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Bottlenose dolphins at play, Doubtful Sound, New Zealand.
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Abstract
Photography is a key tool in conservation science and has numerous applications. In the
present study, photography and photogrammetry are used to provide new abundance
estimates for the populations of Doubtful and Dusky Sounds, and to determine potential
causes of the dramatic variation in reproductive success of females in Doubtful Sound.
Additionally, this thesis aims to document the presence of an unstudied population of
bottlenose in the Stewart Island area.
Mark-recapture analyses of photo-ID data show that bottlenose dolphin abundance in
Doubtful and Dusky Sounds for 2012 were 61 (CV=0.5%) and 116 (CV=0.2%)
respectively. Both populations underwent a decline between 2011 and 2012, and have a
history of previous declines. To aid our understanding of the causes of these declines, a
stereo-photogrammetric system was built, and calibrated, to measure dolphins in the field.
Repeated measurements of all individuals within the population of Doubtful Sound
produced a mean CV of 2.43%. Analysis of a range of factors potentially influencing calf
survival showed that survival to 1 year depended primarily on being born at the optimum
time (January). Survival to 3 years was predicted by the size of the mother (larger=higher
calf survival) and the sea water temperature at birth (warmer=higher calf survival).
Frequent reports of sightings suggested the presence of a previously unstudied population
inhabiting the south-coast coast of the South Island. Surveys of Paterson Inlet, Stewart
Island resulted in an abundance estimate of 18 (95%CI= 15-20) regular users of the area.
Results from this thesis indicate that the Fiordland populations are still vulnerable to
population decline, and provide insight on why this is so. The repeated observation of
dolphins at Stewart Island provides new information as to the distribution and abundance
of this threatened species in NZ waters.
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Chapter 1

General Introduction

Photographic tools for conservation biology
Photography has numerous applications in conservation science, spanning multitudes of
taxa, environments and research interests. From simple photographic documentation of
species presence/absence (Cutler & Swann, 1999; Jennelle et al. 2002) or animal
behaviour (Cooper & Afton, 1981; Carthew & Slater, 1991; Laurance & Grant 1994), to
photographic identification of individuals (Würsig and Würsig, 1977; Kelly, 2001; Ressier
et al. 2008) and photogrammetric measurement of animal size (Deakos, 2010; Berger
2012) or group density (Howland et al. 2012), photography is one of the most useful
techniques in conservation science.
For studies of marine mammals, photography is most commonly used for photographic
identification of individuals (Würsig and Würsig, 1977). Marine mammals are highly
mobile animals inhabiting a challenging sampling environment, and as such photography
provides a means to sample individuals without undue stress to the target animals.
This thesis aims to apply two photographic techniques to study the conservation biology of
bottlenose dolphins inhabiting the south of New Zealand, both in Fiordland and Stewart
Island. These techniques will provide valuable information concerning population
abundances, animal size, and potential causes of population decline. Such information is
vital in assessing the ongoing viability of the species in NZ waters.
Biology and distribution of bottlenose dolphin
The bottlenose dolphin (Tursiops truncatus) has a global distribution, inhabiting a wide
range of habitats from shallow, estuarine environments, to offshore oceanic zones (Wells
& Scott, 2009). Populations of bottlenose dolphins are found from locations in the tropics,
to cool temperate areas of both the Northern and Southern Hemispheres; in the Pacific,
Atlantic and Indian Oceans as well as the Mediterranean, Black and Red Seas (Ridgeway
& Harrison, 1999). Such a wide-ranging distribution is reflected in significant diversity
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among populations in their habitat use, feeding ecology, population demographics,
reproductive strategies and behaviour (Wells & Scott, 2009). It is reasonably common for
populations to become geographically isolated despite seemingly close proximity to others
(Parsons et al. 2002; Currey et al. 2008a) and in some cases, populations that are
geographically close exhibit markedly distinct characteristics (Wells & Scott, 2009). For
example, offshore and inshore ecotypes of bottlenose in the Bahamas showcase different
association patterns, habitat use and foraging strategies despite an overlapping distribution
(Rossbrach & Herzing, 1999).
There has been significant confusion regarding the taxonomy of the genus, with the
suggestion that there may be up to 20 different nominal species (Wells & Scott, 2009).
Presently, three distinct species are accepted; the common bottlenose dolphin (Tursiops
truncatus), the indo-pacific bottlenose dolphin (Tursiops aduncus; Wells & Scott, 2009;
Wang & Yang, 2009), and the Burrunan dolphin (Tursiops australis; Charlton-Robb et al.
2011). Differences between the species are based on significant genetic, morphological
and osteological differences (Wang et al. 1999, 2000a,b; Carlton-Robb et al. 2011). In
contrast to the global distribution of T. truncatus, T. aduncus is found in coastal
environments around the Indian Ocean basin- from South Africa, through the Arabian Gulf
to the China Sea, Indonesian/Malaysian waters and the coast of Australia (Wang & Yang,
2009). Tursiops australis has the smallest distribution, being restricted to the Southern and
South-eastern coasts of Australia, including Tasmania (Charlton-Robb et al. 2011).
Despite the evolution of distinct features among populations, there are some accepted
generalities of bottlenose dolphin biology. Females generally live longer than males, often
exceeding 50 years of age, whilst males typically reach between 40 and 45 years (Hohn
and Fernandez, 1999; Ridgeway & Harrison, 1999). Some sexual dimorphism exists in
most populations, with males typically larger in length and mass than females (Cockroft
and Ross, 1990; Tolley et al. 1995). Although the age at sexual maturity differs among
populations, females generally reach sexual maturity earlier than males (Ridgeway &
Harrison, 1999).
Bottlenose dolphins are typically ecological generalists, utilising a wide range of fish and
cephalopod species as prey (Wells & Scott, 2009). Such a generalist diet is likely to help
them take advantage of spatially and temporally abundant resources (Leatherwood &
Reeves, 1990). Some studies have shown that particular individuals or demographic
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groups (e.g. lactating mothers) specialise on particular prey (Gannon & Waples, 2004;
Gowans et al 2008; Sargeant & Mann, 2009). Foraging behaviour can be diverse and
specialised including strategies unique to populations and/or individuals. Strategies
include: rostrum digging of benthic prey (Rossbrach & Herzing, 1997), trapping fish with
mud plumes (Lewis & Schroeder, 2003), co-operating with human net fisherman (Pryor et
al. 1990) and strand feeding (Silber & Fertl, 1995; Sargeant et al. 2005).
Due to the accessibility of coastal populations, and the fact that the species adapts more
readily to captivity than any other cetacean, bottlenose dolphins have received much more
research effort than any other cetacean species (Wells & Scott, 2009). There are, however,
significant gaps in the literature, especially concerning population biology, impacts,
reproductive biology and acoustic behaviour in the wild. Moreover, there are many
populations that have received no research effort. Given the unique characteristics of
individual populations, research results and subsequent management may have limited
applicability to other populations.
There is a published global abundance estimate of 600,000 (Wells & Scott, 2009),
however, because most areas in which the species lives have not been surveyed
quantitatively, this cannot be considered reliable. While globally abundant, the species is
often found in small, isolated populations (Williams et al. 1993; Wilson et al. 1999; Wells
& Scott, 2009), several of which have been shown to be declining (Thompson et al. 2000;
Bejder et al. 2006; Currey et al. 2007; Tezanos-Pinto et al. 2013)
Bottlenose dolphins of New Zealand
Bottlenose dolphins are found in three distinct coastal populations along the mainland New
Zealand coast (Tezanos-Pinto et al. 2009). The northern population inhabits the northeast
of the North Island, from approximately North Cape in the north to the Bay of Plenty in
the south (Constantine et al. 2004; Tezanos-Pinto et al. 2013). Another population occurs
in the northern waters of the South Island, and is often found in the Marlborough Sounds
(Merriman et al. 2009). The southernmost population is found in Fiordland, on the
southwest of the South Island (Williams et al. 1993; Lusseau, 2005; Currey et al. 2008b).
Extensive photographic surveys as well as genetic analysis indicates the three populations
are discrete, with no mixing among populations (Tezanos-Pinto et al. 2009).
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Frequent reports of bottlenose dolphins along the south coast of the South Island and
Stewart Island indicate the possibility of another population, which would extend the
southernmost limit of the species’ global distribution. A portion of this thesis will be
dedicated to documenting the presence and degree of residency of bottlenose dolphins in
this area.
Fiordland bottlenose dolphins
Three distinct sub-populations of bottlenose dolphins are found within the Fiordland area
(Figure 1.1); the northern population is found between Lake McKerrow in the north to
Charles Sound in the south, another is found within the Doubtful/Thompson Sound
(hereafter Doubtful Sound) complex and the southernmost population inhabits the
Dusky/Breaksea Sounds (hereafter Dusky Sound) area (Currey et al. 2008b; Lusseau,
2005). Each Fiordland population is discrete, with little or no mixing among populations
despite their close geographic proximity (Lusseau, 2005; Currey et al. 2008b; Henderson
et al. 2013).
Two of the Fiordland populations (Doubtful and Dusky Sound), are found almost
exclusively within the fiord systems, spending little time on the open coast (Currey et al.
2007/2008b; Henderson, 2013). The fiords are an unusual habitat for bottlenose dolphins.
They are characterised by deep, cold waters which retain a permanent low salinity layer
(LSL) at the surface all year (Gibbs et al. 2000). The depth of the LSL varies according to
season, rainfall, and proximity to the fiord entrance (Gibbs et al. 2000). The dynamic
nature of the LSL results in high variability of sea surface temperatures and salinities
(Gibbs et al. 2000; Henderson, 2013). Within the inner fiords, sea surface temperatures
range from a minimum of 1°C in the winter, to 19 °C in the summer, with salinity also
showing seasonal variation (Henderson, 2013).
Additionally, the inner fiord waters are relatively unproductive (Peake et al. 2001, Miller
et al. 2011) and support less potential prey biomass than the adjacent coastal waters
(Lamare et al. 2002, Rodgers & Wing, 2008). Stable isotope ratios in skin samples have
shown that dolphins in Doubtful Sound utilise inner fiord, reef-dwelling prey resources
rather than pelagic species that venture inside the fiord (Lusseau & Wing, 2006). Reliance
on prey from a particular habitat is atypical for bottlenose dolphins elsewhere, that
generally exhibit a flexible, generalist diet, taking advantage of prey resources as they
become spatially and temporally available (Walker et al. 1999; Gannon & Waples, 2004;
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Wells & Scott, 2009). Prey scarcity is likely to contribute to the challenge of inhabiting a
region near the ecological limits of the species.
Fiordland bottlenose dolphins exhibit unique morphological and behavioural adaptations
to living in an environment characterized by cool, fresh water (Chong & Schneider, 2001;
Haase & Schneider, 2001; Lusseau et al. 2003). Photogrammetry has shown that dolphins
in Fiordland have reduced pectoral fin surface area (relative to total length) and are
significantly larger than bottlenose dolphins from warmer waters (Chong & Schneider,
2001). Both features are assumed to be adaptations to minimise heat loss.
Dolphins from Doubtful Sound show unusually fine scale partitioning of the habitat
relative to sea water temperature (Schneider, 1999; Henderson, 2013). The innermost arms
of the fiord are favoured during the warmer summer months, whilst areas closer to the
entrance of the fiord are preferred over winter (Schneider 1999; Henderson, 2013). In
summer, the LSL heats more quickly than the oceanic water on the coast due to being
isolated from the mixing effect of coastal currents; in addition the darker, humic-rich water
absorbs the Sun’s heat more readily (Henderson, 2013). However, in the winter, the LSL is
colder due to a large influx of snow melt into the fiord system and the effect of winter
frosts in the glacial valleys. The combined effect often causes parts of the inner arms to
freeze over. Within NZ, seasonal variation in habitat use in relation to water temperature
appears to be a unique feature of the bottlenose dolphins of Doubtful Sound (Henderson,
2013).
Birth seasonality in bottlenose dolphins varies among populations, with warmer water
populations exhibiting less seasonality than more temperate populations, in which births
peak during summer (Urian et al. 1996; Whitehead & Mann, 2000; Haase and Schneider,
2001; Wells & Scott, 2009). In Doubtful and Dusky Sounds, births seldom occur outside
summer (November to February; Haase and Schneider, 2001; Henderson, 2013).
Moreover, calves born during a narrow window in summer (January) have a much higher
chance of survival than those born earlier or later in the season (Henderson et al.
submitted). This suggests that water temperature may have an influence upon calf survival.

5

Chapter 1: General Introduction

6

Status of the bottlenose dolphin population of Doubtful Sound
Doubtful Sound’s bottlenose dolphins have been the subject of an extensive research
program beginning in 1990 (Williams et al. 1993). The cornerstone research method has
been photo-identification of individuals, providing data for mark-recapture analyses of
abundance and survival rates over the years. Williams et al. (1993) produced the first
population size estimate of 58 (95%CI= 55-62) adult individuals.

Population size

estimates for the period 1994/1995 indicated an adult population (>3 years of age) of 69
(CI: 68-70; Schneider, 1999). By 2007, the adult population size had decreased to 44
individuals (CI:43-45; Currey et al. 2007). An information-theoretic modelling approach
highlighted the most likely cause of the population decline as a significant decrease in calf
survival rates; from 0.86 prior to 2002 to 0.375 for 2002-2007 (Currey et al. 2008a). A calf
survival rate of 0.375 is the lowest reported in the literature for any bottlenose dolphin
population (Herzing, 1997; Mann et al. 2000; Stolen & Barlow, 2003; Kogi et al. 2004;
Fortuna, 2007). Population modelling projections have shown that such a low calf survival
results in a population decline for 100% of the runs, and population extinction for 41% of
the runs (Currey et al. 2008a).
The decrease in calf survival from 2002 co-occurred with the opening of a second tailrace
tunnel from the Manapouri hydro-electric power station (Currey et al. 2008a). The total
flow of thermally distinct freshwater into the fiord system was increased to 550 m3/s with
the opening of the second tailrace (Mabin, 2008; Cornelisen & Goodwin, 2008).
Ecological studies within Doubtful Sound have shown a significant alteration in the biotic
communities of the inner fiord system since the power station was first established (Tallis
et al. 2004; Rutger & Wing, 2006). This is particularly true for the fragile benthic infaunal
communities, from which some species have been displaced entirely (Rutger & Wing,
2006). It is not clear, however, whether the co-occurrence of the commissioning of the
second tailrace and lower calf survival was coincidence or causal.
The most current assessment of the Doubtful Sound population shows that the population
size has increased from the low levels of 2007 (Henderson, 2013). The most current
population size estimate for 2011 is 61 (Henderson, 2013). Additionally, calf survival has
increased from the low rates observed between 2002 and 2007 to 0.622 (95% CI: 0.4350.830, Henderson et al. submitted). While improved, this calf survival rate is still one of
the lowest recorded for a bottlenose dolphin population and consequently population
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projection models still show an overall decrease in abundance for 62% of the runs
(Henderson, 2013).
Status of bottlenose dolphin population of Dusky Sound
Bottlenose dolphins have been observed in Dusky Sound many times prior to the first
scientific study (Lusseau & Slooten, 2002). The first Photo-ID survey of the population
resulted in a robust mark-recapture population estimate of 102 (CV = 0.9%; Currey et al.
2008b).
The most recent surveys of Dusky Sound show that the population has been increasing
since the initial surveys of 2007/08 (Henderson, 2013). Current population abundance is
122 (CV = 0.83%). However, population trajectory modelling using a stochastic matrix
approach predicts decline; 60% of 5000 runs resulted in a decline (<60 females) over 50
years (Henderson, 2013). The calf survival rate in Dusky Sound is 0.722 (95% CI =
0.556-0.844), which although higher than in Doubtful Sound, is still one of the lowest
recorded in a wild bottlenose population (Herzing, 1997; Mann et al. 2000; Stolen &
Barlow, 2003; Kogi et al. 2004; Fortuna, 2007) and is likely a significant cause of the
negative population trajectory seen in modelling (Henderson, 2013).
Currey et al. 2009 applied a new framework for regional threat evaluation (IUCN, 2003) to
Fiordland bottlenose dolphins and found that given the then current population parameters
(123 mature individuals [CV=6.5%] and an estimated rate of decline of 31.4% over one
generation), the Fiordland population could be classified as critically endangered (Currey
et al. 2009). The confirmation of the isolation of the Fiordland population from genetic
evidence confirms the applicability of the IUCN regional classification framework
(Tezanos-Pinto et al. 2009).
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Figure 1.1: A map showing the position of Fiordland along the mainland NZ coast (inset). Bottlenose
dolphins are found in three discrete populations from Martins Bay in the north to Dusky Sound in the
south.
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Photo-identification and mark-recapture studies of cetaceans
The principal photographic technique utilised in this thesis will be the photo-identification
of individuals. Photo-identification of natural markings to identify individual animals
within populations has been used extensively across a range of taxa, and remains central to
population studies of cetaceans (Würsig & Jefferson, 1990; Stevick et al. 2001).
Photographic identification of individuals has been used across a wide range of cetaceans
including dolphins; bottlenose (Würsig & Würsig, 1977), common (Delpinus delphi)
(Neumann et al. 2002; Bearzi et al. 2003), dusky (Lagenorhyncus obscurus) (Cipriano,
1992) and Hectors (Cephalorhynchus hectori) (Slooten et al. 1992), as well as humpback
(Megaptera novaeangliae) (Katona et al. 1979), sperm (Physeter macrocephalus) (Arnbom,
1987), blue (Balaenoptera musculus) (Calambokidis et al. 1990) and right whales
(Eubalaena glacialus) (Fujiwara et al. 2001).
The ability to identify individual animals within a population facilitates studies of
population size (Bräger & Schneider, 1998; Currey et al. 2007), survival rates (Slooten et
al. 1992; Currey et al. 2008a), home range (Rayment et al. 2009; Henderson et al. 2013),
habitat use (Wilson et al. 1997; Ingram & Rogan, 2002), social structure (Lusseau et al.
2003) and reproduction (Herzing, 1997; Mann et al. 2000; Haase & Schneider, 2001).
These data are needed for establishing baselines in populations exposed to anthropogenic
threats as well understanding populations in terms of their relationship with the wider
ecosystem (Reeves, 2009)
Mark-recapture approaches (Seber, 1965; Pollock, 1982) are frequently used to estimate
abundance in studies of marine mammals, and are especially appropriate at relatively small
scales (Dawson et al. 2008). Individuals with distinctive marks are considered “marked”
when first photographed, and “recaptured” when re-photographed. Photographic capture
histories can be used be used in several ways to calculate abundance, from very simple
(e.g. Lincoln-Petersen) approaches for closed populations (no emigration, births or deaths)
to complex “robust design” models for open populations. Excellent reviews of markrecapture approaches and their relative advantages and disadvantages are available in
Pollock (1991) and Cooch & White, (1999).
Traditionally, the Doubtful and Dusky Sound dolphin research has used Chapman’s
modification of the Peterson closed population estimator (Williams et al. 1993; Schneider,
1999; Currey et al. 2007; Henderson, 2013). Two mark-recapture sampling methods have
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been used: 1) obtaining a ‘per trip’ abundance estimate with the first half of the sampling
trip ‘mark’, second half ‘recapture’ (Williams et al. 1993; Currey et al. 2007). 2)
Generating an ‘end of year’ abundance estimate with a “mark” during a winter monitoring
trip and a “recapture” in spring (Henderson, 2013). The latter approach serves to uphold
the assumptions of the closed model as with seasonal calving, no new individuals are
entering the population between the mark and recapture periods (Currey et al. 2007;
Henderson, 2013). Furthermore, exceptionally high resighting rates confirm a lack of
immigration/emigration and hence the suitability of the closed model (Currey et al. 2007;
Henderson, 2013).
Animal size and stereo-photogrammetry
The size of individual animals in a population is an important parameter in population
biology (Dawson et al. 1995), because size is often correlated with age (Bräger et al.
1999), reproductive fitness (Perryman & Lynn, 2002; Pack et al. 2012), survival (Laurie &
Brown, 1990), health (Perryman & Lynn, 2002), foraging capabilities (Christensen, 1996;
Leung et al. 2012) and social role (Spitz et al. 2000). Such information could be vital when
assessing the viability of threatened populations.
Stereo-photogrammetry provides a method to obtain total length estimates of animals
without live capture (Ratnaswamy et al. 1993; Dawson et al. 1995). A stereo camera
system consists of two synchronised cameras fixed at a known distance apart, producing a
‘stereo-pair’ of images of a given target. Once the system is calibrated, the distance
between any points within the combined field of view can be measured (Klimley &
Brown, 1983; Mikhail et al. 2001). Previous studies have successfully used stereo-camera
systems to obtain measurements of a range of marine mammals such as sperm whales
(Dawson et al. 1995; Growcott et al. 2012), fin whales (Ratnaswamy & Winn, 1993),
Hector’s dolphins (Bräger & Chong, 1999), and bottlenose dolphins (Schneider & Chong,
2001).
With advancements in digital cameras and image processing software, stereophotogrammetry has become a much more practical field tool. Using the photogrammetric
software Australis (Photometrix Pty Ltd, Australia), it is relatively simple to generate
internal and external calibration parameters for the camera system and to measure objects
of know length to test the system’s accuracy (Growcott et al. 2011, 2012). This thesis aims
to design, calibrate and utilise a stereo-photogrammetric system that is capable of making
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accurate morphometric measurements to predict total animal length. Such information will
be used in order to account for potential size discrepancies between female dolphins that
may influence female reproductive success.
Female reproductive success
It is common for certain individuals within a population to contribute disproportionately to
recruitment (Reiter et al. 1981; Clutton-Brock, 1984). In northern elephant seal (Mirounga
angustirostris) colonies, larger females have greater reproductive success than smaller
females (Reiter et al. 1981). This may be due to position in the social hierarchy (attracting
fitter males), or because a larger size renders better physiological condition for breeding
success (Reiter et al. 1981; Wauters & Dhondt, 1989; Chastel et al. 1995).
Female reproductive success has also been shown to correlate with age (Cameron et al.
2000; Riedman et al. 2004), experience (Clutton-brock, 1984; Atkinson & Ramsay, 1995)
and birth timing (Goldizen et al. 1988; Ransom & McOwat, 1994). Understanding how
these factors influence the survival of young and ultimate female reproductive success
could shed light on the difficulties with raising young in the wild. Moreover, discrepancy
between such factors may provide valuable information as to the mechanism that influence
demographic stochasticity and subsequent vulnerability of small populations (Gabriel &
Bürger, 1992; Fox & Kendall, 2002).
The female bottlenose dolphins of Doubtful Sound show marked variation in reproductive
success (Henderson et al. submitted). Birth timing appears to be extremely important;
females which give birth immediately before peak water temperatures have much higher
calf survival (Henderson et al. submitted). Given that timing of births, calf survival
(Currey et al. 2007) and habitat use (Henderson, 2013), are all correlated with water
temperature it may be that the stresses inherent with living in a cool water environment
influences reproductive success. Such information will provide valuable evidence on what
drives variation in female reproductive success, low calf survival and, ultimately,
population trends in Doubtful Sound.

Additionally, such information will provide a

valuable insight as to how cetacean reproduction may be influenced by the environment.
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Bottlenose dolphins of southern NZ
There are anecdotal reports of bottlenose dolphins from the far south of the South Island.
Such reports are substantiated by stranding events at locations along the south coast (NZ
Cetacean Strandings Database; Te Papa Tongarewa). There are frequent reports of
bottlenose dolphins in the southern fiords (Chalky and Preservation Inlets), and off
Riverton and Bluff (Fig 1.1), but the most frequent are from Paterson Inlet, Stewart Island.
Documentation of a population in the south would provide valuable new information
regarding the national distribution and abundance of the species. The confirmation of a
resident coastal population would extend the known southern limit of the species further
south (currently the southern limit is Dusky Sound, Currey et al. 2008b).
Thesis objectives
This thesis aims to use photography to provide information to inform the conservation of
bottlenose dolphins in the south of New Zealand. Chief among the techniques will be the
use of photo-identification to identify individual dolphins. I will also use stereophotogrammetry to measure individual dolphins in Doubtful Sound. These measurements
will be used to assess size variation among female dolphins and assess any correlation
between size and female reproductive success. Photography will also be used to document
any threats to dolphins inhabiting Paterson Inlet, Stewart Island.
Chapter two is dedicated to updating population abundance estimates for the populations
of Doubtful and Dusky Sounds. This is a crucial aspect of the ongoing monitoring
programme: clearly the most up to date information is needed to aid management
decisions; especially given the current status of the populations and history of relatively
rapid population decline (Currey et al. 2009; Henderson, 2013). Of special interest is the
recent recovery of the dolphin population in Doubtful Sound, and whether that can be
sustained. Obtaining a population estimate for 2012 will help to answer this question.
Chapter 3 describes the development of a stereo-photogrammetric system capable of
making morphometric measurements of dolphins in Doubtful Sound. Size data are used to
understand the relationship between female size and reproductive success in a population
that exhibits the lowest calf survival rates for any wild bottlenose dolphin population. Such
a relationship would provide a useful insight into the pressures this population may face in
order to successfully rear young in a challenging environment.
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Chapter 4 aims to assess how a range of factors particular to individual females describe
reproductive success and calf survival in Doubtful Sound. The factors include: birth
timing, mother size, age and experience, and sea surface temperature. These factors have
not been assessed for any dolphin population and will provide valuable information
concerning the underlying causes of low calf survival in Doubtful Sound.
The final data chapter of this thesis presents the first photo-identification surveys of
Paterson Inlet to document the presence and degree of residency of the local bottlenose
dolphins. Further, the chapter aims to assess any overlap of individuals with those of the
Fiordland populations. Repeated sightings of individuals at Paterson Inlet may confirm the
presence of a southern NZ bottlenose dolphin population and provide new information
concerning the distribution and abundance of this nationally endangered species.
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Chapter 2

Updated Mark-Recapture population abundance estimates for the bottlenose
dolphin populations of Doubtful & Dusky Sounds

Abstract:
Ongoing monitoring of population parameters is of key importance for threatened species.
In the present study, two populations of bottlenose dolphins with a history of declines in
abundance were repeatedly surveyed over the course of a year to deduce their current
status. To maximise consistency with previous studies, and two allow comparison between
the two techniques, both mark-recapture and census abundance estimation techniques were
used. Two mark-recapture sampling approaches were compared: one in which abundance
estimates are obtained per sampling trip and one which generates an ‘end of year’
abundance estimate. Results indicate both populations experienced a decline over the
period 2011 to 2012. The population of Doubtful Sound decreased from 61 (CV= 1.46%)
to 60 (CV= 0.5%), whilst the population of Dusky Sound decreased from 124 (CV=0.83%)
to 116 (CV=0.2%). The observed declines in abundance may be attributable to ongoing
demographic stochasticity in these small populations, as well as the influence of habitat
modification.
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Introduction:
The Fiordland bottlenose dolphin research programme began over twenty years ago
(Williams et al. 1993), and is one of the longest running continuous research projects on
bottlenose dolphins. Over the years, this research programme has provided invaluable
information on population abundance and survival (Williams et al. 1993; Currey et al,
2008a), social structure (Lusseau et al. 2003), morphometrics (Chong & Schneider, 2001),
acoustic behaviour (Boisseau, 2005), reproduction (Haase & Schneider, 2001; Henderson
et al. submitted), habitat use (Schneider, 1999; Elliot et al. 2011), impacts of tourism and
habitat modification (Lusseau, 2003; Currey et al. 2008a) and population trends (Currey et
al. 2008a, 2010). The research has provided the basis for the current management of the
populations in Fiordland, and has furthered scientific knowledge of the species as whole.
In particular, an analysis of how Fiordland bottlenose dolphins react to tourism vessels
(Lusseau 2003, 2005; Lusseau et al. 2003) has provided invaluable information for the
management of marine mammal tourism globally. Also, the documentation of how calf
survival rates can be an underlying cause for population decline has greatly improved the
understanding of the species in the wild (Currey et al. 2007,2008,2009).
Of the three Fiordland populations, the Doubtful Sound sub-population has received the
greatest research attention. The dolphins of Doubtful Sound are found almost exclusively
within the Doubtful/Thompson fiord complex (Figure 2.1), making resighting rates
exceptionally high (Currey et al. 2007). Coupled with a high “mark rate” (Currey et al.
2007), high resighting rates make Doubtful Sound an almost unique opportunity to utilise
Mark-Recapture (MR) methods without any violation of assumptions, producing robust,
highly precise abundance estimates.
The cornerstone of the research programme in Doubtful Sound has been the ongoing
photo-identification MR project which has documented the change in population size and
survival rates over the years. The programme uses photo-identification of natural dorsal
fin markings to identify individual dolphins. Photographic “resightings” provide the raw
data for MR analysis of abundance and survival rate (e.g. Currey et al. 2008a).
Williams et al. (1993) produced the first baseline population size estimate of 58 (95%CI
55-62) adults. Population size estimates for the period 1994/1995 indicated an adult
population (>3 years of age) of 69 (CI: 68-70) (Schneider, 1999). By 2007 the adult
population had decreased to 44 individuals (CI: 43-45) (Currey et al. 2007). An
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information-theoretic modelling approach found that the most likely cause of the
population decline was a significant decrease in calf survival rates; from 0.86 prior to 2002
to 0.375 for 2002-2007 (Currey et al. 2008a). A calf survival rate of 0.375 is the lowest
reported in the literature for any bottlenose dolphin population (Herzing, 1997; Mann et al.
2000; Stolen & Barlow, 2003; Kogi et al. 2004; Fortuna, 2007). The lowest calf survival
rate reported for another bottlenose population is 0.771 (Fortuna, 2007). Population
modelling projections have shown that such a low level of calf survival results in a
population decline for 100% of the runs, and population extinction within 50 years for
41% of the runs (Currey et al. 2008a). Such a prognosis emphasizes the importance of
continuing the population monitoring aspect of the programme, and determining potential
natural and anthropogenic influences on population vital rates.
The commissioning of the Manapouri hydro-electric power station in 1971 resulted in a
new, large source of freshwater into Doubtful Sound via the tailrace at Deep Cove.
Ecological studies have shown that a profound alteration in the biotic communities of the
inner fiord system resulted (Tallis et al 2004; Rutger & Wing, 2006). The fragile benthic
infaunal communities were most obviously affected, and some species have been displaced
entirely (Rutger & Wing, 2006). The opening of a second tailrace tunnel from a hydroelectric power station in 2002 has been implicated as a potential cause of the decrease in
calf survival from 2002 (Currey et al. 2008a). The total flow of thermally distinct
freshwater into the fiord system was increased to 550 m3/s with the opening of the second
tailrace (Mabin, 2008). Additionally, it has been suggested by Henderson (2013) that the
alteration of inner fiord surface temperatures by the second tailrace tunnel (particularly
during the spring), may lower water temperature below the calves’ Lower Critical
Temperature (LCT). Smaller and more thinly insulated calves are likely to have a higher
LCT than adults (Urian et al. 1996; Dunkin et al. 2005; Yeates & Houser, 2008), and are
thus more vulnerable to lower water temperatures (Alexander, 1975). The mechanisms by
which such habitat modification may influence the survival of calves have yet to be
explicitly demonstrated.
The tour industry may pose a further threat to the dolphins of Doubtful Sound (Lusseau,
2003). Dolphins in Doubtful demonstrate significantly higher rates of short-term behaviour
change whilst in the presence of tour boats (Lusseau, 2003). Importantly, tour boat
presence causes the dolphins to spend less time resting and socialising, and more time
travelling (Lusseau, 2003). The population-level effects of such behaviour changes remain
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unknown. Additionally, as a product of the tourism impacts study, a code of management
was put in place to regulate dolphin/vessel interactions, which are now far more infrequent
as a result (Guerra, 2013).
The Dusky Sound aspect of the programme began in 2007 with an incentive to use the
population as a “control” for Doubtful Sound due to the absence of habitat modification or
commercial dolphin watchin. Dissimilar population size, habitat use, residency and
behaviour patterns between the populations mean Dusky Sound cannot be a true control
(Currey et al. 2008b; Henderson, 2013), nevertheless comparative studies of both
populations have provide valuable insights. After five years of population monitoring in
Dusky Sound, it has become evident that the population also suffers from low calf survival
rates (though not as low as those of the Doubtful Sound population) and is therefore
vulnerable to population decline (Henderson, 2013).
The most current (2011) population size estimates for Doubtful and Dusky Sounds are 61
(CV-1.55%) and 124 (CV-0.83%) for Doubtful and Dusky respectively (Henderson,
2013). Additionally, calf survival is still low at 0.622 (95% CI: 0.435-0.830) in Doubtful
and 0.722 (95% CI: 0.556-0.844) in Dusky. As both populations are currently declining
(Henderson, 2013), it is crucial that the most current information is available to understand
the state of these unique dolphin populations.
The low population vital rates and trajectories for the Fiordland populations are seen in
few bottlenose populations elsewhere. Declines in bottlenose dolphin abundance have been
observed at Shark Bay, Australia (Bejder et al. 2006) and the Bay of Islands, New Zealand
(Tezanos-Pinto et al. 2013), which have been attributed to displacement of individuals
from intensive tourism operations. Population decline, as a direct result of low calf
survival, has only been reported in the literature from Fiordland (Currey et al. 2008;
Henderson et al. submitted). Detecting trends in population vital rates for a long lived,
slow reproducing species requires long term observation. Few studies possess the
necessary long term data to determine such trends for other bottlenose dolphin populations.
Previous study in Doubtful Sound has utilised two approaches for MR estimation of
abundance; obtaining seasonal abundance estimates that use each monitoring trip as both a
mark and recapture period (first half mark, second half recapture) (Williams et al. 1993;
Currey et al. 2007), or using two different seasonal trips (usually winter and spring) to
produce an ‘end of the year’ abundance estimate (Henderson, 2013). The first method may
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no longer be appropriate due to an apparent expansion in the dolphins’ range which has
caused recapture probabilities to decrease (Henderson et al. 2013). If normally resident
dolphins are temporarily absent for both the capture and recapture phases, the resulting
abundance estimate will be biased. This study aims to assess the feasibility of continuing
to utilise ‘per trip’ abundance estimates in Doubtful Sound.
The current project aims to utilise the well established photo-identification MR techniques
of the Fiordland bottlenose research programme to produce updated population size
estimates for the bottlenose dolphin populations of Doubtful and Dusky Sound. This new
information will be useful to provide an updated assessment of both populations, which is
important given the history of rapid population decline in Doubtful Sound (Currey et al.
2010). Moreover, the information gathered by this project will be added to the long term
monitoring dataset, which is a crucial asset for understanding the population dynamics of a
long lived, resident population of animals living near their ecological limit.

Methods:
Field methods
Three population monitoring field trips to both Doubtful and Dusky Sound took place
during 2012. The three trips consisted of summer (February), winter (August) and spring
(November) trips in each fiord.
In Doubtful Sound, population monitoring data were also gathered during research trips for
another project (tourism impacts) which ran concurrently with the present study. An
additional six trips took place during December 2011, January, March, April, May and
September 2012. Research trips that combined field work for both studies were twice as
long (approx. 10 days/ 2 weeks) in order to allow sufficient time for the required data
acquisition for both projects. The tourism impacts project required photo-id to accurately
determine group size (Guerra, 2013), thus there were sufficient overlap between the
projects to ensure neither was compromised during research trips. A high frequency of
sampling trips provides the opportunity to assess the accuracy of the “per-trip” abundance
estimates. From census methods over a number of trips, we are able to closely follow
population size because all individuals in Doubtful Sound are identifiable (i.e. mark rate is
100%). We can account for an individual not seen during a particular trip by observing its
presence during a subsequent trip. Consequently, we can compare per-trip abundance
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estimates with the true population size. Trips in Doubtful ranged from 1 to 2 weeks in
duration.
In Doubtful Sound, population surveys took place using a 5m aluminium research vessel
powered by a 70hp Yamaha 4-stroke outboard motor. Systematic daily surveys followed a
prescribed route which covered the entire of the fiord area (Figure 2.1). Systematic surveys
were carried out over successive days and began when there was sufficient light for high
quality photographs (usually 45 minutes after dawn).
Once a dolphin group was sighted, the group was approached slowly to within 20m. The
vessel course was maintained parallel to the dolphins direction of travel to facilitate dorsal
fin photographs at the best angle. Dorsal fin photographs were taken (using Nikon D90
cameras with 80-200mm f 2.8 lenses) until the photographer was confident that every
member of the group had been photographed at least six times (Würsig & Jefferson, 1990).
Sighting details, along with search effort, were recorded via a GPS interfaced HewletPackard HP200LX palmtop computer in a splash-proof housing. Sighting information
included the time and duration of the encounter, group composition, location code and sea
state, as well as behavioural state, recorded every 15 minutes. Once sufficient photographs
(at least three frames of each side of the dorsal fin, from each animal) were obtained, the
encounter was terminated and the survey route resumed. Daily surveys continued until the
entire Doubtful complex had been covered or weather conditions deteriorated to a point
where sighting conditions were severely compromised (Beaufort 3 and/or heavy rain).
Dusky Sound is far less accessible than Doubtful Sound. To

get to Dusky Sound,

researchers either had the research vessel (either a 5m or 5.5m aluminium vessel powered
by 70 or 75hp 4-stroke outboard motors), air-lifted by helicopter or transported from
Doubtful Sound aboard a larger vessel. Daily surveys in Dusky took place as per Doubtful,
however, as the Dusky Sound complex is much larger (approximate twice the area), only
half the fiord was covered during one day, with the alternate half being the focus of the
following day (Figure 2.2). Survey trips were generally twice as long in duration than trips
to Doubtful Sound.
At the completion of each day in the field, photo-identification photos were downloaded to
laptop computers. Photos were graded in terms of focus, exposure, interference (i.e. –
water splashing) and fin orientation (Currey et al. 2007), with only the best quality photos
(frames that were in focus, well exposed, with minimal splashing or reflection and with
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fins that were approximately parallel with the optical axis) being retained for analysis.
Photos were then matched against the identification catalogues, which were rigorously
updated. Capture histories, which define whether an individual was seen on a given day
(denoted by a 1 or 0), were then produced for each individual across the survey period. All
other encounter information and GPS tracks were saved into Microsoft Excel spreadsheets.
At the completion of each field trip, the new capture histories were combined with the
Doubtful/Dusky long term sightings dataset.
Effort
Survey effort was recorded automatically via an HP200LX palmtop computer recording
GPS location, water temperature and depth from a Lowrance HDS-5 GPS
chartplotter/echoSounder Sounder every 30 sec, along with an “On-Effort”/”Off-Effort”
tag. Tracks were analysed in order to calculate amount of time looking for dolphins,
amount of time with dolphins and distance covered.
Distance covered and total hours represent total time and distance on the water looking for
dolphins. This includes time and distance covered with groups of dolphins, which in some
studies is distinguished from total survey effort (Henderson, 2013). In the present study
surveying for additional dolphin groups was actively maintained whilst engaged in an
encounter, with additional groups often being sighted. For trips during which photo-ID
effort was combined with effort for the tourism impacts study, time with the dolphins
reflects time spent engaged in photo-identification only, which was recorded separately.

20

Chapter 2: Mark-Recapture abundance estimation

N

Figure 2.1: Standard daily survey route in Doubtful Sound

N

Figure 2.2: Standard survey route completed every two days in Dusky
Sound
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Abundance estimation
Photo-identification of naturally marked dolphins is a technique that has been well
established for many years (Würsig & Würsig, 1977). The natural markings on dorsal fins
of bottlenose dolphins are classified into two categories:

Figure 2.3: A 'nicked' individual (Sickle)

Figure 2.4: A 'Temporarily marked' individual (Blackspot)

Nicks (Figure 2.3) - These are injuries to the dorsal fin resembling tears or holes, usually
along the trailing edge of the fin. These marks do not heal, and change little over time
(Würsig & Jefferson, 1990).
Temporary marks (Figure 2.4) - These include tooth-rakes, scars, pigment and skin
discolorations which although not permanent, change slowly enough to provide an
effective means of identifying individuals that do not possess nicks (Wilson et al. 1999).
In Doubtful and Dusky Sounds, the use of temporary marks is justified as the time between
successive recapture periods is not considered long enough for there to be significant
change in temporary marks (Currey et al 2007 & 2008b.) Moreover, using temporary
marks allows identification of calves and sub-adults, allowing for abundance estimates of
the whole population, not just of the marked adults.
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Abundance estimates for Doubtful and Dusky Sound were produced using two methods;
(1) a direct population census and (2) a MR abundance estimate using Chapman’s
modification on the Lincoln-Peterson estimator, which reduces error for small populations
(Chapman, 1951):

Where: n1 is the number of dolphins sampled and marked during initial capture, n2 is the
total number of dolphins captured during the recapture period and m2 is the number of
marked individuals encountered during the recapture period.
To provide comparison with MR methods, census methods have been routinely applied in
the fiords. This approach is acceptable as it was generally possible to identify and sight
every individual during a survey trip (Currey et al. 2007; Henderson, 2013). However a
recent expansion in range for the Doubtful Sound population beyond the area surveyed has
resulted in a decrease in resighting rates, to a point where some individuals may not be
sighted during a trip (Henderson et al. 2013). In this case, the census method will be biased
low; yet the method is retained in the present study to provide a comparison for MR
estimates. Formal MR abundance estimation is favoured (Currey et al., 2007) as it does not
rely on sighting each individual during every trip, and provides a statistical measure of the
precision of the abundance estimate:

Using the estimate of variance, log-normal confidence intervals were created as per Currey
et al. (2007) and Henderson, (2013). Such confidence intervals better reflect the
uncertainty in abundance estimation (Buckland et al. 1993), and were produced for both
scenarios discussed below.
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To be consistent with previous study MR abundance estimates were undertaken under two
scenarios1- Every individual in each population is identifiable (i.e. - 100% mark rate).
2- Only individuals with ‘nicked’ marks are identifiable.

Scenario 2 produces an estimate of the total number of ‘nicked’ individuals in the
population, which is then scaled by a mark rate to account for the non-nicked individuals:

N is the total number of photographs of ‘nicked’ individuals and nN is the total number of
photographs of both ‘nicked’ and ‘non-nicked’ taken during both the capture and recapture
periods. Uncertainty in mark rate is incorporated into the log-normal confidence interval
for the scaled estimate.
Each scenario was also undertaken using either only adult dolphins, or adults and subadults/calves to allow comparisons with previous abundance estimates i.e. - Williams et al.
1993.
Assumptions of the closed model:
The Lincoln-Peterson equation estimates abundance for a closed population and thus
assumes no births/deaths or immigration/emigration between mark and recapture periods.
For the per-trip abundance estimates, the time between the “marking” period and the
“recapture” period is a matter of days and it is therefore unlikely any births/deaths will
occur.
For the yearly abundance estimates, winter sampling trips were used as the “marking”
period, whilst spring trips were the “recapture” period for both populations. As both
populations exhibit highly seasonal calving (Henderson et al. submitted), it is unlikely new
individuals will be born between capture periods (and those that do will be readily
identified). Moreover, monitoring over a number of years in both locations has found no
evidence of permanent emigration or immigration in either population.
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Exceptionally high mark and resighting rates in both locations indicate the additional
assumptions of every individual being identifiable and “catchable” (i.e. able to be
photographed) are also upheld (Currey et al. 2007).
Results:
Effort:
A total of 80 days was spent on the water during 9 trips in Doubtful Sound, whilst the
three trips to Dusky resulted in 28 days on the water. Dolphins were encountered on 76
days in Doubtful Sound (95%) and 27 days in Dusky (96.4%). Total hours of survey effort,
time with dolphin groups and distance covered are summarised in Table 2.1.

Trips

Days

Total hours

With dolphins

Distance (miles)

Groups

Doubtful

9

80

492:16:32

91:54:42

5187.8

124

Dusky

3

28

182:31:42

37:52:49

2490.1

79

Table 2.1: Summary of total applied effort in Doubtful and Dusky Sound over the course of the
present study.

The level of effort applied per year in Doubtful Sound during the present study is higher
than previous recent research; (106 days over three years, Henderson, 2013; 129 days over
two years, Currey et al. 2007). This increase in effort can be attributed to the tourism
impacts study which ran concurrently with the present study and allowed for a high
frequency of photo-ID sampling.

The level of effort applied in Dusky Sound is

approximately equal to previous study (102 days over three years; Henderson, 2013).
Photo-identification
Eighty days of photo-identification in Doubtful Sound resulted in 14,227 good quality
photographs of 61 individual dolphins. This number includes 48 adults (>3 years), 9 subadults (3> 1 years) and three calves (<1 year) born during the study (January 2012). One
calf born in December 2011 was seen during the first trip of this study but was not
encountered during subsequent trips, whereas it’s mother was, thus it is assumed to have
died.
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In Dusky Sound the 28 days of photo-identification effort produced 11,758 good quality
photographs of 122 individual dolphins. This number includes 99 adults, 19 sub-adults,
and 5 calves born during the study. Two of the five calves born during the study were
encountered during the February trip and not since, while their mothers have. Four adult
males were also only sighted during the February trip and not since. Whether they have
died or migrated is unknown, however they are no longer considered a part of the
population.
Doubtful Sound abundance estimates:
The end of year abundance estimate for 2012 in Doubtful Sound is 60 (CV = 0.5%). This
is down one individual from the 2011 estimate (61; CV = 1.46%). The most accurate
scenario of abundance estimation for the whole population was the ‘all marked’ scenario,
which agreed with the census count for the same period. Both ‘all marked’ and ‘nicked’
adult abundance scenarios agreed exactly with the census count for the same period (Table
2.2).
MR-all
marked

CV%

MR- nicked

CV%

Census

All

60

0.5

62

1.4

60

Adults

48

0.7

48

1.3

48

Table 2.2: End of year abundance estimation for the whole population and adults in Doubtful
Sound under two MR scenarios.
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Figure 2.5: Per trip population abundance estimates for Doubtful Sound from December 2011 to
October 2012 using three methods. Error bars reflect log normal 95% confidence intervals.

Abundance estimates produced for each trip over the study period reflected significant
deviation from the known population size (Figure 2.5). Both scenarios of MR abundance
estimation as well as census counts frequently departed from the known population size;
however the MR- nicked scenario was the abundance method most frequently observed to
be inaccurate. Greater errors were associated with per-trip abundance estimates compared
with the end of year estimate (Table 2.2). In total, census counts and MR-all marked
scenarios agreed closely with the known population size on four occasions. The MRnicked scenario estimates agreed closely with the known population size on one occasion
(Figure 2.5).
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Figure 2.6: Abundance of adult dolphins (>3 years) in Doubtful Sound from 1991 to present. Error
bars indicate log normal 95% confidence intervals.

The long term trends of the population of Doubtful Sound show overall decline since the
first estimate in 1991 by Williams et al. 1993 (Figure 2.6). Results from the present study
demonstrate there has been no change in adult population size between 2011 and 2012.
The 2012 estimate is considered accurate as it agrees exactly with the adult population
census for the same period.
Dusky Sound population estimates
The Dusky Sound end-of-year population estimate for 2012 indicates a total population
size of 116 (CV = 0.2%, Table 2.3). This is a decrease from the 2011 estimate of 124
(CV=0.83%, Fig 2.7). The most accurate MR scenario for Dusky Sound was MR-all
marked, which agreed with the census count for both estimates (entire population and
adult). The MR-nicked scenario underestimated both total and adult population size (Table
2.3).
MR-all marked

CV%

MR- nicked

CV%

Census

All

116

0.2

105

0.6

116

Adults

95

0.2

90

0.4

95

Table 2.3: End of year abundance estimation for the whole population and adults only in Dusky Sound
under two MR scenarios
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Figure 2.7: Total population abundance estimates for Dusky Sound from 2007 to
present. Error bars indicate log normal 95% confidence intervals.

The bottlenose dolphin population of Dusky Sound shows surprisingly high variation in
abundance (Figure 2.7). The net change is an increase in total population size from 102
(CV=0%) in 2008 to 116 (CV=0.5%) in 2012. The current (and previous) population
abundance estimates are deemed accurate as they agree closely with the population census
over the same period.
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Discussion

The results of this study suggest that both the Doubtful and Dusky populations
experienced a decline in abundance between 2011 and 2012 in terms of total population
size (adults, sub-adults and calves).
In Doubtful Sound this decline can be attributed to the disappearance of two adult females
and two calves (one belonging to a missing female) between October and December 2011;
all these individuals are assumed to have died. Three new calves were born in January and
have survived their first winter. The net change in population abundance is a decrease of
one. The adult population size has remained stable at 48 individuals between 2011 and
2012 despite the death of two adult females (Figure 2.6). This is due to the recruitment of
two sub-adult dolphins into the adult population during 2012.
The decline in abundance observed in Doubtful Sound during this study serves as a
reminder of the populations’ vulnerability. The population was recovering from the low
levels of 2007/08 (Figure 2.6). The latest decline (albeit small) indicates that the
population may face challenges in order to recover to the higher levels observed from 1995
to 2000 (Schneider, 1999; Haase & Schneider, 2001). Recent age-structured, stochastic
population modelling confirms the likelihood of continuing decline in population
abundance, with decline observed during 62% of model runs (Henderson, 2013).
Calf survival and more particularly, a female’s ability to give birth at the optimum time to
ensure maximum likelihood of calf survival have been identified as critical factors
influencing the population trajectory in Doubtful Sound (Currey et al. 2008a; Henderson et
al. submitted). Calf survival data from this study supports the suggestion of an optimal
window for calving immediately preceding peak water temperature (January; Henderson et
al. submitted), with all three calves of 2012 born in January and surviving to a year old.
Conversely the calf that disappeared was born in December.
Seasonal calving in bottlenose dolphins in association with seasonal high water
temperatures has also been exhibited in populations in Shark Bay, Australia (Mann et al.
2000) and the Adriatic Sea (Bearzi et al. 1997). Dolphin calves demonstrate a reduced
capacity to thermoregulate at lower water temperatures due to their smaller size and
thinner blubber layer (Yeates & Houser, 2008). Consequently, dolphin calves are likely to
exhibit a low lower critical temperature (LcT), beyond which a calf is likely to die if the
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body temperature does not return to normal levels (Alexander, 1975; Yeates & Houser,
2008). In Doubtful Sound, the relatively narrow window of optimal water temperature for
birth may be a product of the significant seasonal variability and overall cool temperatures
faced by these dolphins in an extreme environment (Haase & Schneider, 2001; Henderson
et al. submitted). The anthropogenic influence of the hydro-electric tailrace tunnel may
have had some influence upon the narrowing of this window
Henderson (2013) demonstrated that female bottlenose dolphins in Doubtful Sound show
dramatic difference in reproductive success. Six of the eighteen multiparous females have
had 70% of their 20 calves survive until 3 years of age since observation began in 1995.
Conversely another six females have had none of their 21 calves survive over the same
time period. This extraordinary variation in reproductive success has been attributed to a
mother’s ability to give birth during the narrow ‘optimal window’, with the six most
productive mothers birthing 53% of their calves in January.
A further aim of this thesis (chapters 3 and 4), will be to determine if differences in size
(and other parameters) among females is correlated with reproductive success. Variability
in female reproductive success in relation to size has been demonstrated in other marine
animals such as; elephant seals (Reiter et al. 1981), sharks (Hussey et al. 2009) and petrels
(Chastel et al. 1995). Several explanations for this have been offered in the literature.
Larger females may attract fitter males resulting in offspring more capable of survival
(Pack et al. 2012). In mammals, larger females in better condition may contribute more
energy to fetal growth thus birthing larger offspring (Stewart and Lavigne 1984; Boyd,
2002 p. 248). Larger females may have more or higher quality milk, enabling offspring to
grow faster and survive the first challenging months in a cool environment (Iverson et al.
1993). Understanding whether there are size differences between female dolphins in
Doubtful Sound will shed more light upon the causes of unequal female reproductive
success, low calf survival and ultimately the nature of the population’s decline in
abundance.
Obtaining population abundance estimates for a threatened population in a remote setting
is a challenging but important exercise. This study has demonstrated that the previous
method of obtaining abundance estimates per sampling trip (i.e. - Currey et al. 2007) is no
longer suitable as indicated by departure of the estimates from the known population size
and high error values (Figure 2.5). Although the estimates agree with the known
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population size on four occasions (MR-all marked scenario), the method has demonstrated
a potential to produce repeated inaccurate estimates of abundance.
The fundamental factor underlying the present inaccuracy of the per-trip abundance
estimate method is the recent extension in home range by the dolphins of Doubtful Sound
beyond the surveying area (i.e. outside the fiord) resulting in a decrease in resighting rates
(Henderson et al. 2013). Resighting rates in Doubtful Sound have decreased to a point
where an individual may not be encountered during a sampling trip. If abundance
estimates are to be produced for each trip this violates the MR assumption of all
individuals being equally “catchable”. Additionally, this results in census inaccuracy
(Figure 2.5) as a dolphin cannot be counted if it is not in the study area. If a dolphin is seen
in one capture period but not the other it can still be accounted for in a MR estimate,
however, this will result in a higher error value for the estimate (Figure 2.5). Currently, the
likelihood of a dolphin being absent from Doubtful Sound for longer than one trip is low.
Thus the method of obtaining an end-of-year abundance estimate using two trips as mark
and recapture periods (winter and spring) is more reliable and should be preferred. It is
unlikely that future research will incorporate the amount of effort and frequency of
sampling trips associated with the present study and so it may not be possible to follow the
‘known’ population size confidently. This adds further weight to the use of an abundance
estimation method that is not biased by the current decrease in resighting rates.
The abundance estimation scenario that considers individuals ‘all marked’ was
demonstrated to be the most accurate in the present study in both Doubtful and Dusky
(Tables 2.2 & 2.3). Considering all animals as marked in both populations is appropriate
due to the high frequency of trips and consequent updating of catalogues to account for
any small changes to the dolphins’ dorsal fins. Thus the MR assumption of all animals
being identifiable is upheld. The inaccuracy of the MR-nicked scenario is likely due to
unequal photographic effort being applied to the two mark categories which results in a
biased estimate of mark rate.
This study has identified a decline in population abundance in Dusky Sound from 124 (CV
= 0.83%) at the end of 2011 to 116 (CV = 0.2%) at the end of 2012 (Figure 2.7). This
decline can be attributed to the disappearance of 8 adults and 3 calves between August
2011 and November 2012. Three of the calves born during the study period are still alive
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as at November 2012, however the net change in population abundance is a decrease of 8
individuals.
Like Doubtful Sound, the population in Dusky has fluctuated in population size from year
to year (Figure 2.7). Although the latest estimate has demonstrated a recent decline, the net
change demonstrated is an increase in total population size from 102 (CV=0%) in 2008 to
116 (CV-0.5%) in 2012. Such variation in population sizes suggests that the population is
vulnerable to further decline. Recent age-structured population modelling indicates the
population is likely to decline over a fifty year period (60% of 5000 runs; Henderson,
2013). The calf survival rate in Dusky Sound is 0.722 (CI= 0.556-0.844), which is higher
than in Doubtful Sound, but is still one of the lowest recorded in a wild bottlenose
population (Herzing, 1997; Mann et al. 2000; Stolen & Barlow, 2003; Kogi et al. 2004;
Fortuna, 2007) and is likely a significant cause of the negative population trajectory seen
in modelling (Henderson, 2013).
In Dusky Sound, adult male dolphins have been absent during some monitoring trips only
to reappear during subsequent trips. This indicates they may leave the fiord from time to
time and thus may not exhibit the same degree of residency as the rest of the population
(Henderson, 2013). The 8 adults that have left the population since August 2011 are
assumed to have died; however there is a possibility that given their more transient nature
they may have permanently or temporarily emigrated. Taking into account the transient
nature of individuals in a population is important to obtain the most realistic abundance
estimates (Whitehead, 1990; Silva et al. 2009). If emigration is present in Dusky Sound,
different MR abundance estimation methods should be used that account for this
movement between populations (i.e. open or robust models; Jolly, 1965; Seber, 1965;
Pollock, 1982). A portion of this thesis will be dedicated to surveying an area from which
there are frequent reports of bottlenose dolphins and is close enough to be a potential
destination for individuals emigrating from the Dusky population (Chapter 5).
The dolphin populations of Doubtful and Dusky Sounds are both relatively small and have
exhibited population decline both presently and historically (Figures 2.6 & 2.7). Such
small isolated populations are vulnerable to Allee effects (Allee, 1931). Allee effects
include a range of depensatory factors which reduce reproductive rates in small
populations, including biased sex ratios, difficulty of mate finding, inbreeding, and
reduced foraging and anti-predation capabilities, among others (Courchamp et al. 1999;
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Stephen & Sutherland, 1999; Stephens et al. 1999). Sex ratios in both populations are
approximately 1:1 ratio (Currey et al. 2008a; Rowe & Dawson, 2008), and the dolphins of
Doubtful Sound do not exhibit evidence of genetic inbreeding (Tezanos-Pinto et al. 2009).
The influence of other factors associated with the Allee effect remains unknown in these
populations.
Demographic stochasticity describes the year to year fluctuation of demographic
parameters such as births, deaths, sex ratios and ultimately population growth rates in
small populations (Stephens et al. 1999; Melbourne & Hastings, 2008). Such fluctuations
arise from the discrete rather than continuous nature of biological systems and can have a
significant influence upon the viability of rare populations (Stephens et al. 1999; Slooten et
al. 2000; Melbourne & Hastings, 2008). The populations of Doubtful and Dusky exhibit a
significant degree of demographic stochasticity (Currey et al. 2008a; Currey et al. 2009;
Henderson et al. submitted). For example, the number of calves born and the number that
die varies substantially from year to year in both populations (Henderson, 2013).
Stochasticity in calf recruitment is the major demographic cause of the vulnerability of the
populations.
The declines in abundance of the populations of Doubtful and Dusky Sound illustrated in
the present study indicate the importance of continuing the population monitoring of the
Fiordland bottlenose dolphins. Effective management to minimise the chance of further
decline relies on updated information, and on effective mitigation of impacts. This study
has also demonstrated the most appropriate MR method to produce abundance estimates
for Doubtful Sound; this will help ensure that future population abundance estimates are
accurate.

The observed decline in abundance in Doubtful has also highlighted the

importance of continuing research into the mechanisms driving variation in female
reproductive success and, ultimately, low calf survival in this population. Understanding
these mechanisms may be crucial in establishing appropriate management to ensure the
ongoing survival of these unique populations of dolphins.
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Chapter 3:

Using Stereo-Photogrammetry to measure bottlenose dolphins
in Doubtful Sound.

Abstract:
Accounting for size differences among individuals within populations may provide
valuable insights into how body size influences population parameters. Stereophotogrammetry has been proven useful for providing morphometric measurements of
cetaceans in the wild. In this chapter I report the development of a stereo-photogrammetric
system for measuring bottlenose dolphins in Doubtful Sound. The system was calibrated
using a photogrammetric wall and the software Australis. A range experiment was carried
out to assess the accuracy of the system over a range of geometric conditions (distances,
angles, target sizes, camera remounting). Two sampling techniques (downward-looking
and side-on) were trialled in the field and the relative merits of each system assessed.
Results from the range experiment indicated, as expected, that both increasing distance
from the target and angle from perpendicular significantly increased measurement error.
Field testing of both sampling techniques identified substantial practical problems with the
downward-looking technique, but the side-on approach yielded successful results. The
side-on sampling approach provided repeated measurements of every individual in
Doubtful Sound, providing a mean CV of 2.43%. This level of error is comparable to other
photogrammetric studies of marine mammals. This is the first study to measure an entire
population of dolphins using stereo-photogrammetry.
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Introduction
Body size can be an important factor to account for in conservation biology (Berger,
2012). Over a broad range of species, size has been demonstrated to correlate with survival
(Laurie & Brown, 1990; Craig et al. 1999), reproductive parameters (Iverson et al. 1993;
Pack et al. 2012), distribution (Cousens & Blouw, 2003), health (Perryman & Lynn, 2002),
foraging capabilities (Christensen, 1996) and social roles (Spitz et al. 2000). On a broader
scale, there has been significant discussion concerning the relationship between a species’
body size and their life history characteristics, a relationship which can provide interesting
information concerning the evolution of life history characteristics across taxa (Blueweiss
et al. 1978; Sibly & Brown, 2007).
Body size and its relationship with life history parameters can help understanding of
aspects of population biology for threatened species (Craig et al. 1999). For example,
survival rates usually vary with age (Barlow & Boveng, 1991; Loison et al. 1999); if size
can be used to accurately predict age, age-structured population models can be developed
that more accurately predict future trends in population size (Bräger et al. 1999; Slooten et
al. 2000). Such models are important for assessing the viability of threatened populations
and the effectiveness of management (Barlow & Boveng, 1991).
Photogrammetry provides the only practical way to measure animal body size without the
need to handle individuals physically (Ratnaswamy & Winn, 1993; Deakos, 2010;
Growcott et al. 2011). Photogrammetry uses one or more photographic images to derive
shape, size and location of objects in three dimensions (Luhmann et al. 2006). The
applications and techniques of photogrammetry are many and varied (Luhmann et al.
2006), with biological studies often employing a range of photogrammetric techniques to
provide estimates of body size, morphology and spacing among individuals from animals
as diverse as reef fish (Harvey & Shortis, 1995), sharks (Klimley & Brown, 1983) and sea
lions (Waite et al. 2007).
There are three general approaches to photogrammetry, which use either (a) a single image
with something of known size in the image to provide scale (b) a single image plus an
accurate range measurement, or (c) stereo images. Laser photogrammetry is an example of
(a), and involves the use of parallel lasers to project visible markers a known distance apart
onto the target animal being photographed (Rowe & Dawson, 2009). The distance between
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the laser dots is used as a scale to make the desired measurements (Webster et al. 2009).
Laser photogrammetry has been successfully applied to a range of marine taxa including
whales (Jaquet, 2006), dolphins (Rowe & Dawson, 2008; Webster et al. 2009) and manta
rays (Deakos, 2010).
Aerial photogrammetry is another technique used to measure body size and proportions,
particularly those of marine mammals (Perryman & Lynn, 2002; Pitman et al. 2007).
Single camera aerial photogrammetry relies on photographs of animals captured at a
known height above sea level (ie b above). If lens’ focal length, pixel resolution and
camera altitude are known accurately at the time of photography, it is possible to produce a
scale factor that, in turn, allows body sizes to be estimated from the image (Fearnbach et
al. 2011; Miller et al. 2012). Aerial photogrammetry has produced body size estimates for
a range of whale species including: gray whales (Eschrichtius robustus) (Perryman &
Lynn, 2002), northern and southern right whales (Eubalaena glacialis & australis) (Miller
et al. 2012) and killer whales (Orcinus orcus) (Fearnbach et al. 2011). The applicability of
the technique is, however, limited by the cost of the aircraft required.
Stereo-photogrammetry (c) is perhaps the most common photogrammetric approach. It
uses the relative displacement of a target between two images (a stereo pair) taken
simultaneously by cameras with known relative orientation and internal geometry (Ghosh,
1972). This displacement allows the position of points identified in each image forming
the stereo pair to be measured with respect to the position of the cameras. Advances in
modern digital cameras and photogrammetric software have overcome many of the
difficulties (and cost) associated with stereo-photogrammetric systems, making this
approach much more practical for obtaining morphological measurements in the field
(Growcott et al. 2012).
Stereo-photogrammetric approaches have been applied to a range of marine wildlife such
as sperm whales (Physeter macrocephalus) (Dawson et al. 1995; Growcott et al. 2011),
Hector’s dolphins (Cephalorhynchus hectori) (Bräger & Chong, 1999), bottlenose
dolphins (Chong & Schneider, 2001) and sharks (Klimley & Brown, 1983). The error
associated with stereo-photogrammetric measurements varies according to the study and
the system. Dawson et al. (1995) obtained a CV of 4.4% based on repeated measurements
of the same individual whales. Growcott et al. (2012) used a similar method but a more
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modern digital system and achieved more accurate results (CV: 1.57%). This difference is
likely attributable to the ability to obtain more accurate calibrated values for the internal
and external orientation parameters by using modern digital cameras and calibration
techniques in advanced photogrammetric software (Growcott et al. 2012).
In the context of estimating the size of bottlenose dolphins, Chong & Schneider (2001)
used a downward-looking stereo camera system mounted on a frame attached to the mast
of a small (6m) sail boat. The system took stereo-photographs of bow-riding dolphins
below the surface of the water, which were then scaled to account for refraction of light
rays at the air-water interface. The study was limited in sample size (n=18 individuals),
due to limited availability of the trailer-yacht used (the system needed a mast), but
provided useful data and proof of concept.
Typically, stereo camera systems (SCS) for measuring marine mammals are mounted to
take photographs downwards or side-on. Down-ward looking systems are usually mounted
upon masts suspended over the side of a research vessel with the optical axes of the
cameras at right angles to the water surface (Bräger & Chong, 1999). Side-on systems are
generally mounted (or hand held) on the deck of a research boat with optical axis of the
cameras approximately parallel with the water surface (Dawson et al. 1995; Learmonth,
1997; Growcott et al. 2012). Side-on systems are configured to take photographs as an
animal surfaces above the water. Obtaining through-water images when camera axis are
other than perpendicular with the water surface could result in significant error due to
refraction (Butler et al. 2002).
The design of a SCS will depend on the type of morphometric measurements required.
For marine mammals, total length (TL) is commonly measured as it is directly related to
body mass (Trites & Pauly, 1998). Studies involving stereo-photogrammetric
measurements have been able to produce measurements of TL either directly (i.e. Chong &
Schneider, 2001) or indirectly by measuring an appropriate proxy for total length (i.e. a
morphometric measure that is closely correlated with total length, Bräger & Chong, 1999;
Growcott et al. 2012). In the present study, I aim to utilise the NZ strandings database
(administered by Te Papa Tongarewa National museum) to assess potential proxies for
total length. The database collates data from stranding events from 1840 to present and
contains numerous records of the morphological features of stranded bottlenose dolphins.
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The aims of this study are:
- To design, build and calibrate a downward-looking stereo-photogrammetric system
to measure total length in bottlenose dolphins.
-

To design, build and calibrate a side-on stereo-photogrammetric system to measure
body proportions that accurately represent total length in bottlenose dolphins.

-

To conduct a field experiment to assess how a range of geometric factors (distance,
angle, and measured distance) affect the accuracy of the stereo-photogrammetric
system.

-

To conduct an experiment to determine how re-mounting the cameras on the stereo
bar may affect measurement error.

-

To use the NZ cetacean strandings database (Te Papa Tongarewa) to determine an
appropriate, measureable proxy for total length in bottlenose dolphins.

-

To test both systems in the field to assess the usefulness of each to provide multiple
measurements of total length of bottlenose dolphins in Doubtful Sound.

Methods and Data:
Stereo-photogrammetric system design
A typical stereo-photogrammetric system consists of two cameras of known relative
orientation, usually mounted on bar to provide a known baseline distance between the
cameras while ensuring a stable relative orientation (Linder, 2009). The baseline distance
(Bx) is chosen to allow sufficient overlap in field of view between the stereo images whilst
maximising the angle between light rays from the target and the projection centre of the
relative cameras (Linder, 2009).
In stereo photogrammetry, a target conjugate point with a representation in three
dimensional object space (x,y,z) is photographed by each camera. The relationship
between the conjugate points as represented in each camera (in terms of their location in
the co-ordinate system) is described by the key parameters of internal and relative external
orientation (Mikhail et al. 2001; Linder, 2009).
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The downward-looking stereo-photogrammetric approach used in this study was a
modified version of that used by Chong & Schneider (2001). The stereo camera base
consisted of an aluminium bar 1000mm long (rectangular section 50mmx40mm, wall
thickness 2.5mm). A Nikon D70s camera with 24mm f 2.8 Nikkor lens was mounted on
each end of the bar with their optical axes approximately 800mm apart. A baseline length
of 800mm was chosen to provide the necessary overlap in field of view given the height of
the bar above the water, whilst the base to height ratio would allow measurements to be
acceptably accurate (Shortis & Harvey, 1998).

At each camera mounting position

aluminium buttress plates were welded to the bar to ensure consistent camera orientation
(Figure 3.1b). The vertical angle of the base bar could be adjusted (Figure 3.1c).
Two windsurfer masts were used to support the stereo bar above and over the side of the
research vessel (a 5m aluminium powerboat). The stereo bar was affixed to the end of each
mast. The masts were attached to hinged mounts on the side of the research vessel, with an
aluminium T-frame connecting the mid-point of both masts to the boat’s canopy frame
(Figure 3.1a). Rope stays, attached to each end of the stereo bar, leading to the bow and
stern of the vessel, provided extra rigidity to the system once it was erected. A remote
shutter cable was built to release the shutters of both cameras simultaneously.
The side-on stereo-photogrammetric approach used the same stereo bar described above,
hand-held from the deck of the research vessel (Figure 3.1c). The system was directed at
surfacing dolphins between 5 and 20m away that were travelling approximately parallel
with the vessel’s course (Figure 3.3).
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(a)

(b)

(c)

Figure 3.1: The stereo-photogrammetric system. (a) depicts the downward looking camera system on
the research vessel Nemo in Doubtful Sound.(b) shows the camera mounting position on the stereo
bar; notable is the aluminium buttressing on all sides of the camera mount minimising variation in
camera alignment. (c) depicts the stereo camera bar as used during the side-on sampling approach, the
cameras shutters were released simultaneously via a purpose built remote shutter release (inset).
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Calibration of the stereo camera system
The internal and relative external orientation parameters of each camera and the camera
system were assessed as in Growcott et al. (2012) using the photogrammetric software
Australis (version 6.01, Photometrix Pty Ltd, Australia) (see also Fraser, 1997; Fraser &
Edmunson, 2000).
A calibration wall of the School of Surveying, University of Otago, with numerous
reflective targets each with known three dimensional co-ordinates was used to charactise
the internal and external orientation of the stereo system. Australis possesses the capability
to automatically detect the centre of high contrast, rounded targets to sub-pixel level. This
ensures that the orientation parameters are estimated with a high degree of accuracy
(Clarke et al. 1993).
The cameras were mounted upon the stereo bar and three calibration “projects” were
created, each involving fifty stereo-pairs taken of the calibration wall. The pairs were taken
so as to estimate the calibration parameters over a broad range of geometric conditions.
During each project the stereo system was rotated throughout its x-y-z axes and at a range
of distances and angles to the wall, to contribute to strong imaging geometry. Strong
imaging geometries allow the potential correlation between internal and external
orientation parameters to be minimized and are therefore an important aspect of the
calibration project design (Mikhail et al. 2001, chapter 9).
The cameras were removed from the bar and remounted between each project to account
for the variation in parameter estimation attributable to any instability in camera
alignment.
The internal and external orientation parameters are estimated by Australis using bundle
block adjustment (following Growcott et al. 2012). Bundle block adjustment is a
mathematical model which uses multiple images to perform a simultaneous triangulation
using all known image points. The model then estimates all unknown parameters via
iterative least squares adjustment of the collinearity equations which describe the
relationship between image coordinates, object coordinates and orientation parameters
(Luhhman et al. 2006, chapter 4). The unknown internal and external orientation
parameters are therefore estimated directly as a function of the observed image
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coordinates. For a detailed account of the bundle block adjustment process see Luhman et
al. (2006), chapter 4.
The internal orientation parameters required for photogrammetric analysis relate to the
internal geometry of the lens and camera body. Australis provides estimates of the
following internal parameters: F- Focal length, Xp and Yp- position of the principal point
of autocollimation, K1,K2 & K3 which are parameters related to radial distortion of the
lens, P1 & P2 are decentring distortion parameters, and B1 & B2, parameters related to
affinity and orthogonality in the sensor (Luhmann et al. 2006, chapter 3).
The external orientation parameters (EOP) describe the position and attitude of the camera
relative to the calibration wall at the time of exposure. The six parameters of external
orientation include: the x, y and z positions of the camera relative to the global network
and three parameters which describe elevation (el) (tilt about the horizontal axis), roll
around the optical axis (roll) and azimuth (az) (Luhmann et al 2006, chapter 4).
Australis lacks the capability to produce the relative external orientation parameters
(ROPs) of one camera relative to the other, so it cannot readily account for a stereo
configuration (Growcott et al. 2012). However, if the EOPs of each frame in a stereo pair
are known relative to the target network it is possible to reduce the position and orientation
of each frame so that a new co-ordinate system origin is set at the perspective centre of one
camera (the left camera in this case). The x-y-z coordinates and the attitude values of the
left camera are set to 0, whilst the orientation parameters of the right camera become the
estimates of relative orientation. This is achieved using rotation matrices which model the
relationship between the image and object co-ordinate systems (Figure 3.4) (Mikhail et al.
2001, chapter 4). In Australis, the rotation matrixes which determine EOPs and are thus
required to determine ROPs depart from standard photogrammetric rotation matrixes
(Growcott et al. 2012). The rotation of the three angles is described as (Figure 3.4):
1. ϕ – Positive rotation around the z axis.
2. ω - Positive rotation around the x axis.
3. θ – Negative rotation around the y axis.
The total rotation matrix (R) as defined in Australis is expressed in terms of the individual
rotation angles. The procedure and rotation matrix is described in Growcott et al. (2012).
All computation was undertaken in Matlab( version- R2012a, Mathworks ltd).
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Figure 3.4: (Sourced with permission from Growcott et al. 2012). The relative orientation of the stereo
camera system, described by the relationship between the co-ordinate system of the left camera
(x1,y1,z1) and the right camera (x2,y2,z2). The relationship is defined by the translation vector (b x,by,bz)
which is a product of the rotation of angles ϕ (positive rotation around the z axis), ω (positive rotation
around the x axis) and θ (negative rotation around the y axis). Also depicted are the focal lengths (f)
and principal points of autocollimation (PPA) which represent the key parameters of internal
orientation for each camera.
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(a)

(b)

Figure 3.3: Depiction of a stereo camera pair from the downward-looking approach, (a) is the frame from
the left camera whilst (b) is the frame from the right camera. Arrows indicate the location of rostrum tip
and tailfluke notch.

(a)

(c)

(b)

Figure 3.4: Depiction of a stereo camera pair from the side-on sampling approach, (a) left, (b) right (c) the
dorsal fin identification photograph taken with a synchronised photo-identification camera. Arrows
indicate the tip of the upper jaw and dorsal fin insertion.
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Measuring distances
All measurements from stereo pairs taken during the range experiment and of dolphins in
the field (see below) were made using Australis. Stereo pairs were matched by
synchronising the time metadata from each camera. The measurements, frame file name
and time stamp were uploaded into Microsoft Excel spread sheets.
Stereo pairs were loaded into Australis, the conjugate points were selected and the interior
and relative exterior orientation parameters for each camera were entered. Australis can
then perform a triangulation between both conjugate points as represented in object space
and thus obtain a measure of the distance between the points.
Range experiment
To determine the range of geometric conditions over which the calibrated SCS could
produce accurate and precise measurements, a range experiment was developed.
The experiment consisted of making photogrammetric measurements of a target with
known dimensions over five distances (5m, 10m, 20m and 30m) and four angles (0⁰, 10⁰,
20⁰ and 40⁰) from perpendicular. The target consisted of a dolphin-sized wooden cross.
One stereo pair was taken from each station. To assess the variation in measurement error
attributable to the remounting of the cameras on the bar, two more samples of the entire
network were made with the cameras being removed and remounted between each sample.
The frames were uploaded into Australis and measured as described above. Conjugate
points were selected manually to emulate the circumstances by which dolphins would be
measured. The subsequent measurements were inputted into Microsoft Excel spread
sheets, and the absolute relative percentage error of each measurement calculated.
A general linear model (GLM) was built in programme R (version 2.15.2, the R
foundation), to assess the degree to which variation in the four factors (distance, angle,
measured distance and mount) and their combinations account for observed variation in
measurement error.
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Proxy for total length
It is not possible to obtain measurements of dolphin TL from side-on photographs taken
above water. Consequently it was necessary to determine an appropriate proxy for TL that
could be measured above the water from side-on.
The NZ cetacean strandings database was used to define an appropriate proxy for TL.
Regression of candidate measures vs. total length were undertaken to find the body
measurement that best represented total length (as indicated by a larger coefficient of
determination R2). The regression procedure was carried out in Microsoft Excel. Three
standard regression models (Linear, Power, Logarithmic) were assessed for each candidate
measure, with the most accurate (highest R2) being retained.
There are no strandings data from dolphins in Doubtful Sound due to the isolated nature of
the fiord and the scarcity of beaches for a carcass to wash up upon. Consequently,
morphometric measurements of dolphins in the fiords are limited and it is assumed that a
proxy for total length produced using morphometric data from dolphins inhabiting other
regions of NZ is appropriate. To test this assumption, I attempted to obtain measurements
of TL and the proxy using the downward-looking sampling approach. These measurements
can then be assessed as to how well they fit the linear model provided by the regression.
Differences in morphology between male and female bottlenose dolphins (Tolley et al.
1995) may result in a proxy for TL not being equally applicable between the sexes. In
order to assess this, morphometric measurements of 34 males and 35 females were
selected from the strandings database. A one-way analysis of variance (ANOVA) was used
to assess for differences in the response (ratio of TL:Proxy) relative to the factor (sex). It is
hypothesised that there is no significant difference between males and females from the
NZ cetacean strandings record in terms of the ratio Proxy: TL. The assumptions of
normality of residuals and equal probability were assessed by viewing scatterplots.
In the field
Each system was also tested in the field. Field testing took place in Doubtful Sound
(45⁰30’ S, 167⁰00’ E), which has a resident population of 60 bottlenose dolphins (chapter
2).
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Field testing of the SCS took place during the field trips for population monitoring (see
chapter 2) and as part of the tourism impacts study (Guerra, 2013). Stereophotogrammetric sampling requires near perfect conditions (Beaufort 0) as any departure
from a flat sea surface can result in significant measurement error (Butler et al. 2002)
(more relevant for the downward–looking approach).
The downward-looking system was cumbersome; it required the boat to be brought ashore
so the masts could be raised, and the camera bar mounted on the masts. Once the system
was in place, the boat was manoeuvered slowly so that dolphins were in the system’s field
of view (approximately 5m x 4m). Camera settings (aperture, exposure and ISO) were the
same on each camera. Aperture was set at f=4 to ensure an appropriate depth of field with
a near limit of 4 metres for acceptable sharpness, and shutter speed set at 1/2000s. The
focus ring of each lens was taped at infinity to ensure that the internal geometry of the
cameras matched that of the calibration procedure; infinity also provided the largest field
of view. The dolphins were photographed as they surfaced under the system. Identification
of individuals was facilitated by observing the unique markings on the dorsal surface of
each dolphin.
The side-on approach did not require flat calm conditions. The camera bar was carried on
board with cameras attached in a padded waterproof bag. Camera settings and focal
lengths were fixed at the same values as on the downward looking approach. An additional
photo-identification camera (Nikon D90 with 70-200mm f 2.8 lens) was time synchronised
with the stereo cameras. Co-ordination between photographers on board enabled a
surfacing dolphin to be photographed both with the SCS and the photo-ID camera. Any
measurements that could not be positively attributed to a particular individual were
discarded.
Each stereo pair was graded in terms of exposure, focus, distance, angle and ability to
accurately define the conjugate points, with only pairs of high quality being retained.
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Results
Calibration
The internal lens and camera body calibration parameters were calculated by Australis via
the bundle block adjustment procedure (Table 3.1). The value and error shown for each
parameter are averages of the values from each of the three calibration projects. The
internal orientation of the cameras in the SCS was considered stable as the error values are
at least one order of magnitude smaller than the observed parameter value (Growcott et al
2012).
The final ROP parameters are means and standard deviations of the parameter values and
standard deviations for each project (Table 3.2). As with internal calibration, the error
values of the ROP are less than one order of magnitude smaller than the parameters
themselves, meaning that the parameters are stable (Growcott et al 2012). Moreover, the
standard deviation associated with the final ROPs are smaller than those observed in each
project. This indicates the SCS is stable between remounting and can be used to provide
accurate measurements in the field.

Parameter
F
XP
YP
K1
K2
K3
P1
P2
B1
B2

Left camera
Value
Error
24.95197
-0.07897
0.005033
0.000151
-1.8E-07
-1.6E-10
-1.2E-06
2.12E-05
-6.9E-05
-7.2E-05

0.002848
0.002852
0.002721
6.37E-07
8.14E-09
3.11E-11
1.34E-06
1.21E-06
1.09E-05
1.06E-05

Right camera
Value
Error
24.97217
-0.05963
-0.0051
0.000151
-2.1E-07
-3.8E-11
-6.3E-07
1.33E-05
-3.2E-05
-9E-05

0.002961
0.002838
0.002708
6.36E-07
7.74E-09
2.89E-11
1.39E-06
1.22E-06
1.26E-05
1.21E-05

Table 3.1: Internal calibration parameters for both cameras of the
stereo camera system. All values are millimetres.
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Project 1
SD

x
y
z
az
el
roll
799.7152 -5.09846
-2.5956 -0.51188 0.108766 -0.17023
4.402995 0.987874 2.912178 0.03405 0.051784 0.038697

Project 2
SD

800.0656
-5.7881 -1.77719 -0.51901 0.609016 -0.20894
3.407427 1.895858 3.042812 0.065805 0.06419 0.029796

Project 3
SD

799.8645
1.998386

Final ROP
SD

799.8818 -4.20084 -1.89638 -0.51113 0.334056
1.208215 0.473815 0.407814 0.020701 0.014654

-1.71595 -1.31633
1.67676 2.280259

-0.50251 0.284386 -0.16682
0.02692 0.080982 0.043266
-0.182
0.00685

Table 3.2: Mean and standard deviation of relative orientation parameters for the
stereo camera system. Parameters include: the relative position along the x,y and z
axis of the right camera relative to the co-ordinate system of the left camera as well as
the three attitude parameters azimuth (az), elevation (el) and roll. All values are given
in millimetres.

Range experiment
Percentage measurement error increased with distance from the target and the size of the
angle from perpendicular (Figure 3.5). The highest observed error value was 7% (StE=
0.44) at 30m distance and an angle of 40⁰ from perpendicular. The lowest observed error
value was 0.4% (StE= 0.18) at 5m and 0⁰ from perpendicular (Figure 3.5)
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Figure 3.5: Mean error of all stations in the range experiment network across the three
mounts. Error values are given for five distances from the target, viewed from four angles
from perpendicular. Error bars represent standard error.

There is no indication of any change in measurement error between the three mounts
(Figure 3.6). This is indicated by the similarity in proportional measurement error at each
distance from the target for each mount, as well as an overlapping of error bars for each
observation.
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Figure 3.6: Mean measurement error shown for each mount of the cameras across five
distances in the assessment network at an intermediate angle from perpendicular
(10⁰),representing approximately average geometry. Each value is an average of the error of
the three measured distances on the target. Error bars indicate standard error.
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Figure 3.7: Mean measurement error across five distances from the target for three
measured distances. Values are a mean of the three observations from each mount.
All observations are at an intermediate angle from perpendicular (10⁰),
representing approximately average geometry. Error bars are standard errors.

The size of the target did not seem to influence proportional measurement error (Figure
3.7). Moreover, the error bars of each observation overlap significantly, which indicates
there is no clear trend of measured distance upon measurement error.
General linear modelling showed that two factors contributed significantly to measurement
error: angle from perpendicular (F=4.669, p= <0.0001) and distance from the target
(F=4.032, p= <0.0001; Table 3.3). Of these two factors, angle explained a marginally
higher amount of variation in observed error values as indicated by the higher F value.
There was a weak interaction effect between angle and the distance measured (p=0.06).
Remounting the cameras on the stereo bar did not significantly influence measurement
error (p=0.9716), which is further confirmation of the stability of the mounting system on
this stereo bar.
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Factor

Estimate

Std. Error

F

p-value

Angle

1.26E-01

2.70E-02

4.669

<0.0001

Dist

1.37E-01

3.40E-02

4.032

<0.0001

Angle:Measurement

-2.77E-05

1.49E-05

-1.855

0.0653

Dist:Angle:Measurement

1.36E-06

8.23E-07

1.652

0.1003

Measurement

2.81E-04

3.42E-04

0.821

0.4127

Mount

-3.63E-03

1.02E-01

-0.036

0.9716

Dist:Measurement

-1.72E-05

1.89E-05

-0.911

0.3635

Dist:Angle

-1.36E-03

1.49E-03

-0.914

0.3619

Table 3.3: Results of the general linear model to assess how variation from a range of
factors describes the observed variation in measurement error.

Proxies for dolphin size
There were sufficient observations to assess three different morphological measurements
of bottlenose dolphins in the strandings database as proxies for total length (Table 3.4).
The measurement with the highest R2 value was the distance between the anterior end of
the upper jaw and the anterior emargination of the dorsal fin (UJ~DF) (Table 3.4). UJ~DF
is also easily photographed from a side-on aspect and the boundaries of the measurement
are easily identifiable, thus it is retained as the proxy measurement for this study.
Measurement

n

Regression

Intercept

R2

Snout length
Upper jaw- anus
Upper jaw- dorsal fin

85
83
95

Linear
Linear
Power

8.0767
1.2178
1.7571

0.2156
0.9105
0.942

Table 3.4: Linear regression of proxy measurements vs. total length for stranded bottlenose
dolphins in NZ waters.
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It was not possible to obtain TL and UJ~DF measurements from the downward-looking
approach. Some (n=7) TL measurements were available from the side on approach, taken
when dolphins were jumping clear of the water close to the research vessel during stereo
sampling. These measurements, along with their associated UJ~DF values were compared
with those sourced from the strandings database (Figure 3.8). The measurements from
Doubtful Sound fit the regression model well, suggesting that the proxy produced from
measurements of dolphins around NZ is applicable to dolphins in Doubtful Sound (Figure
3.8).
The ratio of TL:UJ~DF was assessed as a product of the variation between males and
female bottlenose dolphins. ANOVA analysis confirmed there was no significant
difference in the ratio of TL:UJ~DF between sexes (F= 0.46, p= 0.499, d.f=77). Viewing
scatterplots determined that the assumptions of normality and equal probability were
upheld. Thus, the chosen proxy measurement was considered equally applicable to male
and female dolphins.

All NZ
450

Doubtful sound

400
350
Total length (cm)

300
250
200
150

y = 1.7571x0.9875
R² = 0.942

100
50
0
0
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UJ- DF length (cm)
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Figure 3.8: Measurements of total length vs. UJ~DF from bottlenose dolphins around
NZ sourced from the NZCSD (n=88) and Doubtful Sound (n=7) from
photogrammetric sampling.
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In the field
Both stereo-photogrammetric sampling methods were trialled with bottlenose dolphins in
Doubtful Sound. The downward-looking approach was trialled over 7 days, yielding 1256
stereo pairs showing dolphins, however, only 54 of these were of usable quality (Table
3.5). The top down approach was severely limited by a number of practical factors
(discussed below).
The side-on approach was tested in Doubtful Sound over 8 days, providing 814 stereo
pairs of dolphins of which 336 were of suitable quality for analysis. UJ~DF measurements
were made of all 60 dolphins in the population, with repeated measurements made of 57
dolphins. Repeated measurement of the same individuals gave a mean coefficient of
variation of 2.43%.

Days
Total stereo pairs
Pairs of good quality
N measured individuals
Repeat measurements
CV

Downward-looking

Side-on

7
1256
54
N/a
N/a
N/a

8
814
336
60
57
2.43%

Table 3.5: Field testing results for both the downward-looking
and side-on stereo-photogrammetric approaches.
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Discussion
The calibration procedure to estimate the internal and relative external orientation
parameters of the SCS produced robust parameter estimates. The stability of the internal
orientation parameters is demonstrated by the small errors associated with each parameter
(Table 3.1).
Assessment of the performance of the SCS over a variety of ranges and angles provided a
necessary demonstration of the system’s accuracy. As expected, angle from perpendicular
and the distance from the target were most influential (Table 3.3). As these increase, the
displacement of the target between the images of the stereo pair decreases, compromising
measurement accuracy (Mikhail et al. 2001, chapter 2). Consequently, measurement error
was lowest with ideal geometry and the largest base-to-height ratio (5m and 0⁰). Further
measurement error is likely to be attributable to decreasing image sharpness at distance,
especially considering the relatively low-resolution cameras (5.1MP) and short focal
lengths lenses used in the present study (Luhmann et al. 2006, chapter 4). Decreasing
sharpness may result in significant user error in the selection of conjugate points
(sometimes called “pointing error”) and thus increase overall error (Dawson et al. 1995).
The range experiment determined the angles and distances over which the SCS may be
used to produce morphometric measurements with an acceptable level of measurement
error (Figure 3.5). If 2% of the total measurement is considered an acceptable error, the
SCS may be used up to 15m from the target at 0⁰ and up to 10m from the target at 10⁰
(Figure 3.5). In the field, dolphins groups are easily approached to within 15m and usually
travel parallel to the boat’s heading. Thus, the geometric constraints of the system were not
a limiting factor in the field.
Results from the GLM suggest that remounting the cameras upon the stereo bar did not
contribute significantly to measurement error (Table 3.3). This suggests that the stereo bar
is stable and that the alignment of the optical axis of the cameras is consistent with each
mounting. The stability of the stereo bar is further confirmed by the results of the ROP
calibration procedure, with observed standard deviations for each parameter being higher
within each calibration project than among them (Table 3.2). Previous studies using a
similar calibration and range experiment procedure found that remounting the cameras on
the stereo bar did influence measurement error (Growcott et al. 2012). However, Growcott
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et al. (2012) found that the error caused by remounting the cameras was minimal when
compared to the error caused by distance and angle, as well as the manual selection of
conjugate points.
The size of the target did not affect measurement error (Table 3.3). This is important
because the SCS was required to make morphometric measurements of dolphins from a
range of sizes (calves, juvenile, adults). It may be expected that measurement error would
increase with the size of the measured distance, as greater parallax is required to measure
larger targets (Mikhail et al. 2001, chapter 2). In contrast, pointing error (as a proportion of
the distance measured) is smaller when measuring larger objects, which can result in a
decrease in measurement error (Dawson et al. 1995). In any case, the current SCS
performed well over a range of measured distances and is thus considered capable to
produce measurements of a range of dolphin demographics.
One factor previously demonstrated to contribute significantly to measurement error was
left out of the range experiment; the manual selection of conjugate points. Australis has
the ability to automatically determine the location within a frame of the centre of high
contrast, circular shapes to a sub-pixel level (Clarke et al. 1993). This is useful in
calibration, where high contrast targets are used, but could not be used when measuring
dolphins. Therefore, the comparison between the automatic and manual selection methods
was excluded as the present range experiment was designed to simulate exactly what
would occur in the field, thus providing a more accurate measure of the degree of error we
may encounter.
Using data from the New Zealand Cetacean Strandings Database, an appropriate,
photogrammetrically measureable proxy for TL was found. It should be noted that
measurements originating from the strandings database may not be reliable as some may
have been recorded by untrained members of the public. Comparison of measurements
from the database with official necropsies has revealed some inaccuracies with database
measurements (Stockin, Pers. comm.). It is assumed in the present study that such
inaccuracies will not influence the determination of a proxy for TL.
The UJ~DF distance accounted for over 94% of the variation in TL (n=93) and is thus
considered a useful proxy (Figure 3.8; see also Learmonth, 1997). This measurement is
less sensitive to body flexing (see Dawson et al. 1995), as most of the flex occurs posterior
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to the dorsal fin. Similar body proportions have been used to predict TL in Hector’s
dolphins (Bräger & Chong, 1999), fin whales (Ratnaswamy et al. 1993) and sperm whales
(Growcott et al. 2012). Comparison of the TL and UJ~DF measurements available from
the SCS with the regression model indicate the proxy is applicable to dolphins in Doubtful
Sound. Moreover the proxy seems applicable to either sex. Tolley et al. (1995) found
significant sexual dimorphism in bottlenose dolphins in terms of TL and rostrum tip to
dorsal fin; however the relationship of one measurement relative to the other was not
assessed.
Both stereo-photogrammetric sampling approaches were trialled in the field. Both systems
provided stereo-pairs of dolphins from their relative perspectives; however the side-on
approach proved much more practical to use from a small boat.
The downward-looking approach was severely limited by a number of practical factors:
1) The system was bulky and difficult to erect; it required a beach and took around
20 minutes to erect, during which the dolphin group may have moved a
considerable distance or may have changed its behaviour state to one in which
photogrammetric sampling was not possible.
2) Once erected, the camera system could not be adjusted or checked to ensure it
was operating correctly. It was also vulnerable to changes in weather, as it could
not be quickly dismantled.
3) Downward-looking sampling was limited to dolphins that regularly approach
the research vessel to within approximately 4m. Certain demographic groups
(particularly females with calves) are often reluctant to approach the vessel to such
proximity, thus limiting the ability of the down-ward looking approach to produce
measurements of the entire population.
The single advantage of the downward-looking approach is that it can provide direct
measurements of TL. In contrast, the side-on approach proved to be simple and easy to
use, whilst allowing for accurate measurements of UJ~DF. The performance of the
cameras and camera settings could be monitored throughout photogrammetric sampling.
This is important in Fiordland as due to a highly variable light environment, camera
settings have to be constantly changed to ensure sharp, well exposed images.
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Additionally, the side-on approach had greater range, allowing all animals in the
population (including more boat shy individuals) to be measured.
The degree of error (2.43%), is comparable to other photogrammetric studies of wild
animals (e.g. 2.5%, Waite et al. 2007; 0.03-3.93%, Spitz et al. 2000; 2.55%, Harvey &
Shortis, 1995). Growcott et al. 2012 used a broadly similar SCS to measure sperm whales
at sea and achieved a mean CV of 1.57%. The system in the present study was similar to
that used by Growcott et al. (2012) in terms of design and geometry, with both systems
exhibiting as base to height ratio of 0.045 and 0.046 respectively. Thus it is likely that
higher measurement accuracy was achieved by Growcott et al. (2012) because the system
itself and/or the sampling method were more stable than the present study.
The stereo camera system and side-on sampling approach developed in the present study is
sufficiently accurate to make repeated morphometric measurements of dolphins in the field
from a small research boat. The system is simple, requiring two non-metric, consumergrade digital cameras and lenses, a stable mounting bar, and access to close range
photogrammetric software (i.e.- Australis, Photometrix). Thus the system is easy and
inexpensive to build and it’s small size renders it easily transferred among research vessels
and projects.
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Chapter 4

What are the critical factors influencing female reproductive success and calf
survival in bottlenose dolphins in Doubtful Sound?

Abstract:
The population of bottlenose dolphins in Doubtful Sound, New Zealand, has a recent
history of rapid population decline and low calf survival rates. Previous study has shown
high variance in calf survival among the multiparous females; some have consistently high
calf survival while others have consistently low calf survival. This study aims to assess
which factors are most important in explaining variation in calf survival, via an
information-theoretic modelling approach including environmental, reproductive, and
morphometric parameters. A female’s ability to give birth at the optimum time (January) is
a significant predictor of calf survival to 1 year. Survival to 3 years is significantly
determined by the size of the mother and her ability to give birth during warmer
temperatures. This is the first study to demonstrate how birth timing, water temperature
and mother size are correlated with female reproductive success in a cetacean species.
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Introduction:
Understanding the factors influencing reproductive success may provide valuable insights
on what issues threatened species face in order to overcome low population sizes and
vulnerability to extinction (Craig & Ragen, 1999; Baker et al 2007; Berger, 2012). In terms
of population biology, the critical reproductive parameter of interest is reproductive rate,
which is inherently associated with the productivity and thus viability of a population
(Andrén, 1990; Fox & Kendall, 2002; Melbourne & Hastings, 2008). Reproductive rates
are likely to be variable among individuals in a population, thus presenting variable levels
of reproductive success. The majority of information on dolphin reproduction is sourced
from captive studies (Robeck et al. 1994) or from analysing data from stranding events
(Urian et al. 1999). Captive studies are unable to produce accurate information on
reproductive rate and success for wild populations due to captive conditions being
fundamentally dissimilar to conditions in the wild (Robeck et al. 1998, 2005).
Reproductive success may be influenced by a range of social (Cote & Festa-Bianchet,
2001), ecological (Hildebrand et al. 1999), behavioural (Mann et al. 2000) and
morphological or physiological factors (Pomeroy et al. 1999). For example, over a wide
range of taxa, offspring survival is correlated with maternal condition (often indicated by
maternal size, Chastel et al. 1995; Fairbanks & Mcguire, 1995; Pomeroy et al. 1999).
Large females, for example, may have greater resources available to invest in their young
during embryonic development and/or post-natal maternal investment (Iverson et al 1993;
Atkinson & Ramsay, 1995). To my knowledge, no such correlation has been found in a
cetacean species. This probably reflects the difficulty of gathering the appropriate data.
Cetaceans are among the most difficult animals to measure accurately in the wild (Dawson
et al. 1995).
Many species exhibit variation in reproductive success according to age and/or experience
(e.g. elephant seals, Reiter et al. 1981; sea otters (Enhydra lutris), Riedman et al. 1994;
polar bears (Ursus maritimus), Atkinson & Ramsay, 1995). Such a relationship may
represent older, more experienced females retaining a higher position in the social
hierarchy and thus being exposed to better mating opportunities (Reiter et al. 1981).
Additionally, more experienced females may ‘learn’ the optimal conditions for giving birth
through adaptive trial and error (Clutton-Brock, 1984).
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The bottlenose dolphin is a wide-ranging cosmopolitan species that is the subject of
several long-term research programmes in various locations around the globe (Scott et al.
1990; Wilson et al. 1999; Mann et al. 2000). Knowledge of the reproductive biology of the
species in the wild, however, is limited to documentation of reproductive rates (Mann et al.
2000; Henderson et al. submitted), seasonality (Urian et al. 1996; Thayer et al. 2003) and
interbirth intervals (Mann et al. 2000; Henderson, 2013). Reproduction may be influenced
by a range of factors that result in variation in reproductive success among years and
individuals. For example, Mann et al. (2000) demonstrated that female reproductive
success in bottlenose dolphins is influenced by behavioural traits that increase calf
survival.
The bottlenose dolphin population of Doubtful Sound has been the subject of research for
over twenty years (Williams et al. 1993). The long-term data set generated from years of
photo-identification mark-recapture sampling provides the opportunity to produce detailed
reproductive histories for each of the females in the population. The population has
suffered periods of dramatic population decline (Currey et al. 2007), the demographic
cause of which has been attributed to a decrease in calf survival rate from 0.86 prior to
2002 to 0.375 for the period 2002 to 2007 (Currey et al. 2008a). Moreover, recent study
has demonstrated significant variation in reproductive success among individual females,
with several multiparous females having no calves surviving to 3 years of age (Henderson
et al. submitted). It has also been demonstrated that calf survival is much higher if a calf is
born during an ‘optimal’ window. In Doubtful Sound, this month long window (January)
is immediately before the peak in surface water temperature (Henderson et al. submitted).
The population of Doubtful Sound resides near the southernmost limit for the species and
is thus faced with much cooler temperatures than bottlenose in lower latitudes (Haase &
Schneider, 2001). Dolphin calves are less tolerant of low water temperatures than adults
due to their proportionally greater surface area and reduced blubber thickness (Yeates &
Houser, 2008). Thus, the thermal stresses imposed by being born into a cool water
environment may cause high calf mortality for individuals not born at the optimum time.
The bottlenose of Doubtful Sound are classified as Critically Endangered (Currey et al
2009). Understanding of the mechanisms responsible for past declines in abundance is
needed in order to better manage a population living at it’s ecological limit. Thus research
on the drivers of low calf survival and variation in reproductive success is of high
importance.
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Information theoretic (IT) modelling approaches are valuable statistical tools for
determining trends in complex biological systems, in which causal factors are often
numerous, complicated and interconnected (Anderson et al. 2000). The advantages of IT
modelling approaches over traditional hypothesis testing for situations in which there is
likely more than one influential factor are well discussed in the literature (e.g. Anderson et
al. 2000; Gerrodette, 2011). Such advantages include: weighing evidence for a range of
hypotheses rather than the singular rejection of a null hypothesis of no difference, allowing
for the effect of interaction among factors and ranking factors based on their supporting
evidence in the data (Anderson, 2008). For these reasons, and because the modelling
methods have been incorporated into freely available, and relatively easy-to-use software
(i.e. - programme R, The R foundation), IT approaches have grown in popularity over the
last decade (Grueber et al. 2011).
This study aims to assess how potentially significant factors contribute to female
reproductive success by assessing calf survival histories for each of the reproductively
active females in the population of Doubtful Sound. The independent predictor variables to
be considered in an Information Theoretic approach are: Mother size, age and experience,
month of calf birth, and water temperature at birth. Understanding how these factors
influence calf survival and female reproductive success will facilitate understanding of the
drivers of population trend in Doubtful Sound.
Methods:
Reproductive data:
Reproductive histories are available for all adult females in the Doubtful Sound population
over the period 1994 to 2012. Due to a high frequency of sampling trips over the months
during which calves are born (September to April), birth month is known for most calves.
Although there has been some extension of home-range beyond Doubtful Sound over
recent years, the population is essentially closed and all individuals have exceedingly high
resighting rates (Henderson et al. 2013). Consequently, it is reasonable to assume that if a
female is resighted without her calf, the calf has died. The dates of first and last sightings
for all calves born into the population are listed in the long-term dataset. Due to the high
frequency of sampling trips we can assume that a calf is first sighted during its month of
birth. The identity of a calf’s mother was inferred from constant close association,
observed over several days, of a particular female with that calf.
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Mother size:
The size of female dolphins was measured in the field using a purpose-built digital stereophotogrammetric system (see chapter 3). This method allows for repeated measurement of
individuals to assess the degree of measurement error inherent within the system (Mean
CV = 2.43%). The measured distance; Upper jaw to dorsal fin (UJ~DF), has been
demonstrated to be a reasonable proxy for total length (Figure 3.5, chapter 3). Total length
is a standard measurement of size in marine mammals which is directly correlated with
total body mass (Trites & Pauly, 1998).
Month of Birth:
The birth month of most calves is known due to high frequency of photo-identification
sampling trips. Cases in which birth month was not certain (e.g. when there was >1 month
between sampling trips), were not included in analysis. Modelling and model averaging
can be complicated by categorical data, as without a numerical value a model is not able to
establish an accurate intercept for the parameter and therefore chooses an arbitrary level in
the categorical data as an intercept. This can complicate the interpretation of model
parameter estimates as all other parameter estimates will be based upon the intercept
provided by the categorical factor. For this reason birth month data were coded as
binomial, describing whether a calf was born in January (1) or not (0). Previous study has
shown little difference in survival among the months other than January over which calves
are born in Doubtful Sound (Henderson, 2013). Conversely, calves born in January
experience significantly higher survival rates (Henderson et al. submitted). Therefore,
provided month at birth data distinguishes between calves born in January or not, it is
deemed a useful input parameter.
Mother age:
Age is known directly only for those females that have been born into the population since
1990. Many of the reproductively active females in the population were first observed as
adults at the beginning of the research programme and therefore are accorded a value for
minimum age (21) in the analysis. Disparity in reproductive success due to age is expected
to be most evident for young females, as in many species full reproductive potential is not
reached until well after age of first birth (Clutton-Brock, 1984; Cameron et al. 2000).
Conversely, females of greater age are expected to increase reproductive effort with each
subsequent birth due the relative value of each offspring increasing as the number of future
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potential offspring decreases (Pianka & Parker, 1975; Cameron et al. 2000).
Consequently, as this study focuses upon the drivers of low calf survival, it is most
necessary to have accurate age data for younger individuals. Thus, a general minimum age
(21 years) for females that were first observed as adults in 1990 is deemed appropriate.
The age value for the mother of each calf was set as age at 2012 and thus does not reflect
the age of the mother at the time she gave birth. Age at birth variable was not included in
the analysis because of its correlation with mother experience (see below: Pearson’s
coefficient= 0.6). Age at 2012 retained information about differences in age among
females, and was not significantly correlated with mother experience (Pearson’s
coefficient= 0.1, p=0.135).
Mother experience:
The level of maternal experience for each of the reproductively active females in the
population was coded as the number of calves she had given birth to before the most recent
calf. This value obviously changes over time and is thus associated with age, with younger
females having less experience. Preliminary data analysis determined no correlation
between age and experience. This is likely because in Doubtful Sound, the frequency of
births (and thus increasing experience) is influenced by the fate of a previous calf. With
mothers that have recently lost a calf, birthing again much sooner than would be expected
if her previous calf was still alive (Henderson et al. submitted). In this manor, females that
may be younger, may obtain higher values of experience than slower breeding, yet more
successful older females.
Water temperature at birth:
Sea surface temperature (SST) at birth was recorded as the mean sea surface temperature
(SST.M) over the entire fiord for the month of that calf’s birth. Water temperature was
recorded via a variety of methods over the 18 year period. From 1994 to 2000 water
temperatures were collected from several locations over the Doubtful/Thompson complex
each day on the water using a calibrated thermometer (Schneider, 1999; Haase &
Schneider, 2001). For the period 2000 to 2009, sea surface temperature was obtained from
oceanographic moorings spaced throughout the fiord (Mabin, 2008; Cornelisen &
Goodwin, 2008). From 2009 to 2012, Henderson (2013) used an onboard CTD device to
measure SST and salinity continuously during fiord wide dolphin surveys. During the
2012 sampling year, we recorded sea surface temperature during fiord wide daily surveys
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with a Lowrance HDS-5 GPS chart plotter which saved GPS tracks and temperature data
into a HP palmtop computer. All measurement systems were checked regularly against a
calibrated thermometer to ensure consistent and accurate temperature measurement.
Modelling:
Two groups of models were configured to assess the range of factors contributing to
variation in calf survival to 1 year (S.1) or to 3 years (S.3). In Doubtful Sound, calves
typically die within their first year (usually the first month) with an additional peak in
mortality around three years of age, possibly associated with weaning (Henderson et al.
submitted). Other studies assess reproductive success of mothers as raising a calf to three
years old (Mann et al 2000; Mann & Watson-Capps, 2005; Mann et al. 2008). However as
the various factors may have different levels of importance as calves age, we chose to
model variation in the two different response variables.
The model framework was based on a binary response variable of calf survival; 1
(survives), 0 (did not survive). There was an observation for every calf born into the
population between 1995 and 2012, provided its mother was known and still present at
2012. Calves with mothers that had died before 2012 were not included in the study as
photogrammetric sampling was carried out in 2012, thus size estimates were available only
for females alive in 2012. Including females without size estimates would have
complicated the models due to the issues inherent with missing data values (Nakagawa &
Freckleton, 2011).
Each observation of a calf birth had associated observations of various factors: Mother
size, month of birth, mother age, mother experience and SST at birth. Biologically
meaningful combinations of various factors were also incorporated into the models to
assess the importance of particular interaction effects. Interaction effects consisted of:
Mother

size*Month,

Mother

size*SST.M,

Month*Mothers

experience,

Mothers

age*Mothers experience and Mothers experience*SST.M.
General linear mixed modelling (GLMM; Bolker et al. 2009; Grueber et al. 2011) was
used to assess the degree to which each factor (and combinations of factors) accounted for
variation in calf survival. GLMM possess the advantages of combining fixed and random
(mother) factors as well as a combination of continuous, categorical and nominal data
(Burnham & Anderson, 2002).
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The models were developed in programme R (version 2.15.2, the R foundation) using the
package MuMin (Barton, 2009) following a method described by Gruber et al. (2011).
It is then necessary to select the top models from the model set. MuMin allows the
selection of models based on either the delta AICc value or through a cumulative weight
index. For the present study, models were selected based on a cumulative weight of 0.99
(i.e. models were selected if they contributed at least 0.001% in weight). It is important to
retain all models that contribute even small weight values to maximize the accuracy of
model averaged parameters, particularly if there is no clear ‘best model’ (Burnham &
Anderson, 2002).
A table was then created which summarises the top model selection which is ranked
according to the AICc values attributed to each model. AICc is a modified version of
Akaike’s information criterion (Akaike, 1973), which reduces error for small sample sizes
(Hurvich & Tsai, 1989). The table also provides delta AICc, log likelihood values and
cumulative weight values (Table 4.1).
Model averaging:
A particular advantage of an IT modelling approach is that model averaging of input
parameters can be employed to provide accurate estimation, ranking and assessment of the
degree of importance of the various parameters (Johnson & Omland, 2004; Bolker et al.
2009). For model outcomes with no clear ‘best’ model (model weight 0.90 or over),
parameter estimates are more realistic when the coefficients are averaged across all models
that contribute some weight, rather than relying on estimates generated from the top model
only (Burnham & Anderson, 2002).
Model averaging of input parameters across the top models in the present study was
carried out using the modav function in MuMin. A summary of modav provides estimation
of parameters across the specified models as well as an estimate of standard error. The size
of the estimated coefficient indicates the degree to which each predictor accounts for
variation in calf survival (effect size) and allows the predictor variables to be ranked.
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Statistical significance is inferred via the creation of a confidence interval for each
coefficient (Grueber et al 2011; Nakagawa & Freckleton, 2011; Burnham & Anderson,
chapter 4, 2002):

Where

is the averaged parameter estimate, Z is a test statistic with an associated degrees

of freedom (df) and level of significance (0.95).

is the estimate of standard error for

the averaged parameter. A parameter is deemed “significant” if the confidence interval
does not include 0 (Grueber et al 2011; Nakagawa & Freckleton, 2011).
Results:
Observations:
There are currently 19 reproductively active females in the Doubtful Sound dolphin
population. These females have given birth to a total of 57 calves since 1994. Birth month
of all but 2 was known with confidence, thus total sample size is 55. A total of 39 of the 55
survived their first year, whilst 19 of 55 survived to 3 years of age (11 calves currently in
the population are alive but are not yet 3 and were thus excluded from the S.3 analysis).
Size estimates are available for all mothers currently in the population. There is
substantial variation in mother size measurements with a minimum UJ~DF distance of
132cm and a maximum of 217cm (mean = 163cm). Analysis of body proportions as
proxies for total length (chapter 3) would suggest these measurements correspond to total
length measurements of 219cm and 356cm respectively.
Mother experience ranged from 0 to 5 previous calves before the most recent birth.
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Survival to 1 year:
The best model (indicated by the lowest AICc value and highest weight) combined month,
mother experience, temperature and an interactive effect between experience and
temperature (Table 4.1). Month of birth features in all 15 best models and it is notable that
the fourth best model is a single parameter model containing month only. Other predictor
variables that feature strongly in the top 15 models are mother experience (Mexp) and
temperature (SST.M).
Although a “best” model is selected, there is little difference in model weight among the
models. This indicates that there is no one model that adequately explains variation in
survival to 1 year, and thus confirms the necessity of using model averaging to produce
parameter estimations.
The diversity in model complexity observed in the top 15 models indicates that models are
not being penalised or favoured due to the number of parameters they contain, which can
cause inaccuracy when modelling parameters according to model weight (Table
4.1)(Burnham & Anderson, 2002, chapter 4).

Model

AICc

∆AICc

weight

Month+Mexp+SSt.M+Mexp*SST.M
Month+Mexp+SSt.M+Mexp*SST.M+M.age
Month+Mexp+SSt.M+Mexp*SST.M+Mother.size
Month
Month+Mexp+SSt.M+Mexp*SST.M+M.age+Mother.size
Month+Mother.size
Month+M.age
Month+Mexp+SSt.M+Mexp*SST.M+M.age+M.age*Mexp
Month+Mexp+SSt.M+Mexp*SST.M+Mother.size
+Mother.size*SST.M
Month+Mexp+SSt.M+Mexp*SST.M+Month*Mexp
Month+Mexp+SSt.M+Mexp*SST.M+M.age+Mother.size
+Mother.size*SST.M
Month+M.age+Mother.size
Month+Mexp+SSt.M+Mexp*SST.M+M.age+Month*Mexp
Month+Mexp
Month+SSt.M

62.8
63.2
63.7
63.9
64.2
64.5
64.7
65.1

0
0.32
0.83
1.07
1.41
1.68
1.86
2.25

0.094
0.08
0.062
0.055
0.046
0.041
0.037
0.031

65.2
65.5

2.37
2.63

0.029
0.025

65.7
65.8
65.8
66
66

2.91
2.97
2.98
3.16
3.16

0.022
0.021
0.021
0.019
0.019

Table 4.1: A summary of the best 15 models used to predict variation in calf survival to 1 year.
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Figure 4.1: Model averaged estimates of the contribution of predictor variables and interaction effects
to variation in calf survival to 1 year. Error bars reflect 95% confidence intervals.

The only significant predictor variable of calf survival to 1 year old, as indicated by a 95%
confidence interval that does not overlap 0, is the month of birth (Figure 4.1). A positive
coefficient of 3.4 illustrates that calves born in January have a significantly higher chance
of survival.
There is also a significant interaction effect between mother experience and temperature.
This indicates the influence of temperature on survival changes with mother experience (or
vica versa).
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Survival to 3 years:
The best model predicting survival to 3 years (indicated by the lowest AIC weight and
high model weight) combined age, mother size, temperature and an interaction effect
between mother size and temperature (Table 4.2). Both mother size and temperature
featured strongly in the top models with a single predictor mother size model being
rankled in 6th place.
Similar to the model outputs for survival to 1 year, the weight values do not differ
substantially among the models, indicating there is no particular model that describes the
variation in survival to 3 years well.

Model

AICc

∆AICc

Weight

Age+Mother.size+SST.M+Mth.siz*SST.M
Mother.size+SST.M+Mth.siz*SST.M
Mother.size+SST.M
Age+Mother.size+SST.M
Mother.size+SST.M+Mth.siz*SST.M+Mexp
Mother.size
Age+Mother.size+SST.M+Mth.siz*SST.M+Mexp
Mother.size+SST.M+Mexp
Mother.size+Month+Month*Mother.size
Age+Mother.size
Mother.size+SST.M+Mth.siz*SST.M+Month
Mother.size+SST.M+Month+Month*Mother.size
Age+Mother.size+SST.M+Mth.siz*SST.M+Month
Mother.size+SST.M+Month
Mother.size+Mexp

53
53.4
53.9
54.6
54.6
54.7
54.8
55.3
55.4
55.4
55.6
55.7
55.9
56
56.1

0
0.35
0.89
1.55
1.59
1.69
1.76
2.23
2.39
2.4
2.61
2.68
2.83
2.97
3.07

0.097
0.081
0.062
0.045
0.044
0.042
0.04
0.032
0.029
0.029
0.026
0.025
0.024
0.022
0.021

Table 4.2: Summary of the top 15 models used to predict calf survival to 3 years.
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Figure 4.2: Model averaged estimates of the contribution of predictor variables and interaction effects
to variation in calf survival to 1 year. Error bars reflect 95% confidence intervals.

Both mother size and temperature were significant predictors of survival to 3 years (Figure
4.2). Each of the significant predictor variables has positive coefficients. Thus, as mother
size increases so does a calf’s chance of surviving to 3 years. Likewise, as mean
temperature at birth increases, so does calf survival. Mother size has a slightly greater
averaged coefficient of 3.3 compared to 2.2 of temperature and is thus the most significant
factor influencing calf survival to 3 years.
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Discussion:
Using a general linear mixed modelling, information-theoretic approach proved to be a
useful method for unravelling the relative importance of the various predictor variables.
However, it should be mentioned that there may be some bias associated with the observed
response variable. Over the 18 years, it is likely that some calving events occurred that
were not observed by the monitoring team. This problem is well documented in other
studies assessing calf survival in marine mammals (Mann et al. 2000; Kogi et al 2004;
Currey et al 2008a). In Doubtful Sound any calves not observed must have died shortly
after birth and thus calf survival data is likely to be biased high, whilst overall calf
production per year would have be biased low (Henderson et al. submitted). In the present
study, such bias is unlikely to affect the model outcomes, as the models focused on the fate
of each observed calf rather than assessing number of calves born over a particular time
frame. Moreover, it is unlikely that unobserved birth events would bias reproductive
information from any particular female, as the probability of such an event occurring is
likely to be equal across the females.
Survival to 1 year seems to be most strongly affected by a calf being born during the
optimal calving window (January). Mothers with a tendency to give birth in January are
more successful. This trend was first identified in Doubtful Sound by Henderson et al
(submitted), who showed that the six most successful mothers give birth to a high
proportion (53%) of their calves in January. The present study has confirmed this trend via
statistical modelling of month of birth along with other potential predictor variables
(Figure 4.1).
Seasonal reproduction is the norm in a wide range of taxa including ungulates (Dasmann
& Mossman, 1962), birds (Ball & Ketterson, 2008), reptiles (Moore et al 1984) as well as
marine mammals (Chittleborough, 1957; Majluf, 1992). Generally, bottlenose dolphin
populations show narrow calving seasons at high latitudes (Haase & Schneider, 2001;
Mann et al 2000), and broader calving seasons at low latitudes (Scott et al 1990; Urian et
al. 1996). Seasonal reproduction may have evolved to reduce climatic stresses upon
offspring (Ims, 1990; Ransom & McOwat, 1994) and/or to take advantage of seasonally
abundant resources for raising offspring (Daan et al. 1998; Goldizen et al. 1988). There are
significant seasonal fluctuations in water temperature and salinity within the Doubtful
Sound complex (Gibbs et al 2000). Moreover, cool water temperatures can persist well
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into the calving season as rainstorm events and cold fronts can cause dramatic decreases in
water temperature (Henderson et al. submitted). Cool water temperatures could cause
thermal stress to smaller, thinly insulated calves (Yeates & Houser, 2008), a fact that may
explain why calves that die during their first year typically die during the first month
(Henderson et al. submitted). Changes in the southern ocean oscillation (i.e. la niña vs. el
ño)

can influence changes in water temperatures in the fiords (Mullan, 1996). An analysis

of the influence of the southern ocean oscillation upon January as a ‘sweet spot’ for calf
survival provided no evidence of a link between these factors (Henderson, pers. Comm.)
It is also likely that food resources within the fiord are limited. The fiord walls are steep,
allowing limited space for attached macroalgae, and restricting direct sunlight. Along with
low salinities and temperatures, low light is likely to limit overall fiord productivity from
both macroalgae and photoplankton(Peake et al. 2001; Wing et al. 2001). Previous
research has identified that dolphins in Doubtful Sound are more reliant on demersal, reefdwelling prey species than on a seasonal influx of pelagic species (Lusseau & Wing,
2006). Lusseau & Wing (2006) sampled only a small proportion of the population for diet
analysis (n=11), thus, it is possible pregnant females may have been under-represented in
sampling. Studies of other populations of bottlenose dolphins have linked seasonal
reproduction to the availability of seasonal resources (Urian et al. 1996). Thus it may be
that although pelagic species do not constitute a significant proportion of dolphin diet in
Doubtful Sound, they may be seasonally important for pregnant/lactating females during
the calving season. Large schools of mackerel (Scomber australasicus and Trachurus
declivis) can occur in the fiord during late spring and early summer (pers obs), thus it is
possible that the optimal January calving window is a trade-off between seasonally
abundant resources during early summer (November/December) and the warmest water
temperatures (February).
Currently it is not possible to distinguish whether the significant relationship between
being born in January and calf survival to year 1 is due to water temperature or the
availability of food resources. Doubtful Sound is subjected to habitat modification due to
the existence of a hydro-electric power station that diverts up to 550m3/s of freshwater
from lake Manapouri into the fiord (Bowman et al 1999; Cornelisen & Goodwin, 2008).
The increase of freshwater into the system has caused the low salinity layer to become
deeper and colder at certain times of the year (Gibbs et al 2000; Peake et al 2001;
Cornelisen & Goodwin, 2008) as well as dramatically altering some biological

74

Chapter 4: Calf survival and female reproductive success

communities with the fiord (Tallis et al. 2004; Rutger & Wing 2006). Since SST at birth is
included in most of the best models explaining survival to year 1, it seems that any factor
that lowers SST at this time likely has a detrimental effect. It may be that the increased
freshwater discharge from the power station results in a cumulative effect upon both
temperature and resources. Such an affect may be correlated with the significant decrease
in calf survival at 2002 when a second tailrace tunnel was opened (Currey et al 2008a).
Survival to 1 year was also influenced by significant interaction between mother
experience and temperature (Figure 4.1). Interaction effects can be difficult to interpret and
usually require plotting each predictor variable independently. In the present case this was
not possible due to the binary nature of the response variable and relatively low sample
size. The significant interaction effect could be due to increasing mother experience
offsetting the negative influence of temperature. Other studies have discussed how
increasing experience may allow a mother to target her care towards her offspring at times
when it is most needed (i.e. - cooler temperatures; Green, 1993; Cameron et al 2000). This
is the “targeted care hypothesis”, which proposes that while total reproductive effort may
not increase with age/experience, a mother’s ability to recognise important timing for
application of maternal care may (Cameron et al. 2000). For long-lived species living in an
extreme environment such as the dolphins of Doubtful Sound, such application of maternal
care may increase a calf’s chances of survival.
The critical factors influencing calf survival to 3 years differed from those identified by the
model assessing survival to 1 year (Figure 4.2). They cannot be entirely different,
however, because to survive to 3 years, a calf must first survive to 1 year. Survival to 3
years was best explained by mother size and SST at birth. Of these two significant
variables, mother size was more influential, as indicated by a higher coefficient (effect
size) (Figure 4.3).
The size of a mother is often correlated with her overall condition and reproductive fitness
(Fairbanks & McGuire, 1995; Derocher & Stirling, 1998). Three main hypotheses have
been advanced to explain how large female size may enhance the survival of offspring:
1. Larger females may retain a higher position in the social hierarchy, presenting
better opportunities to breed and potentially increasing exposure to top ranked
males of superior fitness (Rieter et al. 1981; Wauters & Dhondt, 1989).
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2. Larger females in better condition may give birth to larger offspring that are more
capable of surviving the first years in a challenging environment (Atkinson &
Ramsay, 1995; Derocher & Stirling, 1998).

3. The energetic requirements of lactation are a significant tax upon the resources of
mammalian mothers (Stewart & Lavigne, 1984; Miller et al 2012). Larger mothers,
in better condition and with more resources may provide better quality and/or
quantity of milk to their young, maximising chances of growth and survival
(Iverson et al. 1993).

Bottlenose dolphins have a promiscuous mating system, with frequent mating (Whitehead
& Mann, 2000; pers obs.). In this context, the first hypothesis seems unlikely to be true.
Hypotheses 2 and 3, however, seem to have more merit. For species inhabiting temperate
and Polar regions where food supply is scarce and climatic conditions extreme, the
benefits of maintaining a large body size for maximizing reproductive success are likely to
be significant (Sand, 1996; Derocher & Stirling, 1998). Generally, marine mammals are
characterised by high levels of maternal investment (Mann et al 2000). Especially in
marginal habitats, it may be that smaller females have fewer resources available to
contribute to offspring (Sand, 1996). It has also been suggested that females of poor or
average condition may retain resources for themselves, sacrificing maternal investment to
favour their own survival and potential for future reproduction (Fairbanks & McGuire,
1995; Festa-Bianchet & Jorgenson, 1998). In bighorn sheep (Oxris canadensis), this trend
has been shown to be particularly evident during periods of resource scarcity (FestaBianchet & Jorgenson, 1998).
The present study was unable to distinguish whether larger mothers give birth to larger
calves. Photogrammetric sampling was carried out over one year only, thus sample size
was limited to the three calves born during the study. Continuation of photogrammetric
sampling over a number of calving seasons would allow for such a comparison.
Mother size was not a significant predictor of calf survival to 1 year, whilst it was the most
important factor for survival to 3 years. This suggests that mother size may be more related
to a mother’s ability to provide post-natal maternal care until a calf becomes more
independent, rather than investment during embryonic and early growth.
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The observed decline in calf survival at 2002 has been attributed to a decrease in
reproductive success for the ‘average’ mothers (Henderson et al, submitted). This study
has identified that the average mothers (in terms of reproductive success) are also
approximately average in size. It may be possible that further modification to
oceanographic conditions in the fiord during 2002 meant these medium-sized mothers
became less successful, thus compromising overall calf survival rates.
Interestingly, the mean monthly sea temperature at birth was not a significant predictor of
survival to 1 year but was for survival to 3 years (Figures 4.1 & 4.2). This suggests that
sub-optimal temperatures during birth may have lasting effects for an individual calf.
Cooler water temperatures at birth would disadvantage a new born via compromising
metabolism and limiting growth (Harding et al 2005). Such a disadvantage may be carried
past the first year and render the calf more likely to die before the age of 3. Juvenile
survival in Hawaiian monk seals (Monachus schauinslandi) has been shown to be
influenced by sea water temperature due to the relationship between temperature and prey
availability, a relationship that is a fundamental aspect of an observed decline in
population abundance (Baker et al 2007).
Low calf survival and subsequent population variability may be associated with Doubtful
Sound being at the southern extreme of global bottlenose range. The population of
bottlenose dolphins that inhabit Moray Firth in Scotland show similarly low population
abundance (Wilson et al. 1999; Wilson et al. 2004). Further research into whether calf
survival is a critical factor for population growth/decline at Moray Firth and the
relationship between survival and temperature would provide an interesting comparison
for the results of the present study.
The present study has demonstrated that female dolphins in Doubtful Sound are more
successful if they give birth during the optimum time and water temperature, and are of
larger size. I believe this is the first study to show how such factors may influence calf
survival and subsequent female reproductive success in a cetacean species. These findings
are significant for the population and for the understanding of reproduction in cetaceans.
For the population, the findings indicate the drivers of previous population decline may be
factors which influence sea water temperature resulting in increased thermal stress to
calves or causing mothers to be in sub-optimal condition
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These findings may be important in an evolutionary context also. It is well established that
the bottlenose dolphins found at high latitudes are larger than those in warmer waters
(Chong & Schneider, 2001). Large mothers having much higher reproductive success may
well be the mechanism driving this phenomenon.
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Chapter 5

The bottlenose dolphins of Paterson Inlet, Stewart Island

Abstract:
Some New Zealand populations of bottlenose dolphins have been found to be decreasing
in abundance, resulting in the species being classified by DOC as Nationally Endangered.
Updated information on distribution and abundance, nationwide, is therefore a high
priority. Frequent reports and historical strandings suggest the presence of a previously
unstudied population in the far south of the South Island. This study presents data from the
first photo-identification surveys of Stewart Island in order to document bottlenose dolphin
presence, abundance and residency. Open-population mark-recapture models indicate that
18 (CI=15-20) dolphins regularly use Paterson Inlet. These dolphins are frequently
associated with the salmon farms. Evidence of unsuccessful white shark (Carcharodon
carcharias) predation was apparent on three individuals. Photo-ID data gained when a
large group of dolphins visited Otago harbour indicate that the dolphins using Paterson
Inlet are part of a larger, wide-ranging coastal population.
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Introduction:
Bottlenose dolphins are found in three distinct resident populations along the mainland
New Zealand coast (Tezanos-Pinto et al. 2009). The far-northern population inhabits the
north east of the North Island, from approximately North Cape in the north to the Bay of
Plenty in the south (Constantine et al. 2004; Tezanos-Pinto et al. 2013). Another
population is found at the north of the South Island, centered around the Malborough
Sounds (Merriman et al. 2009). The southernmost population is found in Fiordland, on the
southwest of the South Island (Williams et al. 1993; Lusseau, 2005; Currey et al. 2008b).
Extensive photo-ID surveys as well as genetic analysis indicates the three populations are
discrete, with no mixing among them (Tezanos-Pinto et al. 2009). Habitat use patterns are
variable among the populations with the Northern and Marlborough Sounds populations
exhibiting wide-ranging coastal movement with particular areas of aggregation (Merriman
et al. 2009; Tezanos-Pinto et al. 2013). In contrast, the Fiordland population is split into
three sub-populations, two of which are confined to particular fiord systems
(Dusky/Breaksea, Doubtful/Thompson) while the third is found in northern Fiordland
waters from Martins Bay to Charles Sound (Williams et al. 1993; Lusseau, 2005; Currey et
al. 2008b). Photo-identification surveys over many years indicate little or no mixing
among the three Fiordland sub-populations (Lusseau, 2005; Currey et al. 2008b).
Long-term monitoring of the Far-Northern and the Dusky and Doubtful Sound subpopulations within the greater Fiordland population has indicated a decline in abundance
(Currey et al. 2007; Tezanos-Pinto et al. 2013; Chapter 2- this thesis). Based on the
isolation of the populations, history of decline and a total national abundance estimated at
less than 1000 animals, NZ bottlenose dolphins are classified as Nationally Endangered
(Baker et al. 2010).
Historically, there have been frequent reports of bottlenose dolphins along the south coast
of New Zealand (DOC, cetacean sightings register). Such reports are most common from
the inshore waters of Stewart Island, but encompass Preservation Inlet in the west and
Taiaroa Head in the east (Figure 5.1). Strandings of bottlenose dolphins in the south of the
South Island include 17 individuals stranding in Bluff harbour in 1980, 2 individuals
stranding at Awarua bay in 2008 and a single dolphin stranding at Awarua bay in 2011
(NZ cetaceans strandings database; Te Papa Tongarewa). The stranding events and
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sighting reports suggests the presence of a previously unstudied population of bottlenose
dolphins along the South Coast.
Determining the presence of bottlenose dolphins in the south of New Zealand is important
for a number of reasons. Firstly, the presence of a population in the south would provide
valuable new information regarding the national distribution and abundance of the species.
Secondly, over recent years, several adult dolphins in the Doubtful and Dusky Sound
complexes have disappeared (Henderson, 2013; Chapter 2, this thesis). For abundance
estimation purposes it is assumed that these adults have died and historically this
assumption has been upheld (Currey et al 2007; Currey et al 2008b). The population of
Doubtful Sound has exceedingly high resighting rates; typically every individual is
encountered during every trip (Currey et al. 2007). A recent expansion in home range, to
occasionally include areas beyond the confines of the Doubtful Sound complex, has caused
a decrease in resighting rates to a point where surveys of nearby appropriate habitat are
warranted (Henderson et al. 2013). The Dusky Sound population has lower resighting
rates. For the purposes of calculating abundance it is assumed closed (over the assessment
period). For maximum robustness and accuracy in abundance assessment, it is important to
account for transience (Whitehead, 1990; Silva et al. 2009). Also, to know what area the
abundance estimate applies to, one needs to know the range of the sub-population being
assessed (Gormley et al. 2005). Documenting the presence of dolphins from either of the
monitored Fiordland populations at Stewart Island would require a change in the analysis
model used to calculate abundance, and would result in upward correction of calculated
survival rates in these populations.
An intensive aquaculture industry is present in Big Glory Bay, Stewart Island, focusing on
cultivation of shell-fish and finfish species (Chang et al. 1990; Morrinsey et al. 2000).
Additionally, a population of great white sharks (Carcharodon carcharias) has been
observed to use areas in and around Stewart Island regularly (Duffy et al. 2012; Francis et
al. 2012). Both aquaculture and shark predation have been shown to have significant
impacts on bottlenose dolphin populations elsewhere (Watson-Capps & Mann, 2005;
Heithaus & Dill, 2006).
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This study aims to assess the presence of bottlenose dolphins using Paterson Inlet, Stewart
Island. High frequencies of sightings originate from Paterson Inlet, and the area is easy to
survey from a small research vessel (in contrast to the rest of the South Coast which is very
exposed). Moreover, all of the aquaculture industry on the South Coast is located within
the confines of Paterson Inlet, and the area is frequently used by great white sharks (Duffy
et al. 2012; Francis et al. 2012). The aims of this study are:
1. To assess the abundance and degree of residency of bottlenose dolphins in Paterson
Inlet.
2. To determine the presence of any individuals from the Doubtful or Dusky Sound
populations at Paterson Inlet.
3. To observe any interaction between bottlenose dolphins and the aquaculture
industry in Big Glory Bay, Paterson Inlet.
4. To observe any dolphin/shark interactions or indications of past interactions (i.e.scarring).
Such observations will provide valuable baseline information regarding the population size
and potential threats to this unstudied population.
Methods:
Study area:
Paterson Inlet is a submerged river delta located on the east coast of Stewart Island (Darby
et al. 2004; Figure 5.1). The inlet is the largest harbour in southern New Zealand, and is
sheltered from prevailing south west conditions. The inlet is shallow (mean depth 15m)
and contains many islands, arms and reef systems. Big Glory Bay is intensively used for
aquaculture of mussels (Perna canaculus) and salmon (Oncorhynchus tshawytscha).
Stewart Island’s only settlement, Oban (pop approx. 500) is located on the northern coast
of the inlet, and provided a base for field work.
Foveaux Strait separates Stewart Island from the South Island and is renowned for
treacherous conditions due to shallow depth, strong tides and latitudinal position deep in
the roaring forties. To gain access to Paterson Inlet, we shipped our 5.0m research vessel
across the 16 mile strait aboard a freighter.
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Surveys:
Daily surveys were conducted from Golden Bay, Paterson Inlet, using either a 6.8m rigidhulled inflatable powered by a 200hp 4 stroke outboard, or a 5m aluminium research
vessel powered by a 70hp 4-stroke outboard. The survey route was established so that the
entire inlet would be visited once daily (Figure 5.2). Surveys were carried out during
daylight hours in appropriate weather conditions (less than Beaufort 4), as it was not
possible to make sightings of dolphin groups in conditions worse than this. Survey tracks
were saved using a Lowrance HDS-57 GPS chart plotter linked into a HP 200LX palmtop
computer onboard. This provided the ability to record GPS tracks and environmental data
such as temperature and depth. The GPS logged a new position every 30 seconds
throughout the survey.
When dolphin groups were sighted the following observations were made: Time, location,
group size, group demographics (adult, juvenile, calf; Williams et al. 1993) and speed of
travel. Additionally, group behavioural state was recorded every 10 minutes during the
encounter. Any interactions with the aquaculture industry or the presence of sharks were
systematically recorded. Due to daily surveys covering all possible dolphin habitat in
Paterson Inlet, it was assumed that all dolphins present in the area during a survey were
sighted.
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Figure 5.1: A map of the lower South Island, New Zealand. Featuring both the locations where
bottlenose dolphins were observed in the present study, as well as the locations of the Fiordland
populations in the West.
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Figure 5.2: A map of Paterson Inlet, Stewart Island with the daily survey track overlaid and the
location of the inlet on Stewart Island (inset). (Map produced with permission using Q-gis, with google
maps data).

Photo-identification
Photo-identification of natural marks is a well-established method for identifying
individual dolphins in a dolphin population (Würsig & Würsig, 1977). Being able to
distinguish among individual dolphins has presented the opportunity to use photoidentification to study: Population abundance (Bräger & Schneider, 1998; Currey et al.
2007), survival rates (Slooten et al. 1992; Currey et al. 2008a), home range (Bejder &
Dawson, 2001; Henderson et al. in press), habitat use (Wilson et al. 1997; Ingram &
Rogan, 2002), social structure (Lusseau et al. 2003) and reproduction (Herzing, 1997;
Haase & Schneider, 2001).
For bottlenose dolphins, natural marks on the dorsal fin are typically used for photoidentification (Würsig & Würsig, 1977; Würsig & Jefferson, 1990) and are classified into
two categories; nicks and temporary marks (see chapter 2). For the present study, only
‘nicks’ were used.
When dolphin groups were sighted, photo-identification was commenced using Nikon
D90, D2H and D3 cameras equipped with Nikor 80-200mm f2.8 or 300mm f2.8 lenses.
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Photo-identification sampling was continued until each dolphin had been photographed 3
times from each side. Only sharp, well exposed photographs showing a side-on, close view
of the dorsal were retained for analysis. A catalogue of good quality dorsal fin photographs
was produced using frames of each side of the dorsal fin. Further photographs were
matched against this catalogue. Capture histories were created in Microsoft Excel,
describing whether a particular dolphin was seen (1) or not (0) on a given day.
Abundance estimation
The current study uses a version of the Jolly-Seber (J-S) open-population abundance
estimation (POPAN) to provide an estimate of the total number of dolphins regularly
found in Paterson Inlet. An open model is considered necessary for this population as
currently there is no information regarding residency patterns or birth/death rates.
POPAN is a reparametrised version of the J-S model which includes a new parameter for a
super population size: Nsuper (Schwarz & Arnason, 1996; Cooch & White, 2011). Nsuper
represents a hypothetical ‘super’ population

from which potential additions to the

‘observed population’ (i.e.- births) are modelled using a multinomial distribution (Schwarz
& Arnason, 1996).

This provides a more accurate assessment of birth (bi) which

represents the probability of an individual joining the population from N super (Schwarz &
Anarson, 1996). Traditional J-S models utilise a birth parameter that would often result in
negative values and thus could not be included in a model maximum likelihood function,
complicating model assessment (Schwarz & Anarson, 1996; Cooch & White, 2011). The
re-parameterisation used by POPAN enables bi to be included within model maximum
likelihood estimates and consequently allows for improved estimates.
The core parameters of POPAN are the same as the traditional JS model:
ϕ – Probability of survival between recapture periods.
p – Capture probability.
β – Probability of entry into the population between recapture periods.
N – Population abundance.
The assumptions of the POPAN model are also the same as for the J-S model, the main
assumptions being homogeneity of survival among individuals from one capture period to
the next, and equal probability of capture among individuals (Cooch & White, 2011).
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POPAN modelling was undertaken in the programme MARK (version 6.1, Colorado state
University, White & Burnham, 1999). MARK allows all parameters to be either time
constrained (.) or temporally variable (t), and thus a number of different models are
formulated (White & Burnham, 1999).
As this study shall utilise pictures from dolphins exhibiting ‘nicked’ marks only, the final
population abundance estimate will reflect an abundance estimate for ‘nicked’ individuals.
This estimate is then scaled by a mark rate, to account for the number of unmarked
individuals in the population:

N is the total number of photographs of ‘nicked’ individuals and nN is the total number of
photographs of both ‘nicked’ and ‘non-nicked’ individuals (Williams et al. 1993; Bejder &
Dawson, 2001). Uncertainty in MRa can be accounted for by producing a log-normal 95%
confidence interval for the scaled estimate (Williams et al. 1993; Currey et al. 2007),
which is a better measure of error for abundance estimates (Buckland et al. 1993).
Model selection:
MARK generates a model selection table ranked by AICc values. AICc is a modified
version of AIC (Akaike, 1973) that accounts for small sample size (Hurvich & Tsai, 1989).
The table also includes values for ∆AICc, AIC weight, model likelihood, number of
parameters and deviance. The best model is selected based on the lowest AICc value,
weight and model likelihood. When models have been adjusted for over/under-dispersion,
AICc is adjusted to QAICc, which reflects the adjustment to the models for lack of fit
(Cooch & White, 1999). Parameter estimates for the top model were provided by a MARK
output file.

87

Chapter 5: Bottlenose dolphins, Stewart Island

Goodness of fit testing:
It is important to assess how well a MR model fits the data in order to confirm the
accuracy of the final population abundance estimate (Cooch & White, 2011). The present
study utilised software U-CARE (Choquet et al. 2005) to assess the models’ goodness of
fit (for similar approach see Oremus et al. 2012; Tezanos-Pinto et al. 2013). U-CARE
incorporates two tests for indications of transience or trap happy/shy behavioural responses
that would undermine model assumptions (Choquet et al. 2005, 2009). The tests utilised
were: test 2.CT which assesses transience and test 3.SR which assesses trap happy/shy
behavioural responses. A significant result in either test (indicated by a test statistic and
relative probability values (p)) indicates the model may not fit the data well and/or model
assumptions are being violated (Choquet et al. 2009; Tezanos-Pinto et al. 2013).
It is also necessary to assess the data for over/under-dispersion. This is most commonly
assessed by generating a Ĉ value. U-CARE also provides a method to generate Ĉ values by
carrying out a ‘global test’ (combining values from both test 2 and 3). Ĉ is then produced
by dividing the total chi-squared statistic (X2) by the total degrees of freedom (df) as
discussed by Cooch & White (1999). A Ĉ value departing from 1 indicates over or underdispersion. MARK has the capability to adjust models based on the generated Ĉ and thus
provides more accurate estimation of model parameters (Cooch & White, 1999).
Results:
Effort:
Three trips were made to Stewart Island to conduct surveys for bottlenose dolphins. The
trips took place during April 2012 for 7 days, September 2012 for 7days and December
2012 for 10 days. Due to adverse weather conditions, surveys were carried out over a total
of 17 days. A total of 81 hours were spent on the water looking for dolphins, covering
1088 nautical miles.
Encounters:
Ten groups of dolphins were encountered over 8 days across the study period. Groups
consisted entirely of adult individuals, apart from one group, observed in April that
contained 1 juvenile. Most sightings (n=7) were made in Big Glory Bay (Figure 5.2).
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Sightings were most frequent on the September trip (5), with 4 sightings made in
December and a singular sighting in April.
Photo-identification:
A total of 1649 photographs of good quality were made of 17 individually recognisable
dolphins. Forty good quality photographs were taken of an ‘unmarked’ tooth-raked
individual. Thus total photographs taken were 1689, providing a mark rate of 0.98.
New individuals were encountered during the first 4 days of sightings (Figure 5.3), but not
thereafter, strongly suggesting that all dolphins that use Paterson Inlet on a regular basis
were photographed and identified (Figure 5.3). Comparison of the Stewart Island catalogue
to the dolphin ID catalogues from Doubtful and Dusky Sounds showed no matches.
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Figure 5.3: A discovery curve indicating the rate of discovery of 'new' dolphins
as a function of number of days observing dolphins in the field.

Abundance estimate:
POPAN modelling of mark-recapture data across the three trips indicated that a population
of 17 marked individuals (95% CI= 15, 20) regularly used Paterson Inlet (Table 5.2). This
estimate agreed with the census value of 17 marked dolphins. The application of the mark
rate resulted in a total abundance of 18 (95% CI= 16, 21) individuals.

Chapter 5: Bottlenose dolphins, Stewart Island

90

Model comparison showed that two models were considerably better than the rest, and that
these two were equivalently good fits to the data (Table 5.1). Having population size (N)
time dependent or not did not influence the model fit. The two top models has survival
(Phi) as temporally variable and capture probability (p) and probability of birth (pent) as
temporally fixed (Table 5.1). The parameter estimates resulting from the two top models
were identical (Table 5.2). Thus there was no need for model averaging.

Model

QAICc

Delta
QAICc

AICc
Weights

{Phi(t) p(.) pent(.) N(.) PIM}
{Phi(t) p(.) pent(.) N(t) PIM}
{Phi(.) p(.) pent(.) N(.) PIM}
{Phi(.) p(.) pent(.) N(t) PIM}
{Phi(t) p(.) pent(t) N(.) PIM}
{Phi(t) p(.) pent(t) N(t) PIM}
{Phi(.) p(.) pent(t) N(.) PIM}
{Phi(.) p(.) pent(t) N(t) PIM}

143.36
143.36
28409.69
28409.69
28414.1
28414.1
28415.25
28415.25

0
0
28266.27
28266.27
28271.6
28271.6
28271.89
28271.89

Model
Num.
Likelihood Par

0.5
0.5
0
0
0
0
0
0

1
1
0
0
0
0
0
0

Deviance
6
6
4
4
7
7
6
6

3.4287
3.4287
28275.1
28275.1
28272.07
28272.07
28275.32
28275.32

Table 5.1: A model selection table produced by MARK summarising the model assessment criteria
over the relative models. AICc, ∆AICc, weight and deviance have been adjusted for under-dispersion.

Parameter
1:Phi
2:Phi
4:p
5:pent
6:N

Estimate
0.89
1.00
0.63
0.02
17.65

St Error
0.10
0.00
0.08
0.07
1.13

CI low
0.52
1.00
0.48
0.00
15.44

CI high
0.98
1.00
0.77
0.89
19.86

Table 5.2: Parameter estimates for the top ranked models as provided by MARK.
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Goodness of fit:
Goodness of fit testing using U-CARE suggested no violation of MR assumptions. Test
2.CT provided an X2 value of 0.739 (p. = 0.459), providing no evidence for transience
within the MR data. Likewise, test 3.SR provided an X2 statistic of 0.312 (p. = 0.377)
providing no evidence for evidence of trap happy/shy responses by individual dolphins.
Consequently, the MR assumptions of equal survival and catchability among individuals
are upheld.
The U-CARE global test provided a Ĉ of 0.5, indicating the data was under-dispersed.
There is some debate about whether or not to utilise an under-dispersed Ĉ to adjust models
(Cooch & White, 1999). In the present study the new Ĉ value was used to adjust the
models as the adjusted parameter estimates were more precise. Therefore the values given
by the model selection table (Table 5.1) represent values adjusted for a Ĉ of 0.5.
Aquaculture and shark interactions:
The majority of dolphin sightings (70%) were made within the confines of Big Glory Bay,
which is intensively used for aquaculture. Every time the dolphins were encountered in
Big Glory Bay, they were engaged in foraging behaviour (deep diving, surfacing with
prey). Other behaviours exhibited in proximity to aquaculture ventures were socialising
and fast travelling (usually from one fish pen to another). Eighty six percent of the time we
observed dolphins in Big Glory Bay they spent in the vicinity of two large fish pens that
were rearing king salmon (Oncorhynchus tshawytscha). The typical foraging behaviour
observed involved co-ordinated, long dives (>3 minutes) underneath the pens (Figure 5.4).
The dolphins were observed to surface with salmon on four occasions.
No dolphin-shark interactions were observed during the study period. However, scars of
historic shark predation were observed on 3 of the 17 (18%) dolphins identified in this
study (e.g. Figure 5.5). Scarring from shark bites was observed mid-way down the trunk of
the dolphins’ flanks. The observed scars indicated attacks from large sharks and were all
observed upon adults. Scars observed on dolphins at Stewart Island were similar to scars
from large sharks observed on dolphins at Shark bay (Heithus, 2001a; Gibson,2006). Such
scars are characterised by ragged or coarsely serrated bite marks with parallel slashes, and
differ substantially from scars originating from conspecifics (Heithus 2001a; Gibson,
2006).
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Sighting in Otago Harbour- Dunedin.
On the 12th of December 2012, a large group of bottlenose dolphins was observed in the
upper Otago Harbour (Figure 5.1). Photo-ID of this group indicated a group size of 51
individually marked (nicked) individuals including 6 from the Stewart Island catalogue.
The 6 dolphins from Stewart Island were observed 6 days prior, on the last day of
sampling in the December survey trip. The group in Otago Harbour was comprised of
approximately 48 adults, 6 sub adults, and 9 calves (including 3 neonates <1 year). No
overlap was observed between the marked individuals sighted in Otago Harbour and the
Doubtful and Dusky Sound populations. The group observed in Otago Harbour was almost
exclusively foraging (with some socialising). Dolphins were seen surfacing with salmon
prey on three occasions.
The mark rate for the group observed in Otago Harbour was 0.76, thus a rough estimate of
total group size was 51/0.76 = 67 individuals. Using this value combined with the number
of dolphins observed in Paterson Inlet (less the individuals present in Otago Harbour),
suggests an approximate minimum census for the southern population of 78 individuals.
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Figure 5.3: A dolphin engaged in characteristic foraging behaviour; diving
underneath a salmon farm pen in Big Glory Bay, Paterson Inlet.

Figure 5.4: A dolphin (SWI016) exhibiting typical shark bite scarring to the flank
below the dorsal fin.

93

Chapter 5: Bottlenose dolphins, Stewart Island

Discussion:
This study reports on the results of photo-identification surveys for bottlenose dolphins in
Paterson Inlet waters. Eighteen individuals used Paterson Inlet, and all were resighted at
least once. The abundance estimate performed using the POPAN open model correlates
exactly with the Photo-ID census over the same period. Because six of these individuals
were seen in a much larger group of dolphins in Otago Harbour, it is assumed that the
Paterson Inlet animals are part of a larger (at least 78 individuals) “southern” population
that roams over a much larger area.
It is interesting to consider why only a small proportion of this population regularly uses
Paterson Inlet. Explanations could include: 1) Only those dolphins which have habituated
to the habitat modification caused by the large-scale aquaculture operations in Big Glory
Bay, are able to use this area, 2) The high abundance of white sharks may restrict the use
of Paterson Inlet to less vulnerable individuals. 3) Habitat other than Paterson Inlet may be
more important to the demographic groups notably absent from the study area (i.e. –
females and calves).
It has been noted that certain members of a dolphin population can become habituated to
forms of disturbance whilst others may choose to avoid the same area (Connor & Smolker,
1985; Bejder et al. 2006). In the context of aquaculture, previous studies have shown that
female dolphins avoid aquaculture infrastructure in favour of other areas (Watson-Capps &
Mann, 2005). Additionally, a study of bottlenose dolphin interaction with fin-fish farms in
Sardina suggested some preferential selection of aquaculture areas by some individuals
(Lopez & Shirai, 2007). This may explain why only a few individuals were observed
within Paterson Inlet in the present study.
It has been suggested that dolphins may be attracted to salmon farms in particular, because
of the abundance of native fish that may gather due to the increase in food availability
from feeding pellets (Würsig & Gailey, 2002; Kemper et al. 2003). In this study, however,
we observed dolphins preying on salmon. It is assumed the dolphins were preying on
salmon that had escaped from the cages or that some salmon were set free (i.e. downgrading). It is interesting to note that in both locations where the dolphins were
observed (Paterson Inlet and Otago Harbour), they were foraging for salmon. Salmon have
been introduced as an aquaculture species and for sport fishing and thus could not have
been a historically important prey item.
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Shark presence has been shown to significantly influence dolphin behaviour, group size
and habitat use (Heithaus, 2001a; Heithus & Dill, 2006). Shark predation is likely to be a
higher risk for younger, smaller animals and as such these animals may avoid areas with
high shark densities (Mann & Watson-Capps, 2005). This may explain why only adult
dolphins were seen in Big Glory Bay. The bottlenose dolphin population of Shark Bay,
Australia has a much higher incidence of shark scarring (74% of non-calf individuals:
Heithaus, 2001b) than that observed in the present study (18%). The majority of shark
attacks in Shark Bay are from tiger sharks (Galeocerdo cuvier) (Heithaus, 2001b), whose
attacks might be more survivable that those of great white sharks, which are routinely
present in Paterson Inlet. Other large shark species such as broadnose seven gill sharks
(Notorynchus cepedianus) are also common around Stewart Island, which may pose some
predation threat to bottlenose dolphins in the area.
No individuals from the Doubtful or Dusky Sound populations were encountered in
Paterson Inlet or Otago Harbour. Therefore, we can assume that any individuals missing
from the Fiordland populations have either died or migrated even further afield. In any
case, it is likely they have permanently disappeared from the population and there is no
need to review the MR abundance estimation methods currently employed in Fiordland.
A population of ‘oceanic ecotype’ (Baker et al. 2010) bottlenose dolphins are found
around the NZ coast (Zaeschmar et al. 2012). Members of this population are characterised
by large body size and the presence of cookie-cutter shark scars which are indicative of an
offshore distribution (Zaeshmar et al. 2012). None of the dolphins observed during the
present study possessed cookie-cutter shark scars, however the ‘southern’ catalogue will
be matched against the offshore catalogue to ensure no overlap.
The repeated observation of the same dolphins at Paterson Inlet indicates the presence of a
southern population whose range includes Stewart Island. Given their observation in Otago
harbour, it is likely the population exhibits wide-ranging coastal habitat use patterns more
similar to the Northern (Tezanos-Pinto et al. 2013) and Marlborough Sounds (Merriman et
al. 2009) populations than the Fiordland populations (Currey et al. 2007; Henderson, 2013.
Results from the present study suggest a small number of a larger population of bottlenose
dolphins regularly use Paterson Inlet. Given the likelihood of a more wide-ranging home
range, any population wide abundance estimate would need to survey and identify other
potentially important habitat along the South of New Zealand. Such areas could include:
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Ports Pegasus and Adventure on Stewart Island, Preservation and Chalky Inlets in
Fiordland, and Bluff harbour along the South coast (Figure 5.1).
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This thesis used photographic identification of individuals and stereo-photogrammetry to
provide new information on the conservation biology of bottlenose dolphins inhabiting the
south of New Zealand.
The cornerstone method of this thesis was photo-identification of marked individuals.
Photo-ID data were gathered to assess the current abundance of three populations.
Additionally, utilising historical photo-ID data from the long-term monitoring dataset in
Fiordland, new insights were gained on the possible causes for previous population decline
in Doubtful Sound.
Declines in abundance were documented in both Doubtful and Dusky Sounds. The
population in Doubtful Sound declined slightly from 61 to 60 (CV= 0.5%) individuals
between 2011 and 2012. Dusky Sound saw a more dramatic decline from 124 to 116
(CV=0.2%) individuals. When viewed in a historical context, the declines observed in the
present study illustrate substantial variation in population size over the years. This is
common in small, isolated populations (Gabriel & Bürger, 1992; Stephens & Sutherland,
1999), and in the present case, may be accentuated by demanding local conditions in the
fiords.
Similarly small, range restricted populations of bottlenose dolphins are found in other
areas: Moray Firth, Scotland (N=129, 95%CI= 110-170, Wilson et al. 1999), Sarasota Bay,
Florida (N=98, 95%CI 89-108, Scott et al. 1990), Patos Lagoon Estuary, Brazil (N=86,
95%CI=78-95, Fruet et al. 2011), and the Amvrakikos Gulf, Greece (N= 148 95%CI=132180, Bearzi et al. 2008). To my knowledge, there are no reports of closed, resident
populations consistently retaining the very small population size of Doubtful Sound.
Declines in abundance of bottlenose dolphin populations have been described from other
areas and attributed to anthropogenic impacts. Bejder et al. (2006) described a decline in
abundance for bottlenose dolphins in Shark Bay, Australia, via displacement due to tourist
vessel disturbance. Tezanos-Pinto et al. (2013) have postulated a similar displacement in
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the Bay of Islands, New Zealand. A tourism industry is present in Doubtful Sound. A code
of management (COM) was implemented in Doubtful Sound to regulate how tourist
vessels may encounter and interact with dolphins (Department of Conservation, 2008). The
COM provides protection of areas that the dolphins frequently use as ‘dolphin protection
zones’. Tourist vessels are not permitted to transit within these zones, except briefly i.e. to drop tour parties ashore or to anchor. Additionally, the new rules require that vessels can
no longer actively seek interactions with dolphins. Results from research undertaken
concurrently with the present study suggest the COM is successful in reducing the impacts
of tourism vessels upon dolphins in Doubtful Sound (Guerra, 2013).
The stochastic nature of population vital rates such as births and deaths has a well-known
influence upon population abundance (Engen et al. 1998; Stephens et al. 1999; Slooten et
al. 2000). Such stochasticity is expected to be particularly important for small populations
that may be susceptible to significant declines in abundance (Lande et al. 1988; Gabriel &
Bürger, 1992; Lande et al. 2003). For example, the Hawaiian monk seal (Monachus
schauinslandi) population of the French frigate shoals underwent a 55% reduction in
abundance due to significant variation in juvenile survival between years (Craig & Ragen,
1999; Baker et al. 2007). Similar trends have been observed in a range of taxa including
ungulates (Gaillard et al. 1998), beetles (Melbourne & Hastings, 2008) and reptiles (Laurie
& Brown, 1990).
The low calf survival rates observed in Doubtful Sound by Currey et al. (2008a) are a
prime example of demographic stochasticity and are a key driver of trends in population
abundance (Currey et al. 2010). It is important to understand such stochasticity of survival
in regard to the anthropogenic influence of the hydro-electric tailrace. It may be that such
fluctuation in calf survival is a natural feature of this population, which may also explain
variation in abundance in Dusky Sound (a more pristine environment). It may also be that
the tailrace exacerbates variation in calf survival (Henderson et al. submitted). In any case,
understanding the drivers of low calf survival in Doubtful Sound will provide useful
insights to the factors limiting the growth of this threatened population.
Henderson (2013) identified that variation in calf survival in Doubtful Sound was
attributable to substantial variation in reproductive success among female dolphins. Such
heterogeneity in vital rates among individuals is often termed demographic heterogeneity
(Vildenes et al. 2008; Melbourne & Hastings, 2008). Stochastic modelling approaches
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have identified that such heterogeneity is significantly linked with population abundance
and can ultimately be used (in conjunction with other stochastic parameters) to predict
population extinction (Melbourne & Hastings, 2008). It is clear that failing to account for
such stochastic parameters in population viability analysis may significantly underestimate
the probability of extinction (Slooten et al. 2000; Melbourne & Hastings. 2008; Vildenes
et al. 2008). Thus in order to better account for demographic uncertainty in Doubtful
Sound and provide a better assessment of the populations vulnerability, this thesis aimed to
clarify the potential demographic causes of unequal reproductive success.
Body size has been shown to correlate with reproductive success over a range of taxa,
including seals (Reiter et al. 1981; Iverson et al. 1993; Pomeroy et al. 1999), seabirds
(Chastel et al. 1995), monkeys (Fairbanks & Mcguire, 1995), squirrels (Wauters &
Dhondt, 1989) and bears (Elowe & Dodge, 1989; Atkinson & Ramsay, 1995). I
hypothesised, therefore, that female body size, might be a useful explanatory variable in
analysis of variation in reproductive success among individuals in Doubtful Sound. For
this reason, the stereo-photogrammetric system described in chapter 3 was developed.
The limits of the stereo camera system (SCS) were successfully identified by a range
experiment. The experiment found that increasing angle from perpendicular and distance
from the target significantly increased measurement error. These results were consistent
with other stereo-photogrammetric studies (Klimley & Brown, 1983; Dawson et al. 1995;
Shortis & Harvey, 1998; Growcott et al. 2011), and are expected due to decreasing
parallax and image sharpness at extreme geometry (Mikhail et al. 2001, chapter 2).
The SCS provided repeated measurements of each individual in the Doubtful Sound
population, giving a mean coefficient of variation of 2.43%. This error is similar to other
studies using photogrammetric approaches to measure animals in the field: 2.5% (Waite et
al. 2007), 0.03-3.93% (Spitz et al. 2002), 2.55% (Harvey & Shortis, 1998) and 1.57%
(Growcott et al. 2012). There is only one published study using stereo-photogrammetry to
measure bottlenose dolphins from a small vessel (Chong & Schneider, 2001). To my
knowledge, the present thesis is the first to provide accurate length measurements of an
entire population of free-ranging cetaceans.
Using detailed sightings information from the Doubtful Sound long-term photoidentification dataset and size information provided by the SCS it was possible to assess
parameters that may influence female reproductive success. It was found that calf survival
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to 1 year was significantly predicted by being born at the optimum time (January).
Survival to 3 years, however, was best predicted by the size of the mother and the sea
water temperature at birth.
The importance of the timing of birth for offspring survival is well established in a range
of species including bats (Ransome & McOwat, 1994), tamarins (Goldizen et al. 1988),
birds (Daan et al. 1988; Verhulst & Tinbergen, 1991) and deer (Aanes & Anderson, 1996).
Birth timing is often attributed to births “needing” to coincide with abundant food supplies
(Daan et al. 1988, Ransome & McOwat, 1994) or benevolent conditions (Ims, 1990;
Ransom & McOwat, 1994). In an experimental approach focussing on reproduction in
nesting birds, Verhulst & Tinbergen (1991) demonstrated that fledgling success was
significantly predicted by the time of hatching. Furthermore, hatch timing was associated
with fledgling weight, with smaller fledglings being hatched at less optimal times. The
present study was unable to assess any relationship between calf size and birth timing as
only three calves were born during the study period.
Generally, bottlenose dolphin populations show narrow calving seasons at high latitudes
(Haase & Schneider, 2001; Mann et al 2000), and broader calving seasons at low latitudes
(Scott et al. 1990; Urian et al. 1996). The exceedingly narrow, month-long window for
successful calf survival in Doubtful Sound may be attributable to the harsh environmental
conditions (Henderson et al, submitted). This population is very close to the southern limit
of the species, so it is axiomatic that environmental conditions are likely to be limiting.
Such conditions have been accentuated by the presence of the tailrace which causes
surface water temperatures to be cooler, particularly during spring (when the first calves of
the season are born; Cornelisen & Goodwin, 2008). With the opening of the second
tailrace in 2002 and subsequent further alteration to the fiord conditions, perhaps a
mother’s ability to birth in January has become more important. Since 2002 only 19% of
calves have been born during January, compared with 58% prior, which may explain the
decrease in low calf survival at this time (Henderson, 2013).
Potential reasons why the size of a mother and the sea surface temperature at birth may
predict calf survival are discussed in detail in chapter 4. Maternal body size, as an indicator
of condition, has been shown to be positively correlated with reproductive success in at
least two bear species (Atkinson & Ramsay, 1995; Derocher & Stirling, 1998; Hilderbrand
et al. 1999). It was suggested that the abundance and quality of food resources were key

Chapter 6: General Discussion

101

determinants of maternal condition and thus reproductive success in these temperate/polar
species (Atkinson & Ramsay, 1995; Hilderbrand et al. 1999). Currently, the availability of
food resources to female dolphins is an unknown factor in Doubtful Sound. Yet it is
possible that anthropogenic alteration of the biological communities within inner fiord
environments (Tallis et al. 2004; Rutger & Wing, 2006), may have reduced the quality
and/or quantity of prey available to dolphins in these habitats (i.e. areas favoured by
pregnant and lactating mothers; Henderson, 2013).
Chapter 4 demonstrates that the ‘good mothers’ identified by Henderson (2013), are larger,
and give birth at the appropriate time/temperature. In light of this, there is, however, the
potential for a negative feedback loop which causes ‘bad mothers’ to remain so.
Henderson (2013) showed that the length of an inter-birth interval (IBI) depends on the
fate of the previous calf. Mothers that lost calves became pregnant and gave birth again
much sooner than mothers whose calf survived until weaning (Henderson et al. submitted).
Such a trend is evident in other mammalian species (Clutton-Brock, 1984; Fairbanks &
McGuire, 1995). Reproduction in marine mammals is energetically costly (Pomeroy et al.
1999). It may be that mothers that consistently lose calves then conceive again rapidly are
faced with energetically demanding pregnancy sooner. If such mothers have limited
resources available for pregnancy to begin with (i.e. – smaller in size), the pressures of
reproduction may maintain ‘bad mothers’ as ‘bad mothers’.
The results of chapter 4 suggest that any factor that can influence sea water temperature
may have an effect upon reproductive success in female dolphins. Thus, low calf survival
in Doubtful Sound may be attributable to both natural and anthropogenic factors. Cold
fronts from the Southern Ocean have the ability to dramatically lower surface water
temperatures for extended periods (Cornelisen & Goodwin, 2008). The tailrace, however,
results in a constant alteration of the fiord’s oceanographic conditions, and as such the
influence of the tailrace should be considered as significant.
Chapter 5 aimed to document the occurrence and abundance of bottlenose dolphins that
use Paterson Inlet, Stewart Island. This was important to provide new information about a
relatively accessible unstudied population, and also to determine any overlap with the
Fiordland populations. Using mark-recapture analysis of photo-identification data, a robust
abundance estimate of 18 (95%CI= 16-21) individuals showed that a small group of
dolphins regularly use the area. An additional sighting in Otago harbour indicates that
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dolphins found at Stewart Island are part of a larger, wide-ranging population with a
minimum population size of 78 individuals. Wide-ranging bottlenose populations are
found elsewhere in New Zealand (Merriman et al. 1999; Tezanos-Pinto et al. 2013) and
worldwide (Read et al. 2003; Chilvers & Corkeron, 2003; Cheney et al. 2012). The present
study provides new information concerning the national distribution of the species.
Aquaculture seems to be strongly associated with the dolphins’ habitat use at Stewart
Island, as observed in bottlenose populations elsewhere (Watson-Capps & Mann, 2005;
Diaz-Lopez et al. 2005). Further research to determine the true abundance of the wideranging coastal population should be a priority.
The use of photography in this thesis has provided valuable information concerning the
abundance, body size and population variability for bottlenose dolphin populations in the
south of New Zealand. Such information is directly relevant to the conservation of the
species in New Zealand. Furthermore, the results identified in chapter 4 provide new
information as to how reproductive heterogeneity contributes strongly to the demographic
uncertainty that affects small, threatened populations.
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Future directions
This thesis has established some potential avenues for future research regarding bottlenose
dolphins in southern New Zealand.


Continuation of population monitoring, via photo-identification surveys in
Doubtful and Dusky Sounds, is crucial to the understanding of these populations.
The benefit of long-term monitoring data for answering important questions is
obvious for these long lived, slow reproducing animals. Such a data-set is a
valuable asset and will become even more so as monitoring continues.



Stereo-photogrammetric sampling of dolphins over a number of years would allow
estimation of calf growth rates. This would allow an analysis of any difference in
size at birth or calf growth rates among the female dolphins, which could be key
determinants of survival.



The largest gap in our knowledge of Fiordland’s dolphins concerns their feeding
ecology. Future research should attempt to determine how dolphins utilise different
food resources over seasonal and inter-annual timeframes, and, ideally, how that
relates to prey availability. Such information could be valuable in determining if
there are any ecological affects of the tailrace upon the dolphin population in
Doubtful Sound. This may be particularly applicable to pregnant and/or lactating
mothers.



Undertake photo-identification surveys of appropriate habitat in the south of the
South Island to determine true population abundance and range of the Southern
population.
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