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acoustic tag at East Edwards Island, northeast of Stewart Island, New Zealand. Photo: Kina

Scollay.



Executive Summary

Our understanding of the fine-scale movements and behaviours of white sharks
(Carcharodon carcharias) at aggregation sites is limited, yet it is central to conservation
management and mitigating human-shark conflicts. This thesis examined traditionally
understudied behaviours, namely individual variation in movements and sociality, to better
understand the fine-scale habitat use of white sharks at Stewart Island, an aggregation site
in southern New Zealand. Bayesian statistical modelling and social network analysis were
used to analyse an acoustic telemetry dataset published by Francis et al. (2015), consisting
of detections of 22 tagged subadult and adult white sharks by 15 acoustic receivers deployed
northeast of Stewart Island during April-June 2011. The northern Titi Islands were a hotspot
for white shark activity, with the highest estimated probability of occurrence (0.60) and
accounting for 89.4% of co-occurrences. Chapter 2 revealed substantial individual variation
in movement patterns, with sharks exhibiting unique ‘preferences’ towards particular
receivers, possibly a result of size-related behaviours like variable feeding strategies and
competitive exclusion. Chapter 3 found no clear social structure and weak associations
among white sharks in this study, indicating that behaviour at aggregation sites is not socially
driven. That said, sharks with greater differences in body size tended to form stronger
associations. This is possibly a result of smaller sharks, being considered less adept to
hunting pinnipeds, associating with larger and more experienced conspecifics to exploit
successful kills or to benefit from social learning. Both chapters also identified the potential
influence of shark cage diving operations on the occurrences and co-occurrences of white
sharks at the northern Titi Islands, particularly East Edwards Island. This thesis highlights the
importance of considering white shark behaviour to obtain accurate predictions and
estimates of their distribution and abundance. Incorporating measures for individual
variation substantially improved model predictions of shark occurrence, and studying
sociality revealed aggregations of up to seven individuals at Edwards Island. As aggregations
increase the risks of fisheries-related mortality, Edwards Island should be considered for
conservation efforts, such as seasonal fishing restrictions. This thesis also recommends the
inclusion of individual variation in ecological modelling and further investigation of social

behaviour.
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Chapter 1:

General Introduction and Background

1.1 Introduction

The white shark (Carcharodon carcharias), also known as the great white shark and white
pointer shark, is an iconic, yet poorly understood, apex predator. Shark research has
historically been limited by several factors, including restrictions in the availability of
technology required to study large free-ranging marine predators. There is also a
misconception that sharks lack behavioural complexity due to their long evolutionary history
(Castro, 2016). However, recognition of the species’ vulnerability to overexploitation and
advancements in data collection and analysis methods have increased white shark research
over the past 10-15 years (Dewar et al., 2004; Huveneers et al., 2018), revealing complex
behaviours such as basin-scale migrations between ephemeral feeding locations (Domeier &
Nasby-Lucas, 2007; Duffy et al., 2012), ontogenetic shifts in habitat use and foraging
strategies (Aquino-Baleytd et al., 2021; Gennari et al., 2022; Goldman & Anderson, 1999),

and spatial segregation by size and sex (Domeier & Nasby-Lucas, 2007; Jewell et al., 2013).

This chapter reviews current literature on white shark ecology, particularly life history,
foraging strategies, and global and local distribution patterns, alongside outlining current
threats to white shark populations and discussing common data collection and analysis tools
that have facilitated progress in our understanding of these aspects of white shark ecology. It

concludes by outlining the aims and objectives of this thesis.

1.2  White Sharks

1.2.1 Threats and Conservation

Populations of white sharks have declined substantially worldwide, with an estimated 30-
49% global reduction over the past 159 years (Rigby et al., 2019). In Australia and New
Zealand, white shark populations declined throughout the 20" century (Commonwealth of
Australia, 2013), with estimated losses of up to 70-90% in some populations in Eastern
Australia (Roff et al., 2018). Like other chondrichthyans, white sharks are vulnerable to
overexploitation as a consequence of their limited ability to compensate for increased

mortality due to their low natural abundance and life history traits, such as slow growth



rates, late maturity, and low fecundity (MacArthur & Wilson, 1967; Stevens et al., 2000).
Currently, the greatest threats to white shark populations include incidental bycatch by
inshore fisheries, the shark finning industry, and beach-protection programmes in Australia
and South Africa (Roff et al., 2018). Other threats to white sharks include declines in habitat
loss, pollution, and declines in prey abundance due to changes in coastal productivity

(Huveneers et al., 2018).

Despite mixed public support, increased recognition for the species’ vulnerability to
overexploitation and its potential importance in marine ecosystem regulation have resulted
in the white shark being among the first shark species listed under several wildlife treaties,
including Appendix | and Il of the Convention on the Conservation of Migratory Species of
Wild Animals (CMS) (Rigby et al., 2019). The white shark is currently listed as ‘Vulnerable’
under the IUCN Red List (Rigby et al., 2019) and is protected across most of its range through
both international and regional legislation (Chapman et al., 2015; Jewell et al., 2013). In New
Zealand, white sharks have been listed as ‘Threatened — Nationally Endangered’ under the
New Zealand Threat Classification System since 2016 (Duffy et al., 2018) and have been
protected since 2007 under the Wildlife Act 1953, making it illegal to harm/kill white sharks

and trade their products.

Though there is a lack of data on population trends in New Zealand, the New Zealand-
Eastern Australian (hereafter ‘Eastern Australasian’) population has been estimated to
comprise 5,460 individuals (uncertainty range of 2,909 to 12,802 individuals) (Bruce et al.,
2018) with conflicting evidence for population recovery since the implementation of
protection measures. For example, a meshing programme in Eastern Australia from 2008 to
2018 saw fluctuating catches of white sharks, with an increase in later years (Reid et al.,
2011). Davenport et al. (2021) found evidence that the Eastern Australasian population had
not changed significantly between 2010 and 2013, while Bruce et al. (2018) found a slight
decline in the abundance of adult white sharks in this population. Although, these authors

noted that benefits of protection measures are unlikely to be apparent in the short term.

The lack of information regarding white shark population trends is primarily due to a lack of
historical baselines on their population sizes (Roff et al., 2018) and spatial ecology, and the
difficulties in studying wide-ranging marine predators (Afonso et al., 2022). Understanding

white shark population trends and dynamics, however, is a priority for both conservation



management and human safety (Davenport et al., 2021; Huveneers et al., 2018). While the
field of white shark research has grown considerably in recent years, further information
regarding white shark behaviour, movement, and population dynamics is required for the
development of strategies such as non-lethal beach protection measures, dynamic spatial
approaches for species conservation that account for the species’ high mobility (Mull et al.,
2022), and adequate population models for stock assessment and management advice

(Huveneers et al., 2021).
1.2.2 Life History and Feeding Ecology

The white shark is one of the largest extant marine predators in the world (Hussey et al.,
2012), reaching an estimated maximum size of 600-640cm total length (TL) (Compagno,
2001) and with females growing considerably larger than males (Francis, 1996; Pratt, 1996).
Subadult white sharks, defined as those between the size at which they begin to show
seasonal residency to specific foraging locations and the size of maturity, range from >3.0m
to 3.6m TL and >3.0m to 4.8m TL for males and females, respectively (Bruce & Bradford,
2012; Martin et al., 2005). Adult white sharks, defined as those that have reached sexual
maturity, exceed 3.6m TL and 4.5-5.0m TL for males and females, respectively (Francis, 1996;
Pratt, 1996), but immature females as large as 5.2m TL have been observed (Duffy et al.,

2012).

White sharks undergo an ontogenetic shift in diet and trophic level as they transition from
juveniles (<3m TL) to subadults and adults (Aquino-Baleyté et al., 2021; Kim et al., 2012).
Ontogenetic variation in diet is common across chondrichthyans and can have multiple
drivers, such as age-related changes in size, morphology, and energy requirements, foraging
experience, and expanding home ranges (Munroe et al., 2022). Juvenile white sharks are
primarily generalist piscivores but are also known to consume cephalopods and other
invertebrates (Hussey et al., 2012). As individuals grow into the larger subadult and adult life
stages, they develop stronger jaws and broader teeth as they begin to include marine
mammal prey in their diet (Ferrara et al., 2011). In particular, pinnipeds are targeted by
white sharks presumably for their energy-rich fatty layer (Klimley et al., 2023) to meet
shifting nutritional requirements linked with an expanding migratory range (Grainger et al.,
2020). That said, large white sharks are not obligate marine mammal predators, also feeding

on finfish, elasmobranchs, and invertebrates (Curtis et al., 2012; Hussey et al., 2012). A



dietary study by Hussey et al. (2012) found that while the diets of juvenile and
subadult/adult white sharks differed significantly, there was a high degree of overlap in the
presence of several prey groups, with the inclusion of whale and seal prey in the stomachs of
sharks as small as 194cm precaudal length. Besides dentition, variation in preferred foraging
habitats is also believed to be a primary reason for the ontogenetic variation in distribution
observed in white sharks (Hussey et al., 2012), with a predominance of nearshore, coastal
prey in the diets of juveniles, and mesopelagic and oceanic prey in that of adults (Grainger et

al., 2020; Smale & Cliff, 2012).
1.2.3 Global Distribution and Movements

White sharks are circumglobally distributed, occupying waters across all major oceans
(Bradford et al., 2020; Compagno, 2001; Kanive et al., 2015). Known white shark populations
occur at low natural densities (Compagno et al., 2005) in several general regions, including
South Africa, western North Atlantic, southwest Atlantic, Mediterranean, northwest Pacific,
northeast Pacific, and Australia/New Zealand (Franks et al., 2021; Kanive et al., 2015).
Although the population structure is not clearly defined within and among all regions,
genetically distinct groups exist at the regional level, such as in the western North Atlantic,
southern Africa, and at finer scales such as in southern/western Australia, and eastern
Australia/New Zealand (Franks et al., 2021). These groups share patterns of movement
ecology and habitat use, likely driven by requirements for foraging and reproduction,
environmental conditions, or physical constraints such as shelf structure and width, and

landmass size/orientation (Franks et al., 2021).

White sharks occupy a range of habitats (Spaet et al., 2020), from tropical to cool temperate
waters (Findlay et al., 2016; Gennari et al., 2022), and from coasts to the open ocean
(Grainger et al., 2020). While white sharks were previously considered to predominantly
inhabit coastal temperate waters, recent tagging studies have revealed their capability to
undertake extensive offshore migrations (e.g., Bruce et al., 2019; Duffy et al., 2012; Hussey
et al., 2012), showing long-distance movements along continental shelves, into pelagic
waters, and across ocean basins (Franks et al., 2021; Smale & Cliff, 2012). Like other
migratory species, these movement patterns are often predictable (Kanive et al., 2015),
occurring along “migration corridors” connecting distant and, often, ephemeral resource-

rich feeding grounds (Franks et al., 2021; Munroe et al., 2022) where subadult and adult



white sharks often exhibit temporary residency (Aquino-Baleyté et al., 2021). Drivers of
white shark movements may include abiotic factors, such as temperature, current, or
bathymetry, and biotic factors, such as mating, pupping, prey availability or predation risk
(Aquino-Baleyto et al., 2021; Franks et al., 2021). Movement and habitat use are also related
to ontogeny and sex (Domeier & Nasby-Lucas, 2007; Jewell et al., 2013), whereby subadult
and adult white sharks exhibit similar offshore migrations and seasonally aggregate at these
resource-rich habitats (Domeier & Nasby-Lucas, 2007; Duffy et al., 2012), while young-of-
the-year and juvenile individuals are predominantly distributed close to shore in depths
<200m (Anderson et al., 2021a), and females tend to show broader dispersal, spending

more time in offshore than males (Bradford et al., 2020; Domeier & Nasby-Lucas, 2013).
1.2.4 White Shark Aggregations

White sharks show seasonal patterns of residency at many known aggregation sites
throughout the world, including in western North America, Mexico, South Africa, Australia
and New Zealand (Compagno, 2001). The term, ‘aggregation’, refers to a passive process
through which individuals of the same species group within a particular area or habitat
(Papastamatiou et al., 2022a). Aggregatory behaviour in white sharks may be influenced by
several factors, but the primary driver is believed to be the availability of calorie-rich
pinniped prey (Hussey et al., 2012; Jewell et al., 2024). Most white shark aggregation sites
are centred on dense coastal or oceanic pinniped colonies (Aquino-Baleyto et al., 2021;
Domeier & Nasby-Lucas, 2007), with the presence of white sharks correlating with seasonal
concentrations of pinnipeds undergoing moulting, mating and pup-rearing (Francis et al.,
2015; Goldman & Anderson, 1999; Klimley et al., 2001; Munroe et al., 2022). Young-of-the-
year and juvenile white sharks are generally absent from these sites as it is thought they are
incapable of consistently capturing marine mammal prey (Jewell et al., 2024; White et al.,
2019). The arrival of subadults at aggregation sites, therefore, marks a change in their
predatory regime (Bruce & Bradford, 2012). Both sexes visit aggregation sites, though the
sex ratio can vary among locations, seasons and years (Bradford et al., 2020; Bruce et al.,
2019). The reasons for sexual segregation at pinniped colonies are largely unknown, but
females may spend more time foraging offshore than males, potentially as a result of prey
availability, differing physiological needs, reproductive habits, or male avoidance (Bradford

et al., 2020; Domeier & Nasby-Lucas, 2013; Jewell et al., 2024; Robbins, 2007).



1.2.5 Stewart Island, New Zealand

Stewart Island/Rakiura, located c. 30km south of New Zealand’s South Island, is a known
aggregation site utilised by the Eastern Australasian white shark population (Duffy et al.,
2012; Francis et al., 2015). The Rakiura region, encompassing Stewart Island and its outlying
islands, contains more than 50 islands (Watson et al., 2014); some of which harbour major
New Zealand fur seal (Arctocephalus forsteri) breeding colonies, particularly along the 12-km
long Titi (Muttonbird) Islands chain (Watson et al., 2014). Following their extirpation from
the Rakiura region by earlier sealers, the first fur seal colonies at the Titi Islands were
reported on Bench Island in 1943, before spreading to the Bunker Islets by the 1970s
(Wilson, 1981), and to Edwards Island, North Island, and other islands northeast of Stewart
Island by 2004 (Watson et al., 2014). These breeding colonies seasonally attract white sharks
which are present almost continuously from late spring to early winter, peaking during
autumn in March-June (Francis et al., 2015). The arrival of white sharks to Stewart Island
coincides with a time in the life cycle of New Zealand fur seals that is believed to optimise
foraging success (Francis et al., 2015). Pregnant female fur seals arrive at breeding colonies
in southern New Zealand to give birth between mid-November and mid-January (Francis et
al., 2015), with a median pupping date of mid to late December (Bradshaw et al., 2000).
Pups remain ashore during their weaning period of 7-10 months, during which lactating
females regularly alternate between feeding at sea and coming ashore to suckle their pups
(Bradshaw et al., 2000; Francis et al., 2015). Female fur seals are constrained to foraging
relatively near the breeding colony and, consequently, spend a large proportion of time
foraging near the surface in mean depths <100m (Harcourt et al., 2002). Pups begin
swimming in exposed tide pools during February-March, venturing further offshore as they
grow and begin foraging at ~ 6 months old (Francis et al., 2015). Pups are then weaned by
September, approximately, and females depart for 1-2 months to feed before returning to
birth again (Francis et al., 2015). The peak in abundance of white sharks at Stewart Island
coincides with the peak of adult female fur seal movements between sea and shore, pup

activity (Francis et al., 2015) in southern New Zealand. Therefore, this time of year is likely



when opportunities for foraging seals are at their peak for subadult and adult white sharks

(Francis et al., 2015).

White sharks of both sexes and all sizes, except young-of-the-year individuals, have been
directly observed at Stewart Island (Duffy et al., 2012), although males outnumber females
2.5to 1 (Francis et al., 2015). Mature females are rarely seen or recorded at the Titi Islands,
possibly arriving at Stewart Island after the typical aggregatory season (Francis et al., 2015).
Most white sharks aggregating at Stewart Island then migrate annually to subtropical and
tropical regions of the southwest Pacific, with some showing return migration to Stewart

Island (Duffy et al., 2012).

1.3 Research Methods and Data Analysis

1.3.1 Data Collection and Acoustic Telemetry

Our ability to understand marine predators is limited by the difficulties in obtaining
ecological and behavioural data (Gennari et al., 2022). Studies on the population estimates
and dynamics (Kanive et al., 2015), sociality (Jacoby et al., 2012), and movements of sharks
have been largely descriptive due to challenges in observing and tracking large pelagic
predators in the marine environment (Grainger et al., 2020; Mull et al., 2022).
Understanding the internal and external influences of these aspects of species’ ecology also
requires the collection of large, high-resolution datasets across multiple conditions at
different temporal and spatial scales (Franks et al., 2021; Jewell et al., 2024). Telemetry, or
the use of electronic tags, has seen rapid developments since the 1980s (Bruce et al., 2019;
Curtis et al., 2018) and has become a common approach for conducting elasmobranch
research (Green et al., 2022). Advancements in telemetry and battery lifespans have
improved the spatial and temporal resolution of data collected, highlighting many
misconceptions about shark ecology (Baremore et al., 2021; Domeier & Nasby-Lucas, 2013;
Findlay et al., 2016; Heupel et al., 2015). For example, long-term telemetry studies have
reinforced the capabilities of white sharks to undertake extensive offshore migrations (e.g.,
Bradford et al., 2020; Bruce & Bradford, 2012; Duffy et al., 2012; Francis et al., 2015; Kanive
et al,, 2015), alongside identifying diel and temporal movements relative to physical
parameters (Aquino-Baleytd et al., 2021; Domeier et al., 2012; Fallows et al., 2012; Gennari

et al., 2022). Additionally, spatial data collected from high-density arrays have found



numerous large pelagic shark species to have organised social structures, after previously
being considered solitary (e.g., Findlay et al., 2016; Guttridge et al., 2009a; Jacoby et al.,
2010; Klimley & Nelson, 1984; Mourier et al., 2012). Telemetry also has implications for
species management, being an important tool for identifying areas of spatiotemporal
overlap between sharks and anthropogenic activities (Spaet et al., 2020). As a result,
telemetry studies have played an essential role in shark conservation, fisheries management
(Curtis et al., 2018; B. G. C. King et al., 2024), and minimising shark-human conflicts (Bruce &
Bradford, 2012; Curtis et al., 2012).

Satellite telemetry has provided information on large-scale migrations and population
connectivity; however, behavioural decision-making processes often occur at smaller scales
than can be observed via satellite telemetry (Gennari et al., 2022). Acoustic telemetry has
been used to obtain information on the behaviour and movement of sharks at finer
spatiotemporal resolutions, particularly in areas frequented by animals for long periods of
time, such as aggregation sites (Baremore et al., 2021), and for animals that do not surface
frequently (Mull et al., 2022). Acoustic telemetry involves two-parts: 1) a specialised tag
either implanted or externally attached to an animal that transmits acoustic pulses and, 2) a
hydrophone, or ‘acoustic receiver’, at a fixed location within a region of interest which
records acoustic pulses when within range of a tagged animal (Mull et al., 2022). Although
acoustic telemetry studies commonly involve a trade-off between spatial coverage and
receiver cost, especially when conducted at larger spatial scales and/or when spatial
coverage is difficult to achieve (Dorazio & Price, 2019), this method offers benefits such as
allowing nearly uninterrupted long-term monitoring of tagged individuals and unaffected
survey capabilities in low visibility conditions (Kraft et al., 2024). Consequently, acoustic
telemetry has proven instrumental in understanding the movement and behaviours of
sharks (Farine, 2013; Setyawan et al., 2024) and, therefore, the development of
management strategies, such as marine protected areas and seasonal fisheries restrictions

(Jewell et al., 2013; Kohler et al., 2023).
1.3.2 Data Analysis and Bayesian Statistics

Despite rapid advancements in monitoring technologies, progress in our understanding of
species and their ecology has been hindered by a lack of sophisticated statistical modelling

techniques (Finn et al., 2014). The use of large datasets produced by ecological monitoring is
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increasing due to the range of ecological questions they can answer (Kruschke, 2021; Wade
et al., 2022). However, these datasets can be difficult to analyse and interpret at both
individual and population levels (Finn et al., 2014) not only because of their size, but also
because they are often highly variable, contain strong class imbalances (Wade et al., 2022)
and often do not conform to the assumptions of linear models, requiring transformations
which can alter the relationships between predictor and response variables (Spake et al.,

2023; Wade et al., 2022).

Another limitation of traditional statistical approaches is the inability to produce reliable
analyses and estimates from limited data (Tsai et al., 2019). This is particularly problematic
for studying species with low natural population sizes or low productivity (McElreath, 2020;
Tsai et al., 2019), such as the white shark (Bradford et al., 2020; Kanive et al., 2015).
Consequently, Bayesian approaches to statistical analysis have become increasingly popular
(van de Schoot et al., 2021). Bayesian modelling has been promoted over traditional
frequentist methods for various reasons, including its capacity for fitting complex
hierarchical models, and the inclusion of prior information from previous research, captured
by the prior distributions for model parameters (Kruschke, 2021; van de Schoot et al., 2021).
A prior distribution is paired with the observed data via a likelihood function to produce the
posterior distribution, from which predictions about future events can be made (van de

Schoot et al., 2021).
1.3.3 Social Network Analysis

Sociality and group formation have previously been neglected in elasmobranch research
(Papastamatiou et al., 2022a), particularly in large pelagic sharks (Lilly et al., 2020),
predominantly due to insufficient data collection and analysis methods (Findlay et al., 2016;
Mourier et al., 2017; Papastamatiou et al., 2022a). Recognition of shark social behaviour has
grown since the early 2000s due to advancements in tracking technology and the ability to
yield higher resolution spatial data, and the development of social network analysis (Farine,
2013; Papastamatiou et al., 2022a). Social network analysis originated in the 1930s for the
purpose of understanding human relationships and social processes but has recently
become an increasingly common tool for understanding animal social structure and the
ecological causes and consequences of social behaviour (Farine & Whitehead, 2015),

especially in species that are hard to study or do not explicitly display sociality (Kraft et al.,



2024). Long-term studies have since revealed that shark sociality may be more complex than
previously thought (Castro, 2016; Porcher, 2023), with some species of large pelagic shark,
which were generally regarded as solitary, showing complex and organised social structures
(e.g., Guttridge et al., 2009a; Jacoby et al., 2010; Klimley & Nelson, 1984; Mourier et al.,
2012).

Social network analysis uses spatiotemporal data, such as the co-occurrence of individuals at
the acoustic receivers (B. G. C. King et al., 2024; Lilly et al., 2020), to estimate networks of
social interactions (e.g., grooming) or associations between pairs of animals within a
population (Farine & Whitehead, 2015). The interactions or associations within a population
combine to form a ‘network’. Networks comprise a set of nodes, representing individuals,
connected by edges, representing the interactions or associations between a pair of nodes,
known as a ‘dyad’ (Farine & Strandburg-Peshkin, 2015). These edges are often weighted
corresponding to the strength of an association between a dyad (Farine & Strandburg-
Peshkin, 2015), which can be calculated by the extent of spatiotemporal overlap between

individuals, such as the frequency of co-occurrences at acoustic receivers (Lilly et al., 2020).

1.3 Thesis Aims & Objectives

1.3.1 Chapter 2 Objectives

Chapter 2 investigates individual variation in white sharks’ spatial and temporal patterns of

habitat use at the aggregation site northeast of Stewart Island.
The objectives of this chapter were to assess:

1. The overall spatiotemporal distribution of white shark occurrences northeast of
Stewart Island, and whether some acoustic receivers (i.e., sites) are more ‘popular’
with white sharks than others; and

2. The degree to which occurrence at particular sites varied among individual white

sharks.
1.3.2 Chapter 3 Objectives

Chapter 3 investigates the co-occurrences and potential social associations of white sharks

northeast of Stewart Island.
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The objectives of this chapter were to assess:

1. The formation of associations between white sharks aggregating at Stewart Island.
2. If associations existed, whether these associations were formed between white
sharks of the same sex and/or similar size (i.e., ontogeny).

3. Where most co-occurrences between white sharks aggregating at Stewart Island

occurred.
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Chapter 2:
Individual variation in the spatiotemporal occurrences of white

sharks (Carcharodon carcharias) around Stewart Island, New Zealand.

2.1 Abstract

Variation in behaviour and movements among individuals within an animal population has
recently been recognised for its implications in understanding population-level processes,
such as habitat use, dispersal, and predator-prey interactions. The purpose of this study was
to investigate the extent to which spatiotemporal distribution varied among individual white
sharks (Carcharodon carcharias) at Stewart Island, an aggregation site in southern New
Zealand, at fine spatial scales of up to tens of kilometres, using an acoustic telemetry dataset
collected in April-June 2011. We modelled the probability of observing each shark at each
site/receiver on each day using logistic Bayesian hierarchical models, including terms for
receivers, individual sharks, days, and their interactions. Variance components of the fitted
terms were compared to understand the relative importance of overall differences in
receivers, individual sharks, and individual preferences of individual sharks for particular
receivers. Substantial variation was found in both the overall presence of white sharks across
different receivers in the array and in the preferences of individual white sharks for
particular sites as evidenced by greater variation in shark-receiver interaction effect than
that of the effects of sharks’, averaged over receivers. The northern Titi Islands were
highlighted as an area of particularly high white shark activity, potentially due to prey
abundance, site fidelity behaviour, and the presence of shark cage diving operations. Larger
sharks (with potentially more hunting experience) showed higher probabilities of occurrence
at the northern Titi Islands, while smaller white sharks showed broader use of the receiver
array. Therefore, size-related behaviours, such as variable feeding strategies, competitive
exclusion and predation risk, were identified as potential drivers for the individual variation
observed in this study. The inclusion of measures for individual variation produced statistical
models with better predictive accuracy regarding the occurrence of white sharks northeast
of Stewart Island, highlighting the importance of incorporating individual variation in
ecological modelling of movement to obtain a more comprehensive understanding of white

shark habitat use and to better inform conservation and human safety initiatives.
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2.2 Introduction

Individual variation, a fundamental concept in modern evolutionary theory, has been
increasingly applied in ecological research since the early 2000s, particularly in studies of
animal behaviour and movement (Roche et al., 2016). Previously, ecological studies had
predominantly focused on understanding ‘typical’ patterns (A. K. Shaw, 2020), considering
the variation among individuals as mere “noise” around the mean (Hertel et al., 2020).
While the relevance of individual variation to understanding population processes has been
guestioned, Bennett (1987) suggested that variation in performance among individuals may
have profound eco-evolutionary implications for population-, community-, and ecosystem-
level processes. A. K. Shaw (2020) also explains that population-level patterns, such as
distribution and habitat use, are the sum of individual behaviours. Consequently, ecological
studies are beginning to adopt more comprehensive and dynamic approaches that consider
individual variation to predict and obtain a more complete understanding of animal
behaviour (Estes et al., 2003; Roche et al., 2016). Individual variation may also have
important implications for conservation management both in the near-term, such as in the
case of evaluating habitat use and areas of overlap with anthropogenic activities, and in the
long-term through understanding how and when behavioural differences in populations
might become adaptive (Roche et al., 2016). Developing frameworks for studying individual
variation, therefore, may be particularly important for marine apex predators, given their
potential effects on prey communities within their ecosystem (Kim et al., 2012) and their
vulnerability to overexploitation (Roff et al., 2018). However, there continues to be a lack of
frameworks for systematically understanding variation in movement patterns, the
mechanisms by which this variation arises, and the implications on population- to

ecosystem-level processes (Estes et al., 2003; A. K. Shaw, 2020).

The white shark (Carcharodon carcharias) is a large, highly migratory, marine, apex predator
that inhabits coastal and oceanic waters throughout the world (Compagno, 2001; Findlay et
al., 2016; Gennari et al., 2022), including New Zealand. Like other chondrichthyan predators,
white sharks are particularly vulnerable to overexploitation and have declined globally by
30-49% over the past 159 years (Rigby et al., 2019). Increased scientific effort in
understanding the broad-scale distribution and movement of white sharks has been

instrumental in the species’ conservation, enabling the establishment of management
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strategies and multi-jurisdictional protection legislation that reflect the species’ high
mobility (Huveneers et al., 2021). However, local and regional conservation efforts may be
hindered by the lack of information regarding movement and habitat use patterns of white
sharks at finer scales. Knowledge regarding individual movement variation in white sharks is
limited and has not yet been explored in New Zealand. Recent studies elsewhere have
revealed unique patterns in diet (Hussey et al., 2012), foraging specialisation (Kim et al.,
2012; Sims et al., 2012), and vertical habitat use (Papastamatiou et al., 2022b); although,
the extent of individual variation in the fine-scale horizontal movements of white sharks

remains understudied.

The purpose of this study was to describe the fine-scale spatiotemporal distribution and
extent of individual variation in movements of white sharks around northeastern Stewart
Island, an aggregation site in southern New Zealand. We analysed acoustic telemetry data
collected by Francis et al. (2015), who used it to assess the broader spatial and temporal
patterns of occupancy of white sharks at this location. Here, we build upon this previous
research by using Bayesian analyses to investigate spatial and temporal patterns of habitat
use at the individual level, to predict ‘hotspots’ of white shark activity, and to determine
how important understanding individual variation is in making these predictions. More

specifically, our objectives were to:

1. Assess the overall spatiotemporal distribution of white shark occurrences northeast
of Stewart Island, and whether some acoustic receivers (sites) are more ‘popular’
with white sharks than others; and

2. Quantify the degree to which occurrence at particular sites varied among individual

white sharks.

2.3 Methods

2.3.1 Study Site

Stewart Island/Rakiura is located c. 30km south of New Zealand’s South Island (Williams,

1936). It sits on a shallow continental shelf (S. D. King et al., 2012), with average depths of c.
27m in Foveaux Strait. The area is frequently exposed to prevailing south-westerly winds (S.
D. King et al., 2012; Stead, 1971) and southerly ocean swells (S. D. King et al., 2012). Annual

sea surface temperatures average c. 13.5°C, with a thermal range of 7.5°C (Tait et al., 2021).
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Stewart Island and its outlying islands are also influenced by the Subtropical Front (Duffy et
al., 2012), making it a region of high biological productivity due to the mixing of
micronutrient-rich subtropical waters with macronutrient-rich subantarctic waters (Bostock
et al., 2015). The Rakiura region supports dense New Zealand fur seal (Arctocephalus
forsteri) breeding colonies, particularly along the Titi (Muttonbird) Islands chain and
Ruapuke Island (Watson et al., 2014), which seasonally attract white sharks to the region
(Francis et al., 2015). White sharks are present at Stewart Island from late spring to early

winter, with presence peaking in March-June (Francis et al., 2015), before making long-

distance migrations to other areas of New Zealand, Australia, or the southwest Pacific (Duffy

et al.,, 2012).

Vemco VR2W acoustic receivers (Figure 2.2) were mounted approximately 5m above the
seabed at 15 different locations northeast of Stewart Island in late March 2011 near fur sea
colonies, or at headlands and rocky islands potentially used as ‘waypoints’ for travelling
sharks (Francis et al., 2015). Of the 15 receivers, seven were situated along the 12km-long

Titi Islands chain, five at Ruapuke Island, and three at the mouth of the Paterson

Inlet/Whaka a Te Wera (Figure 2.1). When present, the orientation at the start of a receiver

name (e.g., West Edwards Island, East Edwards Island) indicates the side of the island where

a receiver was deployed.
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Figure 2. 1 — Locations of acoustic receivers deployed northeast of Stewart Island.

2.3.2 Data Collection

A total of 22 sharks were tagged with Vemco Ltd V16-5H acoustic R-code tags in March (early
autumn) within the network of acoustic receivers (Figure 2.2), hereafter referred to as the
‘receiver array’ (Francis et al., 2015). All white sharks in this study were tagged around the
Titi Islands (Francis et al., 2015). During the tagging process, the individual identification,
sex, and estimated minimum and maximum total length (TL) of the shark was recorded
(Francis et al., 2015; see Appendix A, Table A.1 for more details). In this chapter, the average
between the minimum and maximum TL measurements will be reported when referring to
the size of a shark. One shark, CC30, lacked minimum and maximum TL measurements (see
Table A.1 in Appendix A). For more details on tagging and data collection, see Francis et al.

(2015).
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Figure 2. 2 - Acoustic tag and receiver. Left: Vemco V16-5H R-code acoustic tag. Right: Vemco
VR2W acoustic receiver attached to mooring prior to deployment northeast of Stewart

Island, New Zealand. Photos: Malcolm Francis.
2.3.3 Statistical Analysis

Detections recorded between 1 April 2011 and 25 June 2011 were analysed to ensure all
receivers were active in the array. All 15 receivers deployed were included in the dataset and
sorted into three geographical ‘receiver groups’ based on the broader area in which they
were located, namely Paterson Inlet, Titi Islands, and Ruapuke Island (Figure 2.1). Detections
from four shark tags were removed from the dataset for the following reasons. One was lost
during the tagging process and was, consequently, not attached to a shark (Francis et al.,
2015). Detections from the remaining three tags, attached to two 3.0m TL females and one
3.0m TL male, were removed due to their detections ending prematurely, as early as two
weeks post tagging. It is uncertain whether this is a result of the sharks leaving the area or

losing their tags, though the male individual was observed without its tag in March 2012

(Francis et al., 2015).
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The data were summarised to represent daily occurrences, so that each row of the data
represented a unique combination of day, shark, and receiver. Rows for dates before an
individual shark was tagged and after their last detection in the receiver array were
removed. Each row was then assigned an occurrence yijk € {0, 1}, where 0 and 1,
respectively, indicate the non-detection or detection of shark; at receiver; on dayk. All
statistical analyses were conducted in R version 4.3.1 (R Development Core Team, n.d.) and
used the packages, brms (Burkner, 2017), marginaleffects (Arel-Bundock et al., 2024) and
ggplot2 (Wickham, 2016), for modelling, extracting the model’s average predictions and 90%

credible intervals (Cl) for a given effect, and plotting respectively.

2.3.3.1 Model Definitions

To understand the extent of individual variation in the spatiotemporal distribution of
occurrences of white sharks across the receiver array, we fit eight hierarchical logistic
models. The models were compared in terms of their out-of-sample predictive accuracy, and
the most accurate model was then used to make predictions and inferences. All eight
models included the main effects of receiver, shark, and date, but they differed with respect
to which of the following two-way interaction terms were included: shark and receiver;
shark and date; receiver and date (Table 2.1). The most complex model, containing all two-

way interactions, was defined as:
vijk~Bernoulli(7ijk)
logit(rjjk) = W+ o + Bj + Vi + Kij+ Lk + Vik
i~ Normal(0, 1.5)
a; ~ Normal(0, oq)
Bj~ Normal(0, og)
vk~ Normal(0, oy)
Kij~ Normal(0, o)
tk~ Normal(0, o))

vik ~ Normal(0, oy)
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Oa, O, Oy, O, O, Oy ~ Exponential(1)

where mjjc is the probability shark; was detected at receiver; on dayy, W is the intercept, aiare
the random effects for shark, B; are the random effects for receivers, yx are the random
effects for days, and ki, Lk, and vj are the interaction effects for shark and receiver, shark and

date, and receiver and date, respectively.
2.3.3.2 Prior Predictive Checks

The model priors were checked to ensure they generated data that were reasonable and
consistent with prior knowledge (Kruschke, 2021). Five different prior distributions were
checked, and results were relatively consistent. The priors from the fifth prior predictive
check (see Figures B.1 and B.2 for more details) were selected for several reasons. Firstly,
McElreath (2020) explains that using “flatter” intercept priors on logit-transformed
probabilities can cause the model to “pile” likelihood at 0 or 1. This means the model
assumes a white shark is almost never or almost always likely to be present at a single
receiver, which is inappropriate. Secondly, an Exponential (1) standard deviation prior makes
the model more sceptical of large differences between receivers and sharks, for example,
and makes smaller differences more likely. It is also a weakly informative prior, allowing

posterior predictions to be largely a result of patterns in the data, rather than the prior.
2.3.3.2 Model Comparison and Interaction Term Analysis

The purpose for including interaction terms was to assess whether the probability of an
individual shark being present at a particular receiver on a given day could be accurately
predicted by the main effects of shark, receiver and/or date alone (indicating relatively
consistent patterns of occurrence across all sharks, receivers and days), or whether
predictions required interaction terms that allowed sharks to have individual ‘preferences’

for particular receivers, or different probabilities of occurrences on different days.

To assess the importance of these interaction terms, the eight models were compared using
Pareto-smoothed importance sampling (PSIS-LOO) cross-validation and expected log
pointwise predictive density (ELPD) estimates. Cross-validation assesses a model’s out-of-

sample predictive performance by fitting it to a subset of the data and predicting the
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withheld data (Vehtari, 2020); lower ELPD estimates indicate better out-of-sample

predictions.

We assessed the magnitude of the effects of each term — main effects of sharks, receivers,
dates, and their interactions — by comparing the terms’ standard deviations of effects (i.e.,
the square-root of the variance components). A larger standard deviation indicates that a
term has a greater effect on the probability of occurrence. For example, a large standard
deviation for the main effect of receiver would suggest there is large variation in the overall
mean probability of shark occurrence among receivers, irrespective of individual sharks or
individual days. In the case of interaction terms, the standard deviation shows the degree of
variation that is explained by the specific combination of shark, receiver, and/or date, after
accounting for the main effects. For example, a standard deviation for the interaction of
shark and receiver that is larger than the standard deviations for the main effects of sharks
and receivers would suggest that the degree to which individual sharks vary in their
probability of occurrence at particular receivers is greater than the overall variation among
sharks and receivers (when averaged over receivers and sharks, respectively). Alternatively, if
the standard deviation of the interaction were less those of the main effects, this would
suggest that the occurrences of sharks at receivers were relatively consistent, with relatively

little in the way individual preferences of sharks for particular receivers.
2.3.3.3 Inferences
Spatial Distribution

The selected model was used to make various predictions of the probability of the
occurrence of sharks, and these predictions were used to make inferences about the
spatiotemporal distribution and individual variation exhibited by white sharks at Stewart
Island. Posterior distributions of the predicted probabilities were obtained via the
avg_predictions() function from the marginaleffects package (Arel-Bundock et al., 2024) and
then summarised as means and 90% credible intervals. To understand the overall spatial
distribution of sharks across the array and identify areas of high activity, we estimated the

probability of white shark occurrence at each receiver, averaged over sharks and days.
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Individual Variation in White Sharks

The average predictions of the main effects of sharks were plotted to show how individual
white sharks varied in their overall occurrence rates across the array, averaged over receiver
and date. Next, the average predictions for the shark-by-receiver interaction effect were
plotted to examine individual variability in the probability of white shark occurrences at a

given receiver.
Temporal Variation

The receiver-by-date interaction term assessed how the popularity of different receivers
varied from day to day. To examine this, the predicted probabilities of occurrence for each
receiver on each day, averaged across sharks, were extracted and plotted. The average
predictions for the main effect of date were also shown to assess how white shark presence

varied from day to day over the study period, averaged over sharks and receivers.

The shark-by-date interaction term was included to assess whether the occurrence of
individual white sharks also varied over the study period, averaged across receivers,
whereby low probabilities of occurrence for a given day implied the use of habitats outside

the receiver array. To test this, the average predictions for this effect were plotted.

2.4 Results

Across the 86 days, from 1 April 2011 to 25 June 2011, a total of 56,307 detections occurred
across the 22 tagged sharks (18 males, 4 females) and 15 receivers. The total lengths of the
sharks ranged from 2.5m to 4.0m (mean 3.4m TL), with both subadults and adults presentin

the sample (see Appendix A, Table A.1 for more details).
2.4.1 Model and Term Comparison

According to PSIS-LOO cross-validation, the model including all three two-way interaction
terms had the greatest predictive accuracy, when compared to seven other reduced models
that omitted various combinations of interactions (Table 2.1; see Appendix B, Figure B.3 for
Markov Chain Monte Carlo trace plots). The three reduced models with the greatest
predictive accuracy all included the shark-by-receiver interaction term and two included
either the receiver-by-date or shark-by-date terms (Table 2.1). The model with the lowest

predictive accuracy was the model that included no interaction terms, indicating that all the
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interaction terms were important for predicting the presence of white sharks in the receiver

array.

The main effect of receivers had the largest standard deviation (Figure 2.3) of all terms,
meaning that the spatial effects of the different receivers had the greatest influence on the
probability of occurrences of white sharks; that is, individual receivers varied considerably in
their overall ‘popularity’. The standard deviation of the shark-by-receiver interaction term
exceeded that of the main effect of sharks, indicating that individual white sharks varied
more in occurrences at particular receivers than they did in their overall occurrences,
averaged across receivers. The receiver-by-date and shark-by-date interaction terms had
similar standard deviations, but both had greater variation than the main effect of date
(Figure 2.3), indicating that the daily variation in individual sharks and receivers was greater

than the overall daily variation (averaged across sharks and receivers).

Table 2. 1 — Bayesian model interaction terms and comparison. Models are ordered from
greatest predictive accuracy to lowest predictive accuracy according to their ELPD estimates.

‘SE’ refers to the ‘Standard Error’ of ELPD estimates.

Model Rank Interaction Terms ELPD Estimate + SE ELPD Difference
Shark : Receiver
1 Shark : Date

Receiver : Date

-5963.2 + 83.0 0.0

Shark : Receiver
2 - -6032.7+83.4 -69.5
Receiver : Date

Shark : Receiver

3 -6075.7 + 83.7 -112.5
Shark : Date

4 Shark : Receiver -6126.9 + 83.9 -163.7
Shark : Date

5 - -6542.4 + 86.3 -579.3

Receiver : Date

6 Receiver : Date -6566.5 + 86.5 -603.3

7 Shark : Date -6619.5 + 86.5 -656.3

8 None -6636.0 + 86.6 -672.8
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Figure 2. 3 - Half-eye plots of the posterior distributions of the standard deviations (square-
root of the variance components) of main and interaction effects on the probability of sharks

being observed in the receiver array.

2.4.2 Overall Spatiotemporal Distribution
2.4.2.1 Spatial Distribution

Overall, the Titi Islands had the highest probabilities of white shark co-occurrence, with an
average estimate across all seven receivers of 0.29 (Figure 2.4; Figure 2.5). This was followed
by the Paterson Inlet group with an average estimate of 0.029 across three receivers, and
the Ruapuke Island group with an average estimate of 0.0008 across five receivers (Figure

2.4; Figure 2.5).
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Figure 2. 4 - Overall estimated probability of occurrence (i.e., ‘popularity’) of receivers in the
Stewart Island receiver array, averaged over sharks and days. The size of the points
represents the estimated (mean of the posterior distribution) probability of white shark

occurrence per receiver, averaged across sharks and days.

The three northernmost Titi Island receivers — East Edwards Island, North Island, and West
Edwards Island — were the most popular overall, with probability estimates of 0.66 (90%
Credible Interval: 0.64, 0.67), 0.60 (90% ClI: 0.58, 0.61) and 0.54 (90% Cl: 0.52, 0.56),
respectively (Figure 2.5). The probabilities of white shark occurrence at the southern Titi
Islands receivers (East Bench, Southwest Bench, North Bench, and Bunker Islets) were all
similar to each other, but were considerably lower than the northern receivers (Figure 2.5).
East Bench had the greatest probability with an estimate of 0.13 (90% Cl 0.12, 0.14) and
Bunker Islets had the lowest estimate of 0.10 (90% Cl: 0.09, 0.11). All sharks were detected
at least once at all Titi Islands receivers, except one individual (CC38, 2.9m male) was not

detected at the North and Southwest Bench receivers across the season.

The Paterson Inlet and Ruapuke Island receivers had substantially lower estimates of white
shark occurrence in comparison to the Titi Islands receivers (Figure 2.5). Of these receivers,

Bullers Point (Paterson Inlet) had the highest estimate of 0.068 (90% Cl: 0.06, 0.08). All
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Ruapuke Island receivers, except Breaksea Island, were the least ‘popular’ of all 15 receivers
in the array, having estimates of c. 0.1 or less (Figure 2.5). Bird Island, the westernmost
Ruapuke Island receiver, was the least ‘popular’ of all receivers, with an estimated
probability of shark presence of 0.002 (90% Cl: 0.0007, 0.004) and only three detections

from two white sharks (CC25, 2.8m male; CC28, 3.5m male) across the season.

East Edwards Is A -o-
North Is A -o-
West Edwards Is -o-
East Bench Is A s 2
Southwest Bench s A L 2
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-®- Ruapuke Island
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Native |s A
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Seal Rocks Southq @
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Seal Rocks Northq @
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Probability of Occurrence (Averaged over Shark and Date)
Figure 2. 5 - Estimated model predictions for the probability of white shark occurrence per

receiver, averaged across sharks and days (means and 90% credible intervals).

2.4.4.2 Temporal Variation

The average probability of white shark occurrence in the receiver array fluctuated across
days but did not vary greatly, with a minimum estimate of 0.13 (90% Cl: 0.11, 0.15) on 8
April and a maximum estimate of 0.213 (90% Cl: 0.18, 0.24) on 25 June (Figure 2.6);
however, the latter estimate may have been affected by several sharks being ‘absent’ from
the array (i.e., their final detection at any receiver was prior to this date). The second highest

estimate was on 9 May with an estimate of 0.209 (90% ClI: 0.18, 0.24); all tagged sharks
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except one (CC33, 3.4m female) were detected on this day. The mean estimated probability

of occurrence across the season, averaged over receiver and shark, was 0.16.
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Figure 2. 6 - Daily variation in the estimated probabilities of white shark occurrence at
receivers deployed northeast of Stewart Island, averaged over sharks and receivers (means

and 90% credible intervals).

The Titi Islands receivers showed the most variable probabilities of white shark occurrence
per day, averaged across sharks, with an average difference between the lowest and highest
days of white shark occurrence of 0.42 (Figure 2.7). East Edwards saw the highest daily
estimate of 0.86 (90% Cl: 0.75, 0.94) on 25 June, and Bird Island (Ruapuke Island group) saw
the lowest daily estimate of 0.0001 (90% Cl: 0.0002, 0.004) on 8 April. While daily estimates
at the Titi Islands remained high throughout the season, there were two periods, 7-10 May
and 6-7 June, where there was slight decrease in the probability of white shark occurrence
at these receivers and a noticeable increase in that of other receivers in the array (Figure
2.7). For example, all Paterson Inlet and Bench Island (southern Titi Islands) receivers

recorded some of their highest estimates, while all three northern Titi Islands receivers
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recorded their lowest estimates on 8 May, and use of the Ruapuke Island and Paterson Inlet

receivers was considerably higher on 7 June (Figure 2.7).
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Figure 2. 7 - Daily variation in the estimated probabilities of white shark occurrence at

receivers deployed northeast of Stewart Island, averaged o
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2.4.3 Individual Variation
2.4.3.1 Spatial Distribution

On average, white sharks were detected in the array for 72 of the 86 days in the season,
visiting between one and eight receivers per day (see Figure B.4 in Appendix B). There was
some variation among individual white sharks in their estimated probabilities of occurrence,
when averaged across receivers and days (Figure 2.8). Of the 22 sharks, 15 had average
probabilities of occurrence between 0.15 and 0.2. CC32 (4.0m female) had the highest
average probability of occurrence of 0.197 (90% ClI: 0.18, 0.21). Only two sharks had average
probabilities of occurrence less than 0.1 (CC33, 3.4m female; CC44, 3.0m male); CC44 had
the lowest estimate of 0.084 (90% Cl: 0.07, 0.09), having not been detected by the array for

29 days of the season (see Figure B.4 in Appendix B for more details).
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Figure 2. 8 - The estimated probabilities of individual white shark occurrence in the Stewart

Island receiver array, averaged across receivers and days (means 90% credible intervals).

Comparing the standard deviations of effects, the main effects of sharks (averaged over

receiver and day) accounted for less variation than the shark-by-receiver interaction term
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(Figure 2.3). This shows that the degree to which white sharks at Stewart Island exhibit
unique preferences for different receivers was greater than the variation among sharks
overall, meaning that individual sharks varied substantially in the rates at which they visited

particular receivers.

Occurrence at the Titi Islands receivers varied the most among individual sharks (Figure 2.9).
Of the 22 sharks in the sample, 10 showed higher-than-average preferences for at least two
of the northern Titi Island receivers (Figure 2.9). These sharks also had estimated
probabilities of occurrence of less than 0.17, averaged over the season, at all other receivers
in the array (Figure 2.8). These individuals comprised eight males (2.8m to 4.0m TL) and two
of the four females (CC08, 2.8m; CC27, 4.0m). Only two individuals were smaller than 3.0m
TL (CCO08; CC43, 2.9m male). By contrast, seven individuals showed lower-than-average
preferences for at least two of the northern Titi Islands receivers, all of which were 3.5m TL
or smaller, except for one female (CC32, 4.0m). CC32 was also the only individual to show

distinctly higher preferences to all southern Titi Islands receivers (Figure 2.9).

Variation was universally limited amongst the Paterson Inlet and Ruapuke Island receivers
(Figure 2.9). Although, sharks CC31 (3.9m male) and CC25 (2.8m male) showed slightly
higher probabilities of occurrence at the Paterson Inlet receivers, and CC28 (3.5m male)
showed a higher affinity to the Breaksea Island and Seal Rocks South receivers of the

Ruapuke Island group (Figure 2.9).
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Figure 2. 9 - Estimated model predictions for the probability of individual white shark
occurrences at each receiver deployed northeast of Stewart Island, averaged over days
(means and 90% credible intervals). Receivers are ordered by their overall popularity
(averaged over sharks and days). Sharks are ordered by their overall probability of
occurrence (averaged over receivers and days). Coloured points represent the estimate for
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2.4.3.1 Temporal Variation

Temporal variation existed at the individual-level also, with all white sharks in the sample
showing fluctuating daily estimated probabilities of occurrence across the season, averaged
over receiver (Figure 2.10). CC31 (3.9m male) had the highest daily estimate of occurrence
of 0.33 (90% Cl: 0.24, 0.43) on 7 June, while CC44 (3.0m male) had the lowest daily estimate
of occurrence of 0.05 (90% CI: 0.02, 0.1) on 29 May.

Daily variation among sharks was similar to that among receivers (Figure 2.7) and similar
temporal patterns became apparent (Figure 2.7; Figure 2.10). For example, on 9 May all
white sharks saw an increase in their individual daily estimates of occurrence, with 17 of the
22 sharks producing their first to third highest daily estimates between 7 May and 10 May.
Given these estimates are averaged over all receivers, high estimates of occurrence imply
broader use of the receiver array (i.e., the probability of an individual being detected by
multiple receivers is greater). Furthermore, on 7 June all tagged sharks, excluding the four
individuals whose final detections in the array occurred prior to this date (CC29, CC34, CC37,
CC38), were detected by at least two receivers, with one individual (CC31, 3.9m male)
visiting eight receivers, the largest number of receivers visited in a single day (see Figure B.4

in Appendix B for more details).
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Figure 2. 10 - Daily variation in the estimated probabilities of occurrence of individual white
sharks at receivers northeast of Stewart Island, averaged over receiver (means and 90%
credible intervals). Sharks are ordered by the overall estimated probability of occurrences.

Individuals with fewer daily estimates were present in the receiver array for a shorter period.
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2.5 Discussion

2.5.1 Overall Spatiotemporal Distribution

This study investigated the overall patterns and individual variation in the occurrences of
white sharks across various islands northeast of Stewart Island between April and June 2011
at scales of up to tens of kilometres. Overall, the Titi Islands group had the highest
probabilities of white shark occurrence (mean of 0.29, averaged across sharks and days),
with relatively low probabilities at the Ruapuke Island (mean of 0.0008) and Paterson Inlet
receivers (mean of 0.029) (Figure 2.4; Figure 2.5). The affinity with the Titi Islands over other
locations was also consistent across the sample of white sharks (Figure 2.9). While spatial
variation in site use can have numerous drivers, these results may reflect the distribution
and abundance of pinniped prey and/or site fidelity behaviour. Breeding colonies of New
Zealand fur seals exist throughout the Rakiura region but are particularly dense along the Titi
Islands (Watson et al., 2014), making this an important foraging habitat for white sharks. As
the primary reason behind aggregatory behaviour at Stewart Island is believed to be the
abundance of pinniped prey (Francis et al., 2015), the presence of dense fur seal colonies at
the Titi Islands most likely explains the strong affinity of white sharks for these receivers.
Although, large fur seal breeding colonies also exist on Ruapuke Island (Watson et al., 2014)
and white sharks are often observed there (C. Duffy, personal communication, 13 March
2025), despite the observed low probability of white shark occurrence (0.0008). White
sharks have previously shown to exhibit strong site fidelity behaviour (Domeier & Nasby-
Lucas, 2007; Duffy et al., 2012; Jewell et al., 2013); therefore, given that all white sharks in
this study were tagged in the Titi Islands, site fidelity may explain the strong affinity to the
Titi Islands compared to the limited use of other sites in the receiver array, regardless of prey

abundance.

The southern Titi Islands harbour the oldest established fur seal colonies in the Titi Islands,
although these receivers were favoured substantially less than the northern receivers, with
average probabilities of white shark occurrence of 0.11 and 0.60, respectively (Figure 2.5).
This variation may be a result of factors besides prey availability likely influenced the
stronger affinity towards the northern receivers, such as the presence of shark cage diving
operators (SCDOs). Almost all SCDO effort (97-100%) over the study period was focused

around Edwards Island, particularly the eastern side (C. Duffy, personal communication, 13
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March 2025; Francis et al., 2015). Previous studies have demonstrated that the presence of
SCDOs can alter the diel activity patterns and behaviours of white sharks, including the
arrival of sharks in anticipation of the arrival of SCDOs and ‘lingering’ at cage sites after
operations cease for the day (Bruce & Bradford, 2013; Francis et al., 2015; Huveneers et al.,
2013; Laroche et al., 2007; Meyer et al., 2009; Strong et al., 1996). Although the presence of
SCDOs unlikely affected the ‘popularity’ of the northern Titi Islands, as high abundances of
white sharks were observed prior to 2008 when SCDOs began operating (Francis et al.,
2015), similar behaviours may have resulted in white sharks spending more time at East

Edwards Island, leading to the high probabilities of occurrence observed in this study.

The estimated daily probabilities of occurrence, averaged over sharks and receivers, varied
throughout the study period from a minimum daily estimate of 0.1 to a maximum of 0.21
(Figure 2.6), though both interactions (between day and shark, and between day and
receiver) were greater than the main effect of day (Figure 2.3). Across two particular time
periods, 7-10 May and 6-7 June, the daily probabilities of occurrence were relatively low at
the northern Titi Islands receivers and relatively high at other receivers in the array (Figure
2.7). Additionally, the probability of occurrence of individual sharks, averaged over receiver,
increased over these periods (Figure 2.6), indicating broader use of the array. Several factors
may have contributed to these short-term changes in distribution, such as the presentation
of alternative foraging opportunities (e.g., whale carcasses), predator avoidance (Finn et al.,
2014; Gennari et al., 2022), the presence of fishing vessels or other anthropogenic activities
(Gleiss et al., 2022), or changes in environmental conditions affecting foraging success
(Mourier et al., 2024), leading to reduced use of regularly visited sites and increased

occurrence elsewhere in the array.
2.5.2 Individual Variation

Growing recognition of the importance of understanding individual variation in animal
behaviour has led to an increasing number of studies (e.g., Baremore et al., 2021; Estes et
al., 2003; Huveneers et al., 2021; Mourier et al., 2024; Spaet et al., 2020, 2022) suggesting
that individual differences in movement, foraging and diet can influence population
dynamics and processes through various factors, such as habitat-specific variation in prey
availability, differences in the cost-benefit trade-offs among sex and age/size classes (Kim et

al., 2012), and local abiotic conditions (A. K. Shaw, 2020). In the case of white sharks, Kim et
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al. (2012) suggested that individual differences in foraging behaviour can be attributed to
changes in prey preference and foraging location as a result of ontogeny. Ontogenetic
segregation in white sharks has been reported across several studies, whereby larger
individuals over ~ 4.0m TL occupy smaller, more specific foraging habitats than juvenile and
subadult conspecifics to optimise foraging success (Goldman & Anderson, 1999; Jewell et al.,
2013, 2024). The effects of size-related behaviours, including variation in feeding strategies
and/or diet, competitive exclusion, and predation risk, therefore may also explain the

individual variation observed in this study.

White sharks that exhibited higher-than-average ‘preferences’ towards the northern Titi
Islands receivers tended to be larger individuals that exhibited less use of other areas within
the array (Figure 2.9; see Appendix A, Table A.1 for more details on shark size). Larger sharks
have been found to show stronger site fidelity (Goldman & Anderson, 1999) and may utilise
more restricted activity spaces, focusing on foraging at particular sites to minimise energy
expenditure and maximise foraging success (Goldman & Anderson, 1999). In contrast,
smaller sharks showed greater use of habitats outside the receiver array, as all sharks that
spent more days ‘absent’ from the array (i.e., undetected by any receiver) were under 3.0m
TL, except one individual (CC33; 3.4m female; Figure B.4 in Appendix B). This suggests that
the smaller, less experienced, individuals in this study utilised broader activity spaces than
larger conspecifics, potentially as they learn the foraging locations and strategies to optimise
foraging success (Goldman & Anderson, 1999; Hussey et al., 2012; Munroe et al., 2022)
and/or to exploit different habitats to supplement their diet with non-mammalian prey

(Curtis et al., 2018; Hussey et al., 2012).

Differences in size can also drive individual variation through social interactions (Hertel et al.,
2020; A. K. Shaw, 2020). Larger adult white sharks pose a predation risk to smaller
conspecifics (Findlay et al., 2016; see Appendix B, Figure B.5); so, smaller individuals may
forage in spatially separate areas to avoid competition or predation (Hertel et al., 2020; A. K.
Shaw, 2020). In this study, six of the seven white sharks that showed lower-than-average
preferences for the northern Titi Islands were under 3.5m TL (Figure 2.9; see Appendix A,
Table A.1), with these individuals showing greater use of other receivers in the array (Figure
2.9). For example, three of the four individuals showing higher-than-average preferences for

the southern Titi Islands receivers were 3.5m TL or smaller (Figure 2.9). This may be a

35



consequence of white sharks avoiding more popular foraging areas frequented by larger
conspecifics (i.e., the northern Titi Islands), trading off the benefits of prey availability

against the costs of competition and predation risk (Hertel et al., 2020; A. K. Shaw, 2020).

Ontogeny has often been linked to variation in white shark movement patterns; however,
individual variation arises from complex interactions of numerous drivers that may have
influenced the spatiotemporal patterns observed in this study, such as the animals’ internal
state (e.g., sex, hunger, condition), life history, the biotic and abiotic environment (A. K.
Shaw, 2020), or response differences towards anthropogenic activities like commercial
fishing vessels or SCDOs (Bruce & Bradford, 2013; Duffy, 2016; Huveneers et al., 2013;
Laroche et al., 2007). In some cases, individual variation cannot be explained by phenotypic
or environmental variation (Estes et al., 2003). Given this complexity and the inherent
difficulties in studying marine predators, individual variation has largely been neglected in
ecological modelling of population-level patterns (Estes et al., 2003; Grainger et al., 2020).
Nevertheless, the strength of the interaction terms (especially the term representing
individual preferences for particular receivers) in this study (Figure 2.3) demonstrates a high
degree of variability in movement patterns among individuals. The ability to obtain reliable
estimates of the occurrences of protected species, like the white shark, is fundamental for
conservation and will inform strategies to minimise potential threats, such as temporary
fishing restrictions. Understanding the distribution of large marine predators is, also,
currently at the forefront of human safety initiatives, with conservationists concerned that
recovering white shark populations could increase the frequency of shark-human conflicts,
thereby reducing public support for white shark conservation (Acufia-Marrero et al., 2018;
Kock et al., 2012; Winton et al., 2023). The results of this study demonstrate that
understanding individual-level spatiotemporal variation is necessary for accurately
predicting white shark occurrence (Table 2.1) and that ignoring individual variation will

offer an incomplete picture of their movements and ecology.

2.6 Conclusion

This study highlights substantial individual variation in the spatiotemporal distribution of
white sharks aggregating at Stewart Island and surrounding island groups. While overall
patterns were apparent, white sharks varied in their individual ‘preferences’ for particular

sites, potentially as a result of factors such as size-related differences in activity space and
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feeding strategies, and intraspecific interactions, such as competitive exclusion and
predation risk. Comparisons of the model terms revealed that understanding interactions
between individual white sharks and individual receivers was necessary to accurately predict
the occurrence of white sharks. Given that obtaining reliable estimates of white shark
occurrence is crucial for conservation management and relevant to the human-shark conflict
mitigation, individual variation should be considered in future ecological modelling to

provide a more comprehensive understanding of white shark habitat use at aggregation

sites.
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Chapter 3:
Co-occurrences and associations of white sharks (Carcharodon

carcharias) aggregating at Stewart Island, New Zealand.

3.1 Abstract

The development of acoustic telemetry and social network analysis has allowed greater
exploration of shark social behaviour not immediately associated with feeding events,
although the literature on white shark social behaviour remains limited. The purpose of this
study was to investigate the extent to which white sharks formed social associations and the
spatiotemporal distribution of their co-occurrences during an aggregation northeast of
Stewart Island, New Zealand. Social network analysis was conducted on an acoustic
telemetry dataset of detections collected at the minute-scale between April and June 2011.
No evidence of any clear social structure was found as white sharks formed weak
associations with one another, with an average simple ratio index score of 0.036. Nearly all
co-occurrences (99.5%) were recorded in the Titi Islands, with the northern receivers
accounting for 89.4%, capturing aggregations of up to seven individuals within a single 15-
minute sampling period. Most co-occurrences at the northern receivers occurred during
night/twilight and during the day at the southern receivers, except East Edwards which was
the only northern receiver to also record a high frequency of co-occurrences during the day.
This receiver also accounted for 45.4% of all co-occurrences, suggesting the potential role of
shark cage diving operators in the diel activity patterns of sharks and facilitating social
interactions. No evidence was found for a relationship between association strength and sex,
likely due to the few females in the dataset (four out of 22); however, there was strong
evidence that pairs with greater differences in total length co-occurred more often (p <
0.01). This may be a result of smaller white sharks following larger conspecifics to learn the
locations of prey and/or to take advantage of successful kills. This study has demonstrated
that measuring animal sociality and their encounter rates can yield insights into biological
processes besides social structure, such as habitat use, abundance, and the potential effects
of anthropogenic activities; likely serving for improved conservation and human safety

management strategies.
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3.2 Introduction

Sociality, or the extent to which conspecifics deliberately associate with one another (Hinde,
1976), has been well-documented in marine predators such as toothed whales (e.g.,
Augusto et al., 2017; Diaz Lépez, 2020; Jordaan et al., 2021) and smaller elasmobranchs
(e.g., Jacoby et al., 2012; Mourier et al., 2017; Myrberg & Gruber, 1974; Porcher, 2023). In
contrast, due to their cryptic nature and the challenges of studying social interactions in
aquatic environments, previous understanding of social behaviour in large pelagic sharks has
largely derived from descriptive and observational studies, as opposed to hypothesis testing
(Findlay et al., 2016). Advancements in acoustic telemetry and social network analysis
methods in the early 2000s have since facilitated research on shark sociality (e.g., Jacoby et
al., 2012; Kraft et al., 2024; Mourier et al., 2024; Papastamatiou et al., 2022b), whereby
indirect estimates of social structure can be obtained through measuring the co-occurrences
of individuals in a population (Jacoby et al., 2012; Mourier et al., 2017).

These studies have refuted previous misconceptions on the lack of sociality in several large
pelagic species, including lemon sharks (Guttridge et al., 2009a), scalloped

hammerhead sharks (Klimley & Nelson, 1984), blacktip reef sharks (Mourier et al., 2012),
bull sharks (Loiseau et al., 2016), and tiger sharks (Jacoby et al., 2021), which instead show

structured social networks and a wide range of gregariousness.

Subadult and adult white sharks (Carcharodon carcharias) are generally regarded as solitary,
except when individuals aggregate at feeding sites presumably driven by the common
attraction of prey availability (Findlay et al., 2016; Klimley et al., 1996). While many animal
aggregations do not involve a social attraction (Johnson et al., 2002), these events facilitate
non-random proximity to conspecifics —a prerequisite for most social behaviours (Findlay et
al., 2016; Jacoby et al., 2012; Kraft et al., 2024). White sharks also possess anatomical
specialisations comparable to that of social birds and mammals, such as a large brain-to-
body mass ratio and acute sensorial apparatus (Northcutt, 1977), which researchers argue
are indicative of potential social complexity (Dunbar & Shultz, 2007; Findlay et al., 2016).
Several studies have suggested that white sharks may form sex-based associations (e.g.,
Findlay et al., 2016) and/or size-related dominance hierarchies, such as that based on
observations at feeding events whereby social interactions more often occurred between

sharks of similar sizes (e.g., Sperone et al., 2010) and smaller individuals were excluded from
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prey by larger conspecifics (e.g., Duffy et al., 2012). Furthermore, a study conducted in
southern California found evidence for sociality, whereby juvenile white sharks formed
between one and 10 preferential associations with conspecifics (Anderson et al., 2021b).
While the extent to which subadult and adult white sharks are social hunters is uncertain
(Klimley et al., 2001), this emerging evidence suggests that this species is more socially

complex than previously understood (Martin et al., 2005).

Understanding the social behaviour of white sharks at aggregation sites will likely serve to
improve conservation and human safety initiatives. Aggregations can increase white sharks’
susceptibility to fisheries-related mortality and increase the potential risk of human-shark
conflicts due to the higher concentration of individuals in a restricted area (R. L. Shaw et al.,
2021). Conservation and human safety management have been described as key focuses for
white shark research; both of which are dependent on reliable estimates of white shark
distribution and abundance (Davenport et al., 2021; Huveneers et al., 2018). Understanding
the social structure and spatiotemporal distribution of individuals’ co-occurrence can
contribute to a more comprehensive understanding of how white sharks utilise aggregation
sites by providing insights into biological processes such as population structure, predator-
prey interactions, mating behaviour, and information or disease transmission (Jacoby et al.,
2012; Mourier et al., 2017). Understanding white shark sociality can also identify areas of
high activity and/or overlap with anthropogenic activities (Jacoby et al., 2012; Spaet et al.,
2020), highlighting areas for potential conservation action, such as the establishment of

seasonal fishing restrictions, or human safety management.

The purpose of this study was to use social network analysis to investigate the extent of
sociality exhibited by white sharks aggregating northeast of Stewart Island, New Zealand,
using an acoustic telemetry dataset published by Francis et al. (2015). This study also
investigated the influence of sex and body size on the strength of associations between pairs
of white sharks, and the spatiotemporal distribution of co-occurrences. The specific

objectives of this chapter were to:

1. Investigate the extent to which white sharks aggregating at Stewart Island co-occur
and associate with one another.
2. Examine whether the strength of associations are influenced by sex and/or body size.

3. Investigate the spatiotemporal distribution of white shark co-occurrences.
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3.3 Methods

3.3.1 Dataset

This study used the same acoustic telemetry dataset analysed in the previous chapter. This
included all 15 Vemco VR2W acoustic receivers (Figure 2.1; Figure 2.2) and 22 individual
white sharks (see Appendix A, Table A.1). The sharks were tagged with Vemco Ltd V16-5H
acoustic R-code tags (Francis et al., 2015; Figure 2.2). Individual identification, sex, and
estimated minimum and maximum total length (TL) of each shark were recorded during the
tagging process (Francis et al., 2015; see Appendix A, Table A.1). In this chapter the average
between the minimum and maximum TL measurements will be reported when referring to
the size of a shark. Vemco VR2W acoustic receivers can have a detection range of up to
800m in good conditions (Vemco, 2018); however, Francis et al. (2015) found that the
receivers in this study detected 58-71% (mean 67%) of tag transmissions at distances less
than 200m, 20-70% (mean 53%) at 300m, and 0-35% (mean 12%) at 500m. All receivers
were located at least 1200m apart meaning it is unlikely that any shark could be detected by
multiple receivers at the same time. Only data collected between 1 April 2011 and 25 June

2011 was used to ensure that all receivers were active over the period analysed.

For the purpose of social network analysis, dates and times were extracted from the
timestamp of a detection, and time was converted to minutes from midnight (i.e., a
timestamp of 3:00am was converted to 180 minutes from midnight). These times were then
binned into 15-minute intervals, hereafter referred to as ‘sampling periods’. A 15-minute
sampling period duration was selected to minimise the potential for false co-occurrences,
whilst still capturing meaningful data on the association between sharks. False co-
occurrences are recorded when two sharks are detected by the same receiver within the
same sampling period, but their presence did not overlap. The likelihood of false co-
occurrences increases with longer sampling periods, as there is a greater possibility of a
shark departing the vicinity of a receiver prior to another arriving, making this event not
truly representative of association. Conversely, a sampling period duration shorter than 15
minutes may not capture associations from behaviours, such as following, which may occur
over longer intervals. Finally, the dataset was filtered to include only single detections from

one shark at one receiver during one sampling period.
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3.3.2 Social Network Analysis

Social network analyses were conducted using the asnipe package (Farine, 2016) in R version
4.3.1 (R Development Core Team, n.d.). The asnipe package provides tools for analysis of
social networks from spatial data, such as acoustic telemetry, consisting of observations of
individuals co-occurring in time and space (Farine, 2013). The social network analysis run in
this study was interpreted as a co-occurrence network and used a gambit-of-the-group
approach, whereby all individuals co-occurring were assumed to have interacted and,
therefore, associated (Whitehead & Dufault, 1999). This does not necessarily represent
socialisation, given the resolution and data required to confidently deduce true association
were lacking (Kraft et al., 2024), so associations must be interpreted with this caution in

mind.

First, the gmmevents() function was used to identify instances when at least two tagged
white sharks co-occurred at the same receiver during the same 15-minute sampling period,
hereafter referred to as ‘events’. This function requires three inputs: time, identity (i.e., the
individual shark) and location. A new variable representing the combination of the location
(i.e., receiver), date, and time interval of a detection, was created for the ‘location’ input to
ensure that the gmmevents() function could distinguish between different sampling periods,
as any divisions or gaps in the data at a given receiver (e.g., when no white sharks were
detected) will be treated as a continuous stream of observations, and therefore one event, if

not accounted for (Farine, 2016).

A group-by-individual (GBI) matrix was then extracted from the gmmevents() output, where
each row represented a ‘group’, or in this case the combination of receiver and sampling
period, each column represented an ‘individual’ (i.e., shark), and each cell contained a value
of 1 if an individual was observed at an event, or 0 if not (Farine, 2016). The GBI matrix was
then used to create a N x N association matrix using the get_network() function from the
asnipe package, where N represents an individual white shark. The simple ratio index (SRI)
was selected to calculate the rate at which a dyad, or pair of white sharks, associate or
interact over time (Farine & Strandburg-Peshkin, 2015). The SRI is commonly used in social
network analyses (Farine & Whitehead, 2015) as it is considered one of the most suitable
indices for estimating association rate (Ginsberg & Young, 1992). Furthermore, the

properties of acoustic telemetry data make it unlikely to violate the assumptions of the SR,
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being that recorded associations (i.e., detections of different individuals) are accurate and
that the likelihood of identifying an individual is independent of whether it associated with
other individuals or not (Whitehead, 2008). The SRI calculates the probability that
individuals were observed together given that at least one was observed during the
sampling period using the following equation:

X
X+yap+ m +ys

Eap =

where Eap is the ‘undirected edge weight’ or association between individuals A and B; x is
the number of sampling periods where A and B co-occurred; ys is the number of sampling
periods where both A and B were observed but did not co-occur; and y4 and ys are the
number of sampling periods where only A or only B were observed, respectively (Farine &
Whitehead, 2015). The SRl scores a dyad’s strength of association between 0 and 1, where 0
indicates no co-occurrence and 1 indicates complete co-occurrence (B. G. C. King et al.,

2024).

The associations for each dyad were plotted using the igraph (Csardi et al., 2025) and
pheatmap (Kolde, 2019) packages in R. For plotting purposes, receivers were colour-coded
by their geographical ‘receiver group’: Titi Islands (blue), Ruapuke Island (red), and Paterson

Inlet (yellow).
3.3.3 Influence of Ontogeny and Sex

The software PRIMER version 7 (Clarke et al., 2014) was used to assess whether sharks had
stronger associations with conspecifics of the same sex or of similar size. To test the effect
of sex, we ran an analysis of similarities, or ANOSIM (Clarke & Green, 1988).

ANOSIM works by calculating the difference between the average rank of the ‘within-group’
associations (i.e., those between individuals of the same sex) and the average rank of the
‘between-group’ associations (i.e., those between individuals of different sexes) as follows:

Rp — Rw

M/2

where Rp is the average rank of the between-group associations, Rw is the average range of
the within-group associations; the denominator M/2 ensures the test statistic is constrained

between the values of -1 and +1. An R-statistic value of +1 would arise if all within-sex
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associations were greater than all between-sex associations and vice versa would result in an
R-statistic of -1. To test for a statistically significant relationship between the associations
and sex, the ANOSIM was calculated using 99,999 permutations of the sex labels; the p-
value representing the number of R-statistics, generated under permutation, that were

greater or equal to the observed R-statistic.

We tested whether associations were related to body size using the RELATE test in PRIMER
version 7 (Clarke et al., 2014). The Spearman rank correlation coefficient (p) was

calculated between the associations vs the differences in the lengths for each pair of sharks.
The p-value of the test was obtained by permuting the individuals 99,999 times and, in each
case, recalculating the test statistic p, and finding the proportion of values of p obtained
under permutation that were as or more extreme than the observed value of p. Since there
was no prior expectation regarding the direction of the relationship (i.e., sharks of similar

size were more or less likely to associate), a two-tailed test was applied.
3.3.4 Spatiotemporal Distribution of Events

To understand how white shark co-occurrences varied across the study period, the number
of events that occurred per day was tallied across all receivers and plotted. To understand
the temporal distribution of co-occurrences at a finer scale, the number of events that
occurred per 15-minute sampling period was tallied across all receivers and individually,
then plotted. Sampling periods were grouped and colour-coded by their ‘day period’, namely
night, twilight, morning and afternoon. The temporal boundaries for each period were
defined from data obtained from the website, ‘Time and Date’ (Time and Date, 2011), using
the middle of the study period (mid-May) as a reference point. These were rounded to the

nearest quarter-hour (see Table C.1 in Appendix C for more details).

3.4 Results

A total of 2,992 events occurred between 1 April and 25 June 2011 across 9 of the 15
acoustic receivers. The largest number of sharks co-occurring during one sampling period

was seven, occurring twice at East Edwards Island and once at West Edwards Island.
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3.4.1 Social Associations

Overall, we found little evidence of social structure in subadult and adult white sharks
aggregating northeast of Stewart Island, as exhibited by the lack of structure in Figure 3.1.
Although all but two dyads (CC38, 2.9m male, and CC25, 2.8m male; CC38 and CC34, 3.5m
male) co-occurred with one another, the association scores were generally very low (Figure
3.2). The average association across all dyads was 0.036, with the strongest association

occurring between sharks CC37 (2.8m male) and CC39 (2.5m male), with a value of 0.115

&

o e e

(Figure 3.2).

Figure 3. 1 - Network plot of the social associations between white sharks aggregating

northeast of Stewart Island, New Zealand, between April and June 2011.
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Figure 3. 2 — Association (simple ratio index) values between white sharks co-occurring at

receivers deployed northeast of Stewart Island, New Zealand. Shark IDs are ordered by

ascending body size (total length), except CC30 which lacked a measurement. No association

occurred between dyads CC38 and CC25, and CC38 and CC34; other SRI values of 0 indicate

an association of less than 0.01.

3.4.2 Influence of Ontogeny and Sex

The ANOSIM test found no evidence for a relationship between the sex of sharks within a

dyad and their association value (ANOSIM R-statistic = -0.65, p = 0.635). This result was

corroborated by a lack of assortment by sex in Figure 3.3. There were a total of six female-
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female associations, 153 male-male associations, and 72 male-female associations, with

average SRl values of 0.34, 0.36, and 0.36, respectively.

The RELATE test found strong evidence for a positive relationship between the difference in
total length of sharks within a dyad and their association value (Figure 3.3). This suggests
that, on average, sharks that had a greater difference in body size were likely to be more
strongly associated. This result was evidenced by a negative rank-correlation coefficient of p

=-0.175 and p-value < 0.01.
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Figure 3. 3 - The relationship between the association strength, sex, and difference in total

length between pairs of white sharks aggregating northeast of Stewart Island, New Zealand.

3.4.3 Spatiotemporal Distribution of Events
3.4.3.1 Spatial Distribution

White sharks co-occurred at 9 of the 15 receivers in the acoustic array (Figure 3.4). No
events were recorded at East Ulva Island (Paterson Inlet) and all Ruapuke Island receivers

(Bird Island, Breaksea Island, North Head, Seal Rocks North, and Seal Rocks South). Almost
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all co-occurrences (99.5%) were recorded at Titi Island receivers, with the three northern

receivers (East Edwards, West Edwards, North Island) accounting for 89.4% of all co-

occurrences. West Edwards and North Island had a similar number of co-occurrences with

677 and 642 respectively, whereas East Edwards had over twice as many, with 1,357 co-

occurrences, accounting for 45.4% of all co-occurrences (Figure 3.4). In contrast, Native

Island (Paterson Inlet) had the lowest of co-occurrences, with only 3 events (Figure 3.4)

occurring across two consecutive days during the study period.
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Figure 3. 4 - The number of ‘events’ (white shark co-occurrences) per receiver in the array

deployed northeast of Stewart Island. Five receivers are absent from this plot as no events

occurred: Bird Island, North Head, Seal Rocks North, Seal Rocks South (Ruapuke Island), and

East Ulva Island (Paterson Inlet).
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3.4.3.2 Temporal Distribution

Co-occurrences were recorded on all 86 days of the study period. The daily maximum was 84
events on 28 April; the daily minimum was 10 events on 19 May (see Appendix C, Figure C.1).
Co-occurrences occurred during all times of the day (by 15-minute sampling periods), but
peaked during the night (52 events during 1:30am-1:45am). The minimum occurred during

mid-afternoon (16 events during 2:30pm-2:45pm) (see Appendix C, Figure C.2).

After analysing the temporal distribution of events at the five recievers with the greatest
number of events (East Edwards, West Edwards, North Island, East and Southwest Bench
Island), there was a distinct difference in the frequency of white shark co-occurrences
between the northern Titi Island and southern Bench Island receivers (Figure 3.5). Both
West Edwards and North Island had their highest average frequency of events per sampling
period during night and twilight periods (Figure 3.5), with combined averages of 8.1 and 7.8
events per sampling period, respectively. In contrast, East Bench Island had its highest
average frequency of events during daytime sampling periods (Figure 3.5), with an average
of 4.5 events. Although Southwest Bench Island had fewer white shark co-occurrences
comparatively, this receiver showed a similar pattern, with all but 4 events occurring
between 5:00am and 7:00pm (Figure 3.5). East Edwards Island had its highest average
frequency of events during daytime sampling periods, with 15.2 events, but this receiver
also showed a more consistent temporal pattern of events, with an average of 13.3 events

during night/twilight sampling periods.
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Figure 3. 5 - Frequency of events (white shark co-occurrences) during 15-minute sampling
periods at acoustic receivers deployed northeast of Stewart Island. This plot excludes four
receivers with recorded events due to low frequencies of events: North Bench Island, Bullers

Point, Bunker Islets (southern Titi Islands), Native Island (Paterson Inlet).

3.5 Discussion

Aggregations form when individuals cluster due to synchronised activity patterns or a
common attractant, such as prey availability (Johnson et al., 2002). Many elasmobranch
aggregations are not considered to involve a social attraction, yet aggregations may facilitate
sociality in sharks (Jacoby et al., 2012; Papastamatiou et al., 2022a). During an aggregation

northeast of Stewart Island from April to June 2011, white sharks exhibited
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no clear social structure and formed only weak associations with conspecifics (Figure 3.2).
The lack of social structure observed in this study supports the idea that white sharks
aggregate for asocial reasons, particularly to exploit seasonal abundances of pinniped prey
(Hussey et al., 2012; Jewell et al., 2024). Sociality arises then the benefits of forming social
relationships, such as predator avoidance, increased foraging efficiency, and navigational
capabilities, outweigh the costs, such as increased intra-specific competition (Anderson

et al., 2021b; Kraft et al., 2024; Krause & Ruxton, 2002). White sharks likely experience low
probabilities of encountering conspecifics outside aggregation events due to the species’ low
natural population sizes and broad dispersal across shelf and oceanic environments (Domeier
& Nasby-Lucas, 2013; Duffy et al., 2012; Findlay et al., 2016; Franks et al., 2021).
Consequently, white sharks are likely under stronger selective pressures to be efficient
solitary hunters than to form multiple and/or lasting social relationships (Findlay et al., 2016;
Krause & Ruxton, 2002). This may explain the lack of social structure observed at Stewart

Island.

The idea that white sharks aggregate at Stewart Island for asocial reasons is further
supported by the spatial distribution of co-occurrences observed in this study. For example,
89.4% of all co-occurrences were recorded in the northern Titi Islands, with less than 1%
recorded outside the Titi Islands group (Figure 3.4). The Titi Islands have been identified as
an important foraging habitat and area of high white shark activity, presumably due to the
presence of dense breeding colonies of New Zealand fur seal (Arctocephalus forsteri). White
sharks have also been found to exhibit strong site fidelity behaviour (Domeier & Nasby-
Lucas, 2007; Duffy et al., 2012; Jewell et al., 2013) which, given that all sharks in this study
were tagged in the Titi Islands, may explain the lack of co-occurrences elsewhere in the
array. The high proportion of co-occurrences at the Titi Islands, therefore, was likely driven
by overlapping patterns of individuals’ spatiotemporal habitat use, influenced by prey

availability and site fidelity behaviour.

Although prey availability and site fidelity likely led to the high co-occurrences at the Titi
Islands overall, the proportion accounted for by the three northern receivers suggests that
other influences, such as the presence of shark cage diving operators (SCDOs), may have
contributed to the spatiotemporal patterns observed here. A previous study conducted at

Guadalupe Island, Mexico, found that 68% of associations between white sharks occurred at
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regular cage sites (Papastamatiou et al., 2022b). The present study found similar results,
whereby 45.4% of all co-occurrences were recorded at East Edwards Island (Figure 3.4), the
site most heavily used by SCDOs over the study period (C. Duffy, personal communication,
13 March 2025; Francis et al., 2015). Furthermore, the majority of co- occurrences at East
Edwards Island were recorded during the day, aligning with hours of SCDO operation
(Figure 3.5). We note that the eastern and southwestern Bench Island receivers also
recorded the majority of co-occurrences during the day (Figure 3.5); however, this site was
not used by SCDOs during the study period, so the temporal patterns of co- occurrences
here likely represent a more natural pattern of white shark abundance and were possibly
driven by factors that optimise foraging during the day (Byrnes et al., 2021; Jewell et al.,
2024). Similar to feeding events (e.g., on whale carcasses), SCDOs and other anthropogenic
activities (e.g., research or fishing vessels) that can attract sharks to a localised area may
still facilitate social interaction even though the reasons for white shark movement are not
inherently social. Due to the resolution of the data, we cannot conclude that white sharks
were interacting at cages if present at East Edwards during hours of SCDO operation,
although observations during data collection (see Appendix C, Figure C.3 and C.4) support
the idea that aggregation sites, and the anthropogenic activities that may occur, can

facilitate white shark sociality through enabling spatial proximity of individuals.

While asocial factors are likely the primary driver behind the seasonal aggregation of white
sharks at Stewart Island, individuals may still benefit from being in close proximity to each
other. Some species of large sharks have demonstrated the capability for social learning
(e.g., Guttridge et al., 2013; Guttridge et al., 2009b; Jacoby et al., 2012), with several
studies suggesting that associations between white sharks may be a result of individuals
‘listening in” on conspecifics to learn the locations or remains of prey, or to take advantage
of kills by other sharks (Klimley et al., 2001; Papastamatiou et al., 2022b). This may be
particularly beneficial for younger sharks. Anderson et al. (2021a) found that 64% of
juvenile white sharks tagged in southern California exhibited sociality, forming between
one and 10 (mean of 2.21) preferential associations. The strongest association in this
present study (SRl =0.115) was between two of the smallest individuals in the sample
(Figure 3.2; see Appendix A, Table A.1 for more details on shark body size). Small sharks are

thought to be less experienced at hunting mammalian prey (Jewell et al., 2013)
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and, consequently, may be more likely to associate with conspecifics for benefits such as

increased hunting efficiency and scavenging opportunities, as well as social learning.

The benefit of increased access to food resources may also explain the positive relationship
observed between body size and association strength, whereby dyads with greater
differences in their total length tended to be more strongly associated (p < 0.01; Figure 3.3).
While analyses presented in the previous chapter suggest that small white sharks at Stewart
Island generally avoid areas frequented by larger sharks, it is possible that some may follow
larger and more experienced individuals to take advantage of their kills and other scavenging
opportunities (Findlay et al., 2016; Papastamatiou et al., 2022a). The detection range of the
acoustic receivers used in this study means that the observed association is not necessarily
an indication of direct interaction between white sharks; therefore, it is possible that smaller
individuals only remained within sensory range of conspecifics. If social interactions did
occur, such as at feeding events or dive cages, smaller sharks may have avoided agonistic
interactions through established size-related dominance hierarchies (Sperone et al., 2010;
see Appendix C, Figure C.4). White sharks possess an acute sensorial apparatus, which is
thought to allow them to ‘listen in’ on conspecifics but also maintain complex social
behaviours, such as size-related dominance hierarchies (Dunbar & Shultz, 2007; Northcutt,
1977). These hierarchies have been described across several elasmobranch species (e.g.,
Allee & Dickinson, 1954; Myrberg & Gruber, 1974), including the white shark (e.g., Duffy et
al., 2012; Findlay et al., 2016; Sperone et al., 2010). Maintaining social hierarchy through
body size may have allowed smaller white sharks to co-occur with larger conspecifics at
Stewart Island, potentially benefitting from increased foraging opportunities and/or social

learning, whilst avoiding conflict and injury (Sperone et al., 2010).

This study found no evidence for a relationship between the sex of individuals in a dyad and
the strength of their association (Figure 3.3), consistent with previous reports of a lack of a
relationship between sex and shark sociality (Allee & Dickinson, 1954; Sperone et al., 2010).
Increased reproductive opportunities have been described as another social benefit of
aggregation (Anderson et al., 2021b); however, large, mature females are rarely recorded at
Stewart Island (Francis et al., 2015) and it is unlikely that any of the tagged females in this

study were large enough to be sexually mature (see Appendix A, Table A.1).
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Mature females have been shown to avoid male-dominated sites (Bradford et al., 2020;
Domeier & Nasby-Lucas, 2013; Robbins, 2007), as demonstrated by the observed sex ratio at
Stewart Island of 2.5 males to one female (Francis et al., 2015). While these results suggest
that white sharks do not aggregate at Stewart Island for reproductive purposes, due to the
lack of females in the dataset we cannot conclude that a relationship between sex and

sociality does not exist.

Although this study has demonstrated that white sharks likely aggregate for asocial reasons,
namely prey availability, these events may still play an important role in facilitating social
behaviour by increasing proximity of individuals who may otherwise experience limited
encounters with conspecifics (Findlay et al., 2016). This study has also demonstrated that
measuring the frequency and spatiotemporal distribution of co-occurrences can provide
insights into processes relevant for conservation, such as habitat use, abundance, and the
effects of SCDOs on activity patterns. Aggregations can increase white sharks’ susceptibility
to fisheries-related injury or mortality due to the high concentration of individuals in a
restricted area (R. L. Shaw et al., 2021). Given the high abundance of white sharks and
potential contributions of SCDOs, Edwards Island may, therefore, be an important area to
focus white shark conservation at Stewart Island. Aggregations at Edwards Island may also
pose a greater safety risk to commercial paua (Haliotis iris) divers and recreational divers and
spear fishers who use the area. Both conservation and human safety have been described as
key priorities for white shark research (Davenport et al., 2021; Huveneers et al., 2018), so
considering measures for sociality and encounter rates may provide greater insight into
white shark habitat use, on which effective species and human safety management are

highly dependent (Winton et al., 2023).

3.6 Conclusion

This study supports previous findings that white sharks are generally solitary animals that
exhibit resource-driven patterns of behaviour. White sharks aggregating at Stewart Island
between April and June 2011 showed minimal social structure, weak associations, and
spatiotemporal co-occurrence patterns consistent with foraging behaviour and the potential
influence of SCDOs. This suggests that co-occurrences, and in turn social interactions, are
likely a result of shared habitat use, driven by prey availability and processes associated with

predatory success. While there was no evidence for a relationship between sex and
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association strength, white sharks with greater variation in body size tended to be more
strongly associated. White sharks, particularly smaller and less experienced individuals, may
have associated with larger conspecifics to exploit successful kills and find prey. Although the
white sharks in this study showed minimal evidence for sociality, aggregations may have an
important role in facilitating social interaction. Understanding the frequency and
spatiotemporal distribution of their co-occurrences has also identified areas of high white
shark activity and, therefore, potential areas to focus conservation and human safety

strategies at Stewart Island.
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Chapter 4:

Overall Conclusions and Recommendations

4.1 Conclusions

White shark (Carcharodon carcharias) behaviour during aggregation events is considered to
be predominantly driven by the biological demand for food resources (Hussey et al., 2012;
Jewell et al., 2024). At Stewart Island, the reason for aggregations is believed to be the
presence of large breeding colonies of New Zealand fur seal (Arctocephalus forsteri) (Francis
et al., 2015; Watson et al., 2014). While prey availability may largely influence the
behavioural decisions of white sharks, it is the interaction between numerous internal and
external processes that gives rise to individuals’ spatiotemporal patterns in habitat use
(Jewell et al., 2024). This thesis has demonstrated that modelling individual variation in
occurrence and sociality can provide a more complete understanding of how white sharks

use aggregation sites at fine spatial and temporal scales.

Based on a dataset of acoustic telemetry detections collected northeast of Stewart Island
between April and June 2011, the northern Titi Islands were identified as an area of
particularly high white shark activity. Chapter 2 found the northern Titi Islands had the
highest estimated probability of white shark occurrence (averaged across sharks and days),
with an estimate of 0.60 (Figure 2.3; Figure 2.4), and Chapter 3 found that these islands
accounted for 89.4% of all co-occurrences, with less than 1% recorded outside the Titi
Islands group (Figure 3.4). The Titi Islands harbour dense New Zealand fur seal breeding
colonies (Francis et al., 2015; Watson et al., 2014); consequently, the high estimates of
occurrence and large proportion of co-occurrences are likely due to white sharks utilising

habitats with abundant prey and overlapping spatiotemporally with conspecifics as a result.

Site fidelity behaviour likely also contributed to the spatiotemporal patterns of occurrence
and co-occurrence observed in this study. New Zealand fur seal breeding colonies exist
throughout the Rakiura region, including Ruapuke Island (Watson et al., 2014) which
observed the lowest estimated probability of occurrence of 0.0008, averaged across five
receivers (Figure 2.4; Figure 2.5). Despite this, white sharks are often observed at Ruapuke
Island (C. Duffy, personal communication, 13 March 2025). Chapter 2 revealed substantial

variation among the occurrences of white sharks northeast of Stewart Island, indicating that
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sharks exhibited individual ‘preferences’ towards different sites (Figure 2.9). Given that all
white sharks in this study were tagged in the Titi Islands, it is possible that the white sharks
included in the sample exhibited stronger site fidelity and preferences towards the Titi
Islands compared to Ruapuke Island. This suggests that individual variation and ‘preferences’
may influence white shark habitat use at relatively small (i.e., site-level) and larger (i.e.,

island-level) spatial scales.

Both chapters also identified the potential role of shark cage diving operators (SCDOs) on
the diel activity patterns of white sharks at Stewart Island. Over the study period, nearly all
SCDO effort (97-100%) was directed at East Edwards Island, particularly the eastern side
(Francis et al., 2015; C. Duffy, personal communication, 13 March 2025). The effects of SCDO
presence at East Edwards was potentially reflected in the results of Chapter 2, whereby
white sharks showed a stronger affinity towards the northern Titi Islands receivers,
particularly East Edwards Island, despite large and well-established fur seal colonies existing
on the southern Bench Island and Bunker Islets (Francis et al., 2015; Wilson, 1981).
Furthermore, Chapter 3 found that East Edwards Island accounted for the most co-
occurrences at a single receiver (45.4%), the majority of which occurring during the day and
hours of SCDO operation (Figure 3.5). East Edwards Island was also the only northern
receiver with this temporal pattern of co-occurrences (Figure 3.5), as both West Edwards
Island and North Island recorded the majority of co-occurrences during night sampling
periods. This may have been a consequence of white sharks being drawn towards East
Edwards Island and away from the other northern receivers when SCDOs were present.
Previous studies have shown that SCDOs can affect the diel activity patterns of white sharks,
with white shark presence aligning with that of SCDOs (Bruce & Bradford, 2013; Francis et
al., 2015; Huveneers et al., 2013). It is unlikely that SCDOs affected the abundance of white
sharks at the northern Titi Islands, as no significant change in the abundance of white sharks
was observed at Stewart Island prior to and post the beginning of SCDO operations in 2008
(Francis et al., 2015). However, SCDOs may have affected the diel activity patterns of sharks,
whereby their occurrence at Edwards Island coincided with the presence of SCDOs and
encouraged individuals to spend more time at this site, leading to the spatiotemporal

patterns of occurrences and co-occurrences observed in this study.
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Social network analysis found that white sharks aggregating northeast of Stewart Island
formed only weak associations with conspecifics (mean of 0.036; Figure 3.2) and lacked a
clear social structure (Figure 3.1). In combination with the individual variation observed in
Chapter 2, these results are consistent with the idea that white sharks exhibit unique
patterns in habitat use that are unlikely to be socially driven but are, instead, influenced by
asocial processes such as prey availability, local abiotic and biotic conditions, and the
animals’ internal state. Many elasmobranch aggregations are not considered to involve a
social attraction (Johnson et al., 2002) but these events may still facilitate sociality by
enabling spatial proximity of individuals that are otherwise wide-ranging and possibly
experience low probabilities of encountering conspecifics (Findlay et al., 2016). White sharks
have previously been observed interacting at feeding events, dive cages and research vessels
(Duffy et al., 2012; Findlay et al., 2016; Martin et al., 2005), ranging from agonistic displays
to following and tolerance (see Appendix C, Figure C.3). Therefore, while the reasons for
social interaction may be asocial, aggregations may play an important role in white shark
sociality and related behaviours, such as the formation of associations and size-related

dominance hierarchies (see Appendix C, Figure C.4).

Ontogeny and size-related differences in behaviour are often linked to the behavioural and
movement patterns of white sharks (Gennari et al., 2022; Jewell et al., 2024; Kim et al.,
2012) and may have influenced the patterns and individual variation observed in this thesis.
Larger white sharks are thought to be more experienced at hunting pinnipeds due to
increased familiarity with the foraging locations and strategies to optimise predatory success
(Franks et al., 2021; Goldman & Anderson, 1999). Consequently, larger white sharks tend to
utilise more restricted activity spaces, focusing on favoured habitats that provide the best
foraging opportunities (Goldman & Anderson, 1999). This idea was corroborated in Chapter
2, whereby individuals showing higher-than-average preferences for the northern Titi Islands
receivers tended to be larger in size and showed limited use of other receivers in the array,
while those showing lower-than-average preferences tended to be smaller (Figure 2.9).
Furthermore, all but one of the sharks that were ‘absent’ from the array (i.e., undetected by
any receiver) more often than they were detected by at least one receiver were under 3.0m
total length. This may be a result of white sharks utilising a broader activity space as they

learn the locations that provide the best foraging opportunities (Goldman & Anderson,
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1999), exploit different habitats to supplement their diet with non-mammalian prey, such as
teleosts, cephalopods, and other elasmobranchs (Curtis et al., 2012; Hussey et al., 2012), or
due to competitive exclusion from favoured habitats by larger conspecifics (Baremore et al.,

2021; Munroe et al., 2022).

Body size may also explain the associations observed in Chapter 3, whereby the strongest
association (SRl = 0.115) was formed between two of the smallest sharks in the sample
(CC37, 2.8m male; CC39, 2.5m male; Figure 3.2), and sharks with greater differences in body
size (TL) tended to be more strongly associated (p < 0.01; Figure 3.3). These results suggest
that smaller white sharks may be more likely to associate with conspecifics, including larger
and more experienced individuals, due to benefits such as exploitation of successful kills by
conspecifics, thereby increasing their access to food resources relative to when foraging
solitarily, and social learning (Klimley et al., 2001; Papastamatiou et al., 2022b). White
sharks, like other sharks, are considered to be capable of social learning due to anatomical
specialisations, such as a large brain-to-body mass ratio and acute sensorial apparatus,
comparable to that of social birds and mammals (Dunbar & Shultz, 2007; Northcutt, 1977).
While these anatomical specialisations may be better related to foraging efficiency (Findlay
et al., 2016), the ability to engage in social learning and ‘listen in’ on conspecifics may be
beneficial for smaller, less experienced white sharks in particular, and may explain the

relationships between body size and sociality observed in Chapter 3.

Sex has also been described as a potential mechanism behind white shark movements
(Bradford et al., 2020; Domeier & Nasby-Lucas, 2007, 2013; Jewell et al., 2024); however, sex
was not an important driver in this case. No evidence for a relationship between association
strength and sex was found (Figure 3.3), possibly a result of the small number and size of the
females tagged in this study (see Appendix A, Table A.1 for more information). Though large
females are present in New Zealand, they are rarely recorded or observed at Stewart Island
(Francis et al., 2015). This is potentially a result of sex-based differences in dispersal
patterns, whereby females tend to occupy offshore waters more often than males and avoid
male-dominated aggregation sites (Bradford et al., 2020; Domeier & Nasby-Lucas, 2013).
While this work cannot determine if sex influences sociality or individual variation in white
sharks, these results are consistent with reproduction not being a primary reason for

aggregatory behaviour at Stewart Island.
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The ability to obtain reliable estimates of white shark occurrence and abundance is central
to effective conservation and human safety initiatives — two key focuses for white shark
research (Davenport et al., 2021; Huveneers et al., 2018). This thesis has demonstrated that
integrating different aspects of white shark behaviour into ecological modelling can be highly
valuable in providing a more complete overview of how white sharks utilise aggregation sites
at fine spatial and temporal scales. For example, Chapter 2 found that the Bayesian logistic
models that could most accurately predict the occurrences of white sharks northeast of
Stewart Island all included terms for individual variation (Table 2.1). Chapter 3 found that
white sharks most often aggregated at Edwards Island (Figure 3.4) with up to seven
individuals co-occurring during one sampling period. Fisheries-related mortality is a risk at
aggregation sites as the high concentration of individuals can increase their susceptibility to
bycatch and lead to the removal of mature or near-mature from the population. Aggregatory
behaviour can also increase the risk of shark-human conflicts, potentially leading to reduced
public support for white shark conservation (Kock et al., 2012; Winton et al., 2023).
Therefore, incorporating white shark behaviour, such as individual variation and sociality,
into understanding the fine-scale use of aggregation sites can provide a more accurate
understanding of their spatiotemporal movements and abundances, likely serving for more
effective conservation management, such as seasonal fishing restrictions, and human-shark

conflict mitigation.

4.2 Recommendations for Management and Future Research

4.2.1 Recommendations for Management

White sharks are currently listed on Appendix | and Appendix Il of the Convention on the
Conservation of Migratory Species of Wild Animals (CMS), making it so that Range States,
including New Zealand, have a statutory obligation to prohibit the taking of the species,
conserve their habitats, and control factors that might further endanger them (Convention
on the Conservation of Migratory Species, 2024). Due to their listing on Appendix | of CMS,
white sharks have been protected in New Zealand since 2007 under the Wildlife Act 1953
and have had the conservation status of ‘Threatened — Nationally Endangered’ under the
New Zealand Threat Classification System since 2016 (Duffy et al., 2018). While information

on the recovery of the Eastern Australasian white shark population and effectiveness of
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current conservation strategies is scarce, this thesis has highlighted a few areas where

species management could potentially be improved.

While this study cannot speak to the relevant importance of Ruapuke Island and other areas
northeast of Stewart Island not covered by the acoustic array, Edwards Island should be
considered as an area to implement seasonal fishing restrictions due to the high presence
and concentration of white sharks at this site. Between 2007 and 2016, 15 white sharks were
reported caught by set nets deployed in the Foveaux Strait, four of which were retrieved
dead (Francis, 2017). All white sharks were caught during summer-autumn (Francis, 2017),
coinciding with the aggregatory season (Francis et al., 2015). Therefore, the establishment of
seasonal set netting restrictions, at least at Edwards Island, during the summer-autumn

months will likely reduce the risk of bycatch and fisheries-related mortality (Francis, 2017).

The potential effects of SCDOs on the diel activity patterns of white sharks should also be
considered. The use of berley odour trails to attract sharks to cages has shown to be
effective over several kilometres (Strong et al., 1996). The southern Titi Islands were not
used by SCDOs over the study period and are located 7-11km away from the cage sites, so
white shark presence at these receivers may not have been affected by SCDOs or odour trails
and, instead, may have represented a more natural pattern of abundance. White sharks’
diurnal presence at the northern Titi Islands, however, may have been affected by SCDOs,
whereby sharks could have potentially been attracted to East Edwards Island during times of
operation, resulting in the fewer co-occurrences recorded at West Edwards and North Island
during the day observed in Chapter 3. Financially viable shark tourism operations rely on
being able to successfully attract sharks (Bruce & Bradford, 2013) and thereby potentially
elicit changes to their natural behaviour and patterns of habitat use. Future management
strategies should consider the influence of SCDOs on white shark behaviour and habitat use
and the implications for potential threats to the aggregatory population, such as fisheries

interactions.
4.2.2 Recommendations for Future Research

Both chapters demonstrated the importance of analysing spatial data at the individual-level
of both sharks and receivers. Chapter 2 revealed white sharks showed individually unique

patterns of habitat use, and including measures for this variation in modelling substantially
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improved the predictive accuracy regarding their distribution northeast of Stewart Island
(Table 2.1). Additionally, temporal variation found in Chapter 3 found that co-occurrences,
across all receivers, predominantly occurred at night (see Appendix C, Figure C.2), although
analysis of each receiver showed that the northern and southern Titi Islands receivers
exhibited unique temporal patterns in the frequency of co-occurrences, leading to the
identification of the influences of SCDOs on the northern Titi Islands receivers. Given the
dependency of conservation and human safety initiatives on reliable estimates of white
shark distribution and habitat use, particularly at aggregation sites where individuals occur
in higher concentrations, | strongly recommend that individual variation is considered in

studies going forward.

Further research is required into the social behaviour of white sharks. The combination of
acoustic telemetry and social network analysis will likely provide a truer representation of
white shark sociality in the absence of provoked behaviour, such as that at feeding events;
however, acoustic receivers with smaller detection ranges should be used to improve the
confidence of whether sharks are truly interacting (Mourier et al., 2017). Alternatively, CHAT
tags, which record encounters with other tagged sharks, could be used (Mourier et al.,

2017).

Future research at Stewart Island should also consider tagging white sharks at locations
separate from the Titi Islands, such as Ruapuke Island, to understand whether site fidelity

and/or preferences towards island groups influences habitat use.
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Appendices

Appendix A — White Shark Metadata

Table A. 1 - Metadata of tagged white sharks. All white sharks were tagged in the Titi

Islands. CC30 lacked both minimum and maximum total length measurements.

Shark ID Acoustic Tag Minimum Maximum

Number Total Length (m) Total Length (m)

CCo3 27032 M 3.0 3.2
CCo8 27026 F 2.8 2.8
CC22 40961 M 3.3 3.3
Ccc23 27028 M 4.0 4.0
CC24 40963 M 4.0 4.0
CC25 40962 M 2.8 2.8
cc27 27025 F 4.0 4.0
CC28 27027 M 3.5 35
CC29 27029 M 2.8 3.0
CC30 27031 M - -

CC31 27033 M 3.8 4.0
CC32 40964 F 4.0 4.0
CC33 40965 F 33 3.5
CC34 40966 M 3.5 35
CC36 40968 M 4.0 4.0
CC37 40969 M 2.8 2.8
CC38 40970 M 2.8 3.0
CC39 40972 M 25 2.5
CC40 40973 M 4.0 4.0
Ccaz 40975 M 35 35
CCc4a3 40976 M 2.8 3.0
CC44 40977 M 3.0 3.0
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Appendix B — Chapter 2 Supplementary Tables and Figures

Table B. 1 — Chapter 2: Prior predictive check. The priors from the final test, prior predictive

check five, were used in the eighth logistic model.

Prior Predictive Check Intercept Standard Deviation
1 Student T (3, 0, 3.5) Student T (3, 0, 3.5)
2 Normal (0, 10) Normal (0, 10)
3 Normal (0, 1.5) Normal (0, 0.5)
4 Normal (0, 1.5) Cauchy (0, 1)
5 Normal (0, 1.5) Exponential (1)

0.48 0.50 0.52 0.54
Estimate

Figure B. 1 — Chapter 2: Prior distributions for the main effects of receivers produced from a
prior predictive check on the prior used in the full Bayesian model: Intercept = Normal(0, 1.5),

Standard deviation = Exponential(1).
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Figure B. 2 — Chapter 2: Prior distributions for the main effects of sharks produced from a
prior predictive check on the prior used in the full Bayesian model: Intercept = Normal(0, 1.5),

Standard deviation = Exponential(1).
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Figure B. 3 — Chapter 2: Markov Chain Monte Carlo (MCMC) trace plots for full Bayesian

model. This model included all interaction terms.

87



404
304
204
104

04

404
304
20
104

04

40 A
30
204
104
04

Number of Days

404
301
20
104

04

CC40 CC03 CC27 EC3i1 CC43
] LII‘-.-_ _||n . md__ |1 .III--J_ . I.. Bes . L.IL. i
CE32, CCo8 CE24; CC42 CC22
I.ll]-l.. || . Ha. |1 .IIL..- T iL I‘-.. 1 I.iII.i_.
CC30 CC39 CE23 CC28 CEZ5;
% iIIi.._ " II-- liIII.-_ - ii Il..._ li“n-
CC36 CC34 GCE37 CC29 CC44
I.IIIL- A |.l“-l.._ LL“I-- 1 ii“n.__ J‘IL. 1
ccas ccas 0 2 4 6 8 0 2 4 6 8 0 2 4 6 8

40 4
301
20
104
04

Ji

L

0 2

8

2

.Illl—l P
0 4 6 8

Number of Receivers Visited per Day

Frequency

. Average

. Individual Shark

Figure B. 4 — Chapter 2: The number of receivers (1-8) visited per day by individual white

sharks aggregating northeast of Stewart Island between April and June 2011.
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Figure B. 5 — Chapter 2: White shark (CC25; 2.9m male) displaying a healed bite wound

posterior to the right pectoral fin from a larger conspecific at East Edwards Island, northeast

of Stewart Island, New Zealand, 4 April 2011. Photo: Clinton Duffy.
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Appendix C — Chapter 3 Supplementary Tables and Figures

Table C. 1 — Chapter 3: The temporal boundaries for each ‘day period’, obtained from Time

and Date and using mid-May as a reference point.

Day Period Time Boundaries

Night 19:00 to 5:44
Dawn 5:45to 7:29
Morning 7:30to 11:59
Afternoon 12:00to 17:14
Dusk 17:15to 18:59
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Figure C. 1 - Chapter 3: Frequency of events (white shark co-occurrences) per day between 1

April 2011 and 25 June 2011 across all acoustic receivers deployed northeast of Stewart

Island.
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Figure C. 2 — Chapter 3: Frequency of events (white shark co-occurrences) per 15-minute

sampling period at all receivers deployed northeast of Stewart Island.
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Figure C. 3 — Chapter 3: Tolerance for conspecifics displayed by three white sharks (Front:

CC03, 3.1m male; Middle: CC27, 4.0m female; Back: CC44, 3.0m male) at East Edwards
Island, northeast of Stewart Island, New Zealand, 29 March 2011. Only the tip of the caudal
fin of CC44 can be seen behind CC27. Photo: Kina Scollay.
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Figure C. 4 — Chapter 3: Size-related dominance behaviour exhibited by two white sharks

(CC24, 4.0m male; CC22, 3.3m male) at Herekopare Island, northeast of Stewart Island, New
Zealand, 2 April 2011. Top Left: CC22 enters from the right and is approached by the larger
male, CC24. Top Right: In response, CC22 does a rapid 180° turn and is followed by CC24 so
that both sharks are swimming parallel. Bottom Left: CC24 rolls on its side and turns its head
to watch CC22. Bottom Right: Both sharks leave, swimming in different directions. Photos:

Kina Scollay.
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