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Abstract

Baleen whales are the largest mammals on earth, but many questions about their behaviour 

remain unanswered as they are submerged in the pelagic environment. They feed on small 

schooling fish and zooplankton aggregations, ephemerally dispersed throughout their habi-

tat. The Bryde’s whale (Balaneoptera edeni spp.) is a non-migrating species of baleen 

whale with a wide distribution; very little is known about the behaviour of these whales. 

There is a small (∼ 135) year-round population of Bryde’s whales in the Hauraki Gulf, New 

Zealand, which are categorised as a Nationally Critical species. The aim of the present study 

was to investigate two critical behavioural states of Bryde’s whales, resting and foraging.

Data on the behaviour of Bryde’s whales were collected by an archival tag (DTAG2), 

boat-based surveys, and drones. To identify rest, tag data were used to calculate root-mean-

square (RMS) jerk and mean flow noise (as proxies for activity and speed, respectively), as 

well as changes in dive patterns, fluking and respiration r ates. Tag data were also used to 

detect lunges and investigate their kinematics, confirmed by visual observation data. These 

data were used to design head models and physical experiments to simulate head slaps, a be-

haviour which is performed when whales feed on zooplankton. The results were confirmed 

using mathematical models.

Bryde’s whales show strong diel patterns in behaviour with long periods of low activity 

consistent with resting occurring exclusively at night. The whales spend their days actively 

foraging, mostly at the surface using a stereotypical series of movements. Surface foraging 

tactics differ when whales were feeding on plankton or fish. Head slaps have biophysical 

applications and create water currents to increase the density of prey-laden water by 3-5 

orders of magnitude.

This pattern of intensive surface foraging during the day and rest at night indicates that 

either Bryde’s whales rely on senses that are less effective in the dark to locate prey, or that 

prey aggregate less densely at night, making foraging less efficient. Also, dynamic be-

havioural tactics and diet plasticity seem to be the key for non-migrating Bryde’s whales to 

meet their energetic demands in poorer quality waters. Plankton stratification is 

constrained by the shallow nature of the Hauraki Gulf, and Bryde’s whales have evolved a 

unique be-haviour to increase the density of zooplankton, which is a remarkably successful 

strategy in maintaining their high energetic demands.
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Chapter 1

General introduction

1.1 Baleen whales

Cetaceans are the most taxonomically diverse marine mammal clade evolving from semi-

aquatic hoofed mammals around 50 million years ago. They have undergone many changes

enabling them to fully exploit the aquatic environment. Changes were both anatomical

and behavioural, and sometimes were very similar between related species. However, the

subtle differences between close species are what enabled them to occupy different niches

(Fordyce 2018).

Baleen whales (Mysticeti) along with toothed whales (Odontoceti) are the only extant

cetacean suborders. The 14 extant species of baleen whales include the largest animals

living on earth. They have a wide global distribution and can be found in a variety of

marine ecosystems, from open oceans to coastal waters, and from the poles to the tropics

(Bannister 2018; Fordyce 2018). Despite their size, they filter feed on small prey items, such

as zooplankton (mainly euphausids or copepods) and small schooling fish. Filter feeding

is possible through the evolution of exceptional features, such as baleen instead of teeth.

Baleen plates have different shapes and number of plates based on the prey type and the

feeding mechanism of different whale species (Bannister 2018; Croll et al. 2018).

Filter feeding is beneficial to baleen whales as it provides them with sufficient energy

resources through exploiting lower trophic level prey (Werth 2000). It is suggested that
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gigantism in baleen whales is linked to the appearance of seasonal patches of dense prey

caused by upwelling during the early Ice Age (Pyenson 2017, Slater et al. 2017). Ultimately,

the ability to filter feed and their large size enables the baleen whales to occupy a niche in

the marine ecosystem and is key to their success (Pyenson 2017).

Dense patches of prey have been suggested as one of the primary drivers for the longest

migration among mammals; many species of baleen whales undertake long-range move-

ments between productive cold waters in summer and warmer waters in winter (Stern and

Friedlaender 2018). Other hypotheses have been proposed to explain the reason for baleen

whale migration to warm waters to breed, such as calf protection from killer whale (Orcinus

orca) attacks (Corkeron and Connor 1999), higher rate of calf growth and survivorship in

warmer waters (Clapham 2001; Rasmussen et al. 2007), and culture (Evans 1987; Ren-

dell and Whitehead 2001). However, there are a few non-migratory baleen whales, such

as Bryde’s whales (Balaenoptera edeni spp.) and resident populations of Antarctic minke

whale (Balaenoptera bonaerensis) and humpback whale (Megaptera novaeangliae) that for-

age and breed in regional waters (Corkeron and Connor 1999; Bannister 2018; LeDuc 2018).

When it comes to biological and ecological studies of baleen whales, gigantism is not

an advantage. Cetaceans are generally difficult to observe as they spend most of their time

under the water surface, and are difficult to follow. Studying captive animals can be a

solution for behavioural and physiological experiments; however, the size of baleen whales

makes it almost impossible to keep them in captivity. Thus, individual and population-level

studies are highly dependent on three main data collection approaches: 1) labour-intensive,

long hours of field work (incorporating a wide range of data collection methods), 2) data

collected from stranded whales (challenging with stranded baleen whales due to their large

size) (Moore et al. 2018), or 3) commercial/scientific whaling data (which nowadays is

highly restricted due to the effects of commercial whaling abundance) (Clapham and Baker

2018; Kasuya 2018). Consequently, our knowledge of these giant animals is very limited

for the majority of species and populations and often restricted to nearshore waters.

Our interaction with baleen whales have been costly to their populations (Thomas et

al. 2015); baleen whales have been heavily affected by commercial whaling, from which
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some populations have yet to recover (Clapham et al. 1999; Thomas et al. 2015). They are

also affected by other human impacts such as climate change (Simmonds and Isaac 2007),

chronic noise exposure (Dunlop et al. 2011), pollution (Fossi et al. 2012; Reijnders et al.

2018), entanglement (Cassoff et al. 2011), and vessel strikes (Clapham et al. 1999; Parks et

al. 2011a; Constantine et al. 2015). Without data on physiology, behaviour, and ecology we

are unable to fully understand these impacts, and maintain or improve the wellbeing of these

species, which, due to their significant role in food webs (Pauly et al. 1998), can profoundly

affect marine ecosystems.

1.1.1 Feeding specialisations in baleen whales

As mentioned previously, baleen whales have specifically evolved to filter feed on aggre-

gations of small prey items. Families of Mysticetes have developed diverse anatomical

attributes and are specialised in different foraging tactics which enables them to occupy dif-

ferent ecological niches (Goldbogen et al. 2017). Family Balaenidae, including bowhead

whales (Balaena mysticetus) and three species of right whale (Eubalaena spp.) for exam-

ple, have a highly arched rostrum, and their baleen is very long and fine-textured. They

specialise in continuous ram feeding, meaning that they filter feed while they swim slowly

in dense prey patches at the surface, or in the water column (Simon et al. 2009; Goldbogen

et al. 2017; Croll et al. 2018).

Rorquals (family Balaenopteridae) have evolved unique anatomical attributes, such as an

expansive mouth, throat grooves and streamlined body, which enables them to swim rapidly

into the prey aggregation and open their mouth to engulf a massive volume of prey-laden

water. This extraordinary feeding behaviour is called lunge feeding, and is considered as

the largest biomechanical phenomenon that has occurred on earth (Werth 2000; Goldbogen

et al. 2017). Lunge feeding is energetically expensive, but still efficient enough to maintain

the functions required for the whales’ massive bodies (Goldbogen et al., 2011). Lunges can

happen in the water column (e.g. Goldbogen et al. 2006; Simon et al. 2012) and at the

surface (e.g. Kuker et al. 2005; Owen et al. 2015), and can include different manoeuvres.

Rorquals use different techniques to maximise their food intake in a lunge. In fact, they
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show the most diverse foraging behaviour among the baleen whales. This diversity can also

be observed among populations of the same species. For example, humpback whales of the

North Pacific and North Atlantic blow bubble nets/curtains, which traps the schooling fish

(Jurasz and Jurasz 1979; Hain et al. 1982; Heithaus et al. 2018). They also use the novel

technique of lobtail feeding (i.e. striking the water surface with their fluke) on sand-lance

(Ammodytes amerieanus) in the Gulf of Maine (Weinrich et al. 1992; Allen et al. 2013).

Humpback whales also lunge feed on dense patches of zooplankton (Nowacek et al. 2011).

Foraging plasticity allows the sympatric rorquals to avoid competition by exploiting differ-

ent prey types, or partitioning resources. For example, fin whales (Balaenoptera physalus)

of the Gulf of California feed on zooplankton, while Bryde’s whales prefer fish (Tershy et al.

1993), and humpback and Antarctic minke whales feed on krill patches of different depths

around the west Antarctic Peninsula (Friedlaender et al. 2009a).

The smallest baleen whales, pygmy right whales (Family Neobalaenidae, Caperea

marginata), are somewhere between right whales and rorquals anatomically (Bannister

2018). They have long, narrow, fine-textured baleen plates and a long, moderately arched

rostrum (Kemper 2018). Little is known about their diet or feeding behaviour. Grey whales

(Family Eschrichtiidae, Eschrichtius robustus), on the other hand, have a narrow and rel-

atively short head, a few throat grooves and the shortest and coarsest baleen among the

Mysticetes which enables them to suction feed on benthic prey (Werth 2000; Croll et al.

2018; Swartz 2018). However, they have also been observed ram feeding in the water col-

umn (Goldbogen et al. 2017).

1.2 Behavioural studies

Humans started to observe animal behaviour and how animals adapt to their environment

millions of years ago, as understanding their interactions was crucial to early human sur-

vival. However, the scientific study of animal behaviour (ethology) was founded in the

1930s, influenced by the work of preceding naturalists, such as Charles Darwin (Sherman

and Seeley 2017). Since then, behavioural studies have covered a wide range of animals,
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from invertebrates (e.g. Riedel et al. 2014) to sophisticated primates (e.g. Mitani et al.

2002), and from desert dwellers (e.g. Costa 1995) to pelagic oceanic animals (e.g. Axenrot

et al. 2004).

Animal behaviour includes various categories, such as foraging behaviour (i.e. how to

find, select and handle food), predator avoidance and defensive mechanisms, migration and

movements, sexual behaviour (i.e. how to find, choose, and court mates), parenting, and

social behaviour (i.e. how to interact with conspecifics) (Tyack 2018). It is often integrated

with ecological and evolutionary studies, and regardless of methodology, needs direct or

indirect observation of the study subject for data collection.

1.2.1 Bio-logging tools in behavioural studies

Direct observation is not possible in all behavioural studies due to limited time, resources

and equipment; not all the animals can be kept in captivity and continuous observation of

many species is not possible in the wild. However, in the past fifty years, the application of

bio-logging tools has enabled researchers to answer questions about wild animals’ behaviour

that could not be investigated by direct observation (Rutz and Hays 2009). The data obtained

from these tools have applications in ecology, conservation, and wildlife management (Kays

et al. 2015).

Bio-logging tools can be categorised into two groups based on their data transmission

method: Transmitting tags usually transmit data using satellite, VHF radio, Global System

for Mobile Communications (GSM), or acoustic transmitters (Hooker et al. 2007; Mc-

Connell et al. 2010). In marine environments acoustic and satellite telemetry devices are

primarily used (Hussey et al. 2015). These tags have been widely used to study long-

term movements and migration patterns, and habitat use of a wide range of animals such

as king prawn (Penaeus plebejus) (Taylor and Ko 2011), Egyptian vulture (Neophorn perc-

nopterus) (García-Ripollés et al. 2010), wolf (Canis lupus) (Ciucci et al. 2009), and whale

shark (Rhincodon typus) (Eckert and Stewart 2001). They can also collect real-time data

which can enable quick and interactive responses to changes in animal behaviour. For ex-

ample, to reduce human-wildlife conflict in Kenya, data collected by Global Positioning
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System (GPS) tags are used to send warning messages when African elephants (Loxodonta

africana) are close to human living ranges (Wall et al. 2014).

Archival tags (loggers) have a built-in memory and store the collected data, which are

retrieved after tag recovery. They are able to collect high-resolution data; however, very

high sampling rates can limit the deployment time (Johnson and Tyack 2003; Hooker et al.

2007; McConnell et al. 2010). Since the archival tags do not transmit data in real-time,

they need less power, so have smaller batteries and are usually smaller in size. However,

the downside of using them is losing the data if the tag is not retrieved (Fiedler 2009).

Some archival tags, such as light-level geolocators, are used to study migration, especially

in birds (e.g. Bächler et al. 2010; Delmore et al. 2012). Yet, loggers are frequently used

for collecting high-resolution acoustic and accelerometer data to investigate the foraging

behaviour, activity budgets, and habitat use of different animals, such as southern elephant

seal (Mirounga leonina) (Gallon et al. 2013), cheetah (Acinonyx jubatus) (Wilson et al.

2013), and cow (Bos taurus) (Molfino et al. 2017).

Bio-logging tools have been used to study different aspects of cetacean behaviour. Satel-

lite transmitting tags are used in large to medium-scale behavioural studies on migration and

movement patterns in toothed whales (e.g. Laidre et al. 2004) and baleen whales (e.g. Mate

et al. 1997). Archival tags are used to study fine-scale behaviours such as foraging, from

deep diving beaked whales (Mesoplodon densirostris and Ziphius cavirostris) (e.g. John-

son et al. 2004; Madsen et al. 2005) and sperm whales (Physeter macrocephalus) (e.g.

Miller et al. 2004a; Watwood et al. 2006), to blue whales (Balaenoptera musculus) (e.g.

Calambokidis et al. 2007; Goldbogen et al. 2013a) and fin whales (e.g. Goldbogen et al.

2006; Goldbogen et al. 2007). Using these tools, researchers have been able to detect and

define the sequences of foraging behavioural events, such as lunges, in different rorquals

using different variables such as dive properties (e.g. Croll et al. 2001; Alves et al. 2010),

and changes in acceleration rate and flow noise (e.g. Goldbogen et al. 2007; Goldbogen

et al. 2008; Goldbogen et al. 2011; Wiley et al. 2011; Simon et al. 2012; Friedlaender et

al. 2014; Owen et al. 2015; Allen et al. 2016). The latter group of studies was also able

to describe the kinematics of lunges using different sensors, defining in detail the different
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stages of individual lunges.

It is not yet possible to confidently detect sleep in cetaceans using tag data. To reliably

detect sleep and its stages in wild animals, data loggers equipped with an electroencephalo-

gram (EEG) are needed (such as tags used by Rattenborg et al. 2008 used on three-toed

sloths, Bradypus variegatus). The existing cetacean-compatible tags are not equipped with

such recorders. To use the existing tags, data need to be matched with behavioural obser-

vations of sleep which usually is logistically difficult. Although a few studies on captive

and free-living cetaceans provided evidence of sleep using EEG recorders and behavioural

observations (e.g. Serafetinides et al. 1972; Mukhametov et al. 1977; Goley 1999; Lyamin

et al. 2002; Sekiguchi et al. 2006; Shpak et al. 2009), no matching tag data exists for

these observations. Still, tags are very powerful tools and are capable of detecting low ac-

tivity periods indicative of resting behaviour, and potentially sleep. Surprisingly, limited

studies have used tags to investigate rest in cetaceans. Rest or diel changes in movement

patterns have mostly been reported alongside other behaviours (e.g. Calambokidis et al.

2007; Oleson et al. 2007; Miller et al. 2010; Goldbogen et al. 2011; Constantine et al.

2015; Soldevilla et al. 2017). Nonetheless, Miller et al. (2004b and 2008) matched the

stereotypical resting behaviour of sperm whales detected in tag data with observations of

the logging (resting) whales. Also, a recent study by Wright et al. (2017) showed the

resting behaviour in wild harbour porpoise using tag data. Both authors suggested that the

detected behaviour is potentially sleep, but developments allowing greater certainty in tag

interpretation are important to advance our understanding of this important behaviour in

free-ranging cetaceans.

1.2.2 DTAGs

DTAGs (www.soundtags.org) are miniature archival tags, originally designed for use on ma-

rine animals. They are equipped with triaxial magnetometer and accelerometer, pressure and

temperature sensors and hydrophones, providing data on an animal’s acoustics, orientation,

and their environment with applications in studying social interactions, foraging, diving,

and ecology of animals. DTAGs attach to the animal using suction cups and therefore limit
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the physical impact on the tagged animals. DTAGs have an automatic release system; e.g.

the second generations of DTAGs (DTAG2) were programmed to release after a maximum

of 24 hours, but often released earlier. Released tags float at the surface and are recovered

with the aid of VHF tracking for data download and recharging before re-use (Johnson and

Tyack 2003).

DTAG data revealed the extremely deep-diving behaviour of Cuvier’s beaked whales

(Tyack et al. 2006), with further research showing dive depths of up to 2992 m and long

dive-duration (137.5 min) (Schorr et al. 2009). DTAGs are also useful data loggers to

investigate other aspects of cetacean behaviour, such as acoustics and social interactions

(e.g. Stimpert et al. 2007; Silva et al. 2016), predator avoidance (Curé et al. 2015), and

response to anthropogenic disturbances (e.g. Aguilar Soto et al. 2006; Parks et al. 2011a).

As they provide data on acceleration, acoustics, and environmental noise, DTAGs have been

widely used to comprehensively study foraging behaviour in both toothed and baleen whales

(e.g. Johnson et al. 2004; Miller et al. 2004a; Aguilar Soto et al. 2008; Friedlaender et al.

2009b; Canning et al. 2011).

1.3 Bryde’s whales

Bryde’s whales are medium-sized rorquals and one of the least known baleen whales (Kato

and Perrin 2018) with their status on the International Union for the Conservation of Na-

ture (IUCN) Red List of Threatened Species as Data Deficient (Reilly et al. 2018). They

resemble sei whales (Balaenoptera borealis) but are distinguishable from the other baleen

whales by their three prominent ridges on the rostrum (Kato and Perrin 2018). Based on ge-

netic analyses, there are currently two recognised subspecies of Bryde’s whales: the larger

offshore Balaenoptera edeni brydei, and the smaller coastal Balaenoptera edeni edeni (Ker-

shaw et al. 2013). Bryde’s whales do not perform large-scale tropical-polar migration and

are found in tropical and temperate Pacific, Atlantic and Indian Oceans all year around. De-

spite their wide distribution, many questions about different behaviours in Bryde’s whales

remain unanswered.
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Figure 1.1 DTAG being deployed on a Bryde’s whale in the Hauraki Gulf, New Zealand,
2011 (top), and tag’s small size relative to the whale (bottom).
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Like other members of the rorqual family, Bryde’s whales perform active lunges when

they feed (Alves et al. 2010; Soldevilla et al. 2017). They are opportunistic feeders with

flexible diet, and feed on schooling fish, aggregations of zooplankton, or both, in different

areas (Tershy et al. 1993; Best 2001; Baker and Madon 2007; Murase et al. 2007; Alves et

al. 2010; Penry 2011; Iwata et al. 2017).

The Hauraki Gulf is a large, relatively shallow bay (∼ 50 m depth), located on the

northeast coast of New Zealand, between 36◦ and 37°10′S, and 174°40′ and 175°30′E (Paul

1968; Jillett 1971) (Figure 1.2). Being exposed to the oceanic currents from north and

northeast, and receiving estuarine fresh water from south and southwest have made this body

of water very productive that leads to high biodiversity (Booth and Søndergaard, 1989). The

inner Hauraki Gulf accommodates a year-round, resident population of 135 (CI = 100-183)

Bryde’s whales (Tezanos-Pinto et al. 2017) that are categorised as a Nationally Critical

species in New Zealand waters (Baker et al. 2016). Bryde’s whales are observed in offshore

waters and primarily along the northeast coast of the North Island, but the Hauraki Gulf is a

preferred habitat in New Zealand waters (Baker and Madon 2007, Behrens 2009, Wiseman

et al. 2011). Although the Hauraki Gulf is a relatively shallow body of water, the Bryde’s

whales living in this area are of the offshore type (Balaenoptera edeni brydei) (Wiseman,

2008). The greatest threat to this population prior to 2015 was ship-strike as there was a high

mortality rate; however, this has been mitigated by the voluntary reduction in ship speed to

10 knots (Constantine et al., 2015).

Bryde’s whales in the Hauraki Gulf do not dive in deep waters as they are limited by their

environment. Thus, their feeding techniques differ from the individuals living in deeper wa-

ters. They have a variable diet, feeding on zooplankton (mostly consisting of krill-like

organisms, copepods, arrow worms, but surprisingly also prey of low-caloric value such

as salps) and small active fish such as pilchards (Sardinops sagax) and saury (Cololabis

adocetus) (Carroll et al. in press). Their behaviour and strategies, as well as associated

species, differs when they feed on different prey types. Feeding on fish usually happens

in multi-species aggregations associated with common dolphins (Delphinus delphis) and

Australasian gannets (Morus serrator) and shearwaters (Puffinus spp.) (Baker and Madon,
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Figure 1.2 The Hauraki Gulf, located in northeastern New Zealand.
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2007), while whales have been observed feeding on planktonic prey on their own, or accom-

panied by planktivorous seabirds such as storm petrels (Fregetta maoriana) and fluttering

shearwaters (Puffinus gavia), performing a behaviour called head slapping (unpublished

data).

Recognising different behavioural states of Bryde’s whales does not merely have etho-

logical value, but it also helps to understand their ecology and conservation by revealing

their vulnerabilities and interactions. The little we know about Bryde’s whale behaviour is

mostly from visual observations (e.g. Tershy et al. 1993; Penry et al. 2011; Lodi et al.

2015), a few acoustic investigations (e.g. Širović et al. 2014; Putland et al. 2017), and

recent tag studies. Although the first tagging experiment on Bryde’s whales goes back to

1980s, when implanted radio tags were deployed as potential means of individual identifi-

cation, that study merely looked at the reaction of the whale to tag implantation (Watkins

1981). More than two decades later, time depth recorders (TDRs) were deployed on two

Bryde’s whales off Maderia Island, North Atlantic Ocean, which revealed details of their

subsurface diving behaviour (Alves et al. 2010). In 2011, DTAGs were deployed on six

whales in Hauraki Gulf, New Zealand, looking at their diving behaviour and vocalisation

rate, which led to mitigation measures (Constantine et al. 2015). Also, in Gulf of Mexico, a

Bryde’s whale was tagged with a satellite tag to look at its movement patterns, and another

one with a multisensory archival tag to look at its diving behaviour. The first whale showed

strong site fidelity in a month, and the second whale showed a diel diving pattern, feeding

near the sea bottom during the day and performing shallow dives at night (Soldevilla et al.

2017).

DTAGs deployed by Constantine et al. (2015) recorded detailed data on the diurnal and

nocturnal patterns of these resident whales, providing a valuable dataset to examine Bryde’s

whale behaviour. This thesis presents the first study dedicated on different behaviours of

Bryde’s whales using the existing high-tech tag data, combined with behavioural observa-

tions.
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1.4 Thesis chapters

The main objective of this thesis is to examine two critical behaviours of Bryde’s whales;

resting and foraging. The first is a poorly understood behaviour in baleen whales. The

latter can provide a baseline to answer questions about energetics and the ecology of these

whales. This thesis has Chapter 1 which provides a general introduction to this research,

followed by three data chapters, each meeting a specific objective of this research, and

finally Chapter 5, a general discussion of the thesis findings and future research directions.

The thesis is formatted as a single body of work with a single reference list at the end, but

each chapter is written with the intention of publication. The data chapters are:

Chapter 2. This chapter examines the resting behaviour of Bryde’s whales in the Hau-

raki Gulf. Using data collected by multi-sensor DTAGs, the objective of this chapter was

to recognise the diel patterns of activity in a large baleen whale and determine if some of

these activity levels are related to rest. This data chapter is published: Izadi et al. (2018)

Behavioral Ecology and Sociobiology 72:78.

Chapter 3. In this chapter surface lunge feeding behaviour of the Bryde’s whales is

studied using DTAG data as well as visual observation data collected from boats and by

drones. The objective of this chapter is to assess Bryde’s whale surface foraging strategies

and kinematics, which helps to determine how diet and foraging flexibility allows them to

meet their energetic needs year-round in the Gulf. This chapter is in submitted as a research

paper to Biology Letters.

Chapter 4. This chapter examines the frequently observed, energy consuming be-

haviour referred to as head slapping. During surface foraging events whales hit the water

surface with their head while feeding on zooplankton. Although the use of head slaps in re-

lation with zooplankton predation was clear, the mechanism and advantages for the whales

were unknown. This chapter combines biology and physics to reveal the hydrodynamic

processes that Bryde’s whales use as a tool to maximise their prey intake. This chapter is in

preparation as a research paper for submission to Science.





Chapter 2

Night-life of Bryde’s whales: ecological

implications of resting in a baleen whale

2.1 Introduction

Many animals periodically enter a phase of inactivity. This behaviour may combine resting

with increased vigilance for threats or could form part of a strategy to minimise transmitting

cues to predators (Lima et al. 2005; Siegel 2011). However, inactive intervals may also be

sleeping periods when animals can be most vulnerable due to the adoption of less-responsive

brain states (Lima et al. 2005). Animals use a number of strategies to decrease their vul-

nerability to predation when resting or sleeping: monkeys and apes rest at night (to avoid

producing acoustic cues when their feline predators are active) and in safe places (Anderson

2000). Some social animals, such as green-winged teals (Anas crecca crecca) (Gauthier-

Clerc et al. 1998) and harbour seals (Phoca vitulina concolor) (da Silva and Terhune 1998),

aggregate in larger groups to increase overall vigilance while they sleep.

Some species of mammals, birds and reptiles have developed a remarkable solution to

maintaining vigilance during resting intervals by sleeping with one cerebral hemisphere

while the other hemisphere is awake (Rattenborg et al. 2000); this is known as unihemi-

spheric sleep. Cetaceans, pinnipeds (except for true seals) and sirenians are the only mam-

mals known to sleep unihemispherically. For these voluntary breathers, unihemispheric
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sleep is essential to ensure continued and safe respiration in the water, and to maintain body

position and thermogenesis. Unihemispheric sleeping may also allow animals to keep watch

on offspring and group members (Lyamin et al. 2008).

Irrespective of its benefits, resting and sleeping also come at the expense of other critical

behaviours such as socializing and foraging. The timing and duration of inactive states

for both active hunting species and their prey are often driven by ecological interactions,

with food availability, presence of predators and competitors, and environmental conditions

(such as light levels or temperature) being the most important ecological factors influencing

circadian rhythms (Kronfeld-Schor and Dayan 2003). For example, the timing of resting

bouts of predators may provide an indication of prey diel behaviour with inactivity timed

to coincide with periods in which prey, or the cues used to hunt prey, are unavailable, e.g.

during the night for most visual predators. Detailed data on the behaviour, physiology

and ecological correlates associated with resting are difficult to collect in the wild and, as

a consequence, this behaviour has mainly been studied in captive animals (Amlaner and

Ball 1983; Campbell and Tobler 1984; Roth et al. 2006; Siegel 2008; Lesku et al. 2009).

Studies on captive dolphins and porpoises have provided electrophysiological evidence of

unihemispheric sleep (e.g. Serafetinides et al. 1972; Mukhametov et al. 1977; Mukhametov

1987; Lyamin et al. 2002) but logistical difficulties currently preclude measurements of

electroencephalographic (EEG) activity in wild marine mammals. Behavioural observations

of some toothed whales both in captivity and in the wild have revealed sleep-like behaviour

(e.g. Goley 1999; Watkins et al. 1999; Constantine et al. 2004; Sekiguchi et al. 2006; Miller

et al. 2008; Shpak et al. 2009), which has been interpreted as unihemispheric sleep. For

the largest mammals, the baleen whales, our knowledge of resting is limited to occasional

behavioural observations with no EEG record as they are more difficult to keep in captivity.

Lyamin et al. (2001) observed resting in a one-year old grey whale (Eschrichtius robustus)

calf briefly kept in captivity and concluded that baleen whales can sleep unihemispherically,

both at the surface and underwater. Field studies of some baleen whale species have also

reported behavioural periods in which animals breathe slowly, log at the surface or move

very slowly near the surface; all of which are interpreted as resting (e.g., Dolphin 1987;
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Christiansen et al. 2015).

Here, we investigate the resting behaviour of Bryde’s whale in an area of dense vessel

traffic, the Hauraki Gulf, where resting behaviour may enhance risk of ship strike for these

whales (Constantine et al. 2015). The Hauraki Gulf is a large bay with depths around 50

m, located on the north east coast of New Zealand (Paul 1968). The inner Hauraki Gulf is

the primary habitat for a small and endangered year-round resident population of Bryde’s

whales (Baker et al. 2016). Unlike most baleen whales, Bryde’s whales do not undertake

long seasonal migrations linked to distinct habitat requirements for breeding and feeding.

Instead, they remain in warm-temperate waters year-round (Kato and Perrin 2018). While

the pelagic populations of Bryde’s whales perform limited migrations between equatorial

and temperate latitudes, the inshore populations stay in coastal waters year-round (Tershy

1992; Zerbini et al. 1997; Best 2001). As a consequence of not migrating, the foraging

behaviour of inshore Bryde’s whales differs from that of migratory whales: they feed con-

stantly throughout the year taking advantage of year-round populations of prey, or switch-

ing seasonally between prey types, rather than exploiting the seasonal abundance seen in

the summer polar feeding grounds (Murase et al. 2007; Kato and Perrin 2018; Penry et al.

2011). Bryde’s whales in the Gulf are most commonly observed singly or in small groups

of two to three whales, and have a variable diet, feeding on zooplankton and small school-

ing fishes (e.g. pilchards, Sardinops sagax) (Jarman et al. 2006; Baker and Madon 2007;

Wiseman 2008; Carroll et al. In Press).

Despite their wide distribution, relatively little is known about the behaviour of Bryde’s

whales. As with other rorqual whales, Bryde’s lunge-feed on aggregations of prey at the sur-

face (Zerbini et al. 1997; Baker and Madon 2007; Penry 2011; de Mello Neto et al. 2017).

However, when not feeding at the surface, the inconspicuous and brief surfacings of Bryde’s

whales make observational studies challenging. By excluding sub-surface and night-time

activities, visual observations are able to sample only a small proportion of Bryde’s whale

behaviour.

Time-depth recording tags (TDRs) deployed on Bryde’s whales in deep waters off Madeira,

Portugal, showed regular diving to depths of 40-300 m, with some foraging in deep waters.
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Also, whales showed a diel pattern in diving behaviour and this was interpreted as possi-

bly correlated with zooplankton diel distribution (Alves et al. 2010). However, the limited

sensor suite on TDR tags makes it challenging to distinguish activities such as slow travel

or prey search from resting. The broader array of sensors on sound and movement archival

tags (DTAGs) (Johnson and Tyack 2003; Johnson et al. 2009) provides data on orientation,

locomotion, lunging and sound production that can help to define active and inactive phases

(e.g. Nowacek et al. 2004; Goldbogen et al. 2006; Aguilar Soto et al. 2008; Simon et al.

2012; Ydesen et al. 2014). Importantly, these data can be obtained irrespective of the time

of day enabling studies of diel patterns in whale behaviour. In this study, we applied multi-

sensor DTAGs to characterise the resting behaviour and its diel patterns of occurrence in

Bryde´s whales using accelerometer and acoustic data. The results delimit the environmen-

tal factors driving resting behaviour of Bryde´s whales in the Hauraki Gulf, and contribute

to our understanding of the ship-strike risk for this species, with implications for the design

of management measures to reduce ship strike mortality of the Bryde´s whale.

2.2 Methods

We deployed suction-cup attached multisensor tags (DTAG2, Johnson and Tyack 2003)

on six Bryde’s whales in the Hauraki Gulf, New Zealand (number of deployments:7; see

chapter 3 for more details). These tags have a frontal area of 30 cm2, which is <1% of

Bryde’s whale frontal area and so likely have little impact on the drag of the animal. The

tags are equipped with triaxial magnetometers and accelerometers, as well as pressure and

temperature sensors and two hydrophones. The sensors and hydrophones are sampled syn-

chronously at 50 Hz and 96 kHz, respectively, with 16 bit resolution and all data are recorded

to a 16 GB solid-state memory using loss-less compression (Johnson et al. 2013). Whales

were located while conducting surveys on a 15 m research vessel, the RV Hawere. After

a whale was spotted, a 5 m inflatable boat with 60 hp 4-stroke engine was launched to ap-

proach the whale for tagging. Tags were deployed on the dorsum of the whales as they

surfaced to breathe using a 6 m hand-held carbon-fibre pole. After deploying a tag, the
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small boat returned to the RV Hawere which then maintained a distance of > 300 m from

the whale during the remaining daylight hours to record its surface behaviour and position

on a computer time-synchronised with the DTAG. The tag was retrieved using VHF radio

tracking after it detached from the whale. The recorded data were then downloaded for

analysis and the tag was recharged for redeployment. Blind data recording was not possible

because our study involved focal animals in the field.

2.2.1 Data preparation

Analyses were restricted to four of the six tag deployments, which had more than two

hr of recording before and after sunset to allow characterisation of diel patterns in whale

behaviour. Custom software (www.soundtags.org) in MATLAB (Version 8, MathWorks)

was used to calibrate and analyse DTAG data following the methods in Johnson and Tyack

(2003). Sensor data were first decimated to a common sampling rate of 25 Hz and the tri-

axial magnetometer and accelerometer data were then corrected for the initial tag position

on the animal and for any subsequent orientation changes due to tag movement during the

deployment. Histograms of dive depth showed a clear separation between shallow submer-

gences between respirations (< 5 m depth) and deeper departures from the surface. Dives

were accordingly defined as a submergence deeper than 5 m, which corresponds to 30-50%

of the body length of a Bryde´s whale.

The accelerometer and magnetometer data were used to determine the orientation of

the whale as a function of time, parameterised by the Euler angles pitch, roll and heading

(Johnson and Tyack 2003). The acceleration data were also differentiated to calculate ac-

celeration rate or jerk (unit: ms−3) (Ydesen et al. 2014) generated by sudden movements of

the whales. As the magnitude of acceleration signals depends on the position of the tag on

the body, which varies among deployments, jerk levels cannot be compared across animals

and are used here to provide a relative measure of time-varying activity levels within indi-

viduals. The RMS of the norm of jerk was calculated over contiguous 5 min blocks (Ydesen

et al. 2014). This averaging time was selected as a trade-off between reducing serial corre-

lation in the measurements while still keeping enough time resolution to capture short-term
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changes in behaviour. Since water movement over the tag at the surface can produce high

accelerations, jerk values within 1 m of the surface were excluded from these calculations.

The same 5 min blocks were used to measure a number of other parameters to evaluate

the behaviour of the whales. Low frequency sound recorded by the tag was used as a proxy

for flow noise generated during active whale behaviours such as travelling and foraging

(Nowacek et al. 2004; Goldbogen et al. 2006). To calculate this proxy, we applied a 500

Hz low-pass filter to the sound data and then computed the RMS power in the filtered signal

over contiguous 40 ms blocks. This resulted in a noise power time sequence at the same

sampling rate as the sensors. Like jerk data, noise values within 1 m of the surface were

excluded from the analysis. The mean of the remaining flow noise values over 5 min blocks

was used as a relative indicator of the whale’s speed.

2.2.2 Activity levels

When whales are actively foraging or travelling, we expect high but variable levels of jerk

and flow noise (e.g. Goldbogen et al. 2006; Aguilar Soto et al. 2008; Simon et al. 2012),

while in resting intervals distinctly lower and more constant values of these parameters

are expected. We used histograms of the log transformed jerk and flow noise to identify

switches in activity level and to determine thresholds for separating the data into high- and

low-activity intervals. Since jerk and flow noise levels are dependent on the tag position on

the whale, these thresholds were relative to a particular whale and varied slightly for each

individual. Although tag movement during a deployment can lead to a varying relationship

between jerk or flow noise levels and activity for each animal, we did not attempt to correct

for this effect due to a lack of a reference behaviour in low activity intervals. The impact of

such tag movement on our results will be discussed later.

Tail strokes cause cyclic variations in the body posture, specifically the pitch angle for

a cetacean, and these can be sensed with an animal-attached accelerometer (Martin Lopez

2016). As the accelerometer x-axis (i.e. caudo-rostral axis) signal varies with the sine of the

pitch angle (Johnson and Tyack 2003), tail strokes give rise to oscillations in this signal at

the stroking rate. Fluking rates (strokes / s or Hz) were therefore calculated by first applying
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a delay-free high-pass filter (cut-off frequency of 0.075 Hz, approximately one half of the

nominal stroking rate) to the accelerometer x-axis accelerometer data and then counting the

positive zero crossings in the filtered signal using a hysteretic detector (Simon et al. 2012).

Mean fluking rates were calculated over 5 min blocks.

Individual respirations produce distinctive breathing sounds in the tag audio recording

when the surfacing noise is low. Respirations are also associated with brief surfacing events,

which are evident in the dive profile and this was a more robust way to detect breathing.

Here we characterised respirations as intervals in which the whale approaching within 1 m

of the surface and then submerged below 2 m shortly afterwards. Respiration rates were

calculated for the 5 min analysis blocks. To characterise the behaviour of whales during

high- and low-activity phases, dive depth, and respiration rate over the 5 min intervals were

examined as response variables in linear mixed models using package lme4 (Bates et al.

2015) in R (R Core Team 2018). Mixed models were chosen to minimise the effects of

pseudoreplication on the results. Activity level (a binary variable indicating low or high

activity) and individual whale were considered as fixed and random factors, respectively.

For each model, F statistic and p value were obtained using Anova function in package

car (Fox and Weisberg 2011). Since the distribution of the maximum depth was right-

skewed and so violated the assumption of normal distribution of residual, a log transform

was applied to this response variable; after fitting, the results were back transformed, and

ratios were used for interpretation. To explore the timing of active and inactive intervals,

activity level was compared to light level by dividing the 24 hr day into daytime, nighttime,

and dusk with the latter defined as an hour window around local sunset and sunrise times.

2.3 Results

Tags remained attached to the whales for a total of 61 hr, with four deployments including

more than two hr of both day and night recordings. These four recordings lasted from 6.5

to 19.7 hr, summing 56 hr (Table 2.1) of which 57% was at night. Examination of the

RMS jerk and flow noise in these deployments suggested that whales switched between
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Figure 2.1 A section of one whale’s activities (234a). The upper graph shows the dive
profile over a 7 hr period covering day, dusk and night-time, and the lower graph shows
the corresponding RMS jerk and mean flow noise level (relative to the clipping level of the
recorder). Dark grey and light grey areas represent night and dusk, respectively.

two distinct levels of activity (Figure 2.1). This was confirmed by plotting histograms of

log-transformed RMS jerk and flow noise for each individual (Figure 2.2). For three of the

four whales these histograms were bimodal, with clear thresholds separating intervals of

high and low activity for each individual. One whale (221b) spent a large proportion of the

tag deployment in an apparent low activity state and this led to an indistinct high activity

mode in the histograms of jerk and flow noise for this whale. The average of the thresholds

determined for the other whales was used to separate activity levels for this whale. Visual

assessment of the resulting activity state designations indicated that this was a reasonable

approach.

Applying the RMS jerk and flow noise thresholds for each whale, we labelled each 5

min analysis interval as low activity if both parameters were lower than their respective

individual thresholds, and as high activity otherwise. The detected low-activity intervals

were almost continuous, covering many hours in all whales (Figure 2.3, Table 2.1).
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Figure 2.2 Log histograms of RMS jerk and mean flow noise level from four Bryde’s
whales. Dashed vertical lines indicate the detection thresholds used to separate active and
inactive behaviours.
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As well as RMS jerk and mean flow noise, the switch in activity levels was associated

with changes in dive shape and depth, posture, and fluking and respiration rates (Figures

2.4 and 2.5). Dive depths during active intervals were widely variable and dives frequently

contained foraging U-shape dives (Goldbogen et al. 2013b) or V-shaped transitions likely

due to foraging or travelling (Alves et al. 2010; Parks et al. 2011b). In comparison, dives

during inactive periods were generally smoothly U-shaped with extensive bouts of dives to

the same general depth. The maximum dive depth was significantly related to activity level

(ANOVA, F = 11.09, d f = 1128.7 p < 0.001) albeit with a small effect size: active dives

were 1.12 times deeper than inactive ones (Table 2.2). Body posture during low activity

period dives was horizontal with little variation except during brief dive descents and ascents

(Figure 2.5). This contrasted with body posture in active intervals, which varied widely due

primarily to sudden orientation changes in feeding lunges.

Periods of reduced activity were accompanied by a reduction in respiration rate. In-

active respiration rate dropped significantly, 0.48 breaths-per-minute (bpm), compared to

when the whales were active (ANOVA, F = 401, d f = 611.55, p < 0.0001) (Table 2.2). The

mean fluking rate also decreased from 0.07 ± 0.04 Hz during active intervals to 0.02 ± 0.01

Hz during low activity periods, although this change was not modelled and tested for signif-

icance as fluking rate is linked to both flow noise and jerk, and so cannot be considered an

independent variable. However, the low fluking rate confirms that the inactive intervals in-

volve little horizontal movement. The co-occurrence of substantial reduction in movement,

respiration rate, and postural variation led us to interpret low-activity periods primarily as

resting behaviour.

Rest occurred almost entirely at night, with 94% of the detected resting intervals oc-

curring during the hours from 30 min after sunset to 30 min before sunrise, and 5% of low

activity intervals happening at dusk. The remaining 1% of resting intervals were recorded

during the day in only one of the tagged whales (221b). Whales spent 75-100% of the

recorded night hours in the low activity state (Fig 2.3, Table 2.1), making only occasional

short bouts of active dives in between rest periods during the night.
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Figure 2.3 Dive profiles and activity levels for four Bryde’s whales. Detected inactive
intervals are in red. Shaded areas represent night (black) and dawn/dusk (grey).
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Figure 2.4 Movement parameters of four Bryde’s whales: (a) RMS jerk (ms−3), (b) mean
flow noise level, (c) fluking rate (stroke/s or Hz) and (d) respiration rate (bpm). Horizon-
tal dashed lines in A and B indicate the thresholds used to distinguish active and inactive
behaviours. Shaded areas represent night (black) and dawn/dusk (grey).
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Figure 2.5 Detailed view of dive profile and accelerometer data in one whale (234a). The
upper graph shows the dive profile with detected low activity intervals in red. The lower
graphs show an expanded view of the dive profile, pitch and roll during 30 min in daylight
(1300-1330, left) and night time (2300-2330, right). Shaded areas represent night (black)
and dusk (grey).
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2.4 Discussion

In the past fifty years, the application of biologging tools have helped researchers to an-

swer questions about the behaviour of wild animals that could not be investigated by direct

observation (Rutz and Hays 2009). Nonetheless, many aspects of the behaviour of the

world’s largest mammals, the baleen whales, remain to be described. Here we used data

from suction-cup attached sound and movement logging tags to investigate the resting be-

haviour and diel activity levels of one of the least studied baleen whales, the Bryde’s whale,

in an area with frequent ship traffic. Rest or sleep is essential for all mammals and we

found that Bryde’s whales in the Hauraki Gulf are no exception. The tag data revealed a

strong diel activity pattern with active behaviours such as travelling and foraging during the

day, and a less active state indicative of rest during nighttime. This was also found in an

acoustic study of Bryde’s whales in the Gulf, where there were fewer vocalisations at night

(Putland et al. 2017). Although tag durations in this study were too short to estimate the

overall activity time budget of the whales reliably, the apparent close link between resting

and nighttime suggests that Bryde’s whales in this location may spend a high proportion of

the night resting.

A major challenge in biologging is to infer behavioural modes and physiological states

reliably using tag borne sensors. As there is often no independent observation of activities

that occur below the surface, alternative explanations for patterns in the sensor data must

be considered carefully. Here we used RMS jerk and low frequency noise as proxies for

rapid movement and swimming speed, respectively, to infer activity level. Flow noise, jerk

and other high-pass filtered acceleration measures such as the dynamic acceleration have

been used in other studies to detect behavioural states such as foraging and travelling (e.g.

Acevedo-Gutierrez et al. 2002; Johnson et al. 2004; Goldbogen et al. 2008; Alves et al.

2010; Tyson et al. 2012; Friedlaender et al. 2013). Several factors influence the reliability of

these as activity proxies. Jerk and flow noise are influenced by tag position on the whales’

body which prevents both standardisation of these parameters as well as inter-individual

comparisons. Thus, it is not immediately clear if a lower level of jerk on one animal as

compared to another is an indication of a difference in behaviour or simply a consequence of
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a different tag position. Also, rear-ward sliding of tags during a deployment can lead to step

changes in jerk and flow noise for the same activity level (Wisniewska et al. 2016). Finally,

noise from ship traffic near a tagged whale can be mistaken for increased flow noise. None

of these factors explain the observed patterns in RMS jerk and flow noise in our study: All

animals showed intervals of high and low activity, with large changes in jerk and flow noise

making differences in tag location across and within animals an implausible explanation.

Suction-cup attached tags can occasionally slide along the body during deployments, but

such movements are usually small (large tag movements on the body generally lead to rapid

detachment) and are almost always caudal thus causing an increase in the apparent activity

(jerk and flow-noise tend to increase as the tag approaches the caudal peduncle due to the

larger magnitude propulsive movements). As the low activity intervals occurred after tags

had been attached for some hours and showed consistency throughout the deployments, they

could not be a result of sliding. Finally, ship traffic is present day and night in the Hauraki

Gulf but is not dense enough to greatly impact the flow noise measure.

To help interpret the behavioural mode, we used several parameters that are independent

of the activity proxies, specifically, dive shape and depth, and respiration rate. We also

calculated fluking rate which is derived from the same accelerometer signals, as is jerk, but

which measures a different aspect of movement. These parameters are independent of tag

location and so can help diagnose changes in jerk and flow noise due to tag movement. For

example, in whales 234a and 238a a few peaks in jerk and flow noise detected during low

activity periods were not accompanied by elevated fluking and respiration rates. These peaks

were most likely therefore due to contact of the tag with another animal or with material in

the water, which may provoke a tag movement rather than brief bursts of activity.

Although Bryde’s whales in the Hauraki Gulf have occasionally been observed in low

activity modes during daytime (unpublished data), there is no indication from our data that

this is common (only 1% of low activity periods were found during the day). Instead whales

spent most of the daytime with high fluking and respiration rates consistent with traveling

and foraging. Conversely, the nighttime drop in activity level is associated with very low

rates of fluking and respiration precluding travel and lunge feeding. It is also unlikely to
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be explained by less active feeding methods such as continuous ram feeding used by right

(Eubalaena spp.) and bowhead whales (Balaena mysticetus). Even though ram feeding

occurs at low speeds, strong fluking is required to combat the increased drag of the open

mouth (Simon et al. 2009). The baleen shape of rorquals and anatomy are ill-suited to this

type of feeding (Pivorunas 1979; Croll et al. 2018).

Although the literature is sparse, a number of factors appear to influence the timing and

duration of rest in wild cetaceans. Daytime resting has been observed in Hawaiian spinner

dolphins (Stenella longirostris) (Norris and Dohl 1980), bottlenose dolphins (Tursiops trun-

catus) (Constantine et al. 2004) and humpback whales around Antarctica (Friedlaender et al.

2013). Nighttime resting has been reported for dusky dolphins (Lagenorhynchus obscurus)

off Gulf of San Jose (Würsig and Würsig 1980) and common minke whales (Balaenoptera

acutorostrata) off the coast of northern Norway (Blix and Folkow 1995). Blix and Folkow

(1995) also observed that minke whales off Svalbard did not show resting behaviour in Au-

gust when there was light 24 hr a day whereas rest was observed in minke whales at lower

latitudes during the same month. However, all of these visual observations were limited to

surface periods and so likely underestimate resting. More recently, biologging tags recorded

changes in diving and feeding behaviour of blue whales at night (Calambokidis et al. 2007;

Oleson et al. 2007; Goldbogen et al. 2011) and these were related in some cases with visual

observations of surface resting (Oleson et al. 2007). Soldevilla et al. (2017) noticed a diel

dive pattern in a Bryde’s whale tagged in Gulf of Mexico, suggesting that the whale rested

in shallow waters at night, a very similar pattern to our findings.

By using multi-sensor tags in our study we were able to measure activity levels equally

well during day and night. Bryde’s whales in the Hauraki Gulf exhibited clear differences

in day- and night-time activity. Their inactivity during nighttime may indicate a dependence

on senses that are not as efficient in the dark. Although vision in cetaceans is generally well

adapted to low levels of light under-water, cetaceans have also developed non-visual capa-

bilities for prey detection (Mobley and Helweg 1990; Peichl et al. 2001; Griebel and Peichl

2003). A combination of olfaction, vision and hearing could be used by whales to detect

their patchily distributed preferred prey: zooplankton and schooling fishes. Bryde’s whales
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in the Gulf feed on fish aggregations that are simultaneously targeted by common dolphins

(Delphinus delphis), Australasian gannets (Morus serrator) and shearwaters (Puffinus spp.)

(Baker and Madon 2007). These highly active multi-species foraging events, termed ’work-

ups’, generate noise over a range of frequencies from dolphin vocalizations, bird plunges,

and fish jumps (Szczucka 2009; Benoit-Bird et al. 2011). Based on their inner ear mor-

phology and vocalization frequencies, baleen whales are presumed to hear best at lower

frequencies (<5 kHz) (Ketten 2000; Nummela and Yamoto 2018). Since sounds at these

frequencies can travel distances of several kilometers, workup noise might be one of the

factors that help Bryde’s whales to find their prey at distances greater than they can visually

detect them. Birds are very dependent on vision (Hart 2001), so fewer work-ups form at

night. Thus, if work-up noise is an important cue for Bryde’s whales (particularly when

they feed on fish), it makes sense that they conserve energy through rest during times when

this cue is unavailable.

Another factor influencing the activity level of predators is the availability of prey. Rest

times may coincide with times of the day in which favoured prey are less easily accessible.

Many zooplankton species undertake diel vertical migration, descending in daylight and

ascending at night-time or vice versa (Ohman et al. 1983; Lampert 1989; Andersen and

Nival 1991; De Robertis 2000). Some cetaceans have been reported to follow the prey’s

vertical migrations (Fiedler et al. 1998; Panigada et al. 2003; Calambokidis et al. 2007;

Oleson et al. 2007; Goldbogen et al. 2011); however, the Hauraki Gulf, with an average

depth of 40-45 m (Booth and Søndergaard 1989), is too shallow for significant zooplankton

vertical migration. But, it is possible that some prey species of Bryde’s whales have diel

patterns of movement, such as scattering and aggregating, which influences the activity

levels of the whales. This was observed in Bryde’s whales off Madeira, Portugal in response

to the vertical migration of zooplankton (Alves et al. 2010). In either case, the long rest

intervals observed here may not have a great energetic cost. As a non-migratory species,

Bryde´s whales do not need to accumulate large energy reserves so as to survive several

months of fasting as migratory rorquals do. Instead, Bryde´s whales are generalist foragers

living in warm-temperate waters and this may allow them to rest on a daily basis with little
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consequence on body condition.

Sleep appears to be a critical behavioural state for all mammals (Rechtschaffen 1998;

Rattenborg et al. 2000; Siegel 2005 and 2008), with prolonged deprivation leading to com-

promised function, loss of alertness and, under extreme situations, death (Rechtschaffen

1998). Our data did not allow us to investigate sleep stages and types in Bryde’s whales,

but it seems likely that the tagged animals spent part of their prolonged rest intervals asleep.

If so, it is most likely that Bryde´s whales sleep unihemispherically as found for smaller

cetaceans in captivity (Rattenborg et al. 2000) so as to control respiration (which is vol-

untary in cetaceans) and maintain body position in the water column. But regardless of

whether Bryde’s whales rest or sleep, this behaviour changes their interaction level with

their environment. As it affects their level of consciousness, it makes them more vulnerable

to predators and human-related threats such as entanglement (Wright et al. 2017) and vessel

strikes (e.g. Miller et al. 2008). This may explain the high level of ship strike mortality

found in the Hauraki Gulf (Constantine et al. 2015) prior to the establishment of voluntary

mitigation measures. Thus, having a better understanding of Bryde´s whale resting be-

haviour enables a better understanding of their ecology, resulting in effective conservation

action planning.



Chapter 3

Foraging behaviour of Bryde’s whales

3.1 Introduction

Although many large predators rely on proportionally large prey to meet their energetic

requirements, a number of terrestrial and aquatic species have evolved to bulk feed on

aggregations of small prey. For example, basking sharks (Cetorhinus maximus) feed on

zooplankton and use low energy, continuous feeding methods for several hours (Sims and

Quayle 1998), while giant anteaters (Myrmecophagu triducfyla) have developed skills to

rapidly exploit large aggregations of agile prey (Redford 1985).

Baleen whales, measuring up to 30 m in length, that prey on zooplankton and small

schooling fish, are an extreme example of specialist feeding on small prey. To access densely

aggregated prey, most baleen whales migrate to productive polar waters in summer to feed

on dense schools of lipid-rich fish or zooplankton (Stern and Friedlaender 2018). In contrast,

Bryde’s whales (Balaenoptera edeni spp.), do not undertake large-scale migrations and meet

all their foraging needs in mid-latitude waters (Bannister 2018); this means that they need

to be more generalist in their diet. They exploit diverse prey items with tactics that vary by

location. While they feed on available seasonal resources of both fish and krill in Japanese

waters (Murase et al. 2007), they aggregate to feed on fish in the Gulf of California while

fin whales forage on zooplankton in the same area (Tershy 1993). Bryde’s whales of South

Africa and Brazil feed on fish in multi-species aggregations, individually and along with
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conspecifics, respectively (Penry et al. 2011; Gonçalves et al. 2015), and use a static ambush

technique on fish in the Gulf of Thailand (Iwata et al. 2017).

The Hauraki Gulf is the primary habitat for a year-round population of Bryde’s whales

(Baker et al. 2016) which lunge feed on both schooling fish and plankton (Jarman et al.

2004; Carroll et al. in press). They prefer planktonic prey including copepods and mysid

shrimps (Family Mysidae), and surprisingly their diet frequently includes salps (Thalia sp.)

(Carroll et al. in pess), a plankton with high water content and low caloric value compared to

other zooplankton groups (Dubischar et al. 2012). Considering the fact that Bryde’s whales

are lunge feeders, this raises the question of how such an energetically expensive feeding

behaviour (Werth 2000, Goldbogen et al. 2017) can be viable for low quality prey.

In chapter 2, DTAG data were used to investigate the resting behaviour of Bryde’s

whales, and revealed a diel behavioural pattern with several hours dedicated to resting at

night. Here, we detail the lunging behaviour of Bryde´s whales, using the same tag data as

chapter 2. In addition, we used boat-based observational data and drone footage to visualise

the lunge feeding behaviour of these whales, and its related manoeuvres and tactics. Com-

bining tag and visual observation data, we tested the hypothesis that Bryde’s whales have

prey-dependent feeding specialisations that enhance their foraging efficiency. The ability to

reconcile the tag data with visual observations allows greater certainty in our interpretations

of the foraging behaviours. Understanding the movement patterns, and kinematics of dif-

ferent foraging behaviours can help to answer questions about how non-migrating Bryde’s

whales make lunge feeding, a highly expensive feeding method, viable for meeting their

energetic needs; especially with a diet dominated by lower calorie zooplankton prey.

3.2 Methods

3.2.1 Visual observation data collection and analysis

Visual observation data on surface feeding whales were collected over 140 surveys from

September 2014 to September 2017, using a commercial 20 m catamaran, MV Dolphin

Explorer, as a platform of opportunity, and a 15 m research vessel, the RV Hawere, in
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the Hauraki Gulf, New Zealand. When a whale was encountered, the vessel was manoeu-

vred slowly to reduce the potential influence of the vessel on the whales’ behaviour. The

whale’s location, behavioural state and foraging activity sequences were recorded, and the

whale’s dorsal fin was photographed for individual identification. Also, seabird and/or dol-

phin species associated with the whales was noted. Where possible, prey type (zooplankton

or fish) was identified by direct observation or inferred from the presence of other predators

with a specific diet feeding in the same area as the whales. For example, Australasian gan-

nets (Morus serrator) dive to feed on schooling fish prey (Machovsky-Capuska et al. 2014),

whereas New Zealand storm petrels (Fregetta maoriana) and fluttering shearwaters (Puffi-

nus gavia) feed on surface zooplankton (Heather and Robertson 2000; Gaskin and Baird

2005). If possible, video footage of the feeding behaviour of the whales was also recorded.

All these recorded data were used to describe surface feeding events and to classify them

based on prey type.

Phantom drones were used to collect video footage of feeding whales by researchers

from the University of Auckland, Auckland University of Technology, and the MV Dolphin

Explorer crew on multiple occasions. The order and timing of the behavioural compo-

nents associated with lunge feeding, and the movement patterns of the feeding whale were

extracted from these videos using frame-by-frame analysis. The distance travelled by the

whale while lunging was estimated using the whale’s body length for reference, using rel-

ative morphometric data obtained from stranded whales in the Hauraki Gulf (1996-2013)

(Appendix A).

3.2.2 DTAG data collection and analysis

As described in chapter 2, six Bryde’s whales were tagged using DTAG2 (Johnson and

Tyack 2003) in August and September 2011 (number of deployments: 7; one whale was

tagged twice, but the first deployment was too short and was not used for analysis) (Table

3.1). All data were calibrated and analysed using custom software (www.animaltags.org) in

MATLAB 8 (MathWorks). Sensor data were decimated to 25 Hz and triaxial magnetometer

and accelerometer data were corrected for the tag orientation on the animal.
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Rapid speed and orientation changes during lunges are associated with large transients

in jerk (acceleration rate). Thus, to detect lunges, root mean square of the norm over the

three axes of the differential of acceleration (RMS jerk, ms−3) (Ydesen et al. 2014) in 10 s

blocks with 5 s overlap was calculated. Then, the maximum RMS jerk values within 30 s

time windows were identified and compared to a threshold described below. The length of

the 30 s blocks was based on the approximate maximum lunge duration observed in drone

and boat video recordings, defining the start and end of the lunge as the start and end of

the roll. Surface lunges always included a 90◦ lateral roll whereby the whales’ dorsal side

was near or at the surface, followed by a rapid lateral roll then returning slowly with the

dorsal side near the surface again. The jerk threshold was chosen for each tagged whale by

plotting a histogram of log-transformed RMS jerk for each individual. These histograms

had a bimodal distribution, with clear thresholds separating high and low RMS jerk levels.

Thresholds had to be selected individually because tags were attached to a range of locations

on the body resulting in accelerometer data that varied in magnitude between individuals.

Thus, a separate jerk threshold was computed for each individual. If the maximum RMS

jerk was higher than this threshold and no other peak happened in the next 10 s (this is

referred to as blanking time, equivalent to the minimum time between the end of one lunge

and the start of the consecutive lunge, based on the visual observation data; the blanking

time was defined to avoid false detections when lunges expanded into more than one block),

the 30 s time block was considered a lunge. The detected lunges were checked manually by

plotting the accelerometer data around each detection. As the surface lunges were always

accompanied by a ∼ 90◦ roll, independent of prey type, this characteristic was checked in the

accelerometer data to confirm the surface lunge detections. For lunges below the surface that

may or may not be accompanied by a roll, water flow noise on the tag was used to validate

jerk-based lunge detections. To enable fine-scale analysis of the whales’ foraging activities,

we categorised those occurring at the surface (< 10 m depth, approximately equivalent to

two-thirds of the maximum body length of a whale) or in deep (> 10 m) waters.

Inter-lunge interval was defined as the interval between the time of maximum roll in two

consecutive lunges. Surface lunges appeared to occur in bouts of intense feeding activity. To
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identify bouts, each deployment was analysed separately. For each individual, a log survivor

plot of inter-lunge interval was used to define a time threshold that separated lunges into

bouts. Inter-bout interval was then defined as the time between the end of the last lunge

within a bout and the start of the first lunge of the next bout.

A complementary delay-free filter was used to separate low, mid and high frequency

components of the accelerometer data (Martin Lopez et al. 2015).Bryde’s whales fluke

stroke rate during lunges was measured from the tag data as about 0.35 Hz, which is consis-

tent with the fluking rates during lunging in other rorquals (Goldbogen et al. 2006; Simon et

al. 2012). Thus, first a low-pass filter with a cut-off frequency of 0.17 Hz (i.e. approximately

50% of the normal stroking rate during lunges) was used to extract the slowly-varying pos-

tural component of the accelerometery data. The complementary high-pass filtered data (i.e.

the original signal with the low-pass filtered data subtracted) was then further divided into

mid and high frequency components using a low-pass filter with a cut-off frequency of 0.8

Hz (i.e. approximately twice the normal stroking rate during lunges). The mid frequency

component of the accelerometer data largely contains postural dynamics and specific ac-

celeration due to fluke strokes, while the high frequency component is due to rapid muscle

movements and unsteady flow (Goldbogen et al. 2006; Simon et al. 2012; Martin Lopez et

al. 2015). These components were used to visualise the fine-scale kinematics of the surface

lunges which were confirmed using drone footage. To determine the timing of events in a

lunge, we identified the last peak in jerk which was at least half of the maximum peak in a

lunge (reference point or nominated time zero). Then, a stackplot of jerk and plots of roll

and mid-frequency accelerometer data (fluking) of lunges were generated in a time window

from 10 s before to 10 s after this jerk drop.

The pseudo track of each animal was dead-reckoned from the postural data, decimated

to a sampling rate of 5 Hz, and assuming a constant speed of 2 ms−1 (Goldbogen et al. 2006;

Simon et al. 2012). As the true speed will vary widely with behaviour, this dead-reckoned

track gives a poor estimate of the distance travelled, but is useful for determining general

movement patterns. Actual movement distances were estimated from the video footage. To

compare the tortuosity of the whales’ tracks between surface feeding and other activities, the
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track was divided into active and inactive phases based on an analysis of resting behaviour

in the same animals (Izadi et al. 2018; chapter 2). Using the bout analysis results, active

phases were further sub-divided into surface feeding (including surface feeding bouts) and

travelling (all other activities).

The Residence Index (RI) (Johnson et al. 2008; Madsen et al. 2013), a measure of track

tortuosity, was then calculated for 5 s blocks on each track segment. The RI is the amount

of time that the track persists within a sphere of radius r meters divided by r (r was taken

as 24 m based on observations of feeding loops in drone footage; the circle radius only

approximately represents actual distances travelled because of the speed assumption made

in computing the dead-reckoned track, however this inaccuracy is acceptable here as we

are only interested in the relative tortuosity of tracks in different behavioural states). High

RI values indicate that the animal is constantly turning to remain in the same area whereas

low RI values indicate largely straight-line movement. Estimated horizontal dead-reckoned

tracks, as well as the radius of the feeding loops (obtained from drone footage) and time

between the feeding bouts (obtained from the median of the inter-bout intervals) were used

for RI calculations. The RI values over 5 s blocks for each track segment were calculated.

To compare the surface foraging and travelling movement patterns, we compared the RI

values of each activity level (response variable), using a generalised linear mixed model

(GLMM) with random intercept and binomial distribution, using package lme4 (Bates et

al. 2015) in R (R Core Team 2018). The binomial distribution was chosen as more than

50% of the RI values were at the base level (RI = 0.0083), which led to a very right-skewed

distribution. Thus, data were categorised into straight level (base level, RI ≤ 0.0083) and

tortuous movement (RI > 0.0083). The odds of tortuous values were compared for different

activity levels (foraging and travelling). Activity level and individual whale were considered

as fixed and random factors, respectively, and a logit link function was used. The results

were back transformed for interpretation, and a p value was obtained using the ANOVA

function in package car (Fox and Weisbeg 2011) to identify the significance of the tested

parameters.
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3.3 Results

3.3.1 Quantifying lunge feeding behaviour

Tag data collected from four out of seven deployments were used for data analysis. Two

deployments (213a and 221a) were too short to be analysed (23 and 12 min, respectively).

Also, despite being a long deployment, the last deployment (271a) was excluded from the

analyses due to noisy data which made the lunge detections unreliable. The DTAG recorded

53 hr and seven min of data, during which 362 jerk events, classified as lunges, were de-

tected with more than 84% of these occurring at the surface. All the whales showed a prefer-

ence toward surface lunges, except for one whale (221b) which only performed two single

lunges in deep water and then changed to a resting mode (Table 3.1). This tag recorded

data mostly at night. Whales dedicated a considerable amount of time to foraging with an

average feeding rate of 11.2 ± 9 lunges/hr during their active hours. Because the majority

of lunges happened at the surface, and we were able to collect complementary visual obser-

vation data on these lunges, the focus of this chapter is on the surface lunges. The detector

proved to be reliable by manual inspection; e.g. for whale 234a, out of a total of 125 lunges,

the detector recorded only two false lunges, and three lunges were missed.

Visual observations of Bryde’s whales in the Hauraki Gulf over 3 years (n = 52 whales,

152 surface lunges) revealed that surface lunges primarily target zooplankton (91% of 102

surface lunges, where prey-type was identified), with the remaining 9% of surface lunges

targeting fish. All observed lunges on zooplankton were preceded by head slaps in which

whales repeatedly (1-7 times) hit the sea-surface with the ventral or lateral side of their head

immediately prior to a lunge. No head slaps were observed when whales fed on fish. Whales

foraged independently, except for the situations with mother and calf pairs. A lateral roll

of ∼ 90◦ always occurred when the whales were feeding at the surface, with 84% of the

observed individuals rolling on their right side. The lateralised rolls were also detected

in the tag data (see Figure 3.1 A and B as an example). Deep lunges (> 10 m) included

variable degrees of roll, from none to 90◦, as well as sinusoidal. While other predators, such

as fluttering shearwaters were present in the area when the whales were feeding on plankton
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prey at the surface, the whales captured prey independently of other predators. In contrast,

surface lunges on fish always occurred in multi-species aggregations with other predators

such as with common dolphins (Delphinus delphis), and Australasian gannets. Feeding on

both plankton and fish occurred in all seasons.

Excluding single lunges, there was an average of 5.5 ± 6.1 lunges (maximum = 33) per

surface feeding bout. The inter-lunge interval varied between whales ranged from 75-119 s

on average with a minimum of 30 s (Table 3.1).

3.3.2 Kinematics of lunge feeding behaviour

Visualising the low, mid and high frequency components of the accelerometer data, stack-

plot of jerk, and the drone footage revealed stereotyped movements in surface lunges:

Lunges start with 1-3 strong fluke strokes followed by (and continue within) a ∼ 90◦ lateral

roll, all generating high jerk amplitudes. The mouth opens just before the time of maximum

roll and closes before the roll finishes. Forward momentum is dissipated in the rapid hy-

draulic expansion of the buccal cavity, and a sharp drop in jerk occurs at this time. Finally,

the whale slowly rolls back to a dorsal-side-up posture (mean ± SD: 14.9 ± 7.6 s, range: 9.3

- 34.9 s) and drifts at the surface while filtering the engulfed water (Figures 3.1 and 3.2).

Tag data and the drone footage showed that whales had a tortuous movement pattern

within bouts when surface foraging on plankton. There was no specific movement pattern

for whales during deeper lunges. For example, whale 221b, which performed no surface

lunges, was moving in a linear path when engaged in deep (> 10 m) foraging behaviour.

Also, the inactive dead-reckoned tracks showed non-tortuous movement patterns (Figures

3.1 and 3.3). Drone footage also showed that movements between lunges often transcribed

a circle with diameter of about two whale body lengths.
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Table 3.2 Generalised linear mixed model outputs for changes in Residency Index (RI) in
response to activity levels (travelling vs foraging) and with tags as random effect. Ratios for
back transformed results are presented in parentheses.

RI was significantly related to the activity level with the of tortuous movements during

foraging 12 times higher than non-foraging (X2(1) = 3085.7, p < 0.0001; Table 3.2). Visual

observation data revealed that circular movements were also absent when foraging on fish:

whales approach the fish-balls from below at high speed, performing a single lunge without

head slaps, and the roll executed before the whale reached the surface.

3.4 Discussion

We used high-tech bio-logging tools and visual observations to investigate a large predator’s

feeding behaviour, revealing flexible prey capture strategies with stereotypical movements

at the point of prey capture. Bryde’s whales in the Gulf primarily prey on zooplankton then

small schooling fish (Carroll et al. in press).

Previous studies have used single or multiple variables to detect lunges (Goldbogen et

al. 2008; Alves et al. 2010; Owen et al. 2015). Here, we used jerk. Using an automatic

single-variable detector enabled investigation of other independent parameters, such as roll,

stereotypical in surface lunges. Although using automatic detectors might lead to some false

and missed detections, it is less biased than manual inspection. Our detector proved reliable

with low numbers of false detections.
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Previous studies have used single or multiple variables to detect lunges (Goldbogen et

al. 2008; Alves et al. 2010; Owen et al. 2015). Here, we used jerk. Using an automatic

single-variable detector enabled investigation of other independent parameters, such as roll,

stereotypical in surface lunges. Although using automatic detectors might lead to some false

and missed detections, it is less biased than manual inspection. Our detector Our detector

proved reliable with low numbers of false detections.

Bryde’s whales prefer to perform high activity surface foraging activities rather than

deeper lunges. These surface lunges are possibly (primarily) related to feeding on zoo-

plankton as there are multiple stereotypical lunges within a bout. High dependence on lower

calorie zooplankton was unexpected in comparison to feeding on higher calorie schooling

fish (Dubischar et al. 2012; Henschke et al. 2016). However, the limited movement capa-

bilities of the year-round zooplankton patches make them a viable food source which does

not need big-scale movements once they are found. Thus, Bryde’s whales are able to rely

on zooplankton as the main source of energy.

Surface feeding preferences may relate to the characteristics of the Gulf which is shallow

(∼ 50 m depth) (Booth and Søndergaard 1989), and prevents real stratification of water and

zooplankton prey layers. If prey are scattered near to the surface, using the water surface

as a barrier can be advantageous. Also, surface fish-feeding happened in multi-species

aggregations of whales, common dolphins, sea birds and larger fish, where whales benefitted

from the aggregation response of prey elicited by multiple predators, with water surface

as the limiting factor for fish movements. Similar associations have been observed in the

Bryde’s whales of South Africa, where they feed in multispecies aggregations of dolphins,

birds and seals (Penry et al. 2011).

Surface lunges were always accompanied by a ∼ 90◦ lateral roll to enhance prey capture.

Foraging rorquals roll to different extents, from ∼ 45◦ in humpback whales (Caning et al.

2011) to 360◦ in blue whales (Goldbogen et al. 2013a) and Bryde’s whales (de Mello Neto

et al. 2017). It is suggested that 90◦ rolls orient the jaws in a way that prevent prey’s escape

(Goldbogen et al. 2006; Potvin et al. 2010), or create a barrier at the water surface or the

bottom that limit prey movements (Goldbogen et al. 2006). We suggest that lateral rolls
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in Bryde’s whales function as a strategy to minimise prey escape, as seen in other baleen

whales.

Lateralised behaviour (i.e. the consistent tendency to use one appendage or moving

in a specific direction) has been observed in several fish, amphibian and reptile species

(Bisazza et al. 1998) as well as non-human mammals from rats (Tang and Verstynen 2002)

to monkeys (Hopkins and Morris 1991). In rorquals, lateralised rolls have been observed in

different species such as humpback (Clapham et al. 1995; Canning et al. 2011) and blue

whales (Friedlaender et al. 2017). All the foraging Bryde’s whales we observed in this

study performed lateral rolls, with a preference to rolling to the right side at the population

level (n= 58, including observed and tagged whales). Three of the individuals which were

photo-identified by dorsal fin and were observed feeding in more than one occasion, showed

a consistent lateral preference of right or left, suggesting a preferred side as seen in most

mammals.

Dead-reckoned tracks and drone footage revealed that whales had a tortuous movement

pattern when surface feeding on zooplankton. A denser prey patch means potential for

higher energy intake if the foraging strategy enables engulfment of higher concentrations of

prey. The repetitive tortuous movements suggest whales may use local currents to increase

prey capture. Many marine predators such as seabirds (e.g. Irons 1998; Nel et al. 2001;

Cotté et al. 2007) and cetaceans (e.g. Johnston et al. 2005; Rogachev et al. 2008) feed

in areas affected by ocean mesoscale currents such as eddies and tidal currents as they

contain higher concentrations of prey. Although the sea-surface currents observed in this

study were much smaller in scale, it is still possible that they had an effect on zooplankton

concentrations. It is also possible that Bryde’s whales move in circular patterns to create

micro-currents themselves to aggregate the prey alongside other aggregating behaviours

such as head slaps (chapter 4). These might increase the food intake, and as a result, the

lunge efficiency. Our surveys revealed that whales spend hours to a few days in an area

with zooplankton prey; in contrast, the fish-feeding events were on scattered prey balls

which disappeared after a few foraging attempts. On these occasions, the multi-species

foraging aggregation, birds, dolphins and the whale(s), would disperse. Whales showed
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a linear movement pattern when feeding on fish, or in deeper waters which may indicate a

different search pattern. Similar plasticity in prey search movement patterns can be observed

in other animal species such as birds (Smith 1974) and fishes (Humphries et al. 2010).

Longer deployments with GPS-equipped telemetry devices can help with better assessment

of Bryde’s whales food search patterns.

How Bryde’s whales survive on a poorer-energy diet (Carroll et al. in press) might be

related to their lower energetic needs as they don’t undertake seasonal migration and fasting.

Migrating baleen whales typically benefit from high value food sources in polar waters, but

migration is an energetically costly process which relies on stored energy (Braithwaite et

al. 2015). Unlike migrating whale species such as blue whales, that feed on a specific prey

type in their feeding grounds using the same strategy (Sears and Perrin 2018), Bryde’s in

the Gulf are able to meet their year-round energetic needs due to diet plasticity, bulk feeding

tactics matched to prey type, and enough high-quality prey (Spitz et al. 2012). This foraging

plasticity seems to be the key for non-migrating Bryde’s whales to survive in less-productive

warm-temperate waters with ephemeral, and unpredictable prey aggregations.



Chapter 4

How do Bryde’s whales make sure they

eat enough: Biophysics of a novel

technique used by a giant predator

4.1 Introduction

Animals try to maximise their fitness by the type of food they select and the techniques they

use to increase their energy intake relative to energy expenditure (MacArthur and Pianka

1966). Apart from anatomical specialisations, terrestrial and aquatic animals also use be-

havioural strategies to lower the energy cost and maximise the caloric intake of foraging.

For example, some birds (Krebs 1973; Morse 1977), fish (Sabino et al. 2017) and mammals

(Caraco and Wolf 1975; Griffiths 1980; Anderwald et al. 2011; Fish et al. 2013) engage in

single/multispecies cooperative foraging methods to aggregate small prey, hunt large prey,

or take advantage of other species’ endeavours. Small animals such as web building spiders

(Rypstra 1982), intertidal brittle stars (Pentreath 1970), larval midgets (Hershey 1987), and

ants (Dejean et al. 2005) are able to build static, temporary structures that entrap prey, but

scaling laws make this impossible for larger animals. A number of larger species, such as

birds (Cox et al. 2013) and dolphins (Heithaus et al. 2018) use dynamic environmental

features, such as water currents, shorelines and wind to increase their feeding efficiency, but
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they do not actively modify their environment in the process.

In contrast, many pelagic oceanic animals are submerged in a homogenous environ-

ment which lacks sediment or physical structures that they can take advantage of (Ayala

and Valentine 1979; McFall-Ngai 1990). Instead, they modify the physical properties of the

surrounding water to maximise their encounter rate or aggregate prey. This can be energet-

ically expensive; in addition to energy they spend for moving, searching, and food capture,

these animals need to make extra effort to aggregate their prey efficiently. Thus, as well as

anatomical features, they have evolved behaviours that maximise their food intake. For in-

stance, small calanoid copepods produce water currents by moving their appendages; these

feeding currents maximise prey encounter rates by increasing the volume of water passing

their mouth (Strickler 1982). Also, some large animals such as humpback whales and killer

whales produce bubble nets, and bottlenose dolphins use mud rings to entrap and aggregate

fish in the water column (Jurasz and Jurasz 1979; Hain et al.1982; Heithaus et al. 2018)

enabling them to consume more food per foraging effort.

Baleen whales, the largest extant animals, have undertaken dramatic body size shifts

and evolved filter feeding capabilities that enhance their foraging efficiency on zooplankton

(mainly euphausids and copepods) and small schooling fish in pelagic waters (Goldbogen et

al. 2017; Pyenson 2017). Filter feeding on large masses of prey is beneficial to whales be-

cause it provides them with greater energy resources by efficiently exploiting lower trophic

levels (Werth 2000; Bannister 2018). Evolving exceptional anatomical traits (e.g. expansive

mouth, throat grooves, streamlined body) have enabled rorquals (family Balaenopteridae) to

lunge feed; a foraging technique whereby they swim rapidly into the prey aggregation and

open their mouth to engulf a massive volume of prey-laden water (Goldbogen et al. 2017).

This behaviour is considered the largest biomechanical phenomenon that has occurred on

earth, but it is energetically expensive (Werth, 2000; Croll et al., 2018). Thus, rorquals

maximise their energy intake by feeding on high-density prey items.

A resident population of Bryde’s whales in the Hauraki Gulf, New Zealand, feeds on

both planktonic prey and small fish; however, the majority of their diet consists of nega-

tively buoyant zooplankton (Carroll et al. in press) such as copepods, mysid shrimp, and



4.1 Introduction 53

salps (Thalia sp.). The plankton occur in ephemeral patches of unknown density, estimated

at approximately 10-1000 individuals /m3 (Moyle 2013). With a wet weight of generally

under 1 g, this is the equivalent of approximately 10-100 g/m3; however, to recoup the high

energy cost of feeding, whales should feed on prey patches with 100-1000 g/m3 (Comita et

al. 1966; Beardsley et al. 1996; Hamner and Hamner 2000; Baumgartner and Mate 2003;

Goldbogen et al. 2011; Hazen et al. 2015). To maintain homeostasis while using zooplank-

ton as a main food source, Bryde’s whales need to increase the prey density in each lunge.

With no specific oceanographic features to aid them, and being lunge feeders rather than

skim feeders, they need to concentrate the sparsely aggregated plankton themselves.

In chapter 3, the surface feeding behaviour of Bryde’s whales was studied. Here, we

investigate one of the predominant behaviours performed by these whales in the Hauraki

Gulf which we hypothesise is related to prey concentration. Bryde’s whales in the Hau-

raki Gulf perform stereotypical head slaps, exclusively when feeding on zooplankton at the

surface. This behaviour involves whales raising their head out of the water at an angle of

less than 60◦ and slapping the water surface with the ventral or lateral side of their head

multiple times. Also, head slapping is an energetically demanding action as it includes ad-

ditional movement to the energetically expensive lunge feeding (Werth 2000; Goldbogen et

al. 2017). So, it needs to increase the efficiency of the feeding activity to be a worthwhile

behaviour. Although it has been frequently observed, its mechanism and effect on zooplank-

ton is unknown. In this chapter, use visual observation data (see chapter 3 for more details)

and laboratory experiments to measure the biophysical aspects of head slaps. We test the

hypothesis that head slaps influence the aggregation of planktonic prey using hydrodynamic

forces, and investigate how Bryde’s whales manipulate their environment to increase their

energy intake.
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4.2 Methods

4.2.1 Visual observation data collection and analysis

Visual observation data on surface feeding Bryde’s whales were collected in the Hauraki

Gulf, New Zealand. We used a commercial 19.9 m catamaran, MV Dolphin Explorer, as

a platform of opportunity, and a 15 m research vessel, the RV Hawere to record the be-

havioural sequences involved in foraging efforts (see chapter 3 for more details). For the

purposes of this study, we defined a foraging event as when the encountered whales exhib-

ited feeding behaviours (i.e. head slaps or surface lunges) during an observation period. In

each survey, data were collected on one or more whales spanning time periods of minutes to

hours. Observation periods ended when the whales stopped feeding, were lost, or the boat

left the whales.

Within foraging events, feeding bouts were defined for each individual as a series of

consecutive lunges at the surface. At the end of each feeding bout whales dived and dis-

appeared from the surface for several minutes. Then, we defined lunging events as the full

or partial sequence of surface lunging behaviour, starting with the observation of head slap

or surface lunge and ending when the whales righted themselves after the surface roll. For-

aging whales were photographed, and/or video recorded from the vessels or from a drone

for later analysis. Upon reviewing the images and/or video, we quantified the components

involved in each lunging event, which included the number of head slaps per lunge, head

angle at the beginning of the slap, the degree and lateral direction of the body roll during

the lunge, the precise timing of the sequences, and whether the whale was moving forward

or stationary as the slap(s) occurred. Where possible, the water turbulence caused by the

whale’s movement and slaps was analysed using the photos and video footage.

To determine the morphometric dimensions of Bryde’s whales we used measurements

from stranded whales in the Hauraki Gulf (1996-2013), including, length and width of the

head, gape length, and body length (tip of the rostrum to the tail notch) (Appendix A). These

were used to calculate, head and total body mass, volume of the head, as well as engulfment

volume (based on equations from Goldbogen et al. 2007 and 2012) to enable the correct
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development of hydrodynamic models simulating whale head slaps in a laboratory setting.

4.2.2 Laboratory experiments

Laboratory experiments to test the hypothesis that Bryde’s whale head slaps aggregate

plankton prey through water displacement were conducted at five different locations; a 90 L

circulating flow tank (with test chamber with working length of 70 cm and cross-sectional

area of 900 cm2); 210 L still tank; 1800 L bubble and still tank; swimming pool (1-5 m deep);

and a lake (Figure 4.1). For these experiments, model heads of three sizes (24, 35 and 48

cm length) were used to imitate the head slap behaviour of Bryde’s whales based on the

behaviours observed in the field, testing angles ranging from 0-90◦. Three GoPros (Hero3)

were placed underwater and above the surface both dorsally and laterally to visualise water

movement in the separate tanks.

To visualise the water movements, we video-recorded circulating pure water (without

bubbles or particles), water filled with bubbles, and water filled with neutrally buoyant par-

ticles (latex polymer beads approximately 700 µm in diameter). Video sequences were

analysed with Kinovea 0.8.15 video chronometer and motion analysis software. Radius (as

the water flow effects are circular) and volume of the water affected by the simulated slaps

were measured. To standardise the results from heads of varying size/scale, raw measure-

ments (e.g. distances over which hydrodynamic effects were observed) were converted to

a scale relative to the model head’s dimensions. Also, to test the potential effects of slight

forward locomotion accompanying the final head slap, experiments were conducted using a

slight forward motion in conjunction with the downward slap.

The field observation data and laboratory experiments enabled key hydrodynamic phe-

nomena involved in potential prey aggregation to be determined, such as cavity formation

and collapse, vortex formation, and wave generation. This information was then used to

produce mathematical models to determine the temporal and spatial effects of the head slap

hydrodynamic phenomena. This enabled calculation of the approximate volumes of wa-

ter drawn in and subsequently pushed forward by head slapping, permitting determination

of hydrodynamic effects on prey aggregation. Importantly, the physical and mathematical
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Figure 4.1 The physical experiments set-up in a 90 L circulating flow tank (A), and a swim-
ming pool (B).
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models use values comparable to real whales (i.e. the influences of gravity and inertial

forces are similar), so calculations are consistent.

The final set of experiments involved precise placement of dye droplets, using four pig-

ments of food colouring blended with immiscible oil in a medium-sized (210 L) tank of

still water in which a simulated whale head was being held prior to manipulation. Long

glass pipettes introduced tiny (∼ 10 µl) droplets at measured depths and distances from the

simulated head, which was then depressed and elevated five times to simulate a typical head

slap sequence (with head angle of 45◦ and slap time of 0.6 s). Trials were video-recorded

so droplet motion could be followed both qualitatively and quantitatively. This enabled in-

vestigation and quantitative analysis of the volumes of water passively drawn in by head

slapping.

4.3 Results

4.3.1 Field observations

Data were collected during 140 boat-based surveys in the Hauraki Gulf from September

2014 to September 2017. In 42 foraging events (each included 1-4 whales foraging inde-

pendently in a similar location, exclusively on plankton or fish), 58 feeding bouts (including

52 whales and 152 lunges) were recorded, of which 33 were on zooplankton, eight on fish

and 17 on unknown prey. Head slaps (n = 222) were exclusively performed when feeding

on planktonic prey. Before the first head slap, the whales raised their head high above the

water surface, performing a spy-hop-like behaviour (Figure 4.2B) which was followed by

a slap, a slower plunge-like movement rather than a percussive slap. Rather than pivoting

about the neck, the entire head and body was used to perform the movements (Figure 4.2).

The whales typically slapped their head on the water surface 3 ± 1 times on average (range:

1-7) with an average angle of 45 ± 12◦ (range: 17-71◦). There was one whale that was

followed for more than two hours, and did 32 single slaps, which was a typical behaviour,

so for the purposes of describing head slap behaviour we included only one of the feeding

events for this whale. The last head slap was sometimes accompanied with a small forward
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Figure 4.2 One Bryde’s whale head slap sequence from start of the slap A) where the head
is lifted out of the water, B) to the highest point of the head lift, C) as the underside of the
head is slapped back onto the water, then D) to the end where the wave of displaced water
can be seen. Images show the right side of the whales’ head

.

movement, generating a slight anteriorly-directed bow wave. The slap time (from when the

whale starts to lower its head from its highest lift to the time that the underside of the head

touches the water) averaged 0.6 ± 0.1 s (range: 0.4-0.9 s). On 100% (n = 152) of observed

feeding events, the last slap was followed by a lunge which included a ∼90◦ roll.

4.3.2 Laboratory experiments

Laboratory tests with plain water and water filled with particles or bubbles, using variably

sized, positioned, and manipulated (e.g. rapidly or slowly depressed) model heads con-

firmed the creation of the hydrodynamic effects that were observed in the field. Specifically,

the formation of a temporary wake, bowl-like cavity, and head print, as well as the formation

of vortical flows, and a final wave that propels a swell of prey-laden water in front of the
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whale’s mouth (Figure 4.3).

The greatest water flow effects were seen when the head was positioned and depressed

at a 45◦ angle, and in all tests, the results were slightly greater with the larger model head

(Figure 4.4). When simulating the last head slap, the forward wave affected a greater volume

of water in all directions from the head; the effect was larger when the head was held at a

greater angle. The sole exception is that there was no increase in vertical effect when a

slight forward motion was added but the head angle increased from 60◦ to 90◦ (Figure 4.5).

Figure 4.3 Screenshots from the field videos displaying hydrodynamic phenomena from
Bryde’s whale head slapping behaviour. A) Shows the development of wake and bowl-like
cavity; B) shows the vertical jet of water into the air as a result of the cavity collapse; C)
shows the head prints; and D) shows the anteriorly-directed wave from the final head slap
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Figure 4.4 The magnitude of effects of simulated head slaps on the surrounding water,
horizontally (top) and vertically (bottom), for different Bryde’s whale model head sizes (48
cm: black, 35 cm red, 24 cm: green) striking the water surface at different angles in the 1800
L tank. The radius of affected water relative to the model head’s dimensions was calculated.
Error bars around the mean are reported.
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Figure 4.5 The magnitude of effects of the simulated last head slap on the surrounding
water, horizontally (top) and vertically (bottom), for different Bryde’s whale model head
sizes (48 cm: black, 35 cm: red, 24 cm: green) striking the water surface at different angles
in the 1800 L tank. The radius of affected water relative to the model head’s dimensions
was calculated. Error bars around the mean are reported.
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The results of the duration effect experiments showed that vertical effects peaked about

1.5 s after the start of the head slap; these flows rapidly declined and could no longer be

discerned about 5 s after the slap’s initiation, though they were still visible (at a distance of

the head length radius) 4 s after initiation. Horizontal effects peaked at 1 s and dropped to 1

radius by 3 s, also dwindling to a halt by approximately 5 s (Figure 4.6).

Based on the morphometric measurements of dead Bryde’s whales (Appendix A), we

conservatively estimated the volumes of the head and the engulfment to be ∼ 9 m3 and

∼ 45− 60 m3, respectively, for an average whale with 11.5 m length. From our laboratory

experiments with neutrally buoyant particles, we determined that water in a radius of ⩾ 2

times the whale’s head length is affected which yields a nearly 3.5 times increase in water

volume (from the 9 m3 head to > 31 m3 of water). Conservatively, we round this down to a

threefold increase in potential prey density as a result of the head slap movements.

The experiments with precisely placed pigment droplets revealed the directions of wa-

ter flow due to negative and positive pressure effects, as well as the distances over which

water was drawn in and pushed away as the whales’ head moved through the surface water

(Figure 4.7). The coloured tracks confirmed the negative pressure pulling the water above

the depressed head and from the sides. More importantly, the pigment droplet experiments

allowed more precise calculation of the distances, in three dimensions, of water flow relat-

ing to simulated head slaps. The vertical and horizontal measurements of pigment travel

largely mirror the results collected from previous (particle and bubble) experiments, and in-

dependently confirm the conclusion that water rushes inward from a distance of ∼ 2.5 times

the radius of the head, from a point at the head’s centre of gravity. We calculated a very

large volume of water that is clearly influenced by head slaps: from 9 m3 to 46-72 m3. This

represents a 5-8 times range of impact. Choosing the most conservative estimate, we obtain

a five-fold increase in water influx, potentially leading to a five-fold increase in prey density.
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Figure 4.6 Timing of the horizontal (top) and vertical (bottom) effects of simulated head
slaps on radius of affected water with the 48 cm head model at 45◦ angle in a 1800 L
tank.The radius of affected water relative to the model head’s dimensions was calculated.
Error bars around the mean are reported.
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From the laboratory experiments we could observe at least six discrete physical phenom-

ena that together lead to two main hydrodynamic effects: alternating pulling of prey-laden

water (via generation of lower-than-ambient pressures) followed by pushing of prey-laden

water (via generation of an anteriorly-directed swell, like a bow wave). These hydrody-

namic effects happen over a short (⩽ 1 s) time frame which can result in the aggregation of

planktonic prey items.

The physical phenomena included in a head slap series are: A) wake formation; B)

creation of a bowl-like cavity at the surface; C) collapse of the cavity and potentially of an

entrained air pocket, often leading to a vertical jet of water into the air; D) vortex shedding

around the depressed head, which like the wake and the cavity draws the prey-laden water

in; E) persistence of a low-pressure zone at the surface forming a head print, which is similar

to fluke prints; F) generation of an anterior bow wave by the terminal head slap (Figures 4.2

and 4.8). See Appendix B for further details.

The mathematical modelling predicts that water in a radius of 2/3-4/3 times the whale’s

head length is affected, which yields an increase in the volume of engulfed water ranging

238-504%. Again, taking the most conservative result, we obtain a potential increase in

prey density of 240% (and a maximum range corresponding to our other calculations of a

500% increase).

4.4 Discussion

Few animals living in the pelagic environment are able to increase food intake through

physically manipulating their environment, the exceptions are typically small invertebrates

(Strickler 1982; Gonçalves and Kiørboe 2015). Using observational data and physical mod-

els, we reveal a unique behavioural adaptation whereby one of the largest mammals in the

world, Bryde’s whales, manipulates its 3-D seascape to increase the density of available

prey by several orders of magnitude, and ultimately increase their caloric intake.

Water is more viscous than air, and thus more difficult to move through (Suzuki and

Ui 1982). Some smaller cetaceans partially use air to travel at high speed (i.e. porpoising)
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Figure 4.8 Screenshots from the underwater video of lab experiments showing A) formation
of the bowl-like cavity, B) collapse of the cavity, followed by C) generation of flow in
spiralling vortices shed above and below the model head.
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(Williams et al. 1992). Head slapping involves the whale lifting its entire head out of

the water and it is an energetically demanding phenomenon as more than two-thirds of the

whale’s body is moving under the water surface to enable the head to be lifted. Also, head

slaps are part of lunge feeding which involves highly energetic sets of movements (Werth

2000; Croll et al. 2018). Despite these energetic costs, head slapping is an efficient way

to accumulate the tiniest of prey items by creating water movement in the form of currents

and vortices to increase the accumulation of prey in a smaller volume of water, which the

animal can then engulf.

Describing the complexity of all components in a head slap event was challenging due to

the sequential physical phenomena, but all methods we used independently led to the same

conclusion: a probable 3-5 orders of magnitude increase in zooplankton prey density. For

example, if the initial prey density is 100 g/m3, head slapping potentially leads to greatly

increased prey densities of 300-500 g/m3. Even if the effects of head slapping (or the initial

prey densities) are far more modest, such as a two-fold increase, resulting in a doubling

of prey density to ∼ 200 g/m3, there is still no doubt that this simple yet hydrodynami-

cally complex behaviour enables Bryde’s whales to increase the concentration of their prey.

Thereby, ensuring that their foraging strategy has an energetic payoff.

Using head slaps to aggregate plankton is a novel technique among large marine preda-

tors. A similar behaviour is observed among common minke whales in the St Lawrence

Estuary, Canada (Kuker et al. 2005) but closer examination of the component actions for

this behaviour reveals considerable differences. Whilst Bryde’s whales use multiple head

slaps forming plunge-like depressions on the water, followed rapidly by prey engulfment of

near-surface plankton, minke whales use rapid, single head slaps to stimulate aggregation

responses in fish, probably by frightening them, then engulf the prey 20 to 30 s after the

head slap (Werth et al. 2017). In our study, Bryde’s whales never used head slaps when

feeding on fish and it has not been described elsewhere.

Lobtailing, a similar behaviour of tail slapping on or in the water, is performed by other

cetaceans (Würsig and Würsig 1980; Weinrich et al. 1992; Domenici et al. 2000) and sharks

(Oliver et al. 2013) resulting in either a prey aggregation response by fish or dispersing the
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school allowing individual prey to be more easily captured. Atlantic sailfish (Istiophorus

albicans) use their bills in a similar manner to isolate and capture individual sardines from

the schools (Domenici et al. 2014). However, Bryde’s whale slapping behaviour is not per-

cussive nor has behavioural effects on the prey. Based on our observations, the zooplankton

species consumed by Bryde’s whales, i.e. copepods, salps, mysid shrimps (Carrol et al. in

press), do not exhibit escape responses, or their response is entirely negligible relative to the

extent of currents created by the whales, and the scale of whale lunge feeding.

The head prints created by foraging Bryde’s whales are a by-product of the head slaps

which creates a bowl-like cavity that collapses and creates vortices that concentrate the prey.

Head prints created by head slaps largely resemble fluke prints. Fluke prints are commonly

observed where a whale dives, leaving behind patches of calm water that last for minutes.

These are generated by vortices in the shape of spinning, radially symmetric rings created

by the diving whale’s oscillating flukes (Churnside et al. 2009; Levy et al. 2011; Rousseaux

et al. 2013). Similarly, head prints are formed due to low-pressure zones below the water

surface, which are created by formation of vortex rings. Observations show they are not as

stable, lasting only for seconds. The lower stability of head prints can be due to the head’s

shallower movements, and typical ongoing motion of the whale’s head at the same spot

which disrupts the spinning ring at the surface. Also, vortices created by head movements

are initially less stable because of the lesser degree of head motion, so the related head prints

remain visible for little more than a few seconds. Nevertheless, our modelling reveals that

these vortices are sufficiently effective to significantly enhance prey capture.

Cultural transmission of foraging is increasingly reported for delphinids (Rendell and

Whitehead 2001), such as tool use in the bottlenose dolphins (Tursiops sp.) of Shark Bay,

Australia (Krützen et al. 2005; Krützen et al. 2014), or teaching foraging behaviour to

offspring in Atlantic spotted dolphins (Stenella frontalis) (Bender et al. 2009). However, it

is rarely observed in baleen whales with only reports of lobtail feeding among humpback

whales (Rendell and Whitehead 2001; Allen et al. 2013), and a recent suggestion with tread

water feeding in Bryde’s whales (Iwata et al. 2017). For several years, Bryde’s whales have

been observed performing head slaps in the Hauraki Gulf, and there might be an element of
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learning in how head slapping behaviour is passed through the generations. We observed

mother and calf pairs feeding on plankton; the mothers performed the head slaps and the

calves lunge fed through the aggregated prey. The calf might not be able to create pow-

erful enough currents or have the physical strength to perform head slaps, so the mother’s

presence would be necessary. With this close engagement by a mother and her calf during

head slap foraging, the calves are almost certainly learning the behaviour by observing their

mother rather than from other whales, as the whales do not feed cooperatively and are rarely

in close proximity to other whales.

Bryde’s whales in the Hauraki Gulf are the only population of this species that performs

head slaps. They are possibly the rorqual with one of the most diverse array of foraging

behaviours, performing a variety of foraging tactics in different geographical regions. For

example, they lunge feed in groups for fish in the Gulf of California (Tershy 1993), forage

in multispecies aggregations in South Africa (Penry et al. 2011), and use a sit and wait

technique while treading water to feed on surface fish in the Gulf of Thailand (Iwata et al.

2017), similar to that observed with a single humpback whale (Hays et al. 1985). The evo-

lutionary driving force behind these behaviours may be related to their year-round feeding

behaviours (i.e. they do not migrate for seasonal foraging), and the topographical features

of their habitat as well as the behaviour and seasonal concentration of their prey. With the

shallow depth (∼50 m) of the Hauraki Gulf limiting plankton stratification, Bryde’s whale

surface feeding through the use of an external force which modifies the water thereby al-

lowing prey aggregation, is a remarkably successful and unique strategy performed by this

large pelagic predator.





Chapter 5

General discussion, conclusions and

future research

5.1 General discussion and conclusion

This thesis used a combination of different methods to study two critical behavioural states

of Bryde’s whales, rest and foraging, in the Hauraki Gulf, New Zealand. These are enig-

matic and cryptic animals and a variety of techniques was used to collect the data, such as vi-

sual observations from boats and phantom drones, high-tech bio-logging devices (DTAGs),

physical experiments and mathematical models. This study revealed that the Bryde’s whales

are busy during the day, spending most of their time lunge feeding, while at night they rest.

Also, these whales are capable of concentrating their prey. When it is fish on the menu, they

use the schools which are already densely aggregated by other predators. In contrast, they

uniquely aggregate the planktonic prey by generating water currents using their big heads.

It is surprising how much information was extracted from relatively few tag deploy-

ments. While chapter 2 is an example of using bio-logging tools to answer questions that

could not be addressed with visual observations (i.e. resting), chapter 3 combines the be-

havioural visual observations with data obtained from the same tags to study another aspect

of Bryde’s whales behaviour (i.e. foraging). Finally, Chapter 4 uses a multidisciplinary ap-

proach to explain a behaviour that could not be described by tag data. In this chapter, data
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collected from the classic visual observations were used to design and were complemented

by physical experiments, which were both validated by mathematical models.

The findings of this thesis confirmed that Bryde’s whales use flexible foraging strategies

and are highly adaptable towards the environment that they are living in. In the Hauraki

Gulf, these whales are very well-adjusted to the diel changes of their environment and rest

at night, a similar behaviour to Bryde’s whales in the Gulf of Mexico (Soldevilla et al.

2017). Also, this species chooses variable prey items and uses different foraging techniques

in different parts of the world (e.g. Murase et al. 2007; Penry et al. 2011; de Mello Neto

et al. 2017; Iwata et al. 2017). Even in the Hauraki Gulf, they have changed their primary

diet preference from fish (Wiseman 2008) to zooplankton in about one decade (Carroll et

al. in press). The reason for this diet shift remains unknown, but changes in the availabil-

ity or lower density of prey species may be due to a variety of reasons, such as epizootic

events, fisheries, and climate-induced ecosystem changes. It could also be due to changes

in zooplankton aggregations, which have made them more accessible to Bryde’s whales.

What led to this diet change in Bryde’s whales is an important question to answer because

whatever the reason is, it may have effects on other predators, and the ecosystem function

of the Hauraki Gulf.

Group feeding is a common method used to increase feeding efficiency among ma-

rine predators (e.g. sea birds) (Götmark et al. 1986) as well as the terrestrial species (e.g.

African wild dogs, Lycaon pictus) (Carbone et al. 2005). Many cetaceans feed with their

conspecifics which helps concentrate and/or herd the prey and increases their foraging ef-

ficiency; e.g. delphinid species such as dusky dolphins (Vaughn et al. 2008) and killer

whales (Similä and Ugarte 1993), or rorquals such as blue whales (Schoenherr, 1988) and

humpback whales (Watkins and Schevill 1979; Heithaus et al. 2018). Bryde’s whales show

a variable behaviour towards feeding with conspecifics. Reports from the Gulf of Thailand

(Iwata et al. 2017) and South Africa (Penry et al. 2011) indicates that Bryde’s whales are

solitary feeders. In some other areas such as off coasts of Brazil and the Gulf of California

they aggregate with conspecifics to forage (Tershy 1993; Gonçalves et al. 2015). However,

they still seem to act independently within these aggregations rather than coordinated or
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cooperative feeding (Tershy 1993). Bryde’s whales of the Hauraki Gulf always forage alone

with the exception of mother and calf pairs, where two individuals fed together with the

mother assisting her calf (see chapter 4 for more details). There were occasions of multiple

individuals feeding independently in the same area, a few hundred meters apart from each

other, but there have been no observations of adult whales cooperatively foraging. The flex-

ible social behaviour of the Bryde’s whales is another indicator of their ability to adapt to

the local environmental features and make the most out of available prey.

Marine ecosystems are changing globally due to human activities; these changes affect

all species to different extents. While some iconic species, such as polar bears (Ursus mar-

itimus) and blue whales, are predicted to be highly affected by changes in habitat or prey

distributions due to global climate change (Molnár et al. 2010; Hazen et al. 2013), the

ability to adapt may allow species like Bryde’s whales to be more resilient to long-term an-

thropogenic impacts. When facing environmental and habitat change, their plasticity may

enable them to shift between different prey types or change their feeding methods. Also,

Bryde’s whales are able to move to higher/lower latitudes, therefore if the food source moves

or water temperatures get too high they are able more mobile than other marine species.

Thus, preserving their habitat and food resources is necessary if we want to maintain their

wide distribution.

Although this study focused on one species of baleen whale in a relatively small body

of water, the results have wider applications in understanding the behavioural ecology and

evolution of baleen whales and other pelagic predators, as well as ecosystem health. While

baleen whales, and especially rorquals, have diverse foraging techniques and feed on dif-

ferent prey items, there are similarities among them, specifically in lunging kinematics, and

prey interactions and handling (Goldbogen et al. 2012; Goldbogen et al. 2017; Werth and

Ito 2017). So, the findings of this thesis can complement the existing knowledge about

rorqual lunging behaviour. In addition, how Bryde’s whales spend their days, and how they

interact with other predators can inform us about the health of the ecosystem, which affects

other predators as well. These predators all forage on similar resources, and if the resources

become limited due to the shifts in the environment or anthropologic impacts, behavioural
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changes from Bryde’s whales or/and other predators are expected. For example, in the

Hauraki Gulf, we have recently observed movements of whales out of their core habitat in

response to prey shifts as a result of warmer El Niño and La Niña events in 2015-16 and

2017-18. These were accompanied by high seabird mortalities and observations of atypical

species such as whale sharks (Rhincodon typus) and manta rays (Manta spp.) (R. Constan-

tine personal communication). It should be noted that because many predators might not be

as adaptable as Bryde’s whales, their population can be adversely affected by these changes

and may never recover.

5.2 Recommendations for future studies

This thesis was able to reveal some crucial and interesting aspects of Bryde’s whales’ lives

in the Hauraki Gulf, and provided useful background pieces of information for future stud-

ies. According to the gaps in knowledge recognised in this study, the following are recom-

mended:

5.2.1 Conduct spatially resolved studies of large-scale movements and

habitat use

The DTAGs used in this thesis (DTAG2) enabled us to answer more than one question about

the life history behaviour of the Bryde’s whales beneath the water surface. Yet, they had very

limited deployment duration and were not able to record the position of the animals. So,

our understanding of these whales’ position in the water column lack a dimension; we can

tell how deep they dive, but not how far they travel. Data on the whales’ location could be

useful in understanding movement patterns, habitat use and prey search behaviour of this

species. We used dead-reckoned tracks in chapter 3 to describe the movements of Bryde’s

whales while feeding and not feeding. Having GPS position would be good complementary

data, not only confirming the results here, but also providing information on habitat use in

the Hauraki Gulf. Therefore, further tag deployments with GPS-equipped tags are highly

recommended. The new generation of DTAGs (DTAG4) are equipped with GPS trackers,
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which can record the position whenever the animal is at the surface. They are also smaller

and have a three-day battery life, which enables them to record high-resolution data for over

multiple days. This makes them a good non-invasive choice for looking at the movement

pattern and habitat use of whales in geneneral. An alternative to DTAGs are satellite tags,

which can stay on the animals for longer; however, this might mean compromising on the

high-frequency orientation and sound data.

5.2.2 Conduct targeted experiments to understand the sensory ecology

of feeding

One unanswered question about the Bryde’s whales is how they find their prey. It is likely

that Bryde’s whales in the Hauraki Gulf use a variety of senses to detect their prey, which is

why they have successfully inhabited these nearshore waters for many years.

In chapter 2, it was mentioned that there is a possibility that they use the sound created

by feeding activities of different species in multi-species aggregations as an indication of

the presence of schooling fish. One way to test this hypothesis would be to use playback of

work-up noise to the whales, and assess their reaction. The best results can be obtained if

the experiment is performed in conjunction with tagged whales; a DTAG4, for example, can

record both sound and GPS data. Correlation between the whales’ distance and its reaction

to different playbacks, such as the full repertoire of noise associated with a multi-species

feeding aggregation, different components of the associated (such as low, middle and high

frequency components) and white (control) noise can be used to answer the basic questions

about the role of hearing in the foraging activity of Bryde’s whales. Very little is known

about the sound that zooplankton might produce, and if such sound is audible to baleen

whales. However, the sound recordings of dense zooplankton patches can be made and

described.

Chemical cues are another sensory channel that Bryde’s whales might use to locate their

prey. For example, when zooplankton are grazing on phytoplankton, dimethyl sulphide

(DMS) is released (Dacey and Wakeham 1986). It is possible that baleen whales can smell
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DMS or other chemicals that are produced by zooplankton themselves (Kishida and Thewis-

sen 2012). Genetic studies on the sensitivity of odorant receptors in whales can be designed

to determine the response of these genes to various chemical compounds. These lab-based

findings can then be tested in the field through analysis of tagged whale movements in rela-

tion to in-field measurements of DMS concentrations.

5.3 Conclusions

This thesis was the first comprehensive study on the behavioural ecology of Bryde’s whales

revealing details of two of their critical behavioural states. However, what we know of

Bryde’s whales (and in general about baleen whales) is still very limited and there are many

aspects of their biology and ecology which are unknown. The cryptic nature of Bryde’s

whales makes data collection very difficult, so taking advantage of advanced technologies

(such as new generations of tags or drones) for data collection can help to obtain high-

quality, high-resolution data. Both tags and drones used in this study were relatively new

technologies at the time they were used, and they clearly improved our data collection qual-

ity. Although there are many unanswered questions about the Bryde’s whales, the areas

mentioned above are the most important gaps in knowledge about the behavioural ecology

of these giant marine predators and their role in temperate marine ecosystems.



Appendix A

Morphometric measurements from

stranded Bryde’s whales in the Hauraki

Gulf (1996-2013)
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Appendix B

Mathematical models for the physical

phenomena included in a head slap

Based on equations presented by Truscott et al. (2014), key parameters of impact of the

whale’s head on the water surface include the shape and size of the head, its speed (U0), the

impact angle (α0), and the mass and density of the head. The mean impact angle (α0) of the

head slaps was ∼ 45◦, with a mean slap time, ts (from when the whale starts to bring its head

down to the time that the head touches the water) = 0.6 s, and mean slap duration, Ts (from

initiation to end of a single slap) = 1.71 s. Also, key parameters of the seawater include

the density (ρ = 1025 kgm−3), dynamic viscosity (µ = 1.08 × 10−3 Pa s), and kinematic

viscosity (ν = 1.83×10−6 ms−2). Water is an incompressible fluid, and on the scale of this

study its viscosity was considered essentially negligible.

Based on our laboratory experiment results, six discrete physical phenomena could be

observed during the head slapping sequence. The mathematical models of these occurrences

and the underlying physical components of each stage are described below:

B.1 Wake formation

Wake is the disturbed flow that is formed downstream of an object. Once the whale’s head

starts touching the water, the water disturbance is visible. The phase speed, C, of a wave
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generated by this disturbance was calculated as follows:

C =
√

(g/2π)L (B.1)

where, C = phase speed (celerity, ms−1), g = gravitational acceleration ms−2, and L = the

length of the wave-generating object (whale’s head, m). This phase speed can be calculated

as ranging from 1.4-2.2 ms−1 for the head slaps.

At a certain depth, pressure P can be determined by

P = h ρ g (B.2)

where, h is the depth in a fluid (m), ρ is the density (kgm−3), and g = gravitational acceler-

ation (ms−2). This yields a P of 5-15 kPa depending on depth range of 0.5-1.5 m.

The Reynolds number (a dimensionless number, which is the ratio of inertial to viscous

forces) for the flow regimes of this study (i.e. living whales, physical testing of experimental

head models, and mathematical calculations) was

Re = (m a)/
[µ (U/d) A] (B.3)

where, m = mass (kg), a = acceleration (ms−2), µ = dynamic viscosity (Pa s), U = speed

(ms−1), d = distance (m) , and A = area (m2). This yields a result of 7.6×107, which is in line

with typical estimates of very high Re for whale locomotion or related activities (∼ 1×106

to 1×108) (Kermack 1948; Gazzola et al. 2014), and indicates inertial, inviscid flow.

The dimensionless Froude number describes the influence of gravity on fluid. This

number is the ratio of inertial and gravitational forces:

Fr = ν
/
√

g D (B.4)

where, v = celerity of a small surface (or gravity) wave (ms−1), g = gravitational acceleration

(ms−3), and D = depth of flow (m). In this case, Fr ∼ 0.1. For Fr < 1, flow is dominated by

gravitational forces and has low velocity.
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A third dimensionless number, the Weber number, describes a fluid’s inertia relative to

its surface tension:

We = ρ U2L
/

δ (B.5)

where, ρ = density (kg/m3), U= velocity (ms−1), L = the length (diameter) of droplets (m),

and δ = surface tension (Nm−1). This yields a We = 0.04, which confirms inertial rather

than viscosity-based conditions.

Adult Bryde’s whales in the Hauraki Gulf have body length of 10-14 m and estimated

total body mass of 20,000-25,000 kg. Based on dimensions of the heads of stranded Bryde’s

whales (Appendix A), we conservatively estimated a mass of the whale head at m = 7,500

kg, with a ventral surface area of 2.25 m2. This yielded a downward pressure for a typical

head slap of 3.3-5 kPa within 0.48-0.85 s. Based on our morphometric data, head volume is

7-12 m3 for differently-sized whales, with a mean of roughly 9.5 m3.

Water shows resistance to propulsive movements which depends on the mass and speed

of the moving object. Wave-making resistance also depends on the speed-length ratio,

Speed − length ratio =U
/√

LWL (B.6)

where, LWL = length of the waterline (where the moving object touches the water) (m). In

this case, the size of the whale’s head entering the water is important because it determines

the size of LWL. The total area of the head entering the water is also crucial and it varies,

because it is dependent on the angle the head is held. The higher the impact angle α (the

higher the head is raised vertically), the less of the head’s underside strikes the water’s

surface. If the head’s underside A = 2.25 m2 when completely horizontal (0◦), it decreases

to 1.5 m2 at 30◦ and 0.75 m2 at 60◦.

The terminal velocity, i.e. the highest velocity that the head can have as it falls through

the water (without considering buoyancy) is described by

Vt =
√

2 m g/
ρ A CD

(B.7)
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where, CD is the drag the drag coefficient; yielding a terminal velocity for the falling head

∼ 24.5 ms−1, with a drag force FD given by

FD = 3 π µ U d (B.8)

for an object shaped like the whale head, such that FD indicates a drag coefficient CD ∼ 1.

B.2 Cavity formation

Rapid descent of the whale’s head creates an indentation in the water’s surface which ap-

pears as a bowl-like depression. The cavity’s depth depends more on the angle and speed

of the motion than the size of the whale’s head. In all recorded experiments the hollow

centre of the cavity is shallow, ranging from 0.5-1 m in depth. The physical mechanism

responsible for creation of this cavity is not cavitation which is caused by rapid changes of

pressure (Truscott et al., 2014), but rather the simple downward motion through the water

surface. Also, causing potential air entrainment (from ventilation toward the surface), and

the wake formation described in the preceding section. Depending on the roughness of the

sea surface, or the speed and shallowness of a head slap, a cavity may not form or may not

be visible. We estimate, very conservatively, that a prominent, distinctly discernible cavity

forms with ⩽ 25% of head slaps.

The volume of the bowl-like surface depression can be calculated by:

1
3

π h2 (3r2 −h
)

(B.9)

where, r = the diameter of the bowl and h = the height or depth. Analysis of field and lab

video sequences indicate that maximum depression approximately equals to or is slightly

larger than the maximum dimension of the head impacting the water surface, with a depth of

about 1/3 this radius. This means a radius of ∼1.5-3 m (depending on impact angle α) and

a depth of 0.5-1 m. For the shallower depth (h = 0.5 m), the total volume of the depression

is 1.83-7.13 m3; for the deeper alternative, the volume is 4.06-14.66 m3. A conservative
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estimate yields a cavity volume of <5 m3.

The momentum of a slap can be calculated by:

p = mv (B.10)

where, m = mass of the whale head (7000-7,500 kg), and v = velocity (0.6-0.75/slap). For

a whale head of volume ∼ 9 m3 this will lead to a downward force of > 50 kN. Given

seawater’s density (1 kgl−1), this small depression would push outward (into the adjacent

seawater) with a pressure of 1.6 kPa, and collapse with a pressure of 62.5 kPa, in approxi-

mately 0.1 s.

B.3 Cavity collapse and vertical jet of water

The cavity is rapidly filled with water moving above the surface by the head slap, and by

water surrounding the low pressure zone in the hemisphere centred around the depressed

head. The speed of cavity filling can be calculated by:

U =
√

2 g h (B.11)

For the cavity depth (h) of 0.5-1 m, the speed of filling = 3.3 ms−1. Note that this does

not take into account the flow of adjacent surface water surrounding the subsurface low-

pressure zone; it solely relates to immediate collapse of the bowl-shaped cavity. This filling

speed is validated by particle flow from physical experiments using scaled model heads.

The presence of a vertical jet of water shooting above the surface clearly reveals the rapid

collapse of this entrained air space.

The vertical jet from cavity collapse typically occurs at ∼ 20− 30 times of the impact

(slap) speed immediately (⩽100 ms) after the impact. This near-instantaneous hydrody-

namic force can be described by:

m dU/
dt = m g−F (t) (B.12)
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For a 7,500 kg head moving at 5 ms−1, the force F = 36 kN. Another way of calculating

this based on the drag coefficient (CD) is:

F (t) = 1/2 ρ[U (t)]2CD
(
π D2/4

)
(B.13)

Water flowing force into the depression (caused by a head slap of 5 kPa) depends on the

volume, density, and gravitational acceleration of the entering seawater:

F = V ρg (B.14)

For the most conservative calculation of a cavity volume of 1.83 m3 (with ρ = 1 kgl−1

and g = 9.8 ms−2), the result is a water filling force of 17.934 kN with a pressure (over 7.85

m2) of 2.285 kPa. In summary, the cavity collapses extremely rapidly and forcefully, which

explains the creation of a vertical jet of water shooting above the surface.

B.4 Vortex formation

A vortex is a region where flow spins about an axis of lower pressure area. Like eddies,

vortices backflow causing fluid to rotate. The dimensionless Strouhal number (St) describes

oscillating flow mechanisms that lead to vortex shedding, in this case the sequential depres-

sion and elevation of the head:

St = ( f D)/
U (B.15)

where f = frequency of vortex shedding (Hz), D = characteristic length (length of the

whale’s head, m), and U = velocity (ms−1). For Bryde’s whale head slapping, this works

out to St = 0.2-0.3.

Strouhal number typically relates to the drag area of the oscillating object within the

water (e.g. a propeller or whale fluke, or in this case the whale head). The hull drag (DH)
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can be calculated by:

DH = 1/2 ρ U2AH (B.16)

where AH is the drag area (m2). This works out to ∼75 kN. Based on this drag and the

Strouhal number, the rate of vortex shedding is approximately 0.5/s.

When the head is plunged into and below the water’s surface during a head slap, a single

U-shaped toroidal vortex forms under the head, with a pair of vertical, spinning tubes, both

of which rotate on the surface as a pair of whirlpools. Like other low-pressure zones (such

as the wake and the cavity), the vortices draw the prey-laden water in. Once shed by the

head, vortices will slowly drift forward, concentrating plankton in front of the whale’s head.

This was confirmed in numerous underwater video sequences of the physical experiments,

where the pair of connected vortices and the surface whirlpools were readily visible.

Analysis of video-recorded sequences from the field and of simulated head slaps also

indicates that vortices shed by the head did not last long; they persist for only about 3 s in

the absence of a further slap. Nonetheless, experiments show that they churn and draw in

(toward the head, then anterior to it) particles, represented by neutrally buoyant plankton,

which move with the vortices with a forward flow velocity of approximately 1/3 the head’s

radius/s.

B.5 Head print

Prints formed by head slapping are similar to fluke prints. Head prints typically remain for

3-6 s after a head slap, while fluke prints last for minutes. Like fluke prints, head prints

indicate a low-pressure zone beneath the water surface, which caused vortex rings.

Fluke print studies have focused solely on their creation as a wave-current interaction,

with rotating currents of the vortices interfering with propagation of waves across the surface

print. Taylor (1995), and Levy et al. (2011) suggested that a surface wave of frequency

δ/2π has wavelength λ = 2 π g/δ 2, and determined the velocity (U) of a current of depth
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(h) that can impede the dispersal of surface waves with the formula:

λ =

[
2 π (U α)2

]/
g (B.17)

where α = g/Uδ .

Levy et al. (2011) calculated a ratio of U/fluke length of 0.137 (unit: s−1) over the range

of Reynolds numbers studied (Re = 2−5×106 for a whale, and 2×103 for a physical model

of flukes used in particle flow experiments). In our study, this coefficient yields a vertical

vortex velocity of 0.4 ms−1, with waves of wavelength < 6 m unable to propagate against

the spinning surface current. However, head slaps are shallower and have shorter excursion

compared to fluke strokes in a dive. Thus, we considered a far more conservative estimate

of 0.1-0.3 ms−1 for the vortex current velocity. Based on this rough estimate, the modest

volumes of subsurface water calculated to be drawn in by the wake, cavity, and vortices

(approximately 18-24 m3, all in a very brief moment of ∼ 2− 3 s) are consistent with the

computed vortex flow velocity.

B.6 Bow wave

Video analysis (from lab experiments and field behaviour) indicates that the final effect of

head slapping is a mechanically induced surface wave. In deep water wave flow, where

depth is more than double the wavelength λ (and λ = speed U / frequency f ), the phase

speed in ms−1 is

Cdeep =
√

[(g λ )/(2 π)] (B.18)

or roughly 1.25
√

λ . Thus, here for speed (U) ∼ 4 ms−1 and f = 0.5/s, λ yields Cdeep =

3.54 ms−1. For U = 3 ms−1, Cdeep = 3.06 ms−1. Thus, the final anteriorly-directed bow

wave travels at 3-3.5 ms−1.
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Širović A, Bassett HR, Johnson SC, Wiggins SM, Hildebrand JA (2014) Bryde’s whale calls

recorded in the Gulf of Mexico. Mar Mamm Sci 30:399–409



106 References

Slater GJ, Goldbogen JA, Pyenson ND (2017) Independent evolution of baleen whale gigan-

tism linked to Plio-Pleistocene ocean dynamics. Proc R Soc B Biol Sci 284:20170546

Smith JNM (1974) The food searching behaviour of two European thrushes. II: the adap-

tiveness of the search patterns. Behaviour 49:1-60

Soldevilla M, Hildebrand JA, Frasier K, Aichinger Dias L, Martinez A, Mullin KD, Rosel

PE, Garrison LP (2017) Spatial distribution and dive behavior of Gulf of Mexico

Bryde’s whales: potential risk of vessel strikes and fisheries interactions. Endang

Species Res 32:533–550

Spitz J, Trites AW, Becquet V, Brind’Amour A, Cherel Y, Gaois R, Ridoux V (2012) Cost

of living dictates what whales, dolphins and porpoises eat: The importance of prey

quality on predator foraging strategies. PLoS One 7, e50096

Stern SJ, Friedlaender AS (2018) Migration and movement. In: Würsig B, Thewissen JGM,

Kovacs KM (Eds.). Encyclopedia of Marine Mammals (Third Edition). Elsevier. Pp

602–606

Stimpert AK, Wiley DN, Au WWL, Johnson MP, Arsenault R (2007) “Megapclicks”: acous-

tic click trains and buzzes produced during night-time foraging of humpback whales

(Megaptera novaeangliae). Biol Lett 3: 467–470

Strickler JR (1982) Calanoid copepods, feeding currents, and the role of gravity. Science,

218:158–60

Suzuki K, Ui T (1982) Grain orientation and depositional ramps as flow direction indicators

of a large-scale pyroclastic flow deposit in Japan. Geology 10:429–32

Swartz SL. 2018 Gray whale Eschrichtius robustus. In: In Würsig B, Thewissen JGM,

Kovacs KM (Eds.), Encyclopedia of Marine Mammals (Third Edition). Elsevier. Pp.

422-428

Szczucka J (2009) Acoustic studies of diving birds in the Arctic. In: 3rd International Con-

ference on Underwater Acoustic Measurements: Technologies and Results, Nafplion,

Greece, pp 1181–1188

Tang AC, Verstynen T (2002) Early life environment modulates “handedness” in rats. Behav

Brain Res 131:1–7



107

Taylor GI (1995) The action of a surface current used as a breakwater. Proc R.Soc London

A231, 1187: 466-478.

Taylor MD, Ko A (2011) Monitoring acoustically tagged king prawns Penaeus (Melicertus)

plebejus in an estuarine lagoon. Mar Biol 158: 835–844

Tershy BR (1992) Body size, diet, habitat use, and social behavior of Balaenoptera whales

in the Gulf of California. J Mammal 73:477–486

Tershy BR, Acevedo-G A, Breese D, Strong CT (1993) Diet and feeding behaviour of fin

and Bryde’s whales in the Central Gulf of California, Mexico. Re Inv Cient SOM-

MEMA 1:31-38

Tezanos-Pinto G, Hupman K, Wiseman N, Dwyer SL, Baker CS, Brooks L, Outhwaite B,

Lea C, Stockin KA (2017) Local abundance, apparent survival and site fidelity of

Bryde’s whales in the Hauraki Gulf (New Zealand) inferred from long-term photo-

identification. Endang Species Res 34:61–73

Thomas PO, Reeves RR, Brownell Jr RL (2015) Status of the world’s baleen whales. Mar

Mamm Sci 32: 682-734

Truscott TT, Epps BP, Belden J (2014) Water entry of projectiles. Ann Rev Fluid Mech

46:355-378

Tyack PL, Johnson M, Aguilar Soto N, Sturlese A, Madsen PT (2006) Extreme diving of

beaked whales. J Exp Biol 209: 4238–4253

Tyack PL (2018) Behavior, Overview. In Würsig B, Thewissen JGM, Kovacs KM (Eds.),

Encyclopedia of marine mammals (Third Edition). Elsevier. Pp. 86-92

Tyson RB, Friedlaender AS, Ware C, Stimpert AK, Nowacek DP (2012) Synchronous

mother and calf foraging behaviour in humpback whales Megaptera novaeangliae:

insights from multi–sensor suction cup tags. Mar Ecol Prog Ser 457:209–220

Vaughn RL, Würsig B, Shelton DS, Timm LL, Watson LA (2008) Dusky dolphins in-

fluence prey accessibility for seabirds in Admiralty Bay, New Zealand. J Mammal

89:1051–1058

Wall J, Wittemyer G, Klinkenberg B, Douglas-Hamilton I (2014) Novel opportunities for

wildlife conservation and research with real-time monitoring. Ecol Appl 24: 593–601



108 References

Watkins WA, Schevill WE (1979) Aerial observation of feeding behavior in four baleen

whales: Eubalaena glacialis, Balaenoptera borealis, Megaptera novaeangliae, and

Balaenoptera physalus. J Mammal 60:155–163

Watkins WA (1981) Reaction of three species of whales Balaenoptera physalus, Megaptera

novaeangliae, and Balaenoptera edeni to implanted radio tags. Deep Sea Res A 28:

589–599

Watkins WA, Daher MA, DiMarzio NA (1999) Sperm whale surface activity from tracking

by radio and satellite tags. Mar Mamm Sci 15:1158–1180

Watwood SL, Miller PJO, Johnson M, Madsen PT, Tyack PL (2006) Deep-diving foraging

behaviour of sperm whales (Physeter macrocephalus). J Anim Ecol 75:814–825

Weinrich MT, Schilling MR, Belt CR (1992) Evidence for acquisition of a novel feeding

behaviour: lobtail feeding in humpback whales, Megaptera novaeangliae. Animal

Behav 44:1059–1072

Werth A (2000) Feeding in marine mammals. In Schwenk K. (Ed.) Feeding: Form, func-

tion, and evolution in tetrapod vertebrates. San Diego: Academic Press. Pp. 487–526

Werth AJ, Ito H (2017) Sling, scoop, squirter: Anatomical features facilitating prey trans-

port, processing, and swallowing in rorqual whales (mammalia: balaenopteridae).

Anat Rec 300: 2070-2086

Werth A, Tscherter U, Izadi S, Constantine R (2017) Hydrodynamic vs. acoustic concen-

tration of prey via chin slapping in minke and Bryde’s whales. Poster presented at

Society of Marine Mammalogy 22nd Biennial Conference on the Biology of Marine

Mammals, Halifax, Nova Scotia, Canada

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 TM, Friedl WA, Fong ML, Yamada RM, Sedivy P, Haun JE (1992) Travel at low

energetic cost by swimming and wave-riding bottlenose dolphins. Nature 355:821–823

Wilson JW, Mills MG, Wilson RP, Peters G, Mills ME, Speakman JR, Durant SM, Ben-

nett NC, Marks NJ, Scantlebury M (2013) Cheetahs, Acinonyx jubatus, balance turn



109

capacity with pace when chasing prey. Biol Lett 9: 20130620

Wiseman N (2008) Genetic identity and ecology of Bryde’s whales in the Hauraki Gulf,

New Zealand. PhD thesis. The University of Auckland, New Zealand

Wiseman N, Parsons S, Stockin KA, Baker CS (2011) Seasonal occurrence and distribution

of Bryde’s whales in the Hauraki Gulf, New Zealand. Mar Mamm Sci 27:253–267

Wisniewska DMM, Johnson M, Teilmann J, Rojano-Doñate L, Shearer J, Sveegaard S,

Miller LA, Siebert U, Madsen PT (2016) Ultra-high foraging rates of harbor porpoises

make them vulnerable to anthropogenic disturbance. Curr Biol 26:1441–1446

Wright AJ, Akamatsu T, Mouritsen KN, Sveegaard S, Dietz R, Teilmann J (2017) Silent

porpoise: potential sleeping behaviour identified in wild harbour porpoises. Anim

Behav 133:211–222

Würsig B, Würsig M (1980) Behavior and ecology of the dusky dolphin, Lagenorhynchus

obscurus, in the south Atlantic. Fish Bull 77:871–890

Ydesen KS, Wisniewska DM, Hansen JD, Beedholm K, Johnson M, Madsen PT (2014)

What a jerk: prey engulfment revealed by high-rate, super-cranial accelerometry on a

harbour seal (Phoca vitulina). J Exp Biol 217: 2239–22

Zerbini AN, Secchi ER, Siciliano S, Simoes-Lopes PC (1997) A review of the occurrence

and distribution of whales of the genus Balaenoptera along the Brazilian Coast. Re-

port to the Scientific Committee of the International Whaling Commission SC/48/SH4:

407-417


	Contents
	List of Figures
	List of Tables
	1 General introduction
	1.1 Baleen whales
	1.1.1 Feeding specialisations in baleen whales

	1.2 Behavioural studies
	1.2.1 Bio-logging tools in behavioural studies
	1.2.2 DTAGs

	1.3 Bryde’s whales
	1.4 Thesis chapters

	2 Night-life of Bryde's whales: ecological implications of resting in a baleen whale
	2.1 Introduction
	2.2 Methods
	2.2.1 Data preparation
	2.2.2 Activity levels

	2.3 Results
	2.4 Discussion

	3 Foraging behaviour of Bryde’s whales
	3.1 Introduction
	3.2 Methods
	3.2.1 Visual observation data collection and analysis
	3.2.2 DTAG data collection and analysis

	3.3 Results
	3.3.1 Quantifying lunge feeding behaviour
	3.3.2 Kinematics of lunge feeding behaviour

	3.4 Discussion

	4 How do Bryde’s whales make sure they eat enough: Biophysics of a novel technique used by a giant predator
	4.1 Introduction
	4.2 Methods
	4.2.1 Visual observation data collection and analysis
	4.2.2 Laboratory experiments

	4.3 Results
	4.3.1 Field observations
	4.3.2 Laboratory experiments

	4.4 Discussion

	5 General discussion, conclusions and future research
	5.1 General discussion and conclusion
	5.2 Recommendations for future studies
	5.2.1 Conduct spatially resolved studies of large-scale movements and habitat use
	5.2.2 Conduct targeted experiments to understand the sensory ecology of feeding

	5.3 Conclusions

	Appendix A Morphometric measurements from stranded Bryde's whales in the Hauraki Gulf (1996-2013)
	Appendix B Mathematical models for the physical phenomena included in a head slap
	B.1 Wake formation
	B.2 Cavity formation
	B.3 Cavity collapse and vertical jet of water
	B.4 Vortex formation
	B.5 Head print
	B.6 Bow wave

	6 References
	Blank Page
	Blank Page
	Blank Page
	Blank Page



