 4(3), 160290. https://doi.org/10.1098/rsos.160290 

Ivashchenko, Y. V., & Clapham, P. J. (2014). Too much is never enough: the cautionary tale of Soviet illegal 

whaling. Marine Fisheries Review, 76(1-2), 1-22. 

Ivashchenko, Y. V., Clapham, P. J., & Brownell Jr, R. L. (2011). Soviet illegal whaling: the devil and the 

details. Marine Fisheries Review, 73(3), 1-19. 

Izadi, S., Johnson, M., de Soto, N. A., & Constantine, R. (2018). Night-life of Bryde’s whales: ecological 

implications of resting in a baleen whale. Behavioral Ecology and Sociobiology, 72, 1-12. 

Jackson, J. A., Ross-Gillespie, A., Butterworth, D., Findlay, K., Holloway, S., Robbins, J., ... & Zerbini, A. (2015). 

Southern Hemisphere humpback whale comprehensive assessment—a synthesis and summary: 2005–

2015. SC/66a/SH03 presented to the IWC Scientific Committee. 

Jackson, C. R., Setsaas, T. H., Robertson, M. P., Scantlebury, M., & Bennett, N. C. (2009). Insights into torpor 

and behavioural thermoregulation of the endangered Juliana's golden mole. Journal of Zoology, 278(4), 

299-307. 



References 

 

 
97 

Jacoby, D. M., Brooks, E. J., Croft, D. P., & Sims, D. W. (2012). Developing a deeper understanding of animal 

movements and spatial dynamics through novel application of network analyses. Methods in Ecology and 

Evolution, 3(3), 574-583. 

Jarman, S. N., Polanowski, A. M., Faux, C. E., Robbins, J., De Paoli‐Iseppi, R., Bravington, M., & Deagle, B. E. 

(2015). Molecular biomarkers for chronological age in animal ecology. Molecular Ecology, 24(19), 4826-

4847. 

Jeanniard-du-Dot, T., Trites, A. W., Arnould, J. P., & Guinet, C. (2017). Reproductive success is energetically 

linked to foraging efficiency in Antarctic fur seals. PLoS ONE, 12(4) : e0174001. 

https://doi.org/10.1371/journal.pone.0174001.  

Jenni, L., & Jenni-Eiermann, S. (1998). Fuel supply and metabolic constraints in migrating birds. Journal of 

Avian Biology, 29, 521-528. 

Jiang, X., Luo, L., Zhang, L., Sappington, T. W., & Hu, Y. (2011). Regulation of migration in Mythimna separata 

(Walker) in China: a review integrating environmental, physiological, hormonal, genetic, and molecular 

factors. Environmental Entomology, 40(3), 516-533. 

Johnson, D. H. (1980). The comparison of usage and availability measurements for evaluating resource 

preference. Ecology, 61(1), 65-71. 

Johnson, J. H., & Wolman, A. A. (1984). The humpback whale, Megaptera novaeangliae. Marine Fisheries 

Review, 46(4), 30-37. 

Johnston, D. W., Friedlaender, A. S., Read, A. J., & Nowacek, D. P. (2012). Initial density estimates of humpback 

whales Megaptera novaeangliae in the inshore waters of the western Antarctic Peninsula during the late 

autumn. Endangered Species Research, 18(1), 63-71. 

Jones, F. R. H. (1968). Fish migration. London, UK: Edward Arnold. 

Jones, T., Cusack, J. J., Pozo, R. A., Smit, J., Mkuburo, L., Baran, P., ... & Foley, C. (2018). Age structure as 

an indicator of poaching pressure: insights from rapid assessments of elephant populations across space 

and time. Ecological Indicators, 88, 115-125. 

Jonsen, I. D., Flemming, J. M., & Myers, R. A. (2005). Robust state–space modeling of animal movement 

data. Ecology, 86(11), 2874-2880. 

Jonsen, I. D., Luque, S., Winsip, A., & Pedersen, M.W. (2015). bsam: Bayesian state-space models for animal 

movement. R package version 0.43.1. https://cran.r-project.org/web/packages/bsam/index.html 

Jonsen, I. D., McMahon, C. R., Patterson, T. A., Auger-Méthé, M., Harcourt, R., Hindell, M. A., & Bestley, S. 

(2019). Movement responses to environment: fast inference of variation among southern elephant seals 

with a mixed effects model. Ecology, 100(1), e02566. 

Jonsen, I. D., Myers, R. A., & James, M. C. (2006). Robust hierarchical state–space models reveal diel variation 

in travel rates of migrating leatherback turtles. Journal of Animal Ecology, 75(5), 1046-1057. 

Jonsen, I. D., Myers, R. A., & James, M. C. (2007). Identifying leatherback turtle foraging behaviour from satellite 

telemetry using a switching state-space model. Marine Ecology Progress Series, 337, 255-264. 

Jonsson, B., & Ruud-Hansen, J. (1985). Water temperature as the primary influence on timing of seaward 

migrations of Atlantic salmon (Salmo salar) smolts. Canadian Journal of Fisheries and Aquatic 

Sciences, 42(3), 593-595. 

Jönsson K. I. (1997). Capital and income breeding as alternative tactics of resource use in reproduction. Oikos, 

78, 57–66.  

Kaiser, S., Barnes, D. K., Sands, C. J., & Brandt, A. (2009). Biodiversity of an unknown Antarctic Sea: assessing 

isopod richness and abundance in the first benthic survey of the Amundsen continental shelf. Marine 

Biodiversity, 39(1), 27-43. 

Kalinowski, S. T. (2004). Counting alleles with rarefaction: private alleles and hierarchical sampling 

designs. Conservation genetics, 5(4), 539-543. 



References 

 

 
98 

Kalinowski, S. T., Taper, M. L., & Marshall, T. C. (2007). Revising how the computer program CERVUS 

accommodates genotyping error increases success in paternity assignment. Molecular Ecology, 16(5), 

1099-1106. 

Karasov, W. H. (1992). Daily energy expenditure and the cost of activity in mammals. American Zoologist, 32(2), 

238-248. 

Kareiva, P. (1990). Population dynamics in spatially complex environments: theory and data. Philosophical 

Transactions of the Royal Society B, 330(1257), 175-190. 

Katona, S., Baxter, B., Brazier, O., Kraus, S., Perkins, J., & Whitehead, H. (1979). Identification of humpback 

whales by fluke photographs. In Winn, H. E.., Olla, B. L. (Eds.), Behavior of marine animals (pp. 33-44). 

Boston, MA: Springer. 

Kawamura, A. (1994). A review of baleen whale feeding in the Southern Ocean. Report of the International 

Whaling Commission, 44, 261-271 

Kellar, N. M., Trego, M. L., Marks, C. I., & Dizon, A. E. (2006). Determining pregnancy from blubber in three 

species of delphinids. Marine Mammal Science, 22(1), 1-16. 

Kennedy, A. S., Zerbini, A. N., Vásquez, O. V., Gandilhon, N., Clapham, P. J., & Adam, O. (2014a). Local and 

migratory movements of humpback whales (Megaptera novaeangliae) satellite-tracked in the North 

Atlantic Ocean. Canadian Journal of Zoology, 92(1), 9-18. 

Kennedy, A. S., Zerbini, A. N., Rone, B. K., & Clapham, P. J. (2014b). Individual variation in movements of 

satellite-tracked humpback whales Megaptera novaeangliae in the eastern Aleutian Islands and Bering 

Sea. Endangered Species Research, 23(2), 187-195. 

Kerry K., Clarke J., Else, G. (1993). The use of an automated weighing and recording system for the study of 

the biology of Adélie penguins (Pygoscelis adeliae). Proceedings of the NIPR Symposium on Polar 

Biology, 6, 62-75. 

Kim, Y. S., & Orsi, A. H. (2014). On the variability of Antarctic Circumpolar Current fronts inferred from 1992–

2011 altimetry. Journal of Physical Oceanography, 44(12), 3054-3071. 

Kirchner, T., Wiley, D. N., Hazen, E. L., Parks, S. E., Torres, L. G., & Friedlaender, A. S. (2018). Hierarchical 

foraging movement of humpback whales relative to the structure of their prey. Marine Ecology Progress 

Series, 607, 237-250. 

Kleiber, M. (1975). The fire of life: an introduction to animal energetics. Huntington, NY: Kreiger Publishing Co. 

Kniest, E., Burns, D., & Harrison, P. (2010). Fluke Matcher: A computer-aided matching system for humpback 

whale (Megaptera novaeangliae) flukes. Marine Mammal Science, 26(3), 744-756. 

Knox, G. A. (2006). Biology of the Southern Ocean (2nd ed). Boca Raton, FL: CRC Press. 

Kooijman, S. (2010). Dynamic Energy Budget Theory for Metabolic Organisation (3rd ed). Cambridge, UK: 

Cambridge University Press. 

Kooyman, G. L. (1967). An analysis of some behavioral and physiological characteristics related to diving in the 

Weddell seal. In Llano, G.A. & Schmitt, W.L. (Eds.) Biology of the Antarctic Seas III, Volume 11, (pp. 227-

261). Washington, D.C.: American Geophysical Union. 

Krieger, K. J. & Wing, B. L. (1986). Hydroacoustic monitoring of prey to determine humpback whale movements. 

NOAA Technical Memorandum, p. 60, (NMFS-F/NWC-98). 

Kshatriya, M., & Blake, R. W. (1988). Theoretical model of migration energetics in the blue whale, Balaenoptera 

musculus. Journal of Theoretical Biology, 133(4), 479-498. 

Labrousse, S., Sallée, J. B., Fraser, A. D., Massom, R. A., Reid, P., Sumner, M., ... & Hindell, M. A. (2017). 

Under the sea ice: Exploring the relationship between sea ice and the foraging behaviour of southern 

elephant seals in East Antarctica. Progress in oceanography, 156, 17-40. 



References 

 

 
99 

Labrousse, S., Vacquié-Garcia, J., Heerah, K., Guinet, C., Sallée, J. B., Authier, M., ... & Charrassin, J. B. 

(2015). Winter use of sea ice and ocean water mass habitat by southern elephant seals: the length and 

breadth of the mystery. Progress in Oceanography, 137, 52-68. 

Labrousse, S., Williams, G., Tamura, T., Bestley, S., Sallée, J. B., Fraser, A. D., ... & Charrassin, J.-B. (2018). 

Coastal polynyas: winter oases for subadult southern elephant seals in East Antarctica. Scientific 

Reports, 8(1), 3183. 

Lagerquist, B. A., Mate, B. R., Ortega‐Ortiz, J. G., Winsor, M., & Urbán‐Ramirez, J. (2008). Migratory 

movements and surfacing rates of humpback whales (Megaptera novaeangliae) satellite tagged at 

Socorro Island, Mexico. Marine Mammal Science, 24(4), 815-830. 

Lah, L., Trense, D., Benke, H., Berggren, P., Gunnlaugsson, Þ., Lockyer, C., ... & Tiedemann, R. (2016). 

Spatially explicit analysis of genome-wide SNPs detects subtle population structure in a mobile marine 

mammal, the harbor porpoise. PLoS ONE, 11(10), e0162792. 

Laidre, K. L., Stirling, I., Lowry, L. F., Wiig, Ø., Heide-Jørgensen, M. P., & Ferguson, S. H. (2008). Quantifying 

the sensitivity of Arctic marine mammals to climate‐induced habitat change. Ecological 

Applications, 18(sp2), S97-S125. 

Lal, M. M., Southgate, P. C., Jerry, D. R., & Zenger, K. R. (2016). Fishing for divergence in a sea of connectivity: 

The utility of ddRADseq genotyping in a marine invertebrate, the black-lip pearl oyster Pinctada 

margaritifera. Marine Genomics, 25, 57-68. 

Lambardi, P., Lutjeharms, J. R., Mencacci, R., Hays, G. C., & Luschi, P. (2008). Influence of ocean currents on 

long-distance movement of leatherback sea turtles in the Southwest Indian Ocean. Marine Ecology 

Progress Series, 353, 289-301. 

Lambert, E., Pierce, G. J., Hall, K., Brereton, T., Dunn, T. E., Wall, D., ... & MacLeod, C. D. (2014). Cetacean 

range and climate in the eastern North Atlantic: future predictions and implications for 

conservation. Global Change Biology, 20(6), 1782-1793. 

Lambertsen, R. H. (1987). A biopsy system for large whales and its use for cytogenetics. Journal of 

Mammalogy, 68(2), 443-445. 

Lambertsen, R. H., Baker, C. S., Duffield, D. A., & Chamberlin-Lea, J. (1988). Cytogenetic determination of sex 

among individually identified humpback whales (Megaptera novaeangliae). Canadian Journal of 

Zoology, 66(6), 1243-1248. 

Lander, M. E., Lindstrom, T., Rutishauser, M., Franzheim, A., & Holland, M. (2015). Development and field 

testing a satellite-linked fluorometer for marine vertebrates. Animal Biotelemetry, 3(1), 40. 

https://doi.org/10.1186/s40317-015-0070-7 

Langlais, C. E., Rintoul, S. R., & Zika, J. D. (2015). Sensitivity of Antarctic Circumpolar Current transport and 

eddy activity to wind patterns in the Southern Ocean. Journal of Physical Oceanography, 45(4), 1051-

1067. 

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., Cooke, J., Trathan, P., Reid, K., Rowntree, V., & Payne, R. (2006). Global climate drives southern 

right whale (Eubalaena australis) population dynamics. Biology Letters, 2(2), 289-292. 

Le Corre, M., Dussault, C., & Côté, S. D. (2017). Weather conditions and variation in timing of spring and fall 

migrations of migratory caribou. Journal of Mammalogy, 98(1), 260-271. 

LeDuc, R. G., Weller, D. W., Hyde, J., Burdin, A. M., Rosel, P. E., Brownell Jr, R. L., ... & Dizon, A. E. (2002). 

Genetic differences between western and eastern gray whales (Eschrichtius robustus). Journal of 

Cetacean Research and Management, 4(1), 1-5. 



References 

 

 
100 

Lee, C. I., Pakhomov, E., Atkinson, A., & Siegel, V. (2010). Long-term relationships between the marine 

environment, krill and salps in the Southern Ocean. Journal of Marine Biology, 2010, Article ID 410129, 

18pp. doi:10.1155/2010/410129. 

Legendre, P., & Fortin, M. J. (1989). Spatial pattern and ecological analysis. Vegetatio, 80(2), 107-138. 

Lehodey, P., Andre, J.-M., Bertignac, M., Hampton, J., Stoens, A., Menkes, C., ... & Grima, N. (1998). Predicting 

skipjack tuna forage distributions in the equatorial Pacific using a coupled dynamical bio‐geochemical 

model. Fisheries Oceanography, 7(3‐4), 317-325. 

Linchant, J., Lisein, J., Semeki, J., Lejeune, P., & Vermeulen, C. (2015). Are unmanned aircraft systems (UAS 

s) the future of wildlife monitoring? A review of accomplishments and challenges. Mammal Review, 45(4), 

239-252. 

Lindsay, R. E., Constantine, R., Robbins, J., Mattila, D. K., Tagarino, A., & Dennis, T. E. (2016). Characterising 

essential breeding habitat for whales informs the development of large-scale Marine Protected Areas in 

the South Pacific. Marine Ecology Progress Series, 548, 263-275. 

Lockyer, C. (1976). Body weights of some species of large whales. ICES Journal of Marine Science, 36(3), 259-

273. 

Lockyer, C. (1981). Growth and energy budgets of large baleen whales from the Southern Hemisphere. 

Mammals in the seas, 3, FAO Fisheries Series, No. 5, 379-487. 

Lockyer, C. (1984). Review of baleen whale (Mysticeti) reproduction and implications for management. Report 

of the International Whaling Commission, 6, 27-50 

Lockyer, C. (1986). Body fat condition in Northeast Atlantic fin whales, Balaenoptera physalus, and its 

relationship with reproduction and food resource. Canadian Journal of Fisheries and Aquatic Sciences, 

43, 142-147. 

Lockyer, C. (1987a). Evaluation of the role of fat reserves in relation to the ecology of North Atlantic fin and sei 

whales. In A. C. Huntley, D. P. Costa, G. A. J. Worthy & M. A. Castellini (Eds) Approaches to marine 

mammal energetics. Special Publication No 1 (pp. 183–203). Lawrence, KS: Society for Marine 

Mammalogy. 

Lockyer, C. (1987b). The relationship between body fat, food resource and reproductive energy costs in North 

Atlantic fin whales (Balaenoptera physalus). Symposium of the Zoological Society of London, 57, 343–

361. 

Lockyer, C. (2007). All creatures great and smaller: a study in cetacean life history energetics. Journal of the 

Marine Biological Association of the United Kingdom, 87(4), 1035-1045. 

Lockyer, C., & Brown, S. G. (1981). The migration of whales. In D. J. Aidley (ed.) Animal migration (Vol. 13, pp. 

105-137). New York, NY: Cambridge University Press. 

Lockyer, C. H., McConnell, L. C., & Waters, T. D. (1985). Body condition in terms of anatomical and biochemical 

assessment of body fat in North Atlantic fin and sei whales. Canadian Journal of Zoology, 63(10), 2328–

2338. 

Loe, L. E., Irvine, R. J., Bonenfant, C., Stien, A., Langvatn, R., Albon, S. D., ... & Stenseth, N. C. (2006). Testing 

five hypotheses of sexual segregation in an arctic ungulate. Journal of Animal Ecology, 75(2), 485-496. 

Lok, T., Overdijk, O., & Piersma, T. (2015). The cost of migration: spoonbills suffer higher mortality during trans-

Saharan spring migrations only. Biology Letters, 11(1), 20140944. 

López-López, P., de La Puente, J., Mellone, U., Bermejo, A., & Urios, V. (2016). Spatial ecology and habitat 

use of adult Booted Eagles (Aquila pennata) during the breeding season: implications for 

conservation. Journal of Ornithology, 157(4), 981-993 

MacArthur, R. H., & Pianka, E. R. (1966). On optimal use of a patchy environment. The American 

Naturalist, 100(916), 603-609. 



References 

 

 
101 

MacLeod, C. D. (2009). Global climate change, range changes and potential implications for the conservation 

of marine cetaceans: a review and synthesis. Endangered Species Research, 7(2), 125-136. 

McLeod, D. J., Hosie, G. W., Kitchener, J. A., Takahashi, K. T., & Hunt, B. P. (2010). Zooplankton atlas of the 

Southern Ocean: the SCAR SO-CPR survey (1991–2008). Polar Science, 4(2), 353-385. 

Magnúsdóttir, E. E., & Lim, R. (2019). Subarctic singers: Humpback whale (Megaptera novaeangliae) song 

structure and progression from an Icelandic feeding ground during winter. PLoS ONE, 14(1), e0210057. 

Main, M. B., Weckerly, F. W., & Bleich, V. C. (1996). Sexual segregation in ungulates: new directions for 

research. Journal of Mammalogy, 77(2), 449-461. 

Mandel, J. T., Bildstein, K. L., Bohrer, G., & Winkler, D. W. (2008). Movement ecology of migration in turkey 

vultures. Proceedings of the National Academy of Sciences, 105(49), 19102-19107. 

Mannocci, L., Boustany, A. M., Roberts, J. J., Palacios, D. M., Dunn, D. C., Halpin, P. N., ... & Winship, A. J. 

(2017). Temporal resolutions in species distribution models of highly mobile marine animals: 

Recommendations for ecologists and managers. Diversity and Distributions, 23(10), 1098-1109. 

Mansour, A. A., Mckay, D. W., Lien, J., Orr, J. C., Banoub, J. H., ØIen, N., & Stenson, G. (2002). Determination 

of pregnancy status from blubber samples in minke whales (Balaenoptera acutorostrata). Marine 

Mammal Science, 18(1), 112-120. 

Martin, T. E. (1987). Food as a limit on breeding birds: a life-history perspective. Annual Review of Ecology and 

Systematics, 18(1), 453-487. 

Mate, B. R., Gisiner, R., & Mobley, J. (1998). Local and migratory movements of Hawaiian humpback whales 

tracked by satellite telemetry. Canadian Journal of Zoology, 76(5), 863-868. 

Mate, B. R., Ilyashenko, V. Y., Bradford, A. L., Vertyankin, V. V., Tsidulko, G. A., Rozhnov, V. V., & Irvine, L. M. 

(2015). Critically endangered western gray whales migrate to the eastern North Pacific. Biology 

Letters, 11(4), 20150071. 

Mate, B., Mesecar, R., & Lagerquist, B. (2007). The evolution of satellite-monitored radio tags for large whales: 

one laboratory's experience. Deep Sea Research Part II: Topical Studies in Oceanography, 54(3-4), 224-

247. 

Mayor, S.J., Schneider, D.C., Schaefer, J.A. & Mahoney, S.P. (2009). Habitat selection at multiple scales. 

Ecoscience, 16, 238–247. 

McClintock, B. T., London, J. M., Cameron, M. F., & Boveng, P. L. (2015). Modelling animal movement using 

the Argos satellite telemetry location error ellipse. Methods in Ecology and Evolution, 6(3), 266-277. 

McClintock, B. T., & Michelot, T. (2018). momentuHMM: R package for generalized hidden Markov models of 

animal movement. Methods in Ecology and Evolution, 9(6), 1518-1530. 

McHuron, E. A., Peterson, S. H., Hückstädt, L. A., Melin, S. R., Harris, J. D., & Costa, D. P. (2018). The energetic 

consequences of behavioral variation in a marine carnivore. Ecology and Evolution, 8(8), 4340-4351. 

McIntyre, T., Bester, M. N., Bornemann, H., Tosh, C. A., & de Bruyn, P. N. (2017). Slow to change? Individual 

fidelity to three-dimensional foraging habitats in southern elephant seals, Mirounga leonina. Animal 

Behaviour, 127, 91-99. 

McKenna, M. F., Calambokidis, J., Oleson, E. M., Laist, D. W., & Goldbogen, J. A. (2015). Simultaneous tracking 

of blue whales and large ships demonstrates limited behavioral responses for avoiding 

collision. Endangered Species Research, 27(3), 219-232. 

McKinnon, E. A., Stanley, C. Q., & Stutchbury, B. J. (2015). Carry-over effects of nonbreeding habitat on start-

to-finish spring migration performance of a songbird. PLoS ONE, 10(11), e0141580. 

Meredith, M. P., & King, J. C. (2005). Rapid climate change in the ocean west of the Antarctic Peninsula during 

the second half of the 20th century. Geophysical Research Letters, 32(19), L19604, 

doi:10.1029/2005GL024042. 



References 

 

 
102 

Metcalfe, C., Koenig, B., Metcalfe, T., Paterson, G., & Sears, R. (2004). Intra-and inter-species differences in 

persistent organic contaminants in the blubber of blue whales and humpback whales from the Gulf of St. 

Lawrence, Canada. Marine Environmental Research, 57(4), 245-260. 

Meyer, B., Freier, U., Grimm, V., Groeneveld, J., Hunt, B. P., Kerwath, S., ... & Yilmaz, N. I. (2017). The winter 

pack-ice zone provides a sheltered but food-poor habitat for larval Antarctic krill. Nature Ecology & 

Evolution, 1(12), 1853-1861. 

Michelot, T., Langrock, R., Bestley, S., Jonsen, I. D., Photopoulou, T., & Patterson, T. A. (2017). Estimation and 

simulation of foraging trips in land‐based marine predators. Ecology, 98(7), 1932-1944. 

Mikhalev, Y. A. (1997). Humpback whales Megaptera novaeangliae in the Arabian Sea. Marine Ecology 

Progress Series, 149, 13-21. 

Morales, J. M., Haydon, D. T., Frair, J., Holsinger, K. E., & Fryxell, J. M. (2004). Extracting more out of relocation 

data: building movement models as mixtures of random walks. Ecology, 85(9), 2436-2445 

Morales, J. M., Moorcroft, P. R., Matthiopoulos, J., Frair, J. L., Kie, J. G., Powell, R. A., ... & Haydon, D. T. 

(2010). Building the bridge between animal movement and population dynamics. Philosophical 

Transactions of the Royal Society B, 365(1550), 2289-2301. 

Moore, J. K., & Abbott, M. R. (2000). Phytoplankton chlorophyll distributions and primary production in the 

Southern Ocean. Journal of Geophysical Research: Oceans, 105(C12), 28709-28722. 

Moore, M., Andrews, R., Austin, T., Bailey, J., Costidis, A., George, C., ... & Wals, M. (2012). Rope trauma, 

sedation, disentanglement, and monitoring‐tag associated lesions in a terminally entangled North Atlantic 

right whale (Eubalaena glacialis). Marine Mammal Science, 29(2), E98-E113. 

https://doi.org/10.1111/j.1748-7692.2012.00591.x 

Moore, M. J., & Zerbini, A. N. (2017). Dolphin blubber/axial muscle shear: implications for rigid transdermal 

intramuscular tracking tag trauma in whales. Journal of Experimental Biology, 220(20), 3717-3723. 

Munilla, T., & Soler-Membrives, A. (2015). Pycnogonida from the Bellingshausen and Amundsen seas: 

taxonomy and biodiversity. Polar Biology, 38(3), 413-430. 

Murase, H., Matsuoka, K., Ichii, T., & Nishiwaki, S. (2002). Relationship between the distribution of euphausiids 

and baleen whales in the Antarctic (35°E–145°W). Polar Biology, 25(2), 135-145. 

Murphy, E. J., Cavanagh, R. D., Hofmann, E. E., Hill, S. L., Constable, A. J., Costa, D. P., ... & Doney, S. C. 

(2012). Developing integrated models of Southern Ocean food webs: including ecological complexity, 

accounting for uncertainty and the importance of scale. Progress in Oceanography, 102, 74-92. 

Murphy, E. J., Thorpe, S. E., Tarling, G. A., Watkins, J. L., Fielding, S., & Underwood, P. (2017). Restricted 

regions of enhanced growth of Antarctic krill in the circumpolar Southern Ocean. Scientific Reports, 7(1), 

6963. 

Murphy, E. J., Trathan, P. N., Watkins, J. L., Reid, K., Meredith, M. P., Forcada, J., ... & Rothery, P. (2007). 

Climatically driven fluctuations in Southern Ocean ecosystems. Proceedings of the Royal Society 

B, 274(1629), 3057-3067 

Narazaki, T., Isojunno, S., Nowacek, D. P., Swift, R., Friedlaender, A. S., Ramp, C., ... & Miller, P. J. (2018). 

Body density of humpback whales (Megaptera novaengliae) in feeding aggregations estimated from 

hydrodynamic gliding performance. PloS ONE, 13(7), e0200287. 

https://doi.org/10.1371/journal.pone.0200287 

Nathan, R. (2008). An emerging movement ecology paradigm. Proceedings of the National Academy of 

Sciences, 105(49), 19050-19051. 

Nathan, R., Getz, W. M., Revilla, E., Holyoak, M., Kadmon, R., Saltz, D., & Smouse, P. E. (2008). A movement 

ecology paradigm for unifying organismal movement research. Proceedings of the National Academy of 

Sciences, 105(49), 19052-19059. 

Nathan, R., & Muller-Landau, H. C. (2000). Spatial patterns of seed dispersal, their determinants and 



References 

 

 
103 

consequences for recruitment. Trends in Ecology & Evolution, 15(7), 278-285. 

Neilson, J. L., & Gabriele, C. M. (2008). Results of humpback whale population monitoring in Glacier Bay and 

adjacent waters: 2008. Unpublished Report, National Park Service, Gustavus, Alaska. 

Neilson, J. L., & Gabriele, C. M. (2019). Glacier Bay & Icy Strait humpback whale population monitoring: 2018 

update. National Park Service Resource Brief, Gustavus, Alaska. 

Nel, D. C., Lutjeharms, J. R. E., Pakhomov, E. A., Ansorge, I. J., Ryan, P. G., & Klages, N. T. W. (2001). 

Exploitation of mesoscale oceanographic features by grey-headed albatross Thalassarche chrysostoma 

in the southern Indian Ocean. Marine Ecology Progress Series, 217, 15-26. 

New, L. F., Moretti, D. J., Hooker, S. K., Costa, D. P., & Simmons, S. E. (2013). Using energetic models to 

investigate the survival and reproduction of beaked whales (family Ziphiidae). PloS ONE, 8(7), e68725. 

Newton, I. (2004). Population limitation in migrants. Ibis, 146(2), 197-226. 

Newton, I. (2006). Can conditions experienced during migration limit the population levels of birds? Journal of 

Ornithology, 147(2), 146–166. 

Nicol, S. (2006). Krill, currents, and sea ice: Euphausia superba and its changing 

environment. Bioscience, 56(2), 111-120. 

Nicol, S., Bowie, A., Jarman, S., Lannuzel, D., Meiners, K. M., & van der Merwe, P. (2010). Southern Ocean 

iron fertilization by baleen whales and Antarctic krill. Fish and Fisheries, 11(2), 203-209. 

Noad, M. J., Cato, D. H., Bryden, M. M., Jenner, M. N., & Jenner, K. C. S. (2000). Cultural revolution in whale 

songs. Nature, 408(6812), 537. 

Noad, M. J., Kniest, E., & Dunlop, R. A. (2019). Boom to bust? Implications for the continued rapid growth of 

the eastern Australian humpback whale population despite recovery. Population Ecology, 61(2), 198-209. 

Noss, R. F., O’Connell, M. A., & Murphy, D. D. (1997). Principles for habitat-based conservation. In: Noss, R. 

F., O’Connell, M. A., & Murphy, D. D. (Eds.), The science of conservation planning: habitat conservation 

under the Endangered Species Act (pp. 73–111). Washington D.C.: Island Press. 

Nowacek, D. P., Friedlaender, A. S., Halpin, P. N., Hazen, E. L., Johnston, D. W., Read, A. J., ... & Zhu, Y. 

(2011). Super-aggregations of krill and humpback whales in Wilhelmina Bay, Antarctic Peninsula. PLoS 

ONE, 6(4), e19173. 

O’Brien, D. P. (1987). Direct observations of the behavior of Euphausia superba and Euphausia crystallorophias 

(Crustacea: Euphausiacea) under pack ice during the Antarctic spring of 1985. Journal of Crustacean 

Biology, 7(3), 437-448 

Olavarría, C., Baker, C. S., Garrigue, C., Poole, M., Hauser, N., Caballero, S., ... & Russell, K. (2007). Population 

structure of South Pacific humpback whales and the origin of the eastern Polynesian breeding 

grounds. Marine Ecology Progress Series, 330, 257-268. 

Oliver, W. R. B. (1922). A Review of the Cetacea of the New Zeland Seas. Proceedings of the Zoological Society 

of London, 92(3), 557-585. https://doi.org/10.1111/j.1096-3642.1922.tb02157.x 

Olson, D. B., & Backus, R. H. (1985). The concentrating of organisms at fronts: a cold-water fish and a warm-

core Gulf Stream ring. Journal of Marine Research, 43(1), 113-137. 

Oremus, M., & Garrigue, C. (2014). Humpback whale surveys in the Chesterfield Archipelago: A reflection using 

19th century whaling records. Marine Mammal Science, 30(2), 827-834. 

O'Toole, M. D., Lea, M. A., Guinet, C., Schick, R., & Hindell, M. A. (2015). Foraging strategy switch of a top 

marine predator according to seasonal resource differences. Frontiers in Marine Science, 2, 21. 

https://doi.org/10.3389/fmars.2015.00021. 

Owen, C. (2016). Mingling on migration: an opportunity for the cultural transmission of song among South Pacific 

humpback whale populations. MSc Thesis, University of St Andrews, Scotland. 



References 

 

 
104 

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. 

Owen, K., Warren, J. D., Noad, M. J., Donnelly, D., Goldizen, A. W., & Dunlop, R. A. (2015). Effect of prey type 

on the fine-scale feeding behaviour of migrating east Australian humpback whales. Marine Ecology 

Progress Series, 541, 231-244. 

Parker, S. J., & McCleave, J. D. (1997). Selective tidal stream transport by American eels during homing 

movements and estuarine migration. Journal of the Marine Biological Association of the United 

Kingdom, 77(3), 871-889. 

Parkinson, C. L., & Cavalieri, D. J. (2012). Arctic sea ice variability and trends, 1979-2010. The 

Cryosphere, 6(4), 881. doi:10.5194/tc-6-881-2012. 

Pallin, L., 2017. Temporal variation in humpback whale (Megaptera novaeangliae) demographics along the 

Western Antarctic Peninsula. (Unpublished Master’s Thesis). Available from Oregon State University 

Scholars Archive, http://hdl. handle.net/1957/61621. 

Pallin, L., Robbins, J., Kellar, N., Bérubé, M., & Friedlaender, A. (2018a). Validation of a blubber-based 

endocrine pregnancy test for humpback whales. Conservation physiology, 6(1), coy031. 

Pallin, L. J., Baker, C. S., Steel, D., Kellar, N. M., Robbins, J., Johnston, D. W., ... & Friedlaender, A. S. (2018b). 

High pregnancy rates in humpback whales (Megaptera novaeangliae) around the Western Antarctic 

Peninsula, evidence of a rapidly growing population. Royal Society Open Science, 5(5), 180017. 

Palsbøll, P. J., Bérubé, M., Larsen, A. H., & Jørgensen, H. (1997). Primers for the amplification of tri‐and 

tetramer microsatellite loci in baleen whales. Molecular Ecology, 6(9), 893-895. 

Palsbøll, P. J., Clapham, P. J., Mattila, D. K., Larsen, F., Sears, R., Siegismund, H. R., ... & Arctander, P. (1995). 

Distribution of mtDNA haplotypes in North Atlantic humpback whales: the influence of behaviour on 

population structure. Marine Ecology Progress Series, 116(1-3), 1-10. 

Pauly, T., Nicol, S., Higginbottom, I., Hosie, G., & Kitchener, J. (2000). Distribution and abundance of Antarctic 

krill (Euphausia superba) off East Antarctica (80–150°E) during the Austral summer of 1995/1996. Deep 

Sea Research Part II: Topical Studies in Oceanography, 47(12-13), 2465-2488. 

Petrou, K., Kranz, S. A., Trimborn, S., Hassler, C. S., Ameijeiras, S. B., Sackett, O., ... & Davidson, A. T. (2016). 

Southern Ocean phytoplankton physiology in a changing climate. Journal of Plant Physiology, 203, 135-

150. 

Piersma, T., & Jukema, J. (1990). Budgeting the flight of a long-distance migrant: changes in nutrient reserve 

levels of bar-tailed godwits at successive spring staging sites. Ardea, 55(1-2), 315-337. 

Pinaud, D., & Weimerskirch, H. (2005). Scale‐dependent habitat use in a long‐ranging central place 

predator. Journal of Animal Ecology, 74(5), 852-863. 

Pinheiro, J., Bates, D., DebRoy, S., Sarkar, D., & R Core Team (2018). nlme: Linear and nonlinear mixed effects 

models. R package version 3.1-137. https://CRAN.R-project.org/package=nlme 

Plot, V., Jenkins, T., Robin, J. P., Fossette, S., & Georges, J. Y. (2013). Leatherback turtles are capital breeders: 

morphometric and physiological evidence from longitudinal monitoring. Physiological and Biochemical 

Zoology, 86(4), 385-397 

Plummer, M. (2013). JAGS Version 3.4.0. http://mcmc-jags.sourceforge.net. 

Plummer, M. (2016). rjags: Bayesian graphical models using MCMC. R package version 4–6. https://CRAN.R-

project.org/package=rjags. 

Polanowski, A. M., Robbins, J., Chandler, D., & Jarman, S. N. (2014). Epigenetic estimation of age in humpback 

whales. Molecular Ecology Resources, 14(5), 976-987. 



References 

 

 
105 

Pomilla, C., Amamral, A. R., Collins, T., Minton, G., Findlay, K., Leslie, M. S., Ponnampalam, L., Baldwin, R., & 

Rosenbaum, H. (2014). The World’s most isolated and distinct whale population? Humpback whales of 

the Arabian Sea. PLoS ONE, 9(12), e114162. 

Post, E., Forchhammer, M. C., Bret-Harte, M. S., Callaghan, T. V., Christensen, T. R., Elberling, B., ... & Aastrip, 

P. (2009). Ecological dynamics across the Arctic associated with recent climate 

change. Science, 325(5946), 1355-1358. 

Potvin, J., Goldbogen, J. A., & Shadwick, R. E. (2012). Metabolic expenditures of lunge feeding rorquals across 

scale: implications for the evolution of filter feeding and the limits to maximum body size. PLoS ONE, 7(9), 

e44854. 

Proaktor, G., Coulson, T., & Milner‐Gulland, E. J. (2007). Evolutionary responses to harvesting in 

ungulates. Journal of Animal Ecology, 76(4), 669-678. 

Pyenson, N. D. (2017). The ecological rise of whales chronicled by the fossil record. Current Biology, 27, R558-

R564. 

Quillfeldt, P., McGill, R. A., Masello, J. F., Weiss, F., Strange, I. J., Brickle, P., & Furness, R. W. (2008). Stable 

isotope analysis reveals sexual and environmental variability and individual consistency in foraging of 

thin-billed prions. Marine Ecology Progress Series, 373, 137-148. 

R Core Team (2016). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL https://www.R-project.org/. 

R Core Team (2018). R: A language and environment for statistical computing. R Foundation for Statistical 

Computing, Vienna, Austria. URL https://www.R-project.org/. 

Ramp, C., Delarue, J., Palsbøll, P. J., Sears, R., & Hammond, P. S. (2015). Adapting to a warmer ocean—

seasonal shift of baleen whale movements over three decades. PloS ONE, 10(3), e0121374. 

Rasmussen, K., Palacios, D. M., Calambokidis, J., Saborío, M. T., Dalla Rosa, L., Secchi, E. R., ... & Stone, G. 

S. (2007). Southern Hemisphere humpback whales wintering off Central America: insights from water 

temperature into the longest mammalian migration. Biology Letters, 3(3), 302-305. 

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. 

Ratnarajah, L., Melbourne-Thomas, J., Marzloff, M. P., Lannuzel, D., Meiners, K. M., Chever, F., ... & Bowie, A. 

R. (2016). A preliminary model of iron fertilisation by baleen whales and Antarctic krill in the Southern 

Ocean: sensitivity of primary productivity estimates to parameter uncertainty. Ecological Modelling, 320, 

203-212. 

Raymond, B., Lea, M. A., Patterson, T., Andrews‐Goff, V., Sharples, R., Charrassin, J. B., ... & Hindell, M. A. 

(2015). Important marine habitat off east Antarctica revealed by two decades of multi‐species predator 

tracking. Ecography, 38(2), 121-129. 

Raymond, B., Shaffer, S. A., Sokolov, S., Woehler, E. J., Costa, D. P., Einoder, L., … & Weimerskirch, H. (2010) 

Shearwater foraging in the Southern Ocean: The roles of prey availability and winds. PLoS ONE 5(6): 

e10960. https://doi.org/10.1371/journal.pone.0010960. 

Redfern, J. V., Ferguson, M. C., Becker, E. A., Hyrenbach, K. D., Good, C., Barlow, J., ... & Fauchald, P. (2006). 

Techniques for cetacean–habitat modeling. Marine Ecology Progress Series, 310, 271-295. 

Reisinger, R. R., Raymond, B., Hindell, M. A., Bester, M. N., Crawford, R. J., Davies, D., ... & Pistorius, P. A. 

(2018). Habitat modelling of tracking data from multiple marine predators identifies important areas in the 

Southern Indian Ocean. Diversity and Distributions, 24(4), 535-550. 

Richards, R. (2009). Past and present distributions of southern right whales (Eubalaena australis). New Zealand 

Journal of Zoology, 36(4), 447-459. 



References 

 

 
106 

Riekkola, L., Zerbini, A. N., Andrews, O., Andrews-Goff, V., Baker, C. S., Chandler, D., ... & Constantine, R. 

(2018). Application of a multi-disciplinary approach to reveal population structure and Southern Ocean 

feeding grounds of humpback whales. Ecological Indicators, 89, 455-465. 

Rivrud, I. M., Bischof, R., Meisingset, E. L., Zimmermann, B., Loe, L. E., & Mysterud, A. (2016). Leave before 

it's too late: anthropogenic and environmental triggers of autumn migration in a hunted ungulate 

population. Ecology, 97(4), 1058-1068. 

Robbins, J., 2007. Structure and dynamics of the Gulf of Maine humpback whale population (Unpublished 

doctoral thesis). University of St. Andrews. Available from University of St. Andrews, 

http://hdl.handle.net/10023/328. 

Robbins, J., Dalla Rosa, L., Allen, J. M., Mattila, D. K., Secchi, E. R., Friedlaender, A. S., ... & Steel, D. (2011). 

Return movement of a humpback whale between the Antarctic Peninsula and American Samoa: a 

seasonal migration record. Endangered Species Research, 13(2), 117-121  

Robbins, J., Zerbini, A. N., Gales, N., Gulland, F. M., Double, M., Clapham, P. J., ... & Tackaberry, J. (2013). 

Satellite tag effectiveness and impacts on large whales: preliminary results of a case study with Gulf of 

Maine humpback whales. Report SC/65a/SH05 presented to the International Whaling Commission 

Scientific Committee, Jeju, Korea. 

Rocha Jr, R. C., Clapham, P. J., & Ivashchenko, Y. V. (2014). Emptying the oceans: a summary of industrial 

whaling catches in the 20th century. Marine Fisheries Review, 76(4), 37-48. 

Rogers, A. D., Johnston, N. M., Murphy, E. J., & Clarke, A. (2012). Antarctic ecosystems: an extreme 

environment in a changing world. West Sussex, United Kingdom: John Wiley & Sons. 

Roncon, G., Bestley, S., McMahon, C. R., Wienecke, B., & Hindell, M. A. (2018). View from below: inferring 

behavior and physiology of Southern Ocean marine predators from dive telemetry. Frontiers in Marine 

Science, 5(DEC), 1-23. 

Roquet, F., Boehme, L., Block, B., Charrassin, J.-B., Costa, D., Guinet, C., … & Fedak, M. A. (2017). Ocean 

observations using tagged animals. Oceanography 30(2):139, doi: 10.5670/oceanog.2017.235. 

Rosenbaum, H. C., Kershaw, F., Mendez, M., Pomilla, C., Leslie, M. S., Findlay, K. P., ... & Baker, C. S. (2017). 

First circumglobal assessment of Southern Hemisphere humpback whale mitochondrial genetic variation 

and implications for management. Endangered Species Research, 32, 551-567. 

Rosenbaum, H. C., Maxwell, S. M., Kershaw, F., & Mate, B. (2014). Long‐range movement of humpback whales 

and their overlap with anthropogenic activity in the South Atlantic Ocean. Conservation Biology, 28(2), 

604-615. 

Rudeva, I., & Simmonds, I. (2015). Variability and trends of global atmospheric frontal activity and links with 

large-scale modes of variability. Journal of Climate, 28(8), 3311-3330. 

Runge, C. A., Martin, T. G., Possingham, H. P., Willis, S. G., & Fuller, R. A. (2014). Conserving mobile 

species. Frontiers in Ecology and the Environment, 12(7), 395-402. 

Rutz, C., & Hays, G. C. (2009). New frontiers in biologging science. Biology Letters, 5, 289-292. 

Ryg, M., Lydersen, C., Knutsen, L. Ø., Bjørge, A., Smith, T. G., & Øritsland, N. A. (1993). Scaling of insulation 

in seals and whales. Journal of Zoology, 230(2), 193-206. 

Sakshaug, E., & Holm-Hansen, O. (1984). Factors governing pelagic production in polar oceans. In O. Holm-

Hansen, L. Bolis & R. Gilles (eds.), Marine phytoplankton and productivity (pp. 1-18). Berlin, Heidelberg: 

Springer. 

Sambrook, J., Fritsch, E. F., Maniatis, T. (1989). Molecular Cloning: A Laboratory Manual (2nd ed). Cold Spring 

Harbor, NY: Cold Spring Harbor Laboratory Press. 

Sanz‐Aguilar, A., Béchet, A., Germain, C., Johnson, A. R., & Pradel, R. (2012). To leave or not to leave: survival 

trade‐offs between different migratory strategies in the greater flamingo. Journal of Animal 

Ecology, 81(6), 1171-1182. 



References 

 

 
107 

Sawyer, H., & Kauffman, M. J. (2011). Stopover ecology of a migratory ungulate. Journal of Animal 

Ecology, 80(5), 1078-1087. 

Schick, R. S., New, L. F., Thomas, L., Costa, D. P., Hindell, M. A., McMahon, C. R., ... & Clark, J. S. (2013). 

Estimating resource acquisition and at‐sea body condition of a marine predator. Journal of Animal 

Ecology, 82(6), 1300-1315. 

Schine, C. M., van Dijken, G., & Arrigo, K. R. (2016). Spatial analysis of trends in primary production and 

relationship with large‐scale climate variability in the Ross Sea, Antarctica (1997–2013). Journal of 

Geophysical Research: Oceans, 121(1), 368-386. 

Schmidt-Nielsen, K. (1972). Locomotion: energy cost of swimming, flying, and running. Science, 177(4045), 

222-228. 

Schmitt, N. T., Double, M. C., Jarman, S. N., Gales, N., Marthick, J. R., Polanowski, A. M., ... & Peakall, R. 

(2014a). Low levels of genetic differentiation characterize Australian humpback whale (Megaptera 

novaeangliae) populations. Marine Mammal Science, 30(1), 221-241. 

Schmitt, N. T., Double, M. C., Baker, C. S., Gales, N., Childerhouse, S., Polanowski, A. M., ... & Peakall, R. 

(2014b). Mixed-stock analysis of humpback whales (Megaptera novaeangliae) on Antarctic feeding 

grounds. Journal of Cetacean Research and Management, 14(1), 141-157. 

Schoener, T. W. (1971). Theory of feeding strategies. Annual Review of Ecology and Systematics, 2(1), 369-

404. 

Shuter, J. L., Broderick, A. C., Agnew, D. J., Jonzén, N., Godley, B. J., Milner-Gulland, E. J., & Thirgood, S. 

(2011). Conservation and management of migratory species. In E. J. Milner-Gulland, J. M. Fryxell & A. 

R. E. Sinclair (Eds.) Animal migration, (pp. 172-206). New York, NY: Oxford University Press. 

Sebastiano, S., Antonio, R., Fabrizio, O., Dario, O., & Roberta, M. (2012). Different season, different strategies: 

feeding ecology of two syntopic forest-dwelling salamanders. Acta Oecologica, 43, 42-50. 

Seyboth, E., Groch, K. R., Dalla Rosa, L., Reid, K., Flores, P. A., & Secchi, E. R. (2016). Southern right whale 

(Eubalaena australis) reproductive success is influenced by krill (Euphausia superba) density and 

climate. Scientific Reports, 6, 28205. 

Siegel, V., & Harm, U. (1996). The composition, abundance, biomass and diversity of the epipelagic zooplankton 

communities of the southern Bellingshausen Sea (Antarctic) with special references to krill and 

salps. Archive of Fishery and Marine Research, 44, 115-139. 

Sims, D. W., Southall, E. J., Humphries, N. E., Hays, G. C., Bradshaw, C. J., Pitchford, J. W., ... & Metcalfe, J. 

D. (2008). Scaling laws of marine predator search behaviour. Nature, 451(7182), 1098. 

Singh, N. J., & Ericsson, G. (2014). Changing motivations during migration: linking movement speed to 

reproductive status in a migratory large mammal. Biology Letters, 10(6), 20140379. 

https://doi.org/10.1098/rsbl.2014.0379. 

Smith, T. D., Allen, J., Clapham, P. J., Hammond, P. S., Katona, S., Larsen, F., ... & Stevick, P. T. (1999). An 

ocean‐basin‐wide mark‐recapture study of the North Atlantic humpback whale (Megaptera 

novaeangliae). Marine Mammal Science, 15(1), 1-32. 

Smultea, M. A. (1994). Segregation by humpback whale (Megaptera novaeangliae) cows with a calf in coastal 

habitat near the island of Hawaii. Canadian Journal of Zoology, 72(5), 805-811. 

Sokolov, S., & Rintoul, S. R. (2009). Circumpolar structure and distribution of the Antarctic Circumpolar Current 

fronts: 1. Mean circumpolar paths. Journal of Geophysical Research: Oceans, 114(C11). 

https://doi.org/10.1029/2008JC005108 

Southwell, C., Emmerson, L., McKinlay, J., Newbery, K., Takahashi, A., Kato, A., ... & Weimerskirch, H. (2015). 

Spatially extensive standardized surveys reveal widespread, multi-decadal increase in East Antarctic 

Adélie penguin populations. PloS ONE, 10(10), e0139877. https://doi.org/10.1371/journal.pone.0139877 



References 

 

 
108 

Southwood, T. R. E. (1962). Migration of terrestrial arthropods in relation to habitat. Biological Reviews, 37(2), 

171-211. 

Spiegel, O., Leu, S. T., Bull, C. M., & Sih, A. (2017). What's your move? Movement as a link between personality 

and spatial dynamics in animal populations. Ecology Letters, 20(1), 3-18. 

Stamation, K. A., Croft, D. B., Shaughnessy, P. D., & Waples, K. A. (2007). Observations of humpback whales 

(Megaptera novaeangliae) feeding during their southward migration along the coast of southeastern New 

South Wales, Australia: identification of a possible supplemental feeding ground. Aquatic 

Mammals, 33(2), 165-174. 

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. 

Stammerjohn, S. E., & Smith, R. C. (1997). Opposing Southern Ocean climate patterns as revealed by trends 

in regional sea ice coverage. Climatic Change, 37(4), 617-639. 

Steel, D., Anderson, M., Garrigue, C., Olavarría, C., Caballero, S., Childerhouse, S., ... & Baker, C. S. (2018). 

Migratory interchange of humpback whales (Megaptera novaeangliae) among breeding grounds of 

Oceania and connections to Antarctic feeding areas based on genotype matching. Polar Biology, 41, 653-

662. 

Steel, D., Gibbs, N., Carroll, E., Childerhouse, S., Olavarria, C., Baker, C. S., & Constantine, R. (2014). Genetic 

identity of humpback whales migrating past New Zealand. SC/65b/SH07 presented to the IWC Scientific 

Committee. 

Steeves, T. E., Darling, J. D., Rosel, P. E., Schaeff, C. M., & Fleischer, R. C. (2001). Preliminary analysis of 

mitochondrial DNA variation in a southern feeding group of eastern North Pacific gray 

whales. Conservation Genetics, 2(4), 379-384. 

Stephens, P. A., Boyd, I. L., McNamara, J. M., & Houston, A. I. (2009). Capital breeding and income breeding: 

their meaning, measurement, and worth. Ecology, 90(8), 2057-2067. 

Stephens, D. W., & Krebs, J. R. (1986). Foraging theory. New Jersey, NY: Princeton University Press. 

Stern, S. J., & Friedlaender, A. (2018). Migration and movement. In B. Würsig, J. G. M. Thewissen & K. M. 

Kovacs (Eds.), Encyclopedia of marine mammals (3rd ed. pp. 602-606). London, UK: Academic Press. 

Stevick, P., Aguayo-Lobo, A., Allen, J., Ávila, I. C., Capella, J., Castro, C., ... & Siciiano, S. (2004). Migrations 

of individually identified humpback whales between the Antarctic Peninsula and South America. Journal 

of Cetacean Research and Management, 6(2),109–113. 

Stevick, P. T., Allen, J., Clapham, P. J., Katona, S. K., Larsen, F., Lien, J., ... & Hammond, P. S. (2006). 

Population spatial structuring on the feeding grounds in North Atlantic humpback whales (Megaptera 

novaeangliae). Journal of Zoology, 270(2), 244-255. 

Stevick, P. T., Neves, M. C., Johansen, F., Engel, M. H., Allen, J., Marcondes, M. C., & Carlson, C. (2011). A 

quarter of a world away: female humpback whale moves 10 000 km between breeding areas. Biology 

Letters, 7(2), 299-302. 

Stevick, P. T., Øien, N., & Mattila, D. K. (1999). Migratory destinations of humpback whales from Norwegian 

and adjacent waters: evidence for stock identity. Journal of Cetacean Research and Management, 1(2), 

147-152. 

Stewart, C. L., Christoffersen, P., Nicholls, K. W., Williams, M. J., & Dowdeswell, J. A. (2019). Basal melting of 

Ross Ice Shelf from solar heat absorption in an ice-front polynya. Nature Geoscience, 1. 

https://doi.org/10.1038/s41561-019-0356-0. 

Stien, A., Loe, L. E., Mysterud, A., Severinsen, T., Kohler, J., & Langvatn, R. (2010). Icing events trigger range 

displacement in a high‐arctic ungulate. Ecology, 91(3), 915-920. 



References 

 

 
109 

Stockin, K. A., & Burgess, E. A. (2005). Opportunistic Feeding of an Adult Humpback Whale (Megaptera 

novaeangliae) Migrating Along the Coast of Southeastern Queensland, Australia. Aquatic 

Mammals, 31(1), 120-123. 

Stone, G., Florez-Gonzalez, L., & Katona, S. K. (1990). Whale migration record. Nature, 346(6286), 705. 

Sumich, J. L. (1983). Swimming velocities, breathing patterns, and estimated costs of locomotion in migrating 

gray whales, Eschrichtius robustus. Canadian Journal of Zoology, 61(3), 647-652. 

Sumner, M. D. (2016a). raadtools: Tools for synoptic environmental spatial data. 

https://github.com/AustralianAntarcticDivision/raadtools 

Sumner, M. D. (2016b). Trip: Tools for the Analysis of Animal Track Data. R package version 1.5.0 http://www.r-

project.org 

Sutherland, W. J., Freckleton, R. P., Godfray, H. C. J., Beissinger, S. R., Benton, T., Cameron, D. D., ... & 

Wiegand, T. (2013). Identification of 100 fundamental ecological questions. Journal of Ecology, 101(1), 

58-67. 

Sydeman, W. J., Poloczanska, E., Reed, T. E., & Thompson, S. A. (2015). Climate change and marine 

vertebrates. Science, 350(6262), 772–777.  

Szesciorka, A. R., Calambokidis, J., & Harvey, J. T. (2016). Testing tag attachments to increase the attachment 

duration of archival tags on baleen whales. Animal Biotelemetry, 4(1), 18. 

Sztukowski, L. A., Cotton, P. A., Weimerskirch, H., Thompson, D. R., Torres, L. G., Sagar, P. M., ... & Votier, S. 

C. (2018). Sex differences in individual foraging site fidelity of Campbell albatross. Marine Ecology 

Progress Series, 601, 227-238. 

Taylor, E. N., Malawy, M. A., Browning, D. M., Lemar, S. V., & DeNardo, D. F. (2005). Effects of food 

supplementation on the physiological ecology of female western diamond-backed rattlesnakes (Crotalus 

atrox). Oecologia, 144(2), 206-213. 

Taylor, B. L., Martinez, M., Gerrodette, T., Barlow, J., & Hrovat, Y. N. (2007). Lessons from monitoring trends 

in abundance of marine mammals. Marine Mammal Science, 23(1), 157-175. 

Taylor, L. R., & Taylor, R. A. J. (1977). Aggregation, migration and population mechanics. Nature, 265(5593), 

415. https://doi.org/10.1038/265415a0 

Thomas, S. C. (2005). The estimation of genetic relationships using molecular markers and their efficiency in 

estimating heritability in natural populations. Philosophical Transactions of the Royal Society B: Biological 

Sciences, 360(1459), 1457-1467. 

Townsend, C. H. (1935). The distribution of certain whales as shown by logbook records of American 

whaleships. Zoologica, 19, 1-50. 

Todd, S., Ostrom, P., Lien, J., & Abrajano, J. (1997). Use of biopsy samples of humpback whale (Megaptera 

novaeangliae) skin for stable isotope (d13C) determination. Journal of Northwest Atlantic Fishery Science, 

22, 71–76. 

Torres, L. G. (2017). A sense of scale: foraging cetaceans' use of scale‐dependent multimodal sensory 

systems. Marine Mammal Science, 33(4), 1170-1193. 

Trudelle, L., Cerchio, S., Zerbini, A. N., Geyer, Y., Mayer, F. X., Jung, J. L., ... & Charrassin, J.-B. (2016). 

Influence of environmental parameters on movements and habitat utilization of humpback whales 

(Megaptera novaeangliae) in the Madagascar breeding ground. Royal Society Open Science, 3(12), 

160616 

Tulloch, V. J., Plagányi, É. E., Brown, C., Richardson, A. J., & Matear, R. (2019). Future recovery of baleen 

whales is imperiled by climate change. Global Change Biology, 25(4), 1263–1281. 

Turner, J., Comiso, J. C., Marshall, G. J., Lachlan‐Cope, T. A., Bracegirdle, T., Maksym, T., ... & Orr, A. (2009). 

Non‐annular atmospheric circulation change induced by stratospheric ozone depletion and its role in the 



References 

 

 
110 

recent increase of Antarctic sea ice extent. Geophysical Research Letters, 36(8): L08502, 

doi:10.1029/2009GL037524. 

Turner, M. G., Gardner, R. H., & O'neill, R. V. (1995). Ecological dynamics at broad scales. BioScience, 45, 

S29-S35. doi: 10.2307/1312440 

Tynan, C. T. (1998). Ecological importance of the southern boundary of the Antarctic Circumpolar Current. 

Nature, 392(6677), 708. 

Tyson, R. B., Friedlaender, A. S., & Nowacek, D. P. (2016). Does optimal foraging theory predict the foraging 

performance of a large air-breathing marine predator? Animal Behaviour, 116, 223-235.  

Tyson, R. B., Friedlaender, A. S., Ware, C., Stimpert, A. K., & Nowacek, D. P. (2012). Synchronous mother and 

calf foraging behaviour in humpback whales Megaptera novaeangliae: insights from multi-sensor suction 

cup tags. Marine Ecology Progress Series, 457, 209-220. 

Valsecchi, E., & Amos, W. (1996). Microsatellite markers for the study of cetacean populations. Molecular 

Ecology, 5(1), 151-156. 

Valsecchi, E., Corkeron, P. J., Galli, P., Sherwin, W., & Bertorelle, G. (2010). Genetic evidence for sex-specific 

migratory behaviour in western South Pacific humpback whales. Marine Ecology Progress Series, 398, 

275-286. 

Van Moorter, B., Visscher, D. R., Jerde, C. L., Frair, J. L., & Merrill, E. H. (2010). Identifying movement states 

from location data using cluster analysis. The Journal of Wildlife Management, 74(3), 588-594. 

Van Opzeeland, I., Van Parijs, S., Kindermann, L., Burkhardt, E., & Boebel, O. (2013). Calling in the cold: 

pervasive acoustic presence of humpback whales (Megaptera novaeangliae) in Antarctic coastal 

waters. PLoS ONE, 8(9), e73007. 

Villegas-Amtmann, S., Schwarz, L. K., Gailey, G., Sychenko, O., & Costa, D. P. (2017). East or west: the 

energetic cost of being a gray whale and the consequence of losing energy to disturbance. Endangered 

Species Research, 34, 167-183. 

Villegas-Amtmann, S., Schwarz, L. K., Sumich, J. L., & Costa, D. P. (2015). A bioenergetics model to evaluate 

demographic consequences of disturbance in marine mammals applied to gray 

whales. Ecosphere, 6(10), 1-19. 

Vøllestad, L. A., Jonsson, B., Hvidsten, N. A., Næsje, T. F., Haraldstad, Ø., & Ruud-Hansen, J. (1986). 

Environmental factors regulating the seaward migration of European silver eels (Anguilla 

anguilla). Canadian Journal of Fisheries and Aquatic Sciences, 43(10), 1909-1916. 

Waldick, R. C., Brown, M. W., & White, B. N. (1999). Characterization and isolation of microsatellite loci from 

the endangered North Atlantic right whale. Molecular Ecology, 8(10), 1763-1765. 

Walker, J., Rotella, J. J., Stephens, S. E., Lindberg, M. S., Ringelman, J. K., Hunter, C., & Smith, A. J. (2013). 

Time‐lagged variation in pond density and primary productivity affects duck nest survival in the Prairie 

Pothole Region. Ecological Applications, 23(5), 1061-1074. 

Walther, G. R., Post, E., Convey, P., Menzel, A., Parmesan, C., Beebee, T. J., ... & Bairlein, F. (2002). Ecological 

responses to recent climate change. Nature, 416(6879), 389-395. 

Ware, C., Friedlaender, A. S., & Nowacek, D. P. (2011). Shallow and deep lunge feeding of humpback whales 

in fjords of the West Antarctic Peninsula. Marine Mammal Science, 27(3), 587-605. 

Warton, D. I., & Hui, F. K. (2011). The arcsine is asinine: the analysis of proportions in ecology. Ecology, 92(1), 

3-10. 

Waugh, C. A., Nichols, P. D., Noad, M. C., & Nash, S. B. (2012). Lipid and fatty acid profiles of migrating 

Southern Hemisphere humpback whales Megaptera novaeangliae. Marine Ecology Progress 

Series, 471, 271-281. 



References 

 

 
111 

Waugh, C. A., Nichols, P. D., Schlabach, M., Noad, M., & Nash, S. B. (2014). Vertical distribution of lipids, fatty 

acids and organochlorine contaminants in the blubber of southern hemisphere humpback whales 

(Megaptera novaeangliae). Marine Environmental Research, 94, 24-31. 

Weimerskirch, H. (2007). Are seabirds foraging for unpredictable resources? Deep Sea Research Part II: 

Topical Studies in Oceanography, 54(3-4), 211-223. 

Weimerskirch, H., Guionnet, T., Martin, J., Shaffer, S. A., & Costa, D. P. (2000). Fast and fuel efficient? Optimal 

use of wind by flying albatrosses. Proceedings of the Royal Society B, 267(1455), 1869-1874. 

Weimerskirch, H., Inchausti, P., Guinet, C., & Barbraud, C. (2003). Trends in bird and seal populations as 

indicators of a system shift in the Southern Ocean. Antarctic Science, 15(2), 249-256. 

Weimerskirch, H., Louzao, M., de Grissac, S., & Delord, K. (2012). Changes in wind pattern alter albatross 

distribution and life-history traits. Science, 335(6065), 211–214.  

Weinrich, M. T., & Kuhlberg, A. E. (1991). Short-term association patterns of humpback whale (Megaptera 

novaeangliae) groups on their feeding grounds in the southern Gulf of Maine. Canadian Journal of 

Zoology, 69(12), 3005-3011. 

Weinrich, M. T., Schilling, M. R., & Belt, C. R. (1992). Evidence for acquisition of a novel feeding behaviour: 

lobtail feeding in humpback whales, Megaptera novaeangliae. Animal Behaviour, 44(6), 1059-1072. 

Weinstein, B. G., Double, M., Gales, N., Johnston, D. W., & Friedlaender, A. S. (2017). Identifying overlap 

between humpback whale foraging grounds and the Antarctic krill fishery. Biological Conservation, 210, 

184-191. 

Weller, D. W. (2008). Report of the large whale tagging workshop. US Marine Mammal Commission and US 

National Marine Fisheries Service. https://137.110.142.7/publications/CR/2008/2008Weller4.pdf 

Wells, R. J., TinHan, T. C., Dance, M. A., Drymon, J. M., Falterman, B., Ajemian, M. J., ... & McKinney, J. A. 

(2018). Movement, behavior, and habitat use of a marine apex predator, the scalloped 

hammerhead. Frontiers in Marine Science, 5, 321. doi: 10.3389/fmars.2018.00321. 

Wensveen, P. J., Thomas, L., & Miller, P. J. (2015). A path reconstruction method integrating dead-reckoning 

and position fixes applied to humpback whales. Movement Ecology, 3(1), 31. 

https://doi.org/10.1186/s40462-015-0061-6. 

Werth, A. J. (2000). Feeding in marine mammals. In K. Schwenk (Ed.), Feeding: form, function and evolution in 

tetrapod vertebrates, (pp. 475-514). San Diego, CA: Academic Press. 

Werth, A. J., Kosma, M. M., Chenoweth, E. M., & Straley, J. M. (2019). New views of humpback whale flow 

dynamics and oral morphology during prey engulfment. Marine Mammal Science. 1-23. doi. 

10.1111/mms.12614. 

Wiens, J. A. (1989). Spatial scaling in ecology. Functional Ecology, 3(4), 385-397. 

Wiens, J. A., Chr, N., van Horne, B., & Ims, R. A. (1993). Ecological mechanisms and landscape ecology. Oikos, 

66(3), 369-380. 

Wiley, D., Ware, C., Bocconcelli, A., Cholewiak, D., Friedlaender, A., Thompson, M., & Weinrich, M. (2011). 

Underwater components of humpback whale bubble-net feeding behaviour. Behaviour, 148, 575-602. 

Williams, C. B. (1917). VI. Some Notes on Butterfly Migrations in British Guiana. Transactions of the Royal 

Entomological Society of London, 65(1), 154-164. 

Williams. T. M. (2009). Swimming. In W. F. Perrin, B. Würsig & J. G. M. Thewissen (Eds.), Encyclopedia of 

marine mammals, (2nd ed, pp. 1140-1147). London, UK: Academic Press. 

Williams, R., & Noren, D. P. (2009). Swimming speed, respiration rate, and estimated cost of transport in adult 

killer whales. Marine Mammal Science, 25(2), 327-350. 



References 

 

 
112 

Witteveen, B. H., Foy, R. J., Wynne, K. M., & Tremblay, Y. (2008). Investigation of foraging habits and prey 

selection by humpback whales (Megaptera novaeangliae) using acoustic tags and concurrent fish 

surveys. Marine Mammal Science, 24(3), 516-534. 

Witteveen, B. H., Straley, J. M., Chenoweth, E., Baker, C. S., Barlow, J., Matkin, C., ... & Hirons, A. (2011). 

Using movements, genetics and trophic ecology to differentiate inshore from offshore aggregations of 

humpback whales in the Gulf of Alaska. Endangered Species Research, 14(3), 217-225. 

Witteveen, B. H., Worthy, G. A., Wynne, K. M., Hirons, A. C., Andrews, A. G., & Markel, R. W. (2011). Trophic 

levels of North Pacific humpback whales (Megaptera novaeangliae) through analysis of stable isotopes: 

implications on prey and resource quality. Aquatic Mammals, 37(2), 101-110. 

Wong, B., & Candolin, U. (2015). Behavioral responses to changing environments. Behavioral Ecology, 26(3), 

665-673. 

Worthy, G. A. (1987). Metabolism and growth of young harp and grey seals. Canadian Journal of Zoology, 65(6), 

1377-1382. 

Wray, P., & Martin, K. R. (1983). Historical whaling records from the western Indian Ocean. Reports of the 

International Whaling Commission, Special Issue 5, 213–241. 

Zerbini, A. N., Andriolo, A., Heide-Jørgensen, M. P., Moreira, S. C., Pizzorno, J. L., Maia, Y. G., ... & Demaster, 

D. P. (2011). Migration and summer destinations of humpback whales (Megaptera novaeangliae) in the 

western South Atlantic Ocean. Journal of Cetacean Research and Management, Special Issue, 3, 113-

118. 

Zerbini, A. N., Andriolo, A., Heide-Jørgensen, M. P., Pizzorno, J. L., Maia, Y. G., VanBlaricom, G. R., ... & 

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., Clapham, P. J., & Wade, P. R. (2010). Assessing plausible rates of population growth in 

humpback whales from life-history data. Marine Biology, 157(6), 1225-1236. 

Zuur, A., Ieno, E. N., Walker, N., Saveliev, A. A., & Smith, G. M. (2009). Mixed effects models and extensions 

in ecology with R. New York, NY: Springer. 

Zwally, H. J., Comiso, J. C., Parkinson, C. L., Cavalieri, D. J., & Gloersen, P. (2002). Variability of Antarctic sea 

ice 1979–1998. Journal of Geophysical Research: Oceans, 107(C5), 9-1. 

 




