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world and the causes of this variation are diverse. For the first time in New Zealand, I have 

compared the variation in whistle characteristics of two isolated populations of bottlenose 

dolphins, GBI and Fiordland, using seven time-frequency variables. In addition, I compared the 

parameters between these isolated populations using Random Forests analysis (RF) and assessed 

the influence of location, group size, and presence of immatures on these characteristics. Finally, 

I compared the whistle characteristics of bottlenose dolphin populations from around the world 

with New Zealand populations using a hierarchical cluster analysis. Whistle characteristics of both 

populations were similar to other populations around the world, surprisingly, my populations were 

similar to other populations from the northern rather than the southern hemisphere regions. A 

comparison of whistle parameters between GBI and Fiordland, showed that the Fiordland 

population had longer whistles and more inflection points than whistles from the GBI population. 

Whistles from these two populations were distinct enough to be correctly allocated to one 

population-based on acoustic measures alone with a 90% of accuracy. The most important 

variables for classification were whistle type contour, duration, and end frequency. I obtained two 

principal components from the NIPALS PCA. The first principal component (PC1) explained 55.6% 

and the second component (PC2) explained 44.4% of the variance. Linear Mixed Models on PC1 

and PC2 were used to assess whether whistles acoustic parameters were influenced by location, 

group size, and presence of immatures. I found that PC1 was not different between areas or with 

the presence of immatures. However, minimum frequency and duration differed between the two 

populations (location). 

 

Overall, my research has produced significant new knowledge on the social structure, prevalence 

of skin lesions and tooth rakes, and geographic variation in vocalisations of bottlenose dolphins. 

My research provides better understanding of the high degree of social and acoustic plasticity of 

bottlenose dolphins by applying state-of-the-art approaches such as social network and random 

forests analyses to multiple temporally and spatially diverse datasets. In addition, I developed a 

useful tool for non-invasive categorisation of infectious skin diseases that can be used by 

researchers and conservation practitioners worldwide to assess the health of individuals and 

populations. 
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1. Introduction 

1.1. Social structure 

Social behaviour, also referred to as sociality, can be defined as a series of interactions that occur 

between two or more individuals from the same or different species that usually provides benefits 

for all participating individuals (Jasso del Toro & Nekaris, 2019). These interactions can be 

cooperative, aggressive, mutualistic, or altruistic, leading to strong relationships among 

individuals. Social behaviour can lead to the formation of various social systems based on the 

nature of the relationships and participants (Rubenstein & Rubenstein, 2013). Why and how social 

behaviours exist in animals is still a matter of extensive discussion, but it has been clear that for 

behaviour to be social, it does not need to be selfless (van Coeverden, 2017). According to Krause 

and Ruxton (2002), sociality evolves when the benefits of sustained social interactions are greater 

than the costs of these close associations with conspecifics. Some of the benefits of group living 

include enhanced opportunities to access food and mating and defence from predators (Majolo & 

Huang, 2018). However, sociality can have negative consequences such as increased competition 

for mates and resources or higher chances of disease transmission (Silk, 2007). In long-lived and 

highly social species, it has been shown that the quantity and the quality of the social relationships 

have direct consequences on fitness (Smith et al., 2016). For example, social integration between 

unrelated females increases both foal birth rates and survival in feral horses Equus caballus 

demonstrating that social integration has strong direct fitness consequences between non-

relatives  (Cameron et al., 2009). In bottlenose dolphins, calving success has been shown to 

depend on both genetic inheritance and social bonds, and the interactions of these factors 

influence female fitness (Frère et al., 2010).  

 

Social structure has been defined in several ways and from both ethological and behavioural 

ecological perspectives (Whitehead, 2008). One of the definitions more commonly used for social 

structure, and the one followed in this thesis, was proposed by Hinde (1976). From the ethological 

point of view, Hinde (1976) proposed a three-level framework for the analysis of animal societies 

(Figure 1). At the fundamental level, social structure is determined by the quality and nature of 

the interactions among individuals. These interactions occur when the presence or behaviour of 
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indicating the strength or numbers of interactions, or unweighted (binary), if information about 

the strength is unknown (Wey et al., 2008). A social network analysis approach provides a solid 

framework to study the social structure of a population, and in turn, this social structure offers 

important evolutionary and ecological information at different levels of organisation (Krause et al., 

2007). For example, at the population level, the structure of a network can affect the speed at 

which information is transmitted. At the individual level, it can show connections between 

individuals, and in turn, who interacts with whom and how diseases are transmitted (Krause et al., 

2007; Newman, 2002).  

 

With the application of social network methods to behavioural ecology, coupled with the use of 

mathematical models, more comprehensive information about the social structures of different 

populations has been documented. A variety of descriptive statistics are now available to refer to 

structural components of networks and the position of certain individuals in relation to others. 

Among the most widely used individual-based measures for the network are: degree - the number 

of immediate neighbours (James et al., 2009); strength - the sum of association indexes of each 

individual (Barrat et al., 2004); affinity  - the strength of the associates an individual has 

(Whitehead, 2019); clustering coefficient - how well the associates of an individual are themselves 

associated (Whitehead, 2019); and node betweenness - the number of shortest paths between 

pairs of individuals (Croft et al., 2008). These statistics provide understanding of the local and 

global properties of the network (Krause et al., 2009). However, social networks can be used at 

different levels and have increased in applicability and complexity over the last 10 years. An 

example of the increasingly sophisticated approaches being taken by many researchers is the 

analysis of group-derived data to assess the temporal stability (over years) of relationships among 

individuals through Lagged Association Rates (LAR; Whitehead, 2008). Carter and collaborators 

(2013) found that female giraffes exhibited long-term relationships spanning six years, but this 

was not the case for males, and this difference may be explained by sex differences in ranging 

patterns and reproductive priorities. Similarly, Francesiaz and collaborators (2017) quantified the 

temporal stability of social bonds in slender-billed gull Larus genei, finding that associations were 

higher during two consecutive years, but no further evidence of stable association was observed 
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al., 2007). For example, sex and kinship influence social network cohesion in Indo-Pacific 

bottlenose dolphins, and kinship have more influence on female than on male social relationships 

(Wiszniewski et al., 2010). Patterns of associations change among orcas in relation to food 

availability, with more interconnected networks occurring in years where salmon were more 

abundant (Foster et al., 2012). Williams and Lusseau (2006), using simulations of historic live 

captures of orcas, found that their network in the north-eastern Pacific broke into smaller, isolated 

units, raising concerns about the impact of targeted animals on matrilineal cetaceans. In addition, 

younger individuals have an influence in the social network of a population. For example, it has 

been reported that female juvenile orcas in this population play an important role in maintaining 

the cohesion in their social networks (Williams & Lusseau, 2006), and in social units of female and 

immature sperm whales in Dominica, calves seem to be important nodes in their networks (Gero 

et al., 2013). 

 

1.3. Skin lesions and tooth rakes in cetaceans 

The bottlenose dolphin is a socially complex species that lives in fission-fusion societies in which 

individuals associate in groups that often change in size and composition (Connor & Wells, 2000). 

Natural pressures within a population can be assessed using skin lesions and tooth rakes; 

information that is important to better understand the dynamics of the populations. Tooth rake 

marks usually are the result of inter- and intra-specific interactions and are an indicator of the level 

of social interactions within a population (Marley et al., 2013; Scott et al., 2005). In the case of skin 

lesions, animals that have high contact rates with others will have more opportunities to spread 

them, increasing vulnerability among their populations (Sah et al., 2018). In a social network, for 

example, animals occupying a more central position within the network will have more chances of 

transmitting information (Evans et al., 2020) or diseases in the population (Godfrey et al., 2009, 

2010). Likewise, animals in such as position have more connections with other members of the 

population, consequently, they will have more opportunities for intra-specific interactions with 

other animals increasing their chances of contracting diseases and/or acquiring more tooth rakes.  
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Several hypotheses have been proposed to explain geographic variation in acoustic signals. One 

of them is the Acoustic Adaptation Hypothesis (AAH). This hypothesis states that animal acoustic 

signals are adapted to their environment to minimise degradation and maximise signal 

transmission and long-range communication (Morton, 1975). This hypothesis has been supported 

by evidence from several species of insects such as gomphocerine grasshopper Chorthippus 

biguttulus (Lang, 2000), and bladder grasshopper Bullacris membracioides  (Van Staaden & Römer, 

1997); birds such as Eurasian wren Troglodytes troglodytes (Holland et al., 1998); great tits Parus 

major (Blumenrath & Dabelsteen, 2004); dark-eyed junco Junco hyemalis (Slabbekoorn et al., 

2007); also in frogs such as American bullfrog Lithobates catesbeianus (Boatright-Horowitz et al., 

1999); and some species of primates such as Guizhou snub-nosed monkey Rhinopithecus brelichi 

(Riondato et al., 2021). An alternative hypothesis is the social complexity hypothesis that states 

that with increasingly complex social structure it is necessary to increase communication 

complexity (Freeberg et al., 2012). This has been seen in group living species such as marmots 

where it has shown that social complexity is responsible for the evolution of complex alarm 

communication (Blumstein, 2003). 

 

1.5. Acoustic communication and geographic variation in acoustic signals in 
cetaceans  

Cetaceans can produce both low and high frequency sound and the mechanisms related to sound 

production in these animals are, nowadays, well understood (Wei, 2021). In toothed whales, the 

sound is produced through the nasal air sacs located below the blowhole. This structure is 

responsible, at least, for producing two of three sounds made by most of the toothed whales: 

whistles and echolocation clicks. Toothed whales are capable of producing sounds classified into 

three structural categories: clicks or pulsed signals, burst-pulsed sounds, and whistles or tonal 

signals (Janik, 2009). Clicks are broadband, short sounds with frequencies between 10 and 200 

kHz (ultrasonic range) used commonly for echolocation but also are used for communication 

(Janik, 2009). Click structure can vary in duration, waveform type, and frequency between 

different groups of toothed whales. Burst-pulsed sounds are broadband pulses consisting mainly 

in click trains, with most of their energy focused on the low frequencies (Janik, 2009). Sounds such 
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as the denominated bray calls, moans or rasps are in this category (Janik, 2009). It is believed that 

burst-pulsed sounds are used for general communication. Whistles are narrowband frequency 

modulated sounds with a harmonic structure (although some clicks are quite narrowband, e.g., 

from porpoises and Cephalorhynchus dolphins). Whistles can have frequencies between 3 and > 

30 kHz (Gridley et al., 2012; Hiley et al., 2017), and a duration between 100 ms and 4s (Buckstaff, 

2004). Almost all toothed whales can produce whistles except for the dolphin in the genera 

Cephalorhynchus, Kogia, Neophocena, Phocoena, Phocoenoides and Physeter (Au & Hastings, 

2008). Whistles can be of two types: signature and non-signature whistles. Signature whistles are 

defined as whistles characterised by a distinctive frequency-modulated patterns and it is thought 

to convey information about the individual for recognition (Caldwell & Caldwell, 1979; Janik, 2013; 

King et al., 2018; Sayigh et al., 1995). Signature whistles are particular to individuals and have been 

suggested that they work similar to human names (Janik & Sayigh, 2013). Non-signature whistles 

or variant whistles are defined as other whistles without distinctive frequency-modulated patterns 

(Caldwell & Caldwell, 1979; Janik et al., 2013; Watwood et al., 2005).  

 

Geographic variations in whistle parameters have been reported in several species of odontocetes 

such as common dolphins (Ansmann et al., 2007), bottlenose dolphins (Hawkins, 2010; Papale et 

al., 2014), and Guiana dolphins (Leão et al., 2016; Moron et al., 2019). Wang and collaborators 

(1995) found that bottlenose dolphins along the coast of the Gulf of Mexico, show a steady change 

in the acoustic parameters of their whistles. Morisaka and collaborators (2005b) studied three 

populations of Indo-Pacific bottlenose dolphins in Japan finding different whistle characteristics, 

mainly in frequency parameters that helped to discriminate among populations. Variation in 

whistle parameters has been attributed to ecological, social, and anthropogenic factors. Ecological 

factors, such as habitat preferences diminish dispersal between dolphin populations leading to 

differences in acoustic signal (Rossi-Santos & Podos, 2006). Social factors promoting variation in 

whistles have been attributed to certain group characteristics such as behaviour, size, and 

composition (Hawkins & Gartside, 2010; La Manna et al., 2013; Quick & Janik, 2008; Romeu et al., 

2017). Lastly, it has been observed that bottlenose dolphins change their whistle parameters in 
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on the geographic location (Ross & Cockcroft, 1990). Dolphins from Fiordland appear to have 

longer bodies and relatively smaller appendages compared to dolphins in warmer locations 

(Schneider, 1999). This species can live up to 35-40 years, and females become sexually mature 

around 5-13 years, while males mature around 8-13 years (Sergeant et al., 1973). 

 

 
Figure 1.2. Bottlenose dolphin JP068 bow riding at Great Barrier Island. Photo by J. Patiño-Pérez. 

 
 

1.6.1. Social structure 

Researchers have hypothesised that the relatively large brain size of cetaceans has evolved mostly 

as a response to social forces, i.e., the need for optimal functioning within a complex society 

marked by communication, collaboration, and group competitiveness (Marino et al., 2007). 

Evidence has shown that the large and complex brain of cetaceans allows them to process complex 

information and they have been shown to be capable of intelligent and rational behaviour (Marino 

et al., 2007). Bottlenose dolphins live in fission-fusion societies in which individuals associate in 
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groups that often change in size and composition (Connor & Wells, 2000; Würsig & Würsig, 1977). 

Populations of bottlenose dolphins show different patterns of associations that can vary in age 

and gender (Connor & Wells, 2000) and in response to environmental factors (Chilvers & Corkeron, 

2002). For example, in Sarasota Bay females associate mainly with other females of similar 

reproductive stage and age, while juvenile dolphins tend to associate with other immature 

individuals rather than with adults. Likewise, males tend to form strong associations with other 

males (Wells, 1991) but not in all populations. For example, in the Moray Firth long-term 

associations in the population between males have not been detected (Wilson, 1995). In the case 

of Shark Bay, Western Australia, Connor, and collaborators (1992) described dolphins alliances 

where two or three dolphins form a group and these groups joined other dolphins to form what 

they called, second order alliances. These second order alliances functioned to consort females or 

attack other groups (Connor et al., 1992). In some populations of bottlenose dolphins, kinship can 

be essential to form alliances among males. Parsons and collaborators (2003) found that many 

males tended to spend more time paired with closely related males (Parsons et al., 2003). In 

contrast, kinship did not appear to be a determinant factor in the formation of alliances in 

Southern Australia (Möller et al., 2001). 

 

In New Zealand, the social structures of populations of bottlenose dolphins have been studied, in 

varying detail, throughout its distribution range. However, in the North Island, the social structure 

of this species has only been studied in the Bay of Islands (Hamilton, 2013; Mourão, 2006). 

Bottlenose dolphins in the Bay of Islands inhabit a range of habitats within an enclosed embayment 

and open coastline (Mourão, 2006). The social organisation of bottlenose dolphins in this area 

ranges from flexible to high-ranking interactions, with some individuals showing preferred 

associations with other dolphins (Mourão, 2006). Three probably social communities were 

identified in the areas during 2000-2003 with individuals of the same community associating more 

frequently among them than with individuals from other communities. The best model describing 

the association among dolphins here was a short-term casual acquaintance and a constant long-

term companion. Intra and inter-sexual associations were also observed in this population where 

females associate with a variable number of females linked at least indirectly, forming what has 
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parameters of bottlenose dolphins and, for the first time, compare the whistle characteristics of 

two populations of bottlenose dolphins in New Zealand.  

 

1.8. Thesis structure and aims 

This thesis is comprised of five chapters, including an introductory and a concluding chapter. A 

description of each chapter and objectives are shown below: 

 

Chapter one: This chapter presents an overview of what social structure is and the factors shaping 

it in a general context. I outline the key concepts, which form the foundation for the work 

undertaken in this thesis and how they apply to bottlenose dolphins. These include animal social 

networks, skin lesions, and vocal behaviour.   

 

Chapter two: This chapter describes the social structure of bottlenose dolphins in waters around 

Great Barrier Island. The aim of this chapter was to compare the social organisation of this 

population at two different time periods and to other populations around the North Island. I assess 

the social structure of bottlenose dolphins by examining: (1) preferred/avoided companions, (2) 

strength and distribution of associations, (3) temporal and spatial patterning of associations, and 

(4) residence times. During 2015-2019, two social communities were identified in the population 

with different home ranges, and I aim to explain what the trends in the social organisation are 

when both communities are analysed both independently and together.   

 

Chapter three: This chapter describes the diversity and prevalence of skin lesions and tooth rakes 

occurring within the endangered bottlenose dolphin population of north-eastern in the North 

Island of New Zealand. More specifically, I wanted to 1) describe the most common skin lesions 

present in bottlenose dolphins, 2) assess the prevalence of skin lesions and tooth rakes in the 

population, 3) determine the distribution of skin lesions and tooth rakes along the body of the 

dolphins, 4) develop a standardised protocol for skin lesion classification for bottlenose dolphins 

in New Zealand, and 5) describe the relationship between the presence of skin lesions and tooth 

rakes with the strength of the dolphins in the social network. 
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Chapter four: In this chapter I describe the characteristics of whistle vocalisations of bottlenose 

dolphins at Great Barrier Island. Here, I compare the whistles characteristics of two populations in 

New Zealand. In addition, I use a Random Forest analysis to assess if dolphin whistles could be 

correctly allocated to their correct population based on these characteristics. Furthermore, I ask 

if the differences found in the whistle characteristics of these populations may be due to social 

variables such as groups size and/or the presence of immatures. 

 

Chapter five: Finally, in the last chapter I summarise my main findings and explore my results in 

terms of sociality and conservation perspectives. 
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2. The social structure of bottlenose dolphins at Great 
Barrier Island. 

 

2.1. Abstract 

The social structure of a population has been described as the nature, quality, and patterning of 

relationships among individuals within a group. It is a synthesis of how individuals interact with 

each other and is an important determinant of the biology of any population, influencing fitness, 

gene flow, and spatial patterns. Dolphins are gregarious animals that form complex social 

structures, ranging from fission-fusion societies to social alliances. The north-eastern population 

of bottlenose dolphins in the North Island of New Zealand was thought to be restricted to a single 

location; an area where the dolphins have been intensively studied. However, recent studies have 

shown that Great Barrier Island in the Hauraki Gulf, south of this location, is an increasingly 

important area for these animals. For the first time, I examined the association patterns among 

individually identifiable bottlenose dolphins in the Hauraki Gulf and therefore the social network 

structure of the dolphins frequenting this area. I studied the social structure using three data sets, 

one from the Bay of Islands (BOI) and two from Great Barrier Island (GBI), during two time periods 

2011-2013 and 2015-2019. I looked at the social structure of bottlenose dolphins in the region by 

examining: (1) preferred/avoided companions, (2) strength and distribution of associations, (3) 

temporal and spatial patterning of associations, and (4) residence times. All three datasets showed 

that the data were both of good quality and that the dolphins had well differentiated societies. 

The analysis of modularity yielded two communities in BOI-GBI dataset (Q = 0.307), one 

community formed mainly by dolphins only found in the Bay of Islands and the other formed by 

dolphins found either at both sites, BOI or GBI, or only at GBI. The dataset GBI-2015-2019 also 

showed two social clusters (Q = 0.361). One community was predominately formed by dolphins 

identified before 2015, and the other community was formed by dolphins identified between 

2015-2019. An analysis of the spatial distribution of these two communities showed that while the 

core areas were similar between communities, home ranges differed between communities. 

Dolphins from one community had a range twice as large as the other community. Association 

patterns between BOI-GBI dolphins were low, but these associations were higher between 
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isolated, they present relatively genetic diversity (Tezanos-Pinto et al., 2009). The population 

present in the North Island can be found from Doubtless Bay to Tauranga, covering an area of 

approximately 500 km (Constantine, 2002). Historically, this population has been well studied in 

the Bay of Islands, an area that has been considered the core centre of activities of this population 

(Constantine, 2002; Constantine & Baker, 1997; Dwyer, 2014). Bottlenose dolphins use the entire 

Bay of Islands area year-round with seasonal shift to deeper waters over the summer months 

(Constantine, 2002). This shift is related to water temperature, probably resulting in a shift in prey 

concentration or availability (Constantine, 2002).  Peak in calving also occurs during the summer 

months with 41% of the neonates dying during the first year of life (Constantine, 2002). Group size 

in waters of the Bay of Islands range from one to 60 individuals with a median of 12 dolphins per 

group (Tezanos-Pinto et al., 2009). In the Bay of Islands, bottlenose dolphins show 

preferred/avoided associations, and two levels of association among dolphins, a short-term casual 

acquaintance, and a constant long-term companion (Mourão, 2006). Long-lasting companionships 

were observed to last between one and two years among females; and for males and female-male 

associations dolphins tend to form relationships lasting for up to seven years (Mourão, 2006). In 

addition, intra and inter-sexual associations were observed. Females were seen to associate with 

a variable number of females, mostly linked indirectly, creating a larger social network possibly 

forming female bands (Mourão, 2006). In this area, the population was estimated in 446 

individuals in 2002 (Constantine, 2002) and an annual rate of 7.5% decline was calculated in the 

number of dolphins using the bay from 1997-1999 to 2003-2006 (Tezanos-Pinto et al., 2013). 

Between 2009 and 2012, the abundance of bottlenose dolphins in this area was estimated to be 

between 24 and 97 individuals, highlighting a significant decline in population size and seemed like 

fewer dolphins were using the bay more often (Hamilton, 2013; Tezanos-Pinto et al., 2013).  

 

Few studies of the north-eastern bottlenose dolphin population have been conducted outside of 

the Bay of Islands. Berghan and collaborators (2008) did a preliminary photo-identification study 

of bottlenose dolphin in the Hauraki Gulf, approximately 100 km south of the Bay of Islands. They 

identified 162 bottlenose dolphins in this area; 70% of them sighted more than once showing an 

apparently seasonal pattern of sightings, with most of them occurring between April and June. 



 

42 
 

Fifty-nine percent of these dolphins were sighted also in the Bay of Island (Berghan et al., 2008). 

Recent work conducted by Dwyer (2014) comparing the inner and the outer (Great Barrier Island; 

GBI) Hauraki Gulf, showed that bottlenose dolphins were infrequently sighted in the inner section 

of the gulf, but they were frequent at GBI being found all year around. Dwyer and collaborators 

(2014) argued that GBI is a potential hotspot for this species since dolphins consistently use this 

area all year around and there are relatively high levels of individual site fidelity to the area (Dwyer 

et al., 2014). Only two studies to date have investigated the social structure of bottlenose dolphins 

in the north island, both at the Bay of Islands (Hamilton, 2013; Mourão, 2006). Given the rapid 

decline of this population in the area, it is crucial to understand the population dynamics of this 

species in multiple locations across its range. Information on the social structure is important for 

local management and effective conservation plans, since the social structure can influence how 

a population responds to changes in its environment (Snijders et al., 2017). 

 

Here, I describe and analyse the social structure of bottlenose dolphin for the first time at Great 

Barrier Island, New Zealand, making an advance in knowledge in this poorly study topic on a locally 

endangered species. I studied the social structure using two data sets for Great Barrier Island: 

2011-2013 and 2015-2019; and comparing these results with the information available from Bay 

of Islands. I looked at the social structure of bottlenose dolphins by examining:  

1- Preferred/avoided companions, 
 

2- Strength and distribution of associations, 
 

3- Temporal and spatial patterning of associations, and  
 

4- Residence times. 
 

I hypothesised that the social structure of bottlenose dolphin at Great Barrier Island will be similar 

to other populations inhabiting geographically and demographically open areas worldwide, i.e., 

areas without restrictions for movement and with possibilities of interaction with dolphins of other 

populations. In the context of New Zealand, I predict the associations to be more similar to the 

population in Bay of Islands than to the population in Fiordland. Also, I predict that during both 
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of the North Island. The island is approximately 28,500 ha (Nichol et al., 2003), making it the largest 

island in the Hauraki Gulf and the fourth largest island in New Zealand. Its coastline is characterised 

by numerous bays and a rocky shoreline, especially on the western coast where bays and inlets 

have received little sediment accumulation (Nichol et al., 2003). My study was restricted to the 

western side of the island between Miners Head and Ross Bay (Figure 2.1) following previous 

research in the area (Dwyer, 2014; Dwyer et al., 2014; Outhwaite, 2018). 

 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 

 

 

 

 

 
Figure 2.1. Map of Hauraki Gulf showing the boundaries between the inner and outer Hauraki Gulf 
and the location of Great Barrier Island. Darker shades of blue represent deeper waters. Inset: The 
Hauraki Gulf in relation to the North Island, and to New Zealand. 
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I defined an encounter as the time spent photographing dolphins. For each encounter, I used two 

data sheets to record environmental and sighting data (Supplemental figure 6.1 and 6.2). I 

recorded date, time, and position (at the beginning and at the end of each encounter using the 

depth sounder on board) in both data sheets. Additionally, in the environmental sheet I recorded: 

effort (on/off), swell, Beaufort Sea state, cloud cover, visibility, weather, and glare. I graded each 

variable from one, for excellent conditions, to four for bad conditions.  In the sighting sheet I 

recorded: sea surface temperature and depth from the depth sounder in the boat, estimated 

distance from the shore (± 5m), cue type, direction of travel, cohesion, detection, composition of 

the group, size of the group (census), and initial behavioural state (foraging, resting, travelling, 

socialising, and milling). I assessed group composition based on the size of the dolphins as adult, 

juveniles, calf, and neonate. An adult was a fully grown individual that can reach up to 3-3.5 m in 

length. A juvenile does not surpass 2/3 the size of adults and may swim in association with other 

dolphin but not in infant position (calf in proximity underneath its mother's tailstock; Noren and 

Edwards, 2011). A calf is defined as an individual half of the size of the largest adult in the group, 

swims in infant position and has lighter body coloration. Finally, a neonate is an individual with 

obvious foetal folds and has darker pigmentation on the head and the back (Constantine, 2002). 

To study the social structure of bottlenose dolphins, I used three different datasets. First, I used 

Figure 2.2. Research vessel Aronui Moana used during this study. Photo courtesy of Dr. Emma 
Betty. 
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the data from the Bay of Island collected by O. Hamilton during 2011-2013. Second, I collated the 

information from the Hauraki Gulf Bottlenose Dolphin Catalogue (HGBDC) to create a dataset of 

sightings occurring from 2011 to 2013 at Great Barrier Island. Finally, I also collated sightings from 

B. Outhwaite personal database from 2015 to early 2016 at Great Barrier Island, which I added to 

my own data, creating the 2015-2019 dataset (for details about the data collection see Hamilton, 

2012; Dwyer, 2014; and Outhwaite, 2018). 

 

2.3.3. Photo-identification 

Photo-identification is a technique that aims to use certain characteristic features of an animal 

that are consistent over long time periods such as nicks, notches or patterns in the skin or fur, to 

identified individual animals (Hammond et al., 1990; Urian et al., 2015; Würsig & Jefferson, 1990). 

This tool has been used in a wide range of species such as toads Melanophryniscus montevidensis 

(Elgue et al., 2014), leatherback turtles Dermochelys coriacea (Gatto et al., 2018), whale sharks 

Rhincodon typus (Brooks et al., 2010), and grey seals Halichoerus grypus (Vincent et al., 2001) to 

obtain ecological information on animal populations. Photo-identification has been commonly 

used to study home rage, dispersal, migration, and social structure of different taxa (Brusa et al., 

2016; Chabanne et al., 2017; Passadore et al., 2018; Zanardo et al., 2016). In dolphins, individual 

identification is done through photographs of the dorsal fin of the animal that usually contains 

nicks and notches as primary source of identification. Other characteristics such as deformities, 

tooth rakes and scars can also be used to distinguish individuals. In this study, I focused on nicks 

and notches on the trailing edge of the dorsal fin of bottlenose dolphins to identified individuals. 

During each survey, I took photos of the dorsal fin of the dolphins using a Nikon D90 and a Canon 

EOS 7D Mark II SLR cameras fitted with a Nikon 100-300 mm and a Canon 100-400 mm zoom 

lenses respectively. I sorted the photographs using a quality and nick distinctiveness scale 

proposed by Tezanos-Pinto (2009). This scale includes an assessment of the quality of the photo 

considering focus, size, contrast, angle, and the information contained in each photo (Tezanos-

Pinto, 2009; Table 2.1 and 2.2). In addition, I scored each photo from 1 to 3 depending on 

nick/notch distinctiveness: 1 was given to dolphins with small marks, 2 medium marks and 3 large 

marks (Tezanos-Pinto, 2009; Table 2.3). To avoid false positives or false negatives errors, only 
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photographs catalogued as photo quality > 2 and a nick distinctiveness of 2 or 3 were considered 

in the analysis (Table 2.2 and 2.3). Identified individuals were compared to the HGBDC, and new 

dolphins will be added to this catalogue after a curatorial process. The process involves three 

researchers confirming, independently, that the dolphin is indeed a new individual. In case of not 

finding a match, I assigned a temporal number in my provisional catalogue (e.g., JP001) until the 

dolphin can be added to the main catalogue.  

 
Table 2.1 .  Criteria used to assess the photographic quality. Modified from Tezanos-Pinto, 2009. 

Attribute Description 

Focus 

1- Blurred 

2- Partially blurred: outline of fin visible 

3- In focus 

Size 

1- Dorsal fin occupies < 25% of the frame 

2- Dorsal fin occupied 25-50% of the frame 

3- Dorsal fin occupies > 50% of the frame 

Exposure 

1- Dorsal fin over or under-exposed only outline is visible 

2- Some over or under exposure but details and outline are visible 

3- All details are visible 

Angle 

1- Dorsal fin is perpendicular or > 45° 

2- Dorsal fin is ~45° 

3- Dorsal fin is parallel 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 



 

49 
 

Table 2.2. Scale of quality and attributes used to assess photographs taken during the 2016-2019 
surveys at Great Barrier Island. Modified from Tezanos-Pinto, 2009. 

Scale Rank Attributes Examples 

1 Poor 
photographs 

Three or more attributes failed 
to comply, or one or more 

attributes were significantly 
affecting nick visualisation. 

Information content is 
compromised by poor 
photographic quality.  

2 Fair 
photographs 

Two attributes failed to 
comply; however, information 
content is not compromised by 

photographic quality. 

 

3 Good 
photographs 

One attribute failed to comply. 
Information content is 

retained. 

 

4 Excellent 
photograph All attributes complied. 
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Table 2.3. Scale of nick distinctiveness used to assess photographs taken during the 2016-2019 
surveys at Great Barrier Island. Modified from Tezanos-Pinto, 2009. 

Scale Rank Attributes Examples 

1 Small marks One or more very small 
nicks towards the tip and/or 

the base of fin. 

 
2 Medium 

marks 
One or more small to 

medium size notches of 
unusual shape and/or fin 

of unusual shape. 

 
3 Large marks One or more medium to 

large size notches of very 
distinctive shape. 
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2.3.7. Community detection 

I used the definition proposed by Croft and collaborators (2008) stating that a community is a 

group of individuals more associated amongst themselves than with the rest of the society. 

Following this definition, I assessed the possibility that this population might be divided into social 

clusters/communities using modularity (Q). Modularity is defined as the difference between the 

proportion of total associations observed within communities and the expected proportion if the 

individual associated at random (Newman, 2004; Whitehead, 2019). I used the eigenvector-based 

community detection method since this method controls for individual differences in 

gregariousness and subdivide the population into communities or social clusters and optimises 

modularity over all possible divisions. If Q is higher than 0.3, this is considered a useful division of 

the population (Newman, 2004; Whitehead, 2019). I also calculated a cophenetic correlation 

coefficient (CCC) using an average linkage hierarchical cluster analysis to see how well the 

dendrogram matched the matrix of AIs (Whitehead, 2019). A CCC higher than 0.8 indicates a good 

match between the degree of association between individuals and the association matrix (Bridge, 

1993; Chabanne et al., 2017; Whitehead, 2019). 

 

2.3.8. Spatial distribution of communities 

I calculated the kernel density estimation (KDE) using ArcMap 10.7.1 (Environmental Systems 

Research Institute [ESRI], 2012) for the two social communities found during 2015-2019. I 

calculated the probability of contours of 50%, the core range, and 95% the home range of the 

dolphins at Great Barrier Island. Since the home and core ranges were restricted to this area, these 

measurements were considered more the area where the dolphins are sighted rather than the 

complete home or core range of the whole population (Magileviciute, 2006). I calculated KDE using 

MacLeod (2013) protocols for an environment with barriers. The output grid cell size was set at 

100 x 100, and the bandwidth was fixed to 4000. I transformed the coordinates to NZGD 2000 

New Zealand Universal Transverse Mercator (UTM) Zone 50 South projection using the coordinate 

system World Geodetic System (WGS) 1984 datum. 
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2.3.10. Temporal patterns of associations 

To measure the stability of the association over time, I calculated lagged association rates (LAR) 

and the null lagged association rates (NLAR). LAR analysis estimates the probability that two 

animals seen together now would be seen again at some time lags later (Whitehead, 2008a). LAR 

can be calculated using equation 2, where g(�ì ) is the lagged association rate, �Ã �:�#�á�F�á�@�;�Ý  

represents the total number of repeat associations after time lag �ì, and �Ã �Ã �0�:�#�á�ì�á�F�á�@�;�Ý�º  

represents the expected number of repeat associations after time lag �ì (Whitehead, 1997; 1999; 

Henderson, 2004). 

�C�:�ì�; 
L��
�Ã�E���Ã�h���:�º�á�Ý�á�×�;

�Ã�E���Ã�h���Ç���:�º�á���á�Ý�á�×�;
 Eq. 2.2 

 

Conversely, the NLAR is the expected value of the LAR if there is no preferred association, i.e., if 

associations are random. When LAR reaches NLAR, the associations in the population are random 

at that point (Whitehead, 2008a). I used LAR and NLAR instead of SLAR and NLAR because these 

needed high moving averages resulting in significant loss of information. When running both, LAR 

and SLAR, the models were the same, but the value of the parameters where different.  I fitted 

seven exponential decay models to describe the temporal patterns of associations of dolphins at 

Great Barrier Island, during 2011-2013 and 2015-2019. The models are based on three main 

models and a combination of them. The three main models are: (1) Rapid dissociation: associations 

are very short, within one period; (2) preferred companions: some individuals have a preferred 

associate constant over time; (3) casual acquaintances: individuals associate for some time, 

dissociate, and may reassociate again or not. As suggested by Whitehead (2007), I used the quasi-

Akaike information criterion (QAIC) for model selection which corrects for over-dispersion in the 

count data. The model with the lowest QAIC is the best model. However, if there are fewer than 

two units of difference between the best and any other model(s), both models are taken into 

consideration (Whitehead, 2008a). In addition, I used a jack-knife method to obtain estimates of 

the precision of the LAR (Efron & Stein, 1981). For this analysis, I included all the dolphins sighted 

more than three time and chose �Z�����Ç�[ as a sampling period. I used SOCPROG version 2.9 for the 

calculations (for MATLAB2015A; Whitehead, 2019). 
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mean of 20.79 dolphins were identified per sampling period. After restricted both Great Barrier 

Island datasets to only dolphins sighted three or more times, I had 93 and 90 individuals in each 

dataset.  

 

2.4.1. Social differentiation and power and community detection  

The BOI-GBI dataset showed that the data are both of good quality and showed a well 

differentiated society (r = 0.782 ± 0.016; S = 1.057 ± 0.011). The analysis of modularity, using the 

eigenvector method, yielded a result of Q = 0.317 and split the community into four social 

communities. In contrast, the clustering using average linkage (controlled for gregariousness) 

determined five social communities at a modularity of 0.303 at a HWI of 0.181. The cophenetic 

correlation coefficient (CCC) was 0.928, indicating a good match between the association matrix 

and the degree of association between individuals (Chabanne et al., 2017). Since both methods 

produced different results and some of the communities obtained were very small (e.g., three 

individuals), I exported the matrix to UCINET where I could run the same modularity analysis but 

have the option to specify the number of partitions for analysis. I chose to analyse two to 10 

community divisions and I got similar results for all Q values. Hence, I chose to keep the modularity 

value for two communities (Q = 0.307), community Y with 50 dolphins and community P with 92 

(Figure 2.3a). Here, there was a segregation between individuals, with one community formed 

mainly by dolphins only found in the Bay of Islands and the other formed by dolphins found either 

in both sites, Bay of Islands or Great Barrier Island, or only in Great Barrier Island.  Unlike the 

previous results, in the network GBI-2011-2013, dolphins were identified forming one social 

network (Q = 0.097; Figure 2.3b).  The data for this period show a moderate representation of the 

social pattern (r = 0.840 ± 0.024 SE) and a well differentiated society (S = 0.614 ± 0.033 SE). The 

dataset GBI-2015-2019 had good representation of the true social system (r = 0.762 ± 0.036 SE) 

and also exhibited a well differentiated society (S = 0.899 ± 0.038 SE). The eigenvector method 

indicated a community division with a Q = 0.363 and determined three social clusters. Similarly, 

the clustering using average linkage (controlled for gregariousness) determined two social clusters 

at a modularity of 0.361 at an HWI of 0.134. The CCC was 0.881, which indicates a good match 

between the association matrix and the degree of association between individuals (Chabanne et 
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b) 

 

c) 

 

Figure 2.3. Social network diagrams of bottlenose dolphins sighted three or more times at: a) Bay of 
Islands and Great Barrier Island 2011-2013 (n = 142), different colour nodes represent two distinct 
communities: community Y (yellow) and community P (purple), b) Great Barrier 2011-2013 (n = 93) and 
c) Great Barrier 2015-2019 (n = 90), community R (red) and community B (blue) circles represent two 
different social communities. Nodes (circles) represent individual dolphins with their corresponding 
catalogue number. 
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Figure 2.4. Dendrogram showing average linkage cluster analysis of the matrix of HWIs of bottlenose dolphins sighted at least three 
times during 2015-2019 at Great Barrier Island, New Zealand (n = 90). Two communities (B and R) plus a solitary animal were defined 
at a HWI of 0.134 (dashed line) at a maximum modularity of 0.363. 
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2.4.2. Spatial distribution of communities in Great Barrier Island 

I estimated the core areas and home ranges of the two social clusters that were identified during 

the 2015-2019 period at Great Barrier Island. Core areas were similar between communities, with 

community B occupying an area of 11 km2 while community R occupied an area of 15 km2. Unlike 

the core areas, home ranges differed between communities. Dolphins from community B ranged 

in an area of 100 km2, while community R covered only half of this (approximately 48 km2; Figure 

2.5). The core and home ranges were not mutually exclusive, since dolphins from both 

communities ranged the same area at different extensions. 

 

 

 

 

 

 

Figure 2.5. Home range (KDE 95%; light shades) and core area (KDE 50%; dark shades) for the two 
social communities found at Great Barrier Island during 2015-2019.  
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2.4.3. Association patterns 

The analysis of association patterns between BOI-GBI dolphins was low (mean HWI = 0.20, SD = 

0.11). This associations were higher between dolphins of the same community than different 

communities as supported by the Mantel test (HWImeanWithin = 0.36 ± 0.15; HWImeanBetween = 0.01 ± 

0.01, Matrix correlation = 0.6587, p < 0.000), indicating that dolphins tend to associate more with 

dolphins from the same community. During the period 2011-2013, the population showed an 

overall mean HWI of 0.38 (SD = 0.16) and a maximum association of 0.86 (SD = 0.12; Figure 2.6a). 

In 2015-2019, the overall mean decreased to 0.23 (SD = 0.08), and the maximum HWI reached 

0.84 (SD = 0.13) similar to the previous period (Figure 2.6b). This indicates that the population 

overall had weak associations during both periods. Although, some dolphins can form strong 

bonds with a certain individual, reaching a maximum association index of 1 (For example, 

individuals HG292 and HG296 during 2011-2013. See supplemental table 6.2). At community level, 

community B had moderate association among its individuals, while community R presented low 

associations between dolphins (HWImean = 0.47, HWImax. = 0.88; HWImean = 0.32, HWImax. = 0.80, 

respectively; Figure 2.6c-d). Mantel test showed that associations were stronger within than 

between communities (HWImeanWithin = 0.40 ± 0.14; HWImeanBetween = 0.05 ± 0.05, Matrix correlation 

= 0.6811, p < 0.000) meaning that dolphins tend to associate more with dolphins from the same 

community than among dolphins assigned to different communities.
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Figure 2.6. Mean (blue) and maximum (orange) distribution of the association index (HWI) for bottlenose dolphin sighted three or more 
times at Great Barrier Island during a) 2011-2013; b) 2015-2019; c) 2015-2019 community B and d) 2015-2019 community R. Y axis is 
proportion of individuals and X axis is association index. 
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2.4.4. Preferred/avoided associations 

The tests for preferred/avoided associations showed that the coefficients of variation (CV) were 

higher in the real data than in random datasets, indicating the presence of long-term preferred 

companions during both periods. Conversely, the proportion of non-zero elements was lower in 

the real than in the random data suggesting long-term avoidance among members of the 

population (Table 2.5). During 2011-2013 there were 65 out of 213 expected dyads, stronger than 

expected by chance. Of these 65, eight dyads had HWIs above 0.76 that were stronger than by 

chance alone. These dyads were formed by 14 different dolphins, individuals HG248 and HG205 

formed significant dyads with 2 different dolphins (Supplemental table 6.2). From these dolphins, 

only the sex of HG205 was known and has been identified as a female. Three dyads had an HWI 

value of 1, meaning that these pairs were sighted together every time. During 2015-2019 there 

were 61 out of 200 expected dyads stronger than expected by chance, of these, 29 had a HWIs > 

0.46 (Supplemental table 6.2). These significant dyads were formed by 15 different dolphins, six 

dyads were a mix of dolphins from both periods involving only three dolphins form the first period 

HG258, HG287 and HG288 and five new dolphins (Supplemental table 6.2). The rest of the dyads 

were formed exclusively by dolphins from the second period. However, the number of observed 

significant dyads was lower than the expected number for both periods and the results should be 

interpreted with caution. When compared at community level, the tests for preferred/avoided 

associations showed that community B presented both long-term companions and long-term 

avoidance, while in community R these did not show neither long-term companions nor long-term 

avoidance among individuals. I ran the test of gregariousness only at population level, during both 

time periods, some dolphins were found in consistently smaller or larger groups than other (2011-

2013 SD(typical group size)Real = 11.08 > SD(typical group size)Random = 9.60, p < 0.05; 2015-2019 

SD(typical group size)Real = 7.09 > SD(typical group size)Random = 6.20 p < 0.05). 
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Table 2.5. Permute associations within samples test for preferred/avoided association in 
bottlenose dolphins at Great Barrier Island during two periods. 

Period Test statistic Real data Random 
data P-value Timeframe of 

associations 

2011-2013 
BOI-GBI 

CV* 1.35229 1.34175 0.0000 Long-term companions 

Proportion non-
zero* 0.45190 0.45861 0.0003 Long-term avoidance 

2011-2013 
CV 0.73129 0.72213 0.0002 Long-term companions 

Proportion non-
zero 0.80902 0.81727 0.0003 Long-term avoidance 

2015-2019 
CV 1.18008 1.15790 0.0000 Long-term companions 

Proportion non-
zero 0.52484 0.54122 0.0003 Long-term avoidance 

2015-2019 
Community B 

CV 0.52607 0.52380 0.0000 Long-term companions 
Proportion non-

zero 0.89711 0.89930 0.0210 Long-term avoidance 

2015-2019 
Community R 

CV 0.77708 0.00078 1.0000 No long-term 
companions 

Proportion non-
zero 0.75976 0.00076 0.0000 No long-term avoidance 

*3000 permutations were used in these tests. 

  

2.4.5. Network properties  

I found significant differences in the network metrics between both periods (Mann-Whitney test, 

p < 0.001 for all metrics; Supplemental table 6.3). There was a higher affinity, clustering coefficient, 

and strength during 2011-2013, suggesting that a denser, more connected network was formed 

during this time (Table 2.6). During both periods, there was no significant difference between the 

strength and clustering coefficient from the real and the expected data networks, but there was a 

significantly lower affinity than expected by chance. I found that during both periods of time, 

dolphins with high strength also had higher affinity (2011-2013: r = 0.7972; p < 0.001; 2015-2019: 

r = 0.7331; p < 0.001) and clustering coefficient (2011-2013: r = 0.8276; p < 0.001; 2015-2019: r = 

0.4131; p < 0.001). This is called assortative mixing, where dolphins preferentially associate with 

other dolphins similar to them, in this case, dolphins preferentially associated with others with 
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similar numbers of associates. At community level, community B showed a similar pattern to the 

population during 2011-2013: higher values in all the metrics, indicating a denser and more 

connected network among dolphins of this community. Community R had lower values in all the 

metrics indicating weaker associations among its members. Clustering coefficient was relatively 

high for both periods and for both communities, indicating that individuals were strongly 

associated with their neighbours and these, in turn, associated with each other. 

 

Table 2.6. Overall mean values for network measures (SD) for bottlenose dolphins sighted at least 
three times at Great Barrier Island during two periods. 

Period Affinity Clustering 
coefficient Strength 

2011-2013 39.00 (6.69) 0.52 (0.09) 35.40 (14.31) 

2015-2019 21.74 (4.21) 0.44 (0.09) 20.18 (7.40) 
2015-2019 
Community B 25.31 (1.00) 0.50 (0.07) 24.48 (6.47) 

2015-2019 
Community R 17.48 (2.00) 0.37 (0.07) 15.03 (4.67) 

 

2.4.6. Temporal patterns of associations 

The lagged association rate (LAR) of bottlenose dolphins at Great Barrier Island during 2011-2013, 

sharply declined during the first 100 days. After this, the LAR stayed fairly constant well above the 

null lagged association rate (NLAR) indicating the presence of non-random associations at this 

point (Figure 2.7a). The best model for this period was rapid dissociation + preferred companions 

+ casual acquaintance, which had the lowest QAIC among the models fitted (Table 2.7; 

Supplemental table 6.4). This model, explains a combination between stable associations among 

individuals and those individuals that associate, disassociate, and may reassociate again over 

extended periods of time. In the population, 64% of the individuals spent most of their time with 

the same dolphins; 22% stayed associated with the same individual for about 54 days and the rest 

(14% of the individuals) were only sporadically associated with other dolphins. During 2015-2019, 

the LAR fell constantly for 200 days and then increased again for about 100 days, until it fell yet 

again. Like the pattern during 2011-2013, the LAR stayed well above NLAR indicating the presence 
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2.4.7. Residency time 

Residence patterns were analysed including all individuals regardless the number of times the 

dolphins were sighted in each period.  After analysis, two models were identified during both 

periods: emigration + reimmigration and emigration/mortality. During 2011-2013, the lagged 

identification rate (LIR) sharply falls for 100 days meaning constant emigration of the dolphins 

c) 

d) 

Figure 2.7. Lagged association rates (LAR) for bottlenose dolphins at Great Barrier Island. Orange lines 
indicate LAR and vertical bars indicate approximate standard errors calculated using the jackknife 
method. Blue lines indicate the NLAR. Yellow lines represent the best fitted models for this population: 
a) 2011-2013 rapid dissociation + constant companions + casual acquaintance; b) 2015-2019 Two levels 
of casual acquaintance; c) 2015-2019 Community B Two levels of casual acquaintance and d) 2015-2019 
Community R Rapid dissociation + preferred companions. 
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c) 

d) 

Figure 2.8. Lagged identification rates (LIR) for bottlenose dolphins encountered at Great 
Barrier Island. Standard errors (bars) were calculated using the jackknife method. Green 
circles (1000 bootstrap) indicate data points. Orange lines indicate the best fitting model(s) 
for: a) 2011-2013: Emigration + reimmigration (model E blue bars and model F orange bars); 
b) 2015-2019: Emigration/mortality (model C blue bars and model D orange bars); c) 
Emigration/mortality and d) Emigration + reimmigration + mortality. 
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2.5. Discussion 

2.5.1. Social structure 

The social structure of bottlenose dolphins was assessed at Great Barrier Island at two different 

time periods (2011-2013 and 2015-2019). In both time periods, bottlenose dolphins showed low 

indexes of association, showing a fission-fusion society characteristic of this species across most 

of its distribution. However, the associations were fluid among its members, the society was 

structured, with dolphins forming long-term bonds with some individuals and avoiding others. 

Using tests for modularity, I did not detect distinct communities in the population during 2011-

2013 (only Great Barrier Island) but I did for the BOI-GBI and the 2015-2019 datasets. For the BOI-

GBI (2011-2013) dataset, I found two distinct communities with a clear segregation. Community Y 

was formed by 50 dolphins, mainly from the Bay of Islands, and community P was formed by 92 

dolphins, either only identified from Great Barrier Islands or sighted in both areas. Dolphins from 

these communities prefer to associate with dolphins from the same community, and they have 

long-term companions and avoidances. Similarly, during 2015-2019, two social communities were 

detected (named community B and R). Community B was formed by 49 dolphins, most of them 

found during the 2011-2013 period, and community R formed by 41 dolphins, most of them found 

only during the 2015-2019. The cophenetic correlation coefficient and the modularity values were 

high enough to support a meaningful division into communities of the population during this 

period. My analysis of the spatial distribution of the communities showed some segregation 

between communities. Although, both communities had spatial overlap of their core and home 

ranges, as expected, community B had double the area of the home range compared to 

community R, although, the core ranges were similar. Also, the social parameters analysed differed 

between communities.  Community B showed stronger association among dolphins, above the 

value for the overall population, while community R showed weaker association and this value was 

similar to the Ais for the whole population. Furthermore, community B had higher values in all the 

network measures corroborating that dolphins in this community had denser and tighter 

relationships among dolphins than community R. Finally, I found differences in gregariousness 

during both periods, where some dolphins were observed in consistently smaller groups, while 

others were observed in consistently larger groups. 
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2.6. Conclusions 

At larger scales, the north-eastern population of bottlenose dolphin showed low association 

indexes among individuals and the presence of two communities socially and spatially segregated, 

where dolphins have preferences for certain individuals and avoid others. Likewise, at a smaller 

scale (restricted to Great Barrier Island), dolphins showed similar patterns of a fluid society but 

structured, with preferred/avoided companions. At different time scales, I found some differences 

between the two periods analysed. During 2011-2013, dolphins exhibited higher levels of 

association among individuals, forming a single, more clustered and connected network than in 

2015-2019. During 2015-2019, dolphins were segregated in two communities, that again, differ 

between them. Unlike other populations of bottlenose dolphins where there is usually significant 

spatial segregation among social communities, this appears to be low at Great Barrier Island. Here, 

the segregation between communities might be attributed to social preferences instead of just 

geographic overlap. Community B had more dolphins, with a more clustered and connected 

network, and presented higher associations than community R. Also, community B presented 

long-term companion and avoidance unlike community R. There was some degree of spatial 

segregation of these communities, where community B occupied larger ranges than community 

R. The changes observed in association patterns, community formation, and the temporal and 

residence patterns in this population are probably due to the influx of new individuals to the study 

area. These new individuals were establishing new associations, and this could explain the weaker 

associations among dolphin during 2015-2019, also contributing to the formation of the social 

clusters detected during this time. As in other studies, dolphins in this area exhibited preferred 

and avoided associations probably due to differences in social behaviour, age, sex, kinship, or 

anthropogenic factors, although the last four variables could not be assessed in this study.  
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dolphins. Ninety percent of the dolphins showed between one and six lesions and prevalence of 

the major skin lesions was higher for pale lesions, followed by black lesions, white-fringed spots, 

dark-fringed spots, nodules, spotted lesions, white fin fringe, and tattoo-like disease. Along the 

body, lesions were found in all body regions, either in one body part like tattoo-like diseases that 

was only found in the dorsal area, or in up to four body parts (e.g., pale lesions). Similarly, to skin 

lesions, dolphins had a high prevalence of tooth rakes on their bodies (97%). Higher proportions 

of tooth rakes were found on dorsal fin, mid-flank, and anterior areas. In addition, I assessed if 

dolphins accumulate tooth rakes with time. Results showed that mean tooth rake coverage in 

dolphins did not change with time. Models that compared tooth rake coverage score with strength 

(to assess whether having tooth rakes was dependent on the strength of associations with other 

dolphins) were not significant. My research is the first to describe and quantify the skin lesions 

and tooth rakes in this nationally endangered population. 
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(Evans et al., 2020) or diseases in the population (Godfrey et al., 2009; 2010). Likewise, animals in 

this position have more connections with other members of the population, consequently, they 

will have more opportunities for intra-specific interactions with other animals increasing their 

chances of contracting diseases. 

 

Photo-identification (hereafter photo-id) is a non-invasive technique that has been widely used in 

cetaceans to recognise individuals based on natural markings such as nicks, notches, and scars 

(Würsig & Jefferson, 1990). This technique has also been implemented to assess the prevalence 

and incidence of skin lesions and tooth rakes in several populations of free-ranging cetaceans (e.g., 

Bearzi et al., 2009; Félix et al., 2019; Harzen & Brunnick, 1997; Kiszka et al., 2009; Leone et al., 

2019; Marley et al., 2013; Ramos et al., 2018; Scott et al., 2005; Thompson & Hammond, 1992; 

Wilson et al., 2000; Wilson et al., 1997). Through photo-id techniques, it is possible to calculate 

minimum values of skin disease prevalence and tooth rake coverage since photographs usually 

focus on the upper body parts of the dolphins (Burdett Hart et al., 2012). Although, the aetiology 

of the skin lesions cannot be confirmed using photographs, the morphological descriptions of the 

lesions can help to identify potential pathogens present in the studied area. Since some species 

might already be under threat, the use of non-invasive techniques is a useful tool for monitoring 

populations without posing additional risks or stress. 

 

The North Island population of bottlenose dolphin in New Zealand faces numerous anthropogenic 

pressures including commercial tourism (Constantine et al., 2004), boat strikes (Dwyer et al., 

2014), poor water quality, and collapsed fisheries (Hauraki Gulf Forum, 2020). In addition, 

bottlenose dolphins exhibit a high frequency of tooth rakes due to intra-specific interactions 

(perhaps due to increased competition for resources), which can lead to the development of skin 

lesions. Considering the sub-optimal and deteriorating environmental conditions of this region, it 

is important to describe the current prevalence of skin lesions and tooth rakes in this population. 

Monitoring of wildlife health is important in conservation management because the appearance 

of any disease can be an indicator of anthropogenic disturbance (Deem et al., 2001). In addition, 

comparisons between populations are important to understand how anthropogenic impacts 
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affect different ecosystems (Rowe et al., 2010). Until now, no systematic health assessments have 

been conducted on this population of bottlenose dolphins. 

 

The aim of this chapter is to estimate the prevalence of skin lesions and tooth rakes in bottlenose 

dolphins at Great Barrier Island, Hauraki Gulf, using photo-id data collected between 2016-2019. 

More specifically, I planned to: 

 

1- Describe the most common skin lesions present in bottlenose dolphins. 

2- Assess the prevalence of skin lesions and tooth rakes in the population. 

3- Determine the distribution of skin lesions and tooth rakes along the body of the dolphins. 

4- Develop a standardised protocol for skin lesion classification for bottlenose dolphins in 

New Zealand. 

5- Describe the relationship between the presence of skin lesions and tooth rakes with the 

strength of the dolphins in the social network, and tooth rakes and presence of skin lesions. 

 

3.3. Methods 

3.3.1. Study area 

The Hauraki Gulf is an area of 4000 km2 located on the northeast coast of the North Island of New 

Zealand, bordering Auckland, the largest city in the country, the Hauraki Plains, the Coromandel 

Peninsula, and Great Barrier Island (Black et al., 2000; Zeldis et al., 2004). The Gulf is a relatively 

shallow body of water that can reach depths of up to 60 m (Chart NZ 522, Land Information New 

Zealand). Due to the influence of the East Auckland Current, the area is productive, with high levels 

of nutrients (Booth & Sondergaard, 1989; Chang et al., 2003). The Hauraki Gulf contains a variety 

of marine habitats from open ocean to shallow bays and inlets (Hauraki Gulf Forum, 2020). Great 

Barrier Island is situated in the outer Hauraki Gulf, approximately 80 km to the east of North Island, 

New Zealand (Figure 3.1). The island is approximately 28,500 ha (Nichol et al., 2003) and its 

coastline is characterised by numerous bays and a rocky shoreline, especially on the western coast 

where bays and inlets have received little sediment (Nichol et al., 2003). 
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discarded. Only photos graded as good, and average were included in the analysis. Once the 

photos were graded for quality, each lesion present on each dolphin was recorded (e.g., Burdett 

Hart et al., 2012; Wilson et al., 1997). To associate a mark with a particular location on the dolphin, 

the body of the dolphin was divided into five parts: head, ventral side, dorsal side, dorsal fin, and 

fluke (Sanino & Van Bressem, 2014; Figure 3.2). The overall prevalence of skin lesions was 

calculated as the proportion of the population with at least one skin lesion type following the 

equation shown below: 

 

�2�â�é�Ø�å�Ô�ß�ß
L��
�l�s�k�`�c�p���m�d���b�g�q�r�g�l�a�r���g�l�b�g�t�g�b�s�_�j�q���u�g�r�f���_�r���j�c�_�q�r���m�l�c���q�i�g�l���j�c�q�g�m�l

�_�j�j���b�g�q�r�g�l�a�r���g�l�b�g�t�g�b�s�_�j�q���q�g�e�f�r�c�b���b�s�p�g�l�e���r�f�c���q�r�s�b�w���n�c�p�g�m�b
���T���s�r�r  (Eq. 3.1) 

 

Similarly, I also calculated the proportion of the prevalence of each skin lesion identified as: 

 

�2�ß�Ø�æ�Ü�â�á���ç�ì�ã�Ø
L��
�l�s�k�`�c�p���m�d���b�g�q�r�g�l�a�r���g�l�b�g�t�g�b�s�_�j�q���u�g�r�f���_���n�_�p�r�g�a�s�j�_�p���q�i�g�l���j�c�q�g�m�l

�_�j�j���b�g�q�r�g�l�a�r���g�l�b�g�t�g�b�s�_�j�q���q�g�e�f�r�c�b���b�s�p�g�l�e���r�f�c���q�r�s�b�w���n�c�p�g�m�b
���T���s�r�r  (Eq. 3.2) 

 

Dolphins included in the denominator of both equations were counted only once, even if a dolphin 

was sighted with multiple skin lesions during several sightings (Taylor et al., 2020). In addition, if a 

dolphin was recorded with several skin lesions, this was included in each calculation of the 

prevalence of the different types of skin lesions (Eq. 3.2; Taylor et al., 2020). Finally, I scored all 

the good photos available for an individual. 

 

Figure 3.2. Body sections used for analysis of skin lesion in bottlenose dolphin at Great Barrier 
Island, New Zealand. 
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���T���s�r�r (Eq. 3.5) 

 

 

 
Figure 3.3. Body sections used for analysis of tooth rakes in bottlenose dolphin at Great Barrier 
Island, New Zealand. Modified from Scott et al. (2005). 
 

 

 

 

 

 

 

 

 

 

Figure 3.4. Example of tooth rakes on the dorsal fin (left) and body (right) of bottlenose dolphin.  
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a standardised protocol to study skin lesions in New Zealand (e.g., Wilson et al., 1997; Van Bressem 

et al., 2007, 2009a, 2014; Maldini et al., 2010; Bertulli et al., 2012 and Burdett Hart et al., 2012). 

As a result of compiling photos and descriptions of skin lesions from the literature, I found 19 

different definitions. I used 17 of these 19 definitions to assess my population. These included: 

black lesions, dark black dot lesions, pale lesions, abraded fin tip, white fin-fringe lesions, dark-

fringed spots, white-fringed spots, tattoo-like disease, nodules, spotted lesion, lobomycosis-like 

diseases, lunar, mottle, orange, cloudy white spots, discoloured head/nuchal patch, and warts. 

During the process of skin lesion categorisation, the definitions were refined since certain 

characteristics of the lesions, such as colour, can be difficult to differentiate in a photograph and, 

since I could not be sure of the aetiology of the lesions because biopsies were out of scope of my 

study, it was more logical to group lesions that were similar in their description (e.g., white, and 

cream lesions).  

 

A total of 154 bottlenose dolphins were photo-identified at Great Barrier Island during 2016-2019. 

To assess the prevalence of skin lesion of bottlenose dolphins in this area, I used 5392 good and 

excellent quality photos. Of the 17 skin lesions selected for assessing prevalence in the bottlenose 

dolphin population of Great Barrier Island, eight were present in the population: black lesions, 

dark-fringed spots, nodules, pale lesions (white and cream lesions), tattoo-like disease, spotted 

lesion, white fin-fringe lesions, and white-fringed spots. The other lesions, lobomycosis-like 

diseases, warts, discoloured head/nuchal patch, dark black dot, lunar, mottle, orange, velvety, 

large rounded, and cloudy white spots were not found. Skin lesion prevalence was highest for pale 

lesions (PL; 84.4%, n = 130), followed by black lesions (BL; 33.1%, n = 51), white-fringed spots 

(WFS; 17.5%. n = 27), and dark-fringed spots (DFS; 15.6%, n = 24). Nodule showed a prevalence of 

11.7% (n = 18), followed by spotted lesions (SL; 10.4%, n = 16), white fin fringe (WFF; 5.84%; n = 

9), and tattoo-like disease (TLD; 4.54%, n = 7; Figure 3.5).  
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Figure 3.5. Prevalence of skin lesion in bottlenose dolphins observed between December 2016 and 
May 2019 at Great Barrier Island, New Zealand. Pale lesions (PL); Black lesions (B); White-fringed 
spots (WFS); Dark-fringed spots (DFS); Nodules (N); Spotted lesions (SL); White fin fringe (WFF); 
and Tattoo-like disease (TLD). 
 

The number of skin lesions per individual varied from one to six (mean = 2.63, SD = 1.27) with an 

overall prevalence of skin lesions in the population of 90% (n = 138). From the 154 dolphins 

assessed, 10.4% (n = 16) did not present any skin lesion, 12.3% (n = 19) presented one, 33.1% (n 

= 51) presented two types of skin lesions, while only 3.90% (n = 6) presented six different lesions 

in their skins (Figure 3.6). 
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sections, 87.5% of the dolphins presented this lesion on the dorsal fin and 50% on the dorsal area 

(Figure 3.7). 

 
Figure 3.7. Percentage of bottlenose dolphins with different skin lesion in five body sections 
observed between December 2016 and May 2019 at Great Barrier Island, New Zealand. Pale 
lesions (PL); Black lesions (B); White-fringed spots (WFS); Nodules (N); Dark- fringed spots (DFS); 
Spotted lesions (SL); Tattoo-like disease (TLD). 
 
3.4.2. Tooth rakes analysis 

A total of 8739 photographs of dolphins with tooth rakes were used to assess their prevalence in 

this population. From all photographs, the majority were found on the dorsal fin, followed by the 

other dorsal sections of the dolphins. The body parts that are usually underwater were 

photographed less frequently (Figure 3.8). The number of body sections with tooth rakes varied 

from 1-12, with an average of five (mean = 4.73; SD = 2.27) body sections with tooth rakes per 

individual. The coverage score ranged from 0.4 to 1.6 in the population, with a mean = 1.02 (SD = 

0.23). 
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Figure 3.9. Prevalence of tooth rakes observed in bottlenose dolphins between December 2016 
and May 2019 at Great Barrier Island, New Zealand. 
 
3.4.2.2. Changes in tooth rake coverage 

There was no significant change in the mean tooth rake coverage in dolphins sighted at least 20 

months apart (Matched-Pairs Signed-Ranks test, z = -1.422, p = 0.155, N = 36). The coverage score 

increased in 19 dolphins, decrease in 12 and in five of them remained the same for over two years. 

 

3.4.2.3. Tooth rakes and network strength 

For this analysis, I included dolphins sighted four or more times totalling 50 identifiable bottlenose 

dolphins. The social network illustrating the relationship between these dolphins is shown below 

(Figure 3.10). The first model, where I compared tooth rake coverage score with strength, was not 

significant (supplemental table 6.13), meaning that the strength of the individual in the social 

network does not affect the presence of tooth rakes in an individual. In the second model, I looked 

at whether having tooth rakes is dependent on strength. This model was also not significant (Figure 

3.11; supplemental table 6.14).    
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Figure 3.10. Social network diagram of bottlenose dolphin four or more times at Great Barrier 
during 2015-2019. Nodes (circles) represent individual dolphins with their corresponding 
catalogue number. 
 

 
Figure 3.11. Differences in strength between presence and absence of tooth rakes in dolphins at 
Great Barrier Island. 
 








































































































































































































