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Abstract

An understanding of the biology and behaviour of a species or population is an
important consideration for developing conservation and management strategies. The
discovery of a seasonal aggregation of dwarf minke whales (Balaenoptera acutorostrata
subsp.) in the northern Great Barrier Reef (GBR) has led to the development of a lucrative
swim-with dwarf minke whales tourism industry and has also facilitated dedicated research
on this population. Despite significant advancements in knowledge, many knowledge gaps
remain, particularly regarding the population structure, growth rates, and social behaviours of
these whales, largely due to the challenges associated with traditional observation methods.
Most commonly, cetaceans are studied from vessels and aerial vehicles (i.e., drones).
However, the unpredictable surfacing behaviour of dwarf minke whales and the remoteness
and prevailing weather conditions of the GBR aggregation area have precluded the use of
dedicated research vessels and aerial techniques for these whales. Alternatively, the in-water
access provided to the aggregation from permitted dive tourism operators in Cairns and Port
Douglas offers a low-cost opportunity for researchers to observe dwarf minke whales
underwater. This thesis employs underwater videogrammetry techniques, using a diver-
operated stereo-video (SDOV) system, to explore several aspects of dwarf minke whale
biology and behaviour, offering novel insights into population demographics, growth
patterns, and interactive behaviour of these understudied cetaceans. This research advances
our understanding of these enigmatic whales and provides suggestions for conservation and
management strategies. This thesis also offers baseline data for future research and
population monitoring, and methodological recommendations for further advancements.

Chapter 1 provides a general introduction to dwarf minke whales and the swim-with
dwarf minke whales tourism industry in the GBR. In this chapter I outline the current state of

knowledge of this undescribed subspecies as well as the knowledge gaps that remain.
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Chapter 2 provides the general methods used for field data collection in this thesis, via
permitted swim-with dwarf minke whales tourism vessels in the GBR.

Chapter 3, the first data chapter of this thesis, focused on the methodological
refinement of underwater photogrammetry techniques for measuring dwarf minke whales.
Stereo systems are generally preferred over single-camera systems, but direct comparison
studies have only evaluated these techniques on small fauna. Thus, a controlled trial was
performed to determine whether using a SDOV system confers an advantage over a single-
camera system under the operational conditions expected when observing dwarf minke
whales. Measurements made via SDOV were significantly more precise, and the ability for
the SDOV system to account for parallax error (i.e., when the target measurement is not
absolutely perpendicular to the camera) mitigated a significant methodological constraint
associated with single-camera methods. This chapter demonstrates the importance of
standardisation in ensuring the reliability and comparability of morphometric data across
studies. The recommendations derived from this methodological trial can also serve as
valuable guidelines for future research involving medium-sized cetaceans and in-water
access.

In Chapter 4, the application of a SDOV system and the methodological protocols
developed in Chapter 3 facilitated the measurement of nine morphological features of dwarf
minke whales observed during in-water interactions in the GBR across multiple years. This
novel approach enabled the investigation of allometric growth patterns and the identification
of proxies for total body length, providing foundational insights into the demographic
structure and potential health status of this population, and the opportunity to expand
historically limited sample sizes in future research, such as known sex identifications.
Furthermore, the baseline estimates of body condition derived from these data offer valuable

metrics for ongoing population monitoring and conservation assessments in the region.
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Chapter S investigated the drivers of interactive behaviour exhibited by dwarf minke
whales during swim-with interactions and risks associated with such behaviour. Specifically,
whale-swimmer approach distances were measured using a SDOV system, and generalised
mixed methods modelling and regression techniques were employed to investigate external
and internal factors influencing interactive behaviour (nine variables were assessed). This
study found that as interactions progress and individual whales make more passes by
swimmers, whale-swimmer approach distances decrease, demonstrating that the whales
exhibit increasing attraction to humans, at least in the short term. Approach distances also
decreased with increasing whale group size. These factors can be loosely monitored in real-
time by vessel crew to assess and manage the risk of harm associated with increasingly close
whale-swimmer approaches. Increased encounter oversight during long and large encounters
is recommended as a strategy for mitigating the increased risk of harm to both swimmers and
whales associated with very close interactions. This highlights the utility of adaptive
management approaches as research progresses to ensure that best practices are continually
informed by the latest scientific evidence. While demographic factors such as age (by proxy
of length) and sex were also evaluated, individual differences in whale behaviour persisted,
suggesting that individual traits such as personality and/or boldness may be driving much of
the variation in behaviour observed in this study. This indicates a need for continued research
to better understand the complexities of interactive behaviour in dwarf minke whales.

Chapter 6 presents the general discussion, synthesising the findings of this thesis to
provide a comprehensive overview of their implications for the conservation and monitoring
of dwarf minke whales in Australia. This chapter integrates the results from previous
chapters, emphasising how these findings contribute to a broader understanding of dwarf

minke whale behaviour, population dynamics, and threats in the Great Barrier Reef. This
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chapter also outlines future research directions and suggests targeted management strategies
that could enhance the protection of this unique whale population.

Overall, this thesis offers critical insights into the biology and behaviour of dwarf
minke whales. It establishes a baseline for continued research on this undescribed subspecies
and demonstrates the value of tourism vessels as platforms of opportunity for studying free-
ranging cetaceans. It also demonstrates how advanced techniques such as stereo-
videogrammetry can be used in the absence of applicable traditional behavioural
methodologies, underscoring the need for innovative research approaches. Despite Australia’s
national and international commitments to marine conservation, there are currently no formal
policies specifically addressing dwarf minke whales. By integrating biology, behaviour, and
ecology, this study enhances our general understanding of dwarf minke whales, providing

essential data to support conservation and management in the Great Barrier Reef.
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Preamble

In this chapter I provide a general introduction to cetacean research from platforms of
opportunity. I describe the usefulness and value of such platforms as well as the limitations
incurred from these mixed-priority expeditions. I introduce the swim-with dwarf minke whale
tourism industry in the Great Barrier Reef and the long-standing support this industry has
provided to research scientists and the Minke Whale Project in particular. I discuss the
limited knowledge of dwarf minke whale population biology and behaviour, the previous
research undertaken on these topics, the remaining knowledge gaps, and outline the aims and

objectives of this thesis to further scientific understanding in these areas.

1.1 Whale watching

1.1.1 Trends and economic value

The 20" century saw a widespread shift in the type of economic value provided by
whales. Commercial whaling, once a lucrative worldwide industry, was dramatically reduced
due to depleted stocks, which led the International Whaling Commission to declare a
temporary, worldwide moratorium on whaling in 1986 (Stedman, 1990). This moratorium
was extended indefinitely in 1990 and remains in place today (IWC, 2014). On the other
hand, whale watching tourism experienced continuous growth since it began in the 1950s
through the 1990s (Hoyt, 2001). In 2008, an estimated 12.9 million people worldwide
participated in whale watching trips, and the industry generated an estimated revenue of over
$2 billion USD (Cisneros-Montemayor et al., 2010; O’Connor et al., 2009), representing the
highest-value cetacean-related activity for the global economy (Parsons, 2012). Further, many
of these industries operate in poor and developing countries where economic opportunity is
limited (Hoyt, 2001; O’Connor et al., 2009). Given the historical trend of this industry’s

continuous growth, the economic value of whale watching is probably even higher today
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(Finkler & Higham, 2020). Thus, the increasing economic significance of whale watching not
only reflects a paradigm shift away from commercial whaling but also demonstrates the value
of non-extractive use of cetaceans, contributing substantially to global economies and,
providing economic value to impoverished regions and people.

Scientists are provided with platforms of opportunity to conduct research that may be
otherwise prohibitively expensive (i.e., due to vessel hire costs and/or access to remote sites),
and tourism operators benefit financially as consumers worldwide are increasingly
demanding sustainable practices from tourism (Technavio, 2022). Due to these economic and
research values, banning whale-watching tourism may not be a realistic option for mitigating
the potential risks of these activities. Alternatively, continued collaboration between tourism
and scientific research, particularly research that focuses on sustainability and safety of these
operations, may offer an alternative approach that supports both the economic and scientific

values of whale-watching tourism.

1.1.2  Platforms of opportunity

In addition to the economic value of whale-watching tourism, this industry also
provides important opportunities to advance cetacean research. The inaccessibility of many
marine environments often makes studying wild cetaceans challenging. This is particularly
true for those occurring predominantly offshore, where the cost of sending a dedicated
research vessel can be prohibitively expensive (Kiszka et al., 2007). As a result, ‘platforms of
opportunity’ are commonly utilised, which refer to vessels that already access an area of
interest for another reason. Vessels used as platforms of opportunity for studying cetaceans
have included ferries (Aniceto et al., 2016), whale-watching boats (Kiszka et al., 2007),
fishing vessels (Cox et al., 2003), and other research vessels (Djiba et al., 2015). This

working relationship can be mutually beneficial to stakeholders, as it provides researchers
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low-cost access to their study animals while providing financial benefit to tourism operators
as consumers worldwide are increasingly demanding sustainable practices from tourism
(Technavio, 2022).

Platforms of opportunity are useful for a range of research applications including
photo-identification studies, species distribution patterns, parameters of energetic expenditure
(e.g., swim speed, breathing rates), and even the study of whale-watching activities
themselves (IWC, 2000; Stack & Currie, 2022; Williams et al., 2006). Vessels that regularly
frequent the same areas, such as whale watching vessels or ferries, can be particularly
valuable by enabling long-term monitoring and research studies that would otherwise be
financially unfeasible (Parsons & Brown, 2017). Tourism vessels are particularly suitable as a
platform of opportunity for cetacean research as they have a shared goal of encountering
wildlife.

While platforms of opportunity can be extremely useful for facilitating low-cost
research, there are limitations and biases associated with conducting research from these
vessels. Temporal and spatial data can be biased, as the vessels’ schedules are usually dictated
by the main activity of the vessel and not the needs of the research (Kiszka et al., 2007).
Thus, many established sampling methods cannot be used from these platforms (Mann,
1999), limiting the repeatability and comparability of studies (Sobtzick, 2010). Furthermore,
vessels often disturb cetaceans (Bejder et al., 1999; Bejder & Samuels, 2003; Fiori et al.,
2019; Nowacek et al., 2007), consequently biasing abundance and behavioural data. While
disturbance is not specific to platforms of opportunity, it is an important consideration for any
boat-based cetacean research. Finally, invasive research techniques will likely be
discouraged, particularly from whale-watching vessels to reduce the risk of negatively
impacting the tourism experience (i.e., by deterring the target animals). Thus, mostly passive

observational studies are conducted using these platforms.
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1.1.3 Potential impacts of whale-watching

Due to its non-extractive nature, whale-watching is logically more sustainable than
whaling. Nonetheless, it can still have negative consequences to whale populations. Evidence
has shown that whale-watching can disturb the animals they seek to interact with (Avila et al.,
2015; Connor & Smolker, 1985; Constantine et al., 2004; Magalhaes et al., 2002). Common
disturbance responses of dolphins and whales to approaching vessels include altering their
direction and speed of travel (Bejder et al., 2006), compacting their groups (Bejder et al.
1999; Bejder et al., 2006), and increasing their aerial behaviour (Magalhaes et al., 2002).
Disturbed animals spend less time on critical activities such as resting, socialising, and
feeding (Constantine et al., 2004; Lusseau, 2003a; Steckenreuter et al., 2012; Stockin et al.,
2008). There is also evidence of life-history stage related differences in response to boat-
based tourism in southern right whales (Eubalaena australias; Lundquist et al., 2013), sperm
whales (Physeter macrocephalus; Magalhaes et al., 2002), killer whales (Orcinus orca;
Williams et al., 2002), and several species of dolphin (Constantine, 2001; Tseng et al., 2011).
Further, compliance with whale-watching regulations is often low (Fiori et al., 2019; Hoarau
et al., 2020; Parsons, 2012). Therefore, understanding the behavioural responses of wildlife
associated with tourism is imperative for effective management, as they can be used as
indicators of disturbance (Frohoff, 2004).

While short-term behaviour changes have been studied extensively, the longer-term —
and potentially negative - impacts of these changes are mostly unknown (Bejder, 2005;
Bejder & Samuels, 2003). This is partly due to the difficulty of distinguishing between the
effects of human presence and other potentially confounding variables such as natural
mortality, immigration/emigration, and other stressors (Bain et al., 2002; Bejder, Samuels,

Whitehead, Gales, et al., 2006; Corkeron, 2004). Furthermore, much of the research
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investigating impacts of tourism has focused on dolphins, and specifically bottlenose
dolphins (Tursiops sp.), since they are the most targeted species for tourism (Constantine et
al., 2004; Samuels et al., 2000). Comparatively little is known about the impacts of cetacean-
watching that target other dolphins and whales, particularly those involving baleen whales.
Though animals may exhibit disturbance responses to whale-watching, those same
animals may become habituated to human presence over time. Habituation is characterised as
an enduring decrease in a response due to repeated exposure to a stimulus without subsequent
reinforcement (Nisbet, 2000; Thorpe, 1963). Whales and dolphins that become de-sensitised
or habituated towards human presence may be at a greater risk of experiencing harassment
(Samuels et al., 2003; Samuels & Bejder, 2004), collisions with vessels (Bejder & Samuels,
2003), and entanglement in fishing gear or marine debris (Knowlton et al., 2012; Lien, 2009).
Increased tolerance of humans could also result in closer encounters, increasing the risk for

accidental injuries.

1.2 Swim-with whales tourism

Swim-with-whales (SWW) tourism is a relatively new subset of the whale-watching
industry. This activity involves placing people in the water for the purpose of swimming with
or observing wild cetaceans. SWW programs are controversial within public opinion and
amongst stakeholders (Finkler & Higham, 2020). A review of the literature concerning swim-
with programs concluded that they can be highly invasive (IWC, 2001). This activity can also
pose risks to the human participants (IWC, 2013). Due to the potential risks to both the
whales and the people, SWW has been banned in many countries (Carlson, 2011). Despite the
ban, this industry has experienced rapid growth in popularity in recent years (O’Connor et al.,
2009), including — under special permit — in some countries where the activity is otherwise

banned (e.g., Australia, Canada). The full extent of SWW programs throughout the world is
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unknown, but a 2016 study found at least 75 possible with operators in existence across the
world and suspected that many more undocumented operations exist (IWC, 2015). Nine
species of whales are confirmed targets of SWW operations across seven countries (Gero et

al., 2016).

1.2.1 Concerns and research regarding swimming with whales

While the SWW industry has experienced significant growth in recent decades,
research remains lacking (Gero et al., 2016; Hoyt, 2018; IWC, 2015; Stack et al., 2021).
Concern exists regarding multiple aspects of SWW activities, including the safety of both
humans and animals, the effects on animal behaviour, and cumulative impacts of multiple
stressors (Bejder & Samuels, 2003; Birtles, Arnold, et al., 2002; Machernis et al., 2018;
Samuels et al., 2003). Dolphin-watching (including swim-with programs) has been better
studied, and in several cases, behaviour changes and negative impacts have been observed
(Bejder et al., 2009; Bejder, Samuels, Whitehead, Gales, et al., 2006; Bejder & Samuels,
2003; Constantine, 2001; Higham et al., 2009; Samuels & Bejder, 2004). Similar
investigations into SWW programs have been repeatedly called for (Birtles, Arnold, et al.,

2002; Fiori et al., 2019; Lundquist et al., 2013; Sprogis et al., 2020; Stack et al., 2021).

1.2.1.1 Risks to whales

Research findings have begun to identify the behavioural changes and risk of harm to
both human and animal participants of swim-with activities. Many SWW programs directly
target swims with mother-calf pairs (Gero et al., 2016), a practice that is highly discouraged
(Birtles et al., 2008; Hoarau et al., 2020; Kessler & Harcourt, 2012). In the presence of
tourism vessels and human swimmers, humpback whale (Megaptera novaeangliae) cows and

calves in Tonga spent less time resting and more time diving than when observed away from
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tourism activities (Fiori et al., 2019). Similar disturbance responses have been reported
during humpback whale swim-with activities in Australia (Sprogis et al., 2020; Stack et al.,
2021), at Reunion Island in the Indian Ocean (Hoarau et al., 2020), and during swims with
right whales (Eubalaena australis) in Argentina (Lundquist et al., 2013; Vermeulen et al.,
2012). These behavioural changes almost certainly increase energy expenditure for these
animals during this critical life-history stage, which could have flow-on impacts to
reproductive fitness and survivability (Bejder & Samuels, 2003; Finkler & Higham, 2020).
Further, the cumulative impacts of these behaviour changes, along with other known
stressors, such as those due to climate change (e.g., declining food availability in the
Antarctic; Agrelo et al., 2021; Flores et al., 2012; Konishi et al., 2008, 2013; Nicol et al.,
2008; van Weelden et al., 2021), could result in significant declines in health (i.e., body
condition), fecundity, and survival for those individual whales and/or populations. However,
due to the practical considerations of such research including time, cost, logistics, and ethical
consideration, these long-term effects are challenging to study (Bejder, 2005). As such, most
impact studies focus on direct behavioural responses (Bejder et al., 2009; National Academies

of Sciences, 2017).

1.2.1.2 Risk to humans

Injuries to human participants during swim-with whale activities have also been
documented in several locations, although incidents are likely under-reported. In Australia, at
least three swimmers have been struck by the pectoral fin of a humpback whale — two in
Ningaloo Reef and one off the Rowley Shoals of Western Australia — each incident involving
a mother with a calf (Barra et al., 2020; Sprogis et al., 2017). Agonistic displays directed
towards swimmers have also been frequently observed in Tonga, suggesting that the whales

may perceive the swimmers as a threat (Fiori et al., 2020). In Ningaloo Reef, these “high-
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risk” behaviours (e.g., agonistic behaviours and breaching) occur significantly more often
near vessels and/or swimmers (Sprogis et al., 2017), further substantiating this hypothesis.
Compliance may also be a contributing factor to the risk of injury during swim-with
whales activities. A swimmer was struck by the pectoral fin of a humpback whale in Tonga
after attempting to touch the whale (Fiori et al., 2020). The influence of social media has been
proposed as a driver of non-compliance behaviours, as the desire to capture and share unique
experiences encourages individuals to seek out closer and more intimate interactions with
wildlife (Pagel et al., 2020). These incidents, which are likely much more frequent due to
underreporting and limited data capture, substantiate safety concerns for both whale and

human participants in swim-with whale activities.

1.2.1.3 Encounter time limits as a risk mitigation strategy

Most whale-watching tourism activities, whether in-water or boat-based, impose
maximum time limits on encounters with individual animals. These interaction time limits are
generally applied as a precautionary approach to minimise potential impacts and/or
disturbance to the animals, particularly in the absence of data on long-term or cumulative
impacts. The Australian National Guidelines for Whale and Dolphin Watching (2017) outline
“specific issues to be considered when developing or reviewing swimming operations”, and
these include “maximum cumulative time with a pod, individual or population per day” and
“maximum time for each interaction” (pg. 16). Higham et al. (2009) also recommend
consideration of contact time with focal animals. Many whale watching activities are limited
to a maximum of 1 - 1.5 hours with a whale or group, such as in Tonga (Fiori et al., 2020),
Western Australia (Sprogis et al., 2017), and Québec, Canada (Chion et al., 2013). However,
the effectiveness of this intervention is questionable, with low levels of regulatory

compliance found in multiple countries (Kessler & Harcourt, 2013; Mallard, 2019; Sitar et
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al., 2016), no regulation in others, and many unlicensed operators (Gleason & Parsons, 2019;

O’Connor et al., 2009).

1.3 Research opportunities from swim-with-whales programs

Despite their potential risks, SWW programs offer expanded research opportunities
for studying cetaceans. Due to the in-water access they provide, research from these
platforms is not limited to what can be observed from above-water, as with vessel-based
whale-watching and research. For example, most photo-identification (photo-ID) images of
cetaceans have been historically taken from boats. As a result, photo-ID studies were limited
to species with distinguishing features on body parts that break the surface, such as the tail
flukes of humpback whales (Katona et al., 1979), dorsal fins of bottlenose dolphins (Wiirsig
& Wiirsig, 1977), or the saddle patch of orcas (Dahlheim et al., 2008). Further, opportunities
to take appropriate images from vessels are limited to those brief instances when both a) the
animal is surfacing, b) the specified body part is visible, and c) suitably oriented for ID.
When in-water access is available, these limitations on collecting photo-identification data
can be mitigated or eliminated altogether. Thus, SWW programs, despite their inherent risks,
present valuable opportunities for cetacean research, offering unique in-water access that
transcends the constraints imposed by traditional vessel-based and aerial observation

methods.

1.3.1 Morphometry

In-water access to cetaceans also lends itself particularly well to the study of
morphometry. Biological morphometry describes the quantitative size and shape of an
organism (Stower et al., 1960). This involves the numeric measures of external physical

features, for example body and appendage lengths, and the relationships between these



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 11

features. Morphometry can be studied at different organizational levels (e.g., an individual
organism, a particular life-history stage, an entire species or taxonomic group, etc.) to help
understand a range of biological characteristics of an individual or population unit, such as
age, sexual maturity and ecological function. Body size has been identified as one of the most
important factors contributing to an individual or species’ function and performance
(Schmidt-Nielsen, 1984). Thus, precise morphometric measurements are paramount to
understanding many key characteristics for a population or species.

Historically, lethal sampling, either scientifically or opportunistically from strandings
and commercial whaling, has provided most morphometric measurements of large whales
(Kato et al., 2022; Kato & Fujise, 2000; Mackintosh & Wheeler, 1929; Yablokov, 1994).
These data can be useful, but strandings and incidental deaths are unpredictable, uncommon,
and are often biased towards sick, very old or very young animals (Caughley, 1966; Dunstan
et al., 2008). Further, length estimates from Antarctic whales are generally considered to be
poor (Best, 1984), and evidence suggests widespread falsification of both catch and length
data throughout the 20" century (Clapham & Ivashchenko, 2009, 2016; Ivashchenko &
Clapham, 2015; Yablokov, 1994). Therefore, data from these sources cannot be relied upon to
provide accurate insights into wild cetacean populations. The use of these methodologies
declined throughout the 20" century due to concerns over costs, biases, declining
populations, and moral values/ethics (Baker et al., 2000; Clapham & Ivashchenko, 2009;

Clapham, 2016).

1.3.2 Photogrammetry
As the use of lethal sampling techniques began to decline, the use of less invasive,
indirect techniques arose to measure live cetaceans at sea. Researchers begun using

photogrammetry (the science of making measurements from photographs or video footage) to
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derive length estimations of marine vertebrates in the 1980s (Best & Riither, 1992; Klimley &
Brown, 1983; Perryman & Lynn, 1993; Perryman & Westlake, 1998). These applications
allowed systematic in situ collection of data and provided larger and more representative
sample sizes of animal populations than historical sampling methods. Photogrammetry
techniques have proven useful for a range of research objectives for cetaceans including
population estimates (Fettermann et al., 2022), investigating body condition (Christiansen et
al., 2023; Vermeulen et al., 2023), monitoring entanglements (Ramp et al., 2021; Stewart et
al., 2021), health assessments (Apprill et al., 2017; Pirotta et al., 2017), behavioural studies
(Orbach et al., 2020; Torres et al., 2020), and taxonomic classification (Leslie et al., 2020).
Thus, the transition to non-lethal sampling techniques has provided a more sustainable
approach to the study of wild cetaceans that has since enabled diverse research objectives
across a range of applications.

Photogrammetry data can be collected from several different platforms. Initially,
photogrammetry of cetaceans was primarily boat-based (Dawson et al., 1995) or from
occupied aerial vehicles (Best & Riither, 1992; Cubbage & Calambokidis, 1987; Ratnaswamy
& Winn, 1993). More recently, advances in drone technology have facilitated the
development of low-cost unoccupied aerial vehicle (UAV) photogrammetry techniques
(Bierlich et al., 2021, 2023; Burnett et al., 2019; Christiansen et al., 2016; Goebel et al., 2015;
Gray et al., 2019; Krause et al., 2017; Torres et al., 2020; Vermeulen et al., 2023). Now, UAV-
based photogrammetry is one of the most widely utilised techniques for measuring body size,

growth, and condition of cetaceans (Castrillon & Bengtson Nash, 2020).

1.3.2.1 Constraints associated with common methods
While boat-based and aerial techniques are useful, they require specific environmental

and behavioural conditions, limiting their widespread application. These techniques generally
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require very calm weather, with wind potentially interfering with aircraft flight (Duffy et al.,
2018; Gao et al., 2021)and wave action interfering with views of the animals (Best & Riither,
1992; Christiansen et al., 2016). These platforms also require specific surfacing behaviour by
the target animals to avoid underestimation of length due to dorso-ventral body flexure;
ideally, the animals will be stretched out at the surface (Christiansen et al., 2018). Further,
aerial- and boat-based photogrammetry are generally limited to dorsal views only, since these
techniques rely exclusively on surfacing behaviour. Finally, many boat-based
photogrammetry studies have relied upon allometric extrapolation of various morphological
dimensions to estimate full-body length (e.g., tail fluke width), as the entire body is typically
not visible from boat-based vantage points (Dawson et al., 1995; Durban & Parsons, 2006;
Growcott et al., 2012; Jaquet, 2006; Ortega-Ortiz et al., 2022). However, considerable
variation in allometric scaling exists for some cetacean species (Spitz et al., 2000; Tomilin,
1967), and allometric relationships are unknown for others. As such, the application of boat-
based and aerial measurements is limited to those species for which allometric relationships
are well established, or the animal’s behaviour and weather conditions allow for straight, full-
body measurements. The appropriateness of these platforms thereby varies by both species

and location, and there are many circumstances under which neither option is viable.

1.3.2.2 Alternative methods: Underwater photogrammetry

Alternatively, underwater, diver-operated photogrammetry systems have been used
for morphometric research for a wide variety of marine fauna when in-water access is
available (Gibson et al., 2016). Animals successfully measured using these techniques
include several shark species (Klimley & Brown, 1983; Rohner et al., 2011; Smith et al.,
2015), southern bluefin tuna (Thunnus maccoyii; Phillips et al., 2008), reef manta rays

(Manta alfredi; Deakos 2010), humpback whales (Megaptera novaeangliae; Spitz et al.,
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2000). Given adequate water visibility and approach distance, the entire length of an animal
can often be photographed, eliminating the error associated with morphometric scaling and
extrapolation often required with boat-based and aerial techniques. Further, in-water access
potentially allows the animals to be photographed from many different angles, thus providing
increased measurement capabilities over aerial and boat-based platforms (Koopmans &
Wijftels, 2008). Diver-operated systems can also be relatively inexpensive compared to
occupied aerial surveying and/or vessel hire, generally requiring only simple photographic
and measurement equipment mounted to a sturdy frame, similar to UAV systems. Therefore,
swim-with programs offer an opportunity to expand the application of underwater
photogrammetry techniques, particularly where costs are otherwise prohibitive and where

above-water methodologies are unsuitable.

1.3.3 Array comparison of underwater photogrammetry systems
1.3.3.1 Single-camera photogrammetry

Several variations in physical photogrammetric systems exist. These can be broadly
split into two categories: single-camera systems and stereo systems. Single-camera
techniques use one camera in an underwater housing and either a sensor to determine the
distance from the camera to the target animal (termed the “range”) (Figure 1.1), or an object
of known size for scale near the target animal. For diver-operated systems the sensor is
usually a depth sounder (Dunstan et al., 2008; Spitz et al., 2000, 2002), for aerial surveys an
altimeter (Best & Riither, 1992; Ratsimbazafindranahaka et al., 2021), and for boat-based
photogrammetry a laser rangefinder (Jaquet, 2006; Wong & Auger-Méthé, 2018). First, a
calibration is performed, during which a two-dimensional object of known size (e.g., a PVC
pipe) is filmed at known ranges, to determine the camera lens angle. The trigonometric

relationship between the range and the camera lens angle allows the field-of-view (FOV) to
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be calculated. Subsequently, the length of the animal (or another morphometric feature) can

be estimated based on the proportion of the FOV it uses (usually by counting pixels).

An additional calibration is required to identify and correct any image distortion, such
as barrel distortion or image stretching (Clarke & Fryer, 1998; Dunbrack, 2006a; Dunstan et
al., 2008; Sobtzick, 2010; Spitz et al., 2000). For this calibration, a uniform two-dimensional
grid consisting of small squares (2-5cm) is filmed at sufficiently close range that it fills the
entire FOV of the camera. The length of each square is calculated using the same formulae as
for length measurements, and the comparison between expected (i.e., real) and measured (i.e.,

calculated) size allows a regression equation to be derived to correct for detected distortion.
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Figure 1.1. Schematic of measurement determination using underwater videogrammetry with a single
camera and distance sensor. Adapted from Dunstan et al. (2008).

1.3.3.2 Stereo-photogrammetry

Stereo photogrammetry uses paired cameras, fixed on a rigid bar/frame a known
distance apart, so that the field-of-views of both cameras overlap (Figure 1.2; Klimley
Brown, 1983; Shortis & Harvey, 1998). Some cameras are mounted parallel to each other
(e.g., Klimley & Brown 1983; Briger et al., 1999); however, most studies of marine
megafauna mount the cameras at a small, inwardly converging angle to maximise the
overlapping field-of-view (e.g., Shortis & Harvey, 1998; Smith et al., 2015). The further the

cameras are separated (termed the “base separation”), the more precise measurements are
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(Shortis & Harvey, 1998). Conversely, portability decreases with increased base separation,
and thus a trade-off exists that should be considered on a case-by-case basis. Photo or video
footage can be taken (i.e., photogrammetry or videogrammetry); if taking video, post-field
selection of still images is required for analysis. System calibrations and footage analysis are
more complicated than those for single-camera and paired-laser methods and are usually
conducted using calibration tools and computer software designed specifically for these

purposes (e.g., computer program SeaGIS 2016a; see Chapter 2).

<« Straight line distance

‘ i
Overlapping
field-of-view
Range
£‘ Y

Figure 1.2. Geometry of a typical stereo diver-operated video (SDOV) frame. L = left camera, R =
right camera. Adapted from Shortis & Harvey (1998).



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 18

Stereo-image techniques generally produce more accurate and precise measurements
compared to other methods (Harvey et al., 2002). The ability for stereo systems to correct for
parallax error (i.e., the underestimation of length that occurs when the measurement plane is
not exactly parallel to the camera plane) is likely to be a significant contributor to the
increased quality of SDOV measurements over other systems. This feature confers an
additional advantage, as the animal is not required to be absolutely perpendicular to the
camera(s) (Harvey et al., 2002; Jaquet, 2006), which may increase the quantity of suitable
footage for making measurements. Dawson et al. (1995) have argued that the accuracy and
precision for stereo photogrammetry is likely approaching the most accurate measurements
possible for open ocean conditions, when known biases are corrected for. The advances made
in recent decades to stereo-image technology are considered a significant contribution to the
effectiveness and management of marine ecosystems for conservation objectives (Gibson et

al., 2016).

1.4 Dwarf minke whales

The dwarf minke whale (Balaenoptera acutorostrata subsp.) is the second smallest
baleen whale, born at approximately 2 m in length and growing to a maximum measured
length of 7.8 m (Arnold, 1997; Best, 1985). Dwarf minke whales are distributed throughout
the southern hemisphere, including Antarctica, and were first acknowledged by science in
1985 (Arnold et al., 1987; Best, 1985; Kasamatsu et al., 1993). Prior to this, there were only
scattered reports of a “white-flippered form” of the southern hemisphere minke whale
(Balaenoptera bonaerensis; Arnold et al. 1987). Despite sharing its range with the southern
hemisphere minke, comparisons of the external colour patterning suggest a closer relation to
the ordinary (northern hemisphere) minke whale (Arnold et al., 1987; Best, 1985), of which

there are two described subspecies (Balaenoptera a. acutorostrata and B. a. scammoni).
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Genetic and osteological data corroborate this finding (Milmann et al., 2021; Pastene et al.,
2010; Ramirez-Flores et al., 2019; Rice, 1998). The exact taxonomic status of the dwarf
minke whale remains unresolved, and it is currently considered an undescribed subspecies of

the ordinary minke whale.

1.4.1 Significance of the Great Barrier Reef for dwarf minke whales

The only known predictable aggregation of dwarf minke whales occurs seasonally in
the Great Barrier Reef (GBR), Australia (Arnold, 1997). After migrating from the Antarctic
(Birtles et al., 2015), a minimum of several hundred animals aggregate in the Ribbon Reefs
each year, with approximately 15% of photo-identified individuals re-sighted in subsequent
years (Birtles et al., 2001; Sobtzick, 2010). Similar inter-annual site fidelity has been
observed in other baleen whales at wintering grounds and summer feeding grounds (Hoelzel,
1998; Stevick et al., 2006; Valenzuela et al., 2009).

While aggregating in the GBR, dwarf minke whales are unusually inquisitive, readily
approaching vessels and divers and often maintaining contact for prolonged periods (Arnold,
1997; Arnold & Birtles, 1999; Birtles, Arnold, et al., 2002). This gathering likely serves as a
mating ground for these otherwise solitary animals. While courtship behaviours are
frequently observed, copulation has never been recorded (Birtles, Arnold, et al., 2002;
Gedamke, 2004; Mangott, 2010). The inquisitive behaviour of dwarf minke whales in the
GBR was first documented in the 1980s (Arnold et al., 1987). In the 1990s, the liveaboard
dive tourism industry expanded operations into the winter months, and they began to
regularly observe this inquisitive behaviour (Arnold, 1997). From 1996, dedicated swim-with
trips were advertised. A permit system was introduced by the Great Barrier Reef Marine Park

Authority (GBRMPA) in 2003, with nine permits issued. This cap remains in place today.
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1.4.2  Swim-with tourism facilitating research

Almost all dedicated field research on dwarf minke whales occurs through this small
tourism industry. Permitted operators regularly provide berth spaces for researchers on their
liveaboard vessels throughout their “minke season” (a 6 — 9 week period each June and July
across the mid-peak of the seasonal aggregation period). The reliance on platforms of
opportunity is primarily driven by limited funding for dedicated research on dwarf minke
whales. However, the remoteness of the aggregation area is also a contributing factor,
increasing the logistical and financial demands of operating a dedicated research vessel in
this location.

The research facilitated by tourism operators on dwarf minke whales has been
multidisciplinary, investigating various aspects of: (1) the sustainable management of the
swim-with tourism industry (e.g., Arnold & Birtles, 1999; Birtles, Arnold, et al., 2002; Birtles
et al., 2001; Curnock, Birtles, & Valentine, 2013; Valentine et al., 2004); (2) external features
and colour patterns (e.g., Arnold et al., 2005; Hutchings et al., 2023; Konovalov et al., 2020);
(3) basic population demographics (e.g., Dunstan et al., 2008; Sobtzick, 2010); and (4)
behaviour of the whales during swim-with tourism interactions (e.g., Mangott, 2010; Mangott
etal., 2011; Valentine et al., 2004). Elsewhere, data have been collected opportunistically
from various sightings, strandings, and cetacean surveys throughout the southern hemisphere
including the Southern Ocean/Antarctica (Acevedo et al., 2011; Kasamatsu et al., 1993),
South America (Andriolo et al., 2010; Di Beneditto et al., 2018; Hassel et al., 2003; Milmann
et al., 2023), South Africa (Best, 1985), New Zealand (Dawson & Slooten, 1990), and other
parts of Australia (Arnold et al., 1987). Additionally, some data have come from whaling
records (Kasamatsu et al., 1993; Kato et al., 2022; Kato & Fujise, 2000), but these data

should be treated with caution (see section 1.3.1).
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1.4.2.1 Citizen science contributions: photo-identification imagery

Citizen science has played an integral role in developing James Cook University’s
(Minke Whale Project; MWP) long-term photo-identification database of dwarf minke
whales sighted in the Great Barrier Reef. Many passengers, including vessel crew, are
hobbyist photographers, and others simply wish to document their wildlife encounters.
Tourism operators also employ professional photographers to document passengers’ wildlife
encounters, who then sell their imagery to the passengers as a souvenir of their experience.
As a result, numerous cameras are usually in the water at any given time during an
interaction, sometimes up to several dozen. This provides an enormous opportunity for data
collection from tourism vessels. The value of such image donations to augment photo-
identification research was demonstrated by Sobtzick (2010) who found that citizen science
footage comprised over two thirds of the high-quality imagery used for photo-ID of dwarf
minke whales. Additionally, some whales were identified exclusively from citizen science
imagery (i.e., not captured in researcher imagery), and thus would have otherwise been
missed. As a result, everyone on board these trips is encouraged to donate copies of their
underwater imagery to support the MWP’s photo-identification research, and are briefed by
vessel crew and researchers on how to take useful ID photos. Some many thousands of
donated photos and videos are collected each season, often orders of magnitude more
imagery than collected by researchers alone. During the 2006 field season, citizen science
imagery accounted for approximately 70% of the high-quality imagery used for photo-

identification purposes by the Minke Whale Project (Sobtzick, 2010).

1.4.2.2 Potential impacts and risks of swimming with dwarf minke whales
The uniquely inquisitive nature of dwarf minke whales distinguishes their swim-with

interactions from those with other cetaceans. Unlike most swim-with whales (SWW)
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interactions worldwide, which are typically initiated by humans and last only a few minutes
(Gero et al., 2016), encounters with dwarf minke whales are characterised by voluntary
approaches by the whales themselves and can span several hours (Arnold & Birtles, 1999;
Curnock, Birtles, & Valentine, 2013). As a result, some of the closest known whale-human
approaches and longest interaction durations in SWW tourism activities are with dwarf minke
whales in the Great Barrier Reef (Birtles & Mangott, 2011; Samuels et al., 2003). While this
behaviour highlights the uniqueness of these interactions, it also raises concerns about the
potential risks of harm to both the humans and whales (Birtles, Arnold, et al., 2002; Birtles et
al., 2001). The prolonged duration and close proximity of these encounters substantiates a
strong research focus on understanding the dynamics of swim-with encounters with dwarf

minke whales.

1.4.2.3 Knowledge gaps

Despite decades of research in the Great Barrier Reef, significant knowledge gaps
remain for dwarf minke whales, including overall population size, structure and trajectory,
life history parameters, reproductive biology, and migratory patterns. Extensive effort has
been made to study and enhance the sustainability and safety of the swim-with tourism
industry in the Great Barrier Reef. Numerous research programs and studies have sought to
identify the risks of these interactions to both the people and the whales (Curnock, 2010;
Curnock, Birtles, & Valentine, 2013; Curnock et al., 2019; Sobtzick, 2010; Valentine et al.,
2004), and a collaborative management strategy including multiple stakeholders has allowed
this research to directly inform industry governance and management (Birtles et al., 2001,
2010, 2014; Birtles, Valentine, et al., 2002; Curnock, 2010; Curnock, Birtles, Valentine, et al.,
2013; Valentine et al., 2004). With a suite of protocols already employed by the industry to

mitigate risk and increase passenger safety, several risk assessments have concluded that the
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overall risk of harm to swimmers and whales is low; however, the potential for habituation is
a major concern (Birtles, Arnold, et al., 2002; Curnock, Birtles, Valentine, et al., 2013).
Certain individual animals have exhibited evidence of short-term behavioural changes,
approaching swimmers closer both as an encounter progresses and across subsequent
encounters within a season (Mangott, 2010; Mangott et al., 2011). More research is needed to
determine the extent of these changes, their long-term implications, and the broader
behavioural trends within encounters with dwarf minke whales.

The inquisitive behaviour of the whales, coupled with the accessibility facilitated by
the tourism industry, have provided ideal conditions to employ underwater photogrammetry
techniques for the study of dwarf minke whales in the Great Barrier Reef. A specialised
photo-identification methodology for dwarf minke whales has been developed over numerous
years (see Chapter 2 section 2.3.1), and initial measurements of total body length on live
dwarf minke whales were made using single-camera techniques in the mid-2000s (Dunstan et
al., 2008; Sobtzick, 2010). By combining photo-identification and body length
measurements, these studies enabled the first ever population size estimates for dwarf minke
whales, insights into demography, behaviour, and population structure in the Great Barrier
Reef, and preliminary data on live animal growth rates. Given the broad utility of
morphometric data, ongoing collection would be worthwhile, particularly for enabling
monitoring of important population trends over time with multiple time series data. Further,
methodological enhancements could yield more robust measurements and broaden

measurement capabilities beyond total body length.

1.5 Research aims, objectives, and thesis structure
In this thesis, I aimed to increase the quality and quantity of morphometric data of

dwarf minke whales and developed species-specific protocols to facilitate this. I also built on
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previous research by combining measurement science, photo-identification, and behavioural
research to develop a deeper understanding of dwarf minke whale demography, growth
patterns, and behaviour during swim-with activities.
This thesis has two overarching aims:
(1) To increase the quality and quantity of morphometric measurements of dwarf minke
whales, and
(2) Increase our understanding of dwarf minke whale biology and behaviour using these
improved measurement techniques.
To achieve these aims, I developed three objectives, each corresponding to a data chapter in

this PhD thesis:

Objective 1: To develop more precise measurement techniques for dwarf minke whales
Study 1 — Chapter 3. In Chapter 3, I trialled the replacement of a single-camera
photogrammetry system with a stereo system for making morphometric measurements of
dwarf minke whales in the Great Barrier Reef. I compared measurement quality between both
systems, using data collected in this study via a diver-operated stereo-video (SDOV) system
and those collected by Sobtzick (2010) via a single-camera system. I then developed
additional protocols to optimise the filming and measurement process for small- to medium-
sized cetaceans, and dwarf minke whales in particular. This Chapter formed the basis for all
following data Chapters, as these new techniques and protocols are followed throughout.
Objective 2: To investigate demographic and temporal differences in morphometry
parameters of the interacting dwarf minke whale population in the Great Barrier Reef
Study 2 — Chapter 4. In Chapter 4, I explored the morphometric relationships
between several body measurements of dwarf minke whales using the stereophotogrammetry

filming and analytical techniques developed in Chapter 3. I investigated population structure,
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biological scaling, sexual dimorphism, growth rates, body condition, and I investigated long-
term demographic trends by comparing body length measurements to data from previous
studies.

Objective 3: To investigate the drivers of interactive behaviour of dwarf minke whales
during swim-with tourism activities in the Great Barrier Reef

Study 3 — Chapter S. In Chapter 5, I used the same SDOV system and measurement
software to investigate variation in behaviour of dwarf minke whales during tourism activities
in the Great Barrier Reef. | measured the approach distances of whales to swimmers during
in-water interactions and use mixed methods modelling and regression analysis to identify
potential drivers of this inquisitive behaviour, using approach distance as a proxy.

Finally, in Chapter 6, I provide a summary of my major research findings, their
contribution to the biological understanding of dwarf minke whales, and the potential
implications for the conservation of dwarf minke whales and management of the swim-with
tourism industry in the Great Barrier Reef. I also provide future research recommendations to
further contribute to these fields.

All data chapters (Chapters 3-5) were written in a format to enable publication in peer
reviewed journals, as recommended in James Cook University’s Higher Degree by Research
Thesis Preparation Guidelines. Chapter 3 was published in Marine Mammal Science in 2020
(doi: 10.1111/mms.12724). Minimal edits have been made to Chapter 3 post-publication;
some Introduction and Methods text has been removed and paraphrased in Chapters 1 and 2

of this thesis, to minimise repetition.
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Preamble

This chapter describes the general field methodologies and data collection protocols
used in this thesis. The field protocols were developed by James Cook University’s Minke
Whale Project over years of utilising endorsed swim-with liveaboard tourism vessels as
platforms of opportunity to study the dwarf minke whales that aggregate in the Great Barrier
Reef each year and are described in Birtles, Arnold, et al., (2002). I evaluated these protocols
in the context of my research aims and further developed them to support my specific data

collection requirements and needs.

2.1 Study site
2.1.1 Aggregation area

Dwarf minke whales have been sighted throughout much of the Great Barrier Reef
Marine Park, from north of Lizard Island (14°36S) to the Swain Reefs (22°S) (Arnold, 1997).
Most sightings, as well as the inquisitive behaviour that enables the success of the swim-with
tourism industry, occur almost exclusively in the Ribbon Reefs region near Lizard Island
(Fig. 2.1). More specifically, over half of all reported dwarf minke whale sightings occur in
the outer lagoon region area Ribbon Reefs 9 and 10 (Curnock, Birtles, & Valentine, 2013).
Ninety percent (90%) of these sightings occur during austral winter in the months of June and
July. Sightings are most common in the Great Barrier Reef, and their characteristic inquisitive
and aggregate behaviour that facilitates such success in the swim-with tourism industry
appear to be particularly localized there (Birtles, Arnold, et al., 2002; Curnock, Birtles, &
Valentine, 2013; Mangott et al., 2011). This region and seasonal occurrence is often referred
to by researchers and tourism operators as the “aggregation area”, and will be referred to as

such herein.
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Figure 2.1. Section of the Great Barrier Reef where most sightings of dwarf minke whales occur.

Swim-with tourism vessels operate in the dashed area to the west of the outer Ribbon and Agincourt
reef complexes. Vessels depart from Cairns and on their northerly steam begin to regularly encounter

dwarf minke whales near Ribbon Reef 3, with the highest sightings frequency at dive sites close to
Ribbon Reef 10.
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2.1.2 Remote site access: swim-with dwarf minke whale tourism platforms of opportunity
Dedicated dwarf minke whale research has been facilitated through in-kind support
from the swim-with tourism industry in North Queensland. Specifically, tourism operators
have allocated vessel berth space for researchers aboard their trips to the aggregation area.
Occasionally, media expeditions and private charters have also supported this research, and
these opportunities have been utilised ad hoc to collect additional field data. However, the
majority of site access is provided through mutually beneficial relationships with regular
tourism operators. During the three field seasons of this study (2017 — 2019), all but one field
trip were aboard regular tourism vessels, and one was a private charter arranged for a media
documentary (Table 2.1). Some vessels provided a single berth per trip to researchers, while

others provided space for up to three researchers per trip.

2.1.2.1 Trip overview and vessel itinerary

Swim-with dwarf minke whale tourism trips are combined activity trips, including
reef SCUBA diving and swimming with whales when encountered. Through years of
experience and frequent crew exchange amongst operators, endorsed liveaboard vessels have
developed similar schedules for these dedicated “minke trips”. Generally, four to five reef
dives are scheduled each day, some of which may be exchanged with swimming with whales
if they are encountered. Most in-water interactions with dwarf minke whales begins when one
or more whales approach a stationary vessel already moored or anchored at a dive site. As a
result, selection of dive sites is based on a combination of both SCUBA dive suitability and
probability of a whale encounter. If weather conditions and passenger diving experience are

suitable,
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Table 2.1: Details of data collection field trips.

Permittee/Sponsor Vessel Length  Cruising Passenger Itinerary overview Data collection trip
name speed capacity dates

Mike Ball Dive Spoilsport 29 m 12 kn 31 3- and 4-day trips to the Ribbon Reefs. Departed 8 — 15 June 2017
Expeditions Pty Ltd Cairns on Thursdays and Lizard Island on 22 —29 June 2017

Mondays throughout June and July.

14 — 21 June 2018
6 — 13 June 2019
4 —11 July 2019

Divers Den Ocean
Investments Pty Ltd Quest
(now operating as

Entrada Travel Group

48 (reduced to
35 for swim-
with minke

4-day liveaboard trips to the outer reefs. Spent
day 1 at outer reef dive sites off Cairns, spent
days 2-4 in Ribbon Reefs. Departed Cairns on
Fridays throughout June and July.

16 — 20 June 2017
711 July 2017
14 — 18 July 2017
8 — 12 June 2018

Pty Ltd) 22 —26 June 2018

6 — 10 July 2018

13— 17 July 2018

27-31 July 2018

21 —25 June 2019

28 June — 2 July 2019

12 — 16 July 2019

ICG Australia Pty Spirit of 3-day liveaboard trips to the outer reef. Spent day 4 —7 June 2018

Limited (now Freedom 1 at outer reef dive sites off Cairns, spent days 2- 23 —26 July 2018
operating as Entrada 3 in Ribbon Reefs. Departed Cairns on Mondays,

Travel Group Pty Ltd) returned Thursdays, throughout June and July.

Great Latitude Pty Ltd ARGO
(vessel permittee),

Nine Entertainment Co

Pty Ltd

4-day liveaboard trip to the Ribbon Reefs.
Departed Yorkey’s Knob 20 July; 4 days in the
Ribbon Reefs, returned 25 July (media
expedition private charter)

20— 25 July 2017
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the sites with the highest probability of encountering dwarf minke whales, such as
Lighthouse Bommie and Steve’s Bommie, are almost certainly visited at least once every trip
(Curnock, Birtles, & Valentine, 2013). Whales are occasionally spotted by someone while the
vessel is steaming and, depending on the vessel’s schedule and conditions at the location
(e.g., depth, current, visibility), the vessel may stop to see if the whale(s) will interact.
Dedicated swim-with trips generally commence in the first week of June each year and run
through the last week of July, guided by consistent yearly “peak season” sightings histories
(Birtles et al., 2014). Sightings occasionally occur outside of these dates, particularly at the
end of May and beginning of August. However, whales sighted at these times are noticeably

less interactive, with fewer whales per encounter and shorter encounter durations.

2.2 Data collection

2.2.1 Equipment and calibration methods

The diver-operated stereo-video (SDOV) unit used in this thesis was purchased from
SeaGIS, a measurement science software and hardware company (Fig. 2.2). This frame had a
base separation of 800 mm and was fitted with two GoPro Hero 4+ Silver action cameras
enclosed in waterproof housings. GoPro camera settings used were 1920 x 1080 resolution,
30 fps, and medium FOV. These settings were chosen in consultation with J. Seager, the
developer of the SeaGIS camera systems and measurement software. Calibration equipment
consisted of a 1 x 1 x 0.5 m purpose-built calibration “cube” and a 1.2 m measurement “scale

bar”, both covered in high-contrast targets of known separation, also supplied by SeaGIS.
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Figure 2.2. Technical equipment used for videogrammetry data collection. a) Three-dimensional cube
used for calibration of stereo-videogrammetry system; b) diver-operated stereo video (SDOV) camera
system (frame + GoPro cameras); ¢) schematic of calibrated scale bar used to assess SDOV system
calibration accuracy and stability (Length 1 =0.4582 m, Length 2 = 0.7526 m, Length 3 = 1.2108 m);
and d) PVC pipe used in pool trial, with marked points for reference every 1 m. (a) and b) reprinted
from Seager (2016a); Seager (2016b).

Calibrations were conducted in a large swimming pool prior to each field season.
SeaGIS recommended to re-calibrate whenever cameras are replaced or substantially
bumped. Thus, one additional mid-season calibration was required during the 2017 sampling
period due to a camera flooding occurrence. The calibration process is described in detail in
SeaGIS (2016a) and involves recording video footage of the calibration cube with the SDOV
system. During calibration the cube was rotated and filmed at 20 pre-determined orientations
at approximately 2 m distance. This allowed the cube to fill as much of the overlapping field
of view as possible from both cameras (see Chapter 1 section 1.3.3.2), from herein referred to
the “effective field of view, or eFOV”, ensuring that the entire eFOV can be calibrated.
Following the cube filming, the 1.2 m scale bar was filmed at multiple orientations and

distances to enable post-field validation of the calibration procedure (i.e., to compare
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estimated vs actual lengths). The integrity of the system’s calibration was validated
periodically throughout each field season by re-filming the scale bar under typical field
conditions (i.e., in an open ocean setting). After the calibration data collection, footage was
processed through the SeaGIS suite (see section 2.3.2.1). This completed the calibration

process.

2.2.2 General field protocols

2.2.2.1 Encounter overview

A dedicated surface watch for whales was conducted each day while at sea, generally
from the top deck of the vessel at a height of approximately 7 — 10 m. Watch was kept
throughout daylight hours, from approximately 6:30 am - 6:30 pm in June-July. When a
whale was sighted near the vessel, one to two nylon ropes with floats were deployed from the
vessel, usually attached at the stern, which trailed behind the vessel on the surface. A crew
member or researcher then entered the water to see if the whales would interact. Once a
whale was confirmed as sighted underwater, an in-water interaction began (Birtles, Arnold,
et al., 2002; Mangott, 2010) and passengers entered the water. As part of the endorsed
operators’ permit conditions, all swimmers, including crew and researchers, are required to
hold onto the surface rope (Birtles et al., 2008). Whales typically swim around vessels in
large loops and tend to aggregate specifically around swimmers (Mangott, 2010). Anywhere
from 1 to 20 individual whales may be sighted at a time and are visible from distances up to
20-40 m underwater (depending on localized conditions). In-water interactions in the vicinity
of Ribbon Reefs Nos. 9 and 10, where the majority occur, typically last between 3 — 4 hours
(Sobtzick, 2010). Occasionally, encounters up to 12 hours have been recorded in this area

(Birtles, pers. comm.).
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Most often, in-water interactions occurred while the vessel was moored or anchored at
a dive site. Occasionally, if whales were sighted while steaming, the engines were stopped
and a drift encounter occurred. Provided the wind speed was sufficiently calm and wind
direction was suitable (i.e., to not drift into an island or onto a reef), the crew deployed one or
two surface ropes without mooring or anchoring the vessel. The vessel would slowly drift in
the wind, and whales would often follow along or join the encounter as the vessel drifted
through the aggregation area. All legal obligations for endorsed operators and swimmers
during encounters with dwarf minke whales can be found in the industry’s Code of Practice

(Birtles et al., 2008).

2.2.2.2 Photogrammetry filming protocols

Once an in-water interaction was underway, cameras were turned on and locked into
their housings in the SDOV frame. Before entering the water, a synchronising hand gesture
was filmed to enable post-field synchronisation of the video footage (e.g., a quick clap of the
hands or pinching of the fingers). I then entered the water as soon as possible with the SDOV
system and remained in the water for the duration of the interaction. To correct for any
potential desynchronisation due to video drift (Seager, 2016d), the synchronising hand
gesture was repeated periodically throughout filming periods, roughly every 15 min. I
positioned myself at the end of the surface rope whenever possible for consistency, to film
the encounter from the same general position relative to other swimmers and the vessel.

I remained in the water and continued filming whenever whales were present, until
either the encounter ended or the camera battery life ended. Returns to the boat were kept as
brief and infrequent as possible, for example, to recharge and swap cameras, use the

bathroom, or warm up briefly during long encounters. If more than one researcher was
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present on a vessel, then returns to the boat were staggered so that at least one researcher was
always in the water during an interaction.

Encounters ended when either a) a whale was not seen underwater for over 30 min or
b) passengers were instructed by the crew to exit the water for other reasons, such as dusk
falling or the itinerary requiring a move to another location. Due to the GoPro cameras being
fixed into the SDOV housings, batteries could not be exchanged without removing the
cameras. Removing the cameras was not feasible as this would require recalibration (Seager,
2016b). Thus, the camera battery life dictated the end of the photogrammetry data collection
for that interaction. To maximise filming capacity, battery extension packs were fitted to the
cameras, allowing up to approximately 3.5 hours of filming when fully charged. Details of
how I further modified the standard researcher data collection protocols for the requirements
of this study (i.e., to obtain footage suitable for measuring morphometrics and approach
distances) will be found in Chapter 3 (section 3.4.1). Encounter and environmental data for
each encounter were recorded on a Whale Sighting Sheet (Appendix A), a standardised data
sheet developed by the Great Barrier Reef Marine Park Authority (GBRMPA) and James
Cook University which permit holders are required to complete for every swim-with

interaction with dwarf minke whales.

2.2.2.3 Photo-identification data

Passengers and crew were encouraged to donate copies of any imagery of dwarf
minke whales they collected with their personal cameras during each trip. The presence of
multiple photographers enables a larger portion of an interaction to be photographed, which
can be quite spread out if long or multiple ropes are used. Surface ropes can be up to 50 m in
length, well beyond the limits of typical underwater visibility in this area. Thus, some

swimmers may observe and photograph some individual animals that others did not see or
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capture. Therefore, collecting passenger and crew imagery donation was a high priority for
this research. When a battery depleted in the SDOV system, I exited the water, exchanged the
SDOV system with a regular underwater camera to capture supplemental photo-identification
imagery. When multiple researchers were present, they prioritised time in-water to collect

additional photo-identification imagery.

2.2.2.4 Methodological limitations

Data for this research were collected from commercial tourism vessels (i.¢.,
‘platforms of opportunity’), not dedicated research vessels — which would be prohibitively
expensive. While encountering dwarf minke whales was an advertised priority for each trip,
sampling of the study area was non-systematic. Steaming between dive sites was not always
linear, to search for whales. Whales sighted while steaming were not always attempted to be
swam with, due to scheduling constraints and suitability of the location and/or vessel.

Since interactions with dwarf minke whales rely on voluntary approaches of whales, it
is possible that some whales in this aggregation avoided interacting and were thus not
available to be identified (Sobtzick, 2010). However, given that dwarf minke whales
aggregate around vessels and swimmers (Mangott et al., 2011), and most sightings turn into
encounters (Birtles et al., 2014), even those from several kilometres away, it is reasonable to
assume that most dwarf minke whales using this aggregation area were available to be

identified (Sobtzick, 2010).

2.3 Data pre-processing
2.3.1 Photo-identification
All field imagery was first pre-processed for photo-identification of individual

whales, following procedures outlined in Sobtzick (2010). Photo-identification data were
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utilised across all data chapters in this thesis. The photo-identification process for dwarf
minke whales is species-specific, as it relies on classification of unique colour patterns
(Arnold et al., 2005), but is generally similar to other cetacean ID processes (e.g., Franklin et
al., 2020; Fujiwara & Caswell, 2001; Katona et al., 1979), particularly blue whales
(Balaenoptera musculus) (Calambokidis & Barlow, 2004; Sears et al., 1990). Although
variation in colour patterns can be seen all over the body, photo-identification of dwarf minke
whales has focused on the pectoral flippers and the flank just above the pectoral flippers (Fig.
2.3). The high contrast between light and dark patches in this area makes it desirable for
photo-ID, as the patterns are more likely to appear clearly in imagery (Birtles et al., 2001).
Furthermore, the colour patterns of this area are particularly variable (Arnold et al., 2005;
Hutchings et al., 2023), and as such are likely to reduce Type I errors (false positives;
mismatches), which occur when two photographs are falsely concluded to be of the same
animal (Sobtzick, 2010; Urian et al., 2015). Additional markings were also used to assist with
photo-ID, such as scars from possible predatory attacks or vessel strikes (Birtles, Arnold, et
al., 2002).

Whale imagery collected by researchers, passengers, and crew were reviewed by
myself or one of several student volunteers who were trained specifically for photo-
identification of dwarf minke whales. This was completed one encounter at a time. Photos
were first graded for 1) quality and 2) amount of identification information contained in the
photo on a scale developed for photo-ID of sperm whales (Physeter macrocephalus; Arnbom,

1987) and utilised by Sobtzick (2010) for photo-identification of dwarf minke whales
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Figure 2.3. The main features used for photo-identification of individual dwarf minke whales in the
Great Barrier Reef. A: thorax patch (tip shape, indentation); B: speckling in shoulder blaze; C:
speckling in flipper blaze; D: extent of attachment of the axillary patch to the thorax patch. Reprinted
from Sobtzick (2010).

(Appendix B). Imagery falling below the chosen level of acceptable quality and information
was rejected to reduce the likelihood of Type II errors (false negatives; missed matches). A
positive whale ID match was made between two images when at least three unique features
could be identified in both images. If sufficient features could not be identified, that photo
was classified as “unknown ID”. A reference library of high quality photos was collated for
every identified whale, and each ID match across multiple encounters was reviewed by a

second trained researcher or volunteer.
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Whale IDs were categorised as “complete” IDs when both the left and right sides of
that individual were identified. When only one side of a whale was identified, that whale ID
was categorised as a “left-only” or “right-only” partial ID. It is likely that many of the left-
only partial IDs represent the same individuals as the right-only partial IDs, but that the
available imagery was simply insufficient to link them together as the same animal. Thus, to
prevent double-counting of individuals, only the partial ID category with the higher number
of IDs was used in each data analysis in this thesis (i.e., left-only or right-only, never both).
The side used could be different for each analysis depending on the subset of IDs required for

that analysis (e.g., all identified whales vs measured-only whales vs sexed-only whales, etc.).

2.3.1.1 Sub-sampling of photo-identification imagery
Due to the time-intensive nature of the manual photo-identification process, a
complete review of all photos of all encounters was not possible. Encounters with both a low
number of estimated whales (i.e., 5 whales or less) and a high number of photos (i.e., more
than 1000 images) were sub-sampled.
The following protocols were developed to select which images would be reviewed in
these sub-sampled encounters:
1. Photographers within an encounter were priority ranked based on their relevant
experience and expertise: 1) researchers, 2) onboard photographer(s)/videographer(s),
3) other vessel crew, and 4) passengers
2. Images from priority photographers were selected to cover as much of the encounter
duration as possible (i.e., include photos from the beginning, middle, and end of the
encounter in case new individuals joined part-way through an encounter)
3. After researcher photos were analysed, additional photographers’ photos were

reviewed until no new whales were identified in 100 photos.
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A total of three encounters were sub-sampled following this protocol.

2.3.1.2 Limitations

While generally reliable, photo-ID studies do have some limitations. Some photo-ID
studies only enable the identification of a subset of the population (Auger-Méthé &
Whitehead, 2007). This can occur when the distinguishing features are only present on some
animals, such as scarring (Gowans & Whitehead, 2001), if markings change over time, or if
they are too simple to distinguish individual animals from each other (Hammond, 1990;
Urian et al., 2015). Fortunately, the colour patterns on dwarf minke whales remain stable over
at least several years and are sufficiently complex to allow for unequivocal identification of
individuals (Arnold et al., 2005; Birtles, Arnold, et al., 2002; Hutchings et al., 2023; Sobtzick,
2010). Additional protocols developed for quality control and error mitigation purposes are

described in section 2.5.

2.3.2 Photogrammetry

2.3.2.1 Calibration footage

Calibration footage was processed in “CAL”, one of two computer programs in
SeaGIS’s photogrammetric software suite. The step-by-step user guide provided with the
program was followed for calibration processing (Seager, 2016b). Briefly, I manually
identified every target that was visible on the calibration cube in both the left and right
camera footage in each of the 20 orientations filmed during the calibration. This enabled the
program to compute a calibration-specific file for each camera to be imported into
EventMeasure. These files enabled true distances to be measured in any footage that was

suitable for that particular calibration (see section 2.2.1).
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2.3.2.2 Whale measurement assessment trial

Before conducting measurements, an initial assessment was necessary to determine
the feasibility of measuring morphologic features on dwarf minke whales. Therefore, a
preliminary experimental review of the footage was undertaken. After reviewing
approximately half of the stereo imagery collected in the first sampling period (2017),
consisting of over 18 h of video footage, nine features were ultimately selected (Fig. 2.4)

based on a qualitative assessment of usefulness and measurability (Table 2.2).

Figure 2.4. Schematic of a dwarf minke whale (dorsal view) identifying the nine morphological
features selected for measurement and the reference points used to measure each feature. 1 = Total
body length (TBL), 2 = Snout-to-dorsal-fin length (SDF), 3 = Fluke width (FW), 4 = Snout-to-
blowhole length (SBH), 5 = Width at eyes (WE), 6 = Width behind eyes (WBE), 7 = Width at anterior
insertion point of pectoral fin (WAP), 8 = Width at posterior insertion point of pectoral fin (WPP), 9 =
Width at widest point (WWP).
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1 Table 2.2: Rationale for the selection of morphologic features to be measured.

Morphologic feature: Usefulness Measurability

reference points used Practical applications/biological/ecological significance Does this feature have discrete and visible reference points
that can be identified in SDOV footage?

How visible is this feature during in-water interactions?

Total body length e Proxy for age (relative and, eventually, absolute) e Discrete reference points
(TBL): tip of snout, e Life-history and population demographics (Christiansen et | e Dependent on: a) swimming behaviour (cannot be
caudal notch al., 2018; Dunstan et al., 2008) measured during any active swimming behaviour, only
e Growth rates (Christiansen et al., 2014; Fortune et al., during gliding behaviour, due to dorso-ventral (DF) body
2012) flexure); b) orientation (an absolutely lateral view
e Only in-situ measurements previously collected for dwarf obscures the caudal notch, and DF flexure is more
minke whales (Dunstan et al., 2008; Sobtzick, 2010), and difficult to detect from dorsal views); and c) approach
thus comparable to previous studies distance (cannot be measured during approaches closer
than ca. 3.5 m as the entire length of the body cannot be
filmed)
Snout to dorsal fin e May be a reliable proxy for length (Mead & Payne, 1975) e Discrete reference points
(SDF): tip of snout, e Useful because TBL cannot always be measured due to DF | e Slightly more achievable than TBL because it is: a) less
anterior dorsal fin flexure, which particularly affects the tail region, and entire impacted by DF flexure (e.g., can be measured during
insertion point body length not fitting in frame some active swimming behaviour, i.e., when the tail is

beating but the rest of the body remains straight, as well
as during gliding behaviour); b) visible from all lateral
and dorsal views; and ¢) measurable at closer approach
distances (e.g., as close as ca. 2.5 m)

Fluke width (FW): e May be a reliable proxy for length, e.g., sperm whales e Discrete reference points
lateral tips of caudal (Jaquet, 2006), humpback whales (Sousa-Lima & Groch, e Decreased precision when measured from lateral view
flukes 2010) (i.e., parallax error, see Chapter 3 section 3.2.6)

e Relationship may provide insights into feeding behaviour
(Woodward et al., 2006)

Snout to blowhole e Proxy for length of head (Whitehead & Payne, 1978) e Discrete reference points
(SBH)i tip Of.SHOUt, e Allometric growth: length of head relative to TBL (i.e., ¢ Blowhole crease is thin and not visible in distant passes or
anterior margin of LHS SBH:TBL ratio) may decrease with age (Pittenger, 1990) when water clarity is poor

blowhole crease
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Width at eyes (WE):
lateral margin of each
eye at middle/widest
point

Proxy for width of head

Likely to be unaffected by body condition (i.e., determined
by skull width, not fat stores), thus may provide a relatively
standardized width measurement

Discrete reference points
Only visible from dorsal view

Width behind eyes
(WBE): halfway
between WE and WAP

Probable location of blubber accumulation (Konishi, 2006),
and thus potential indicator of body condition

Requires on-screen measurement of point halfway

between WE and WAP (thus also only measurable if WE

and WAP are measured)
Only visible from dorsal view

Width at anterior
pectoral fin insertion
point (WAP): anterior
pectoral fin insertion
point

Not particularly known for blubber accumulation, thus
possible standardized width measurement for comparison
to other width measurements which are more likely to vary
with changes in body condition

Discrete reference points

Requires specific swimming behaviour for reference
points to be visible (i.e., pectoral fins must be near or
fully extended)

Only visible from dorsal view

Width at posterior
pectoral fin insertion
point (WPP): posterior
pectoral fin insertion
point

Same as WAP

Discrete reference points

Requires specific swimming behaviour for reference
points to be visible (i.e., pectoral fins must be near or
fully extended)

Only visible from dorsal view

Width at widest point
(WWP): visible
estimation of widest
point at approximately
mid-body length

Probable location of blubber accumulation (Konishi, 2006),
and thus potential indicator of body condition

No discrete reference points

Determination of widest point may be different in LHS
and RHS video frames due to different perspectives
Only visible from dorsal view
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2.3.2.3 Whale measurements

All body measurements of whales were processed in EventMeasure, the second
program in SeaGIS’s measurement suite. The user guide for this program was followed
(Seager, 2016d), which outlines general (i.e., not whale-specific) procedures for making
three-dimensional straight-line measurements. Measurements were made by pausing the
videos on suitable frames and manually identifying pairs of points representing the desired
measurement(s) in both videos. Ideal images for morphometric body measurements occurred
when a whale passed 1) directly below the cameras, 2) with minimal/no body flexure, and 3)
between approximately 4 - 12 m (4 m being the approximate distance at which the entire
length of a whale could be seen in both images, and 12 m being the approximate distance
when precision decreased to an unacceptable level and water clarity and/or light rendered the
reference points difficult to identify). Lateral-view passes were also acceptable for some
measurements, but not all (e.g., total body length could be obscured because the caudal flukes
obscured the caudal notch). The software program then converted the point coordinates into
three-dimensional object space (X, y, and z), and computed the straight-line distance between
paired points. For each measurement, the photo-ID reference library was manually consulted
to identify the whale being measured (when the footage was of sufficient quality to make a
positive ID). Repeat measurements were obtained whenever possible (i.e., during repeat

passes of sufficient quality).

2.3.2.4 Approach distances

Whale-swimmer approach distances were also measured from the stereo footage in
EventMeasure. Each time a whale swam past the videographer (i.e., myself), it was termed a
‘pass’ or an ‘approach’. Measurements were made by pausing the videos at the closest

estimated point of each pass and selecting a “reference point” on the body that was visible in
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both stereo-videos. When a whale passed by side-on (i.e., a lateral view), the reference point
was usually a feature on the shoulder blaze. When a whale passed underneath (i.e., dorsal
view), the anterior dorsal fin insertion point or a visible scar on the dorsal surface was used.
When present, recent cookie-cutter shark bites were useful reference points as they can be
bright white and very visible for a number of weeks or months before they re-pigment
(Birtles, Arnold, et al., 2002; Jones, 1971). Once the reference point was selected in both
videos, the software computed the distance from the mid-point between the two cameras to
the selected reference point, termed the ‘range’. This measurement was used as a proxy for
whale-swimmer approach distance. This process was repeated several times for each pass to
determine the true closest point of the pass, and the measurement made at this point was
saved. A pass was considered complete when a whale changed directions and began to move
closer to the researcher after having moved away (i.e., representing the beginning of a new
pass), or when the whale was no longer visible due to underwater visibility (i.e., left the field

of view).

2.3.3 Sex identification

Sex identification of dwarf minke whales can be made opportunistically either in-
water or from photo or video imagery. As with other cetaceans, the sex of a dwarf minke
whale can be identified by the relative positioning of the urogenital slit to the anus (Berta et
al., 2005; Best, 1985). Thus, a sex identification requires the observer or photographer to
obtain a clear view or image of the ventral surface of a whale. This area is only visible to an
observer at the surface when a whale performs one of a small number of specific behaviours,
such as a “belly presentation”, “headrise”, or “barrel roll” (Mangott, 2010). These behaviours

are relatively rare; therefore, sex can only be determined incidentally and has been
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determined for a maximum of approximately one-third of dwarf minke whales in previous

photo-identification studies (Sobtzick, 2010).

2.4 Data summary

Videogrammetry imagery was collected for 21 encounters in 2017, 17 encounters in
2018, and 20 encounters in 2019. While the initial objective of this study was to analyse all
footage collected across the three sampling periods, to obtain morphometric measurements
and whale-swimmer approach distances from every suitable pass that was filmed, imagery
processing (photo-identification and measurements) took considerably longer than
anticipated. Consequently, after completion of processing of the 2017 data (approximately 40
hours of videogrammetry footage and 15,000 regular photos and videos), I had to refocus my
analyses more strategically. Photo-identification was successfully completed for all three
sampling periods. Therefore, I used re-sightings of whales across all three years to obtain
time series data of those animals. Analyses of newly identified whales and approach distances
were only measured from 2017. Over 10,000 photos and videos were reviewed for photo-
identification for each of the three sampling years, facilitating the identification of over 140
unique individuals. A total of 1,327 morphometric measurements were made on 104 dwarf
minke whales, and over 1,100 whale-swimmer approach distances were obtained for this

thesis.

2.5 Quality control and error mitigation procedures
2.5.1 Mis-matches
Positive identification of individual dwarf minke whales can be nearly unequivocal

with high—quality footage showing colour patterns in clear detail (e.g., good visibility and
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lighting, close proximity to the animal). However, distant passes or poor lighting conditions
in photo or video footage can potentially result in the mis-identification of animals (i.e., a
false positive or negative). While several protocols were followed to ensure that these types
of errors are minimised (see section 2.3.1), the risk cannot be eliminated entirely. If a high
degree of certainty can be established for the most difficult of identifications, then we can
logically presume a high degree of confidence across a// identifications. Thus, a third
researcher was given a subset of de-identified images from 10 of the most distant
identifications from the first sampling period (2017). These photos were checked against the
existing photo-ID database (containing over 400 unique dwarf minke whales), and each
image was either matched to an existing whale in the database or classified as a “new whale”.
This resulted in a 100% agreement with the initial identification process (which already
requires confirmation by two trained researchers/volunteers). Therefore, I concluded that
there is generally a high degree of confidence across all identifications.

Another opportunity to identify instances of whale identity mis-identification arose
when replicates of morphometric measurements were achieved for a given animal. Poor
replicate precision may indicate a measurement outlier or could potentially represent a mis-
identification of the individual whale during that pass. For example, if two or more TBL
measurements were achieved for a particular animal, and there was poor precision amongst
them, then one (or more) of those measurements may have been a mis-identification of a
whale of a different size. Precision (as CV) was calculated for all measurements with
replicates and plotted in histograms with 0.5% CV intervals (Fig. 2.5). Potential outliers were
visually apparent as increased counts of replicates with poor precision. I reviewed the video
footage of each pass during which a measurement was made to confirm or reject the assigned
ID. Following this approach, two mis-identifications were found each of TBL, SDF, and FW

measurement types and subsequently corrected (NtL = 82, Nspr = 88, Nrw = 53).
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Figure 2.5. Precision of replicate total body length (TBL) measurements for all measured whales
in 2017 sampling period. All replicates with CV > 2.00% were investigated to identify potential Type
I errors (i.e., mismatches).

2.5.2 Whale body flexure

Dorso-ventral body flexure occurs when a whale is swimming and can result in an
underestimate of body length. While topside images (i.e., dorsal view) were ideal for
measurements as they generally provided the clearest view of the required reference points
(i.e., tip of the snout and the caudal notch), dorso-ventral body flexure was difficult to
determine from this perspective. Previous studies could not identify dorso-ventral body
flexure in dwarf minke whales from standalone photographs but were able to detect this
flexure from video imagery (Dunstan et al., 2008; Sobtzick, 2010). Thus, each potentially
measurable pass was reviewed slowly in Eventmeasure (0.25 x - 0.5 x speed) or stepped
through frame-by-frame, and sections with detectable flexure were rejected. Lateral body
flexure can also occur, but is much less common (Dunstan et al., 2008) and was easily

detectable in dorsal view images. Such sections were also rejected.
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2.5.3 Exclusion of poor quality measurements
EventMeasure provides outputs that indicate the internal quality of each
measurement:

1. RMS (Root Mean Square) intersection: This value represents the least squares fit for
all points in the measured length. This provides a mathematical indication of the
consistency of the network solution used to compute the calibration parameters,
camera locations and orientations (Shortis, 2015). Theoretically the RMS value
should be 0; however, in situ, values less than 10 mm are ideal, values between 10
mm and 20 mm are questionable, and values greater than 20 mm should generally be
rejected (SeaGIS, 2016b). Variables that will impact RMS values are poor
synchronisation of videos, measurement distance, and imprecise selection of reference
points.

2. Software precision: This output provides a numerical confidence interval (+) around
the precision of an individual measurement estimate. It is a “mathematically derived
estimate based on the physical camera properties, the three-dimensional intersection
geometry, and an image measurement precision of 1 pixel” (SeaGIS, 2016b p. 96).
Since each image pixel represents more real-life space as range increases, this
measure of precision is expected to worsen with increased range. Note that this
precision is not the same as the calculated precision of replicates of the same
measurement on an individual whale or calibration check length. In the absence of
replicate measures, this can be used as an indicator of precision for a single

measurement.
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Exclusion of poor measurements was undertaken in accordance with recommendations
from SeaGIS (2016b). This generally occurred during distant passes, as the measurement
reference points became progressively more difficult to identify. When a measurement output
contained a poor quality indicator (RMS greater than 20 mm; SeaGIS, 2016b), the
measurement was deleted and re-attempted until the measurement outputs indicated sufficient

quality.
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3.1 Introduction

3.1.1 Morphometry

Investigating the body size and shape (i.e., morphometrics) of animals provides
insights into a range of biological and ecological features of a species (Peters, 1986).
Determining growth rates and size at sexual maturity can provide insights into population and
social structures (Shane et al., 1986), reproduction, and other life history characteristics
(Blueweiss et al., 1978). Morphometry can also be used to assess body condition/fitness and
provide insights into sublethal (i.e., energetic) threatening processes such as declining food
availability (Bradford et al., 2012; Christiansen et al., 2016, 2020; Lockyer, 1986; Miller et
al., 2012). Concerns for cetacean populations are increasing due to several threats, including
anthropogenic disturbance (Evans, 1996; Natural Resource Management Ministerial Council,
2005; Pirotta et al., 2018) and climate change, in particular the effects of changes in food
availability for baleen whales in high latitude feeding areas (Fabry et al., 2009; Tulloch et al.,
2019). Morphometric study represents an opportunity to monitor the health of cetacean
populations in the face of these escalating threats. Further, by detecting declines in health
prior to the onset of significant mortality, monitoring body condition potentially allows time

for a management response to avert population decline.

3.1.2 Techniques for measuring cetaceans

While the use of unoccupied aerial vehicles (UAVs or drones) for morphometry
research has increased dramatically in recent years, these methods are heavily dependent on
weather conditions, particularly wind and precipitation (Gao et al., 2021). Most drones cannot
withstand winds over approximately 20 knots (Ranquist et al., 2017). These methods also
require predictable surfacing behaviour of the target animals, who must be resting at the

surface in clear waters (e.g., Christiansen et al., 2018), or, alternatively, allometric growth
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patterns must be known for scaling relationships between measurable features (e.g., caudal
fluke width or blowhole-to-dorsal-fin length) and the target feature(s) (e.g., total body length,
(Dawson et al., 1995; Leslie et al., 2020; Ortega-Ortiz et al., 2022). Thus, drone-based
techniques are not always suitable. Alternatively, when in-water access is available, diver-
operated systems have been used to measure cetaceans (Dunstan et al., 2008; Shortis &

Harvey, 1998; Spitz et al., 2000).

3.1.2.1 Underwater photogrammetry array comparison

Direct comparative studies of stereo-image vs single-camera photogrammetry
techniques have only been evaluated on small fauna (reef fishes up to ~50 cm in length)
(Harvey et al., 2002). While stereo-image systems generally produce more accurate and
precise measurements than single-camera systems, it is unknown whether the advantages
scale up to operational conditions applicable to dwarf minke whales (e.g., animals larger than
2 m, measured from distances up to 15 m away). Further, selection of equipment calibration
techniques can have a significant impact on measurement quality as well. For small fauna,
three-dimensional calibration techniques have higher accuracy and precision than the two-
dimensional methods (Boutros et al., 2015; Shortis, 2015). Optimizing precision is
particularly important for detecting growth or changes in body condition, as precision
represents the certainty around each set of replicate measurements (e.g., yearly measurements
of the same animal). In other words, higher precision confers more reliability around the
difference between each set of replicate measurements, and thus increases the sensitivity with
which true change can be detected. Thus, if the advantages scale up to operational conditions
applicable to dwarf minke whales, then a stereo system combined with a 3D calibration (vs a
2D calibration) may be the ideal choice for underwater, diver-operated photogrammetry

research. With both increased accuracy and precision, this methodology may be useful for
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conducting ongoing and detailed (individual based) monitoring of cetacean populations to
provide management agencies informative data on the population’s health (i.e., body
condition), supplementing existing density assessments, and serve as an early warning

indicator of declining population status.

3.1.3 Measurements of dwarf minke whales

The swim-with dwarf minke whales tourism industry in the Great Barrier Reef
provides researchers with a “platform of opportunity” to study this population (see Chapters 1
and 2). Consistently strong winter trade winds and unpredictable surfacing behaviour of the
whales has made both aerial and boat-based platforms unsuitable for most photogrammetry
and morphometry purposes. Alternatively, the highly interactive nature of the whales while
present in the region has facilitated the application of in-water measurement techniques. The
first in situ length estimations of live dwarf minke whales were produced using single-camera
techniques and a 2D calibration (Dunstan et al., 2008; Sobtzick, 2010). Measurements were
obtained using an underwater rangefinder mounted to a video camera in an underwater
housing, similar to the equipment and techniques used by Spitz et al. (2000) for measuring
humpback whales (Megaptera novaeangliae).

The total body lengths (TBL) of 140 individual dwarf minke whales were measured,
enabling preliminary insights into the demography of the “interacting population” (Dunstan
et al., 2008; Sobtzick, 2010). While calibration trials showed that a high degree of accuracy
can be attained using this technique, the precision of repeat measurements of individual
animals was shown to be variable, with some replicates differing by up to 0.49 m or ~8% in
body length (Sobtzick, 2010), limiting the value of this technique in longer-term studies on

growth and body condition.
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Monitoring body condition of dwarf minke whales has not previously been
undertaken. As such, it is unknown how well girth measurements serve as an indicator of
inter-annual change in body condition for this subspecies. For common minke whales
(Balaenoptera acutorostrata), interannual changes in overall prey abundance have only
correlated weakly with body condition (measured as both girth and blubber index) (Haug et
al., 2002). For the Antarctic minke whale (Balaenoptera bonaerensis), girth just posterior to
the eyes has been shown to be a suitable indicator of body condition (Konishi, 2006). I aim to
measure two-dimensional width as a proxy for girth and assess the quality of these

measurements for monitoring interannual changes.

3.1.4 Aims

In this study I sought to develop a robust methodological technique for making
precise in-water morphometric measurements of cetaceans. First, I conducted a control trial
to compare the quality of calibration and in-situ whale body length measurements between
single-camera and stereo-image photogrammetry techniques to determine the most suitable
approach for obtaining in-water measurements of dwarf minke whales. Next, | investigate
whether a combined SDOV unit and 3D calibration technique can achieve sufficient precision
to enable monitoring of growth and body condition. From addressing these aims, I developed
methodological protocols to optimize data collection and analysis of morphometric data to

reliably monitor individual and population level changes over time.



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 56

3.2 Methods

3.2.1 Study site and species

A detailed description of the study site and species can be found in Chapters 1 and 2.
An initial control trial using a diver-operated stereo-video (SDOV) system was conducted in
the public swimming pool at James Cook University, Townsville, Australia prior to the first
sampling period. Dwarf minke whale photo-identification and photogrammetry imagery were
collected during the winter aggregation period (June and July) in the northern Great Barrier
Reef, Australia for both this study (collected in 2017) and for the previously collected
photogrammetry comparison data from Dunstan et al. (2008) and Sobtzick (2010; 2006 —

2008).

3.2.2 Technical equipment and calibration methods

3.2.2.1 Stereo equipment and calibration

A detailed description of the technical equipment used in this study, including the
diver-operated stereo-video SDOV unit, cameras and settings, and calibration equipment and
procedures can be found in Chapter 2 section 2.2.1 and in Seager (2016a). Briefly, the
calibration cube was rotated and filmed underwater at 20 pre-determined orientations, at a
distance that allowed the cube to fill as much of the effective field of view (i.e., overlapping
across both cameras) as possible. Immediately following each cube calibration, the 1.2 m

check bar was filmed for validation.

3.2.2.2 Comparison data equipment and calibration
The single-camera photogrammetry equipment and calibration methods from both
pool trials and field environments are detailed in Dunstan et al. (2008) and Sobtzick (2010).

This single-camera technique requires a sonar rangefinder be attached to the camera to
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determine the distance from the camera to the object (i.e., whale or calibration device).
Object length was subsequently determined using the geometric relationship between the
occupied field-of-view, the range, and the subtended camera lens angle, as well as a
calibration to correct for radial distortion from the wide-angle video camera lens (see Chapter

1 section 1.3.3.1).

3.2.3 Control trial filming protocol

A robust photogrammetry methodology produces both highly accurate and highly
precise measurement estimates (Harvey et al., 2002). Provided that replicate estimates can be
acquired for a target object or animal, precision can be assessed. However, since
photogrammetry techniques make indirect estimates of true length, when true length is
unknown - as when measuring free-ranging cetaceans - accuracy cannot be assessed.
Therefore, to obtain estimates of accuracy for a photogrammetry technique, control
measurements of known lengths are required. For this, a control pool trial was conducted to
assess the accuracy of measurement estimates produced by the SDOV system.

An 8 m length of PVC pipe was marked at 1 m intervals and filmed with the SDOV
system in the public swimming pool at James Cook University, Townsville, Australia. The 8
m length of PVC pipe was chosen to encompass the entire range of expected morphometric
measurements on dwarf minke whales. This includes lengths as small as 1-2 m, for example
the distance from the snout to the blowholes or the length of a newborn calf of ~2 m, to
beyond the longest length recorded of 7.8 m (Best, 1985). The PVC pipe was filmed at
regular distance intervals throughout the pool, from approximately 1 — 15 m, at which point
the targets on the PVC pipe were no longer visible. This range of distances covers the
operational ranges at which dwarf minke whales have successfully been measured (Dunstan

et al., 2008; Sobtzick, 2010). At each distance interval, the SDOV system was rotated
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approximately 20 degrees in the horizontal and vertical planes, for a total of five orientations,
simulating non-perpendicular passes: straight on, left camera forward, right camera forward,
left camera up, right camera up. This process is similar to the calibration methods in Seager
(2016a).

Single-camera system control measurements of a known object length were conducted
similarly in Sobtzick (2010). The accuracy and precision of known target length

measurements were later compared between stereo and single-camera systems.

3.2.4 Whale filming protocol

The SDOV filming methods employed in this thesis followed the swim-with protocol
and in-water methodology described by Dunstan et al. (2008) and Sobtzick (2010). These
methods are also described in detail in Chapter 2 section 2.2.2. Briefly, when whales were
sighted near the vessel, the videographer (myself) entered the water on snorkel and attached
to the vessel via a 30-50 m surface rope, usually at the trailing end for a consistent filming
position. The whales typically soon began to approach the vessel and swimmer(s) to a visible
distance underwater (i.e., closer than 10 m with water visibility usually 15-25 m). Using an
ad libitum sampling protocol, continuous in-water video footage was collected when whales
were present, until either the encounter ended (i.e., a whale was not seen underwater for over
30 min or the vessel had to depart) or the camera battery life ended (after approximately 3.5

hr).
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3.2.5 Image and measurement processing

All whale imagery was pre-processed for photo-identification of individual animals
(see Chapter 2 section 2.3.1). Single-camera footage processing methods are detailed in
Dunstan et al. (2008) and Sobtzick (2010). Data on control measurements, whale length and
whale approach distances (Table 3.1) were extracted for comparison with SDOV
measurements. SDOV imagery from calibration, control, and field footage was processed
using SeaGIS’s photogrammetric computer software suite “CAL” (Seager, 2016a) and
“EventMeasure” (Seager, 2016c¢), following the step-by-step user guides (Seager, 2016b,
2016d). This process is described in detail in Chapter 2 section 2.3.2. A brief summary
follows.

Stereo-image calibration footage (i.e., paired video of the 3D cube) was processed in
CAL. CAL computed a bundle adjustment file that was then imported into EventMeasure to
enable estimates of true distance in the video footage. All measurement footage (i.e., footage
of the check bar, PVC pipe, and whales) was imported into EventMeasure and stepped
through frame-by-frame to synchronize the paired videos. Measurements of whales and check
bars were made by pausing the videos on suitable frames and manually identifying pairs of
“reference points” in both videos to compute the straight-line distance between them. On the
calibration cube, check bar, and PVC pipe, the high contrast targets were used as reference

points. On the whales, physical features were used as reference points (
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Table 3.1). Reference points were chosen to represent morphometric measurements of
interest and particularly those that might be most suitable for assessing growth and body
condition (such as total body length and maximum body width), or as potential proxies for

total body length (such as fluke width or snout-to-dorsal-fin length).
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Table 3.1: Criteria used for attaining measurements of dwarf minke whales from footage of a single-
camera ('single') and stereo-image ('stereo’) systems and schematic of measurements on a dwarf minke
whale from a dorsal view.

Measurement Reference points used Body orientation and criteria

required for measurement

Total body length Tip of snout to caudal notch Dorsal or lateral view (caudal notch
(TBL) must be visible)
single, stereo
Fluke width (FW) Tip to tip of tail flukes Dorsal view
stereo
Body width (BW) Widest point (by visual Dorsal view

estimation, just posterior to

stereo  pectoral fins)

Snout-to-dorsal-fin Tip of snout to anterior dorsal ~ Dorsal or lateral view
length (SDF) fin insertion point
Stereo
Approach Closest identifiable point or The closest point of any visible pass
distance/range marking

single, stereo

E
J
E

* SDF »
TBL |

Fy
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Imagery of each individual whale was viewed at 0.5 x speed and screened for ideal
frames from which to take desired measurements (i.e., a morphometric measurement or an
approach distance). When an appropriate frame occurred, the video was paused and the
appropriate reference points were selected. Using the bundle adjustment generated from the
calibration process, EventMeasure software then converted the reference point coordinates
into three-dimensional object space (x, y, and z) and computed the straight-line distance
between the paired points. For each measurement, EventMeasure also provided a ‘range’
output; being the calculated distance from the cameras to the midpoint of the object being
measured.

For total body length (TBL) and snout-to-dorsal-fin length (SDF) measurements,
images were sought when the whale’s dorso-ventral body flexure was limited and the whale
was in a ‘glide’ position (i.e., not actively swimming). A whale’s body flexure during
swimming — either dorso-ventral from tail propulsion or lateral from turning - can result in an
underestimate of its body length and other transverse features (e.g., snout-to-dorsal-fin
length, SDF). During some passes, dwarf minke whales ‘glide’ by without actively
swimming, showing little to no dorso-ventral body flexure. Detecting body flexure and
reducing subsequent measurement errors was done (in both single and stereo video footage)
by watching the animal’s motion at slow speed and taking measurements at the estimated
point of least flexure (e.g., Dunstan et al., 2008; Phillips et al., 2008), or not making a
measurement during that pass if an ideal frame did not occur. Dorsal and lateral passes were
reviewed slowly (0.25 x - 0.5 x) or stepped through frame-by-frame, and sections with
detectable flexure were rejected (in both single and stereo video footage).

In the stereo video footage, the closest point of each pass was used as a proxy for
approach distance (i.e., an approximation of how close the whales approach swimmers in the

water). To determine this point, an entire pass was viewed at 0.5 x speed and then scrubbed
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back to the estimated closest approach of the whale. The videos were paused at this point and
a single-point measurement was made by selecting a reference point on the whale that was
visible in both videos. When a whale passed by side-on (lateral view), this reference point
was generally a distinct mark of high contrast colour pattern on their shoulder. When a whale
passed underneath (dorsal view) either the anterior dorsal fin insertion point, or a visible
pattern or scar on the dorsal surface was used. To determine the actual closest point of each
pass, the procedure was repeated several times around this estimated closest point, and
distance range outputs compared. The single closest distance range measurement was

retained and used as a proxy for approach distance for that pass.

3.2.5.1 Measurement quality and exclusion of poor measurements

EventMeasure provides several outputs that indicate the internal quality of each
measurement (see Chapter 2 section 2.5 and Seager, 2016d). Initial exclusion of poor
measurements was done in accordance with recommendations from Seager (2016d) which
provides guidelines for reviewing and excluding measurements based on these quality
outputs (see Chapter 2 section 2.5.3). These protocols were followed and unsuitable
measurements were determined through a review process before being rejected. This
generally occurred at greater ranges, as the targets became progressively more difficult to
identify. When a measurement output contained a poor quality indicator, the measurement
was deleted and re-attempted until the measurement outputs indicated sufficient quality. If,
after several attempts, a measurement of sufficient quality could not be achieved, the
measurement for that video frame was abandoned. Measurements with marginal quality
indicators were also investigated as recommended (e.g., 10 mm < RMS <20 mm).
Examination of these marginal measurements resulted in the further exclusion of three

measurements (Table 3.2).
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Table 3.2: List of excluded total body length (TBL) measurements due to poor quality.

Measure- WhaleID Feature Rationale

ment ID

16 SH002 TBL RMS > 20 mm (as recommended by Seager (2016d)

259 SHO15 TBL Range > 10 m, replicate > 10 cm larger than others
(n=6), RMS > 10 mm

347 MW3104 TBL RMS > 20 mm (as recommended by Seager (2016d)

368 MW3106 TBL RMS > 20 mm (as recommended by Seager (2016d)

373 MW3108 TBL RMS > 20 mm (as recommended by Seager (2016d)

398 MW3104 TBL Poor quality imagery (difficult to locate caudal notch)

413 MW3112 TBL Poor quality imagery (difficult to locate caudal notch)

Note. RMS = Root Mean Square.

Through the examination of marginal measurements, I made the following

observations, which led to the development of a protocol for excluding marginal

measurements:

1.

All total body length (TBL) measurements with RMS values greater than 20 mm,

(which indicate poor quality and are recommended to be excluded), were made at a

ranges greater than 10 m.

However, acceptable measurements were still possible and often made at ranges

greater than 10 m. Mean error of PVC pipe measurements made at 9 - 10 m range was

generally below -2%, and precision of replicate whale TBL measurements was not

impacted by range within the operational ranges (5 - 12 m) of this study.

As range increased, accuracy and precision decreased. Accuracy decreased

systematically in a linear function such that size is progressively slightly
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overestimated. Thus, the further away a measurement was made, the more likely it

overestimated the true length of that feature.

As a result, additional TBL measurements were also excluded if all of the following

criteria were met:

1) Range > 10 m, AND

2) RMS value > 10 mm, AND

3) the measurement was suspiciously larger than other replicates (e.g., >10 cm).
Measurements made when the reference points were not clearly visible were also excluded.
This occurred when image quality was poor and due a combination of factors such as
backlighting, water visibility, movement and/or orientation of the whale obscuring the view

of the caudal notch.

3.2.6 Data analysis

Accuracy, precision, the effect of distance range and replication requirements were
determined for control trials using measurements of known object length (the PVC pipe). To
ensure equal sample sizes for each object length size, replicates were subsampled down to the
lowest number of replicates for an object length size (i.e., 7). One measurement made at each
distance range was used, and remaining replicates were randomly selected. SDOV results for
accuracy and precision were compared to single-camera results using percent error (to
compare accuracy) and coefficient of variation (to compare precision) at specified ranges.
Two-tailed t-tests assuming unequal variances were conducted. SDOV measurements made at
ranges less than 3.5 m and greater than 14.5 m were excluded from this particular analysis to
match the distance profile available in the (Sobtzick, 2010) data but presented elsewhere. To

assess the effect of distance on measurement quality (i.e., precision), the “range” output for
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each measurement was evaluated. This output provides an estimate of the distance at which
each measurement was made.

To determine the minimum whale-swimmer approach distance required to make a
measurement of a given length, an “effective field-of-view” (eFOV) must be established.
This is the true object size that can be seen in the overlapping sections of video across both
SDOV cameras. When identifiable objects lined up with the left and right extent of the
overlapping sections of video (e.g., markers on the PVC pipe or pool lane markers or tiles),
they were used as reference points and the distance between them was measured (as well as
the range). The distance between these reference points approximates the maximum object
size that can be measured at that range. This was done at 1.220 m, 3.372 m, 5.678 m, and
7.396 m, and fitted to a linear regression for extrapolation to other approach distance
distances and object sizes. Technically, measurements slightly larger than the eFOV can be
made, as the stereo technique allows and accounts for parallax error (i.e., off-perpendicular
targets); however, measurement quality decreases as this angle increases (Seager, 2016c;
Shortis & Harvey, 1998).

To investigate the effect of increasing replicates on accuracy and precision of a
control target, a subset of PVC pipe measurements was sampled iteratively with replacement
using a bias-corrected bootstrap method in the analytical program RStudio. The 5 m length
data were used, as most measured dwarf minke whales were between 4 - 6 m in length in the
previous data set (meantsL = 5.71 m &+ 0.70SD, N = 102) (Sobtzick, 2010). Three range
categories were compared from 1-10 replicates: close (6-7 m), medium (9-10 m), and distant
(12-13 m). Means £+ SD were drawn from the simulated data, with 10,000 iterations for each

range category and replicate combination.
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3.3 Results
3.3.1 Stereo-videogrammetry: Control measurements

3.3.1.1 Accuracy and precision

Using the SDOV system at ranges up to 15 m in a control situation, accuracy and
precision in measuring known object length were both high, with mean raw error and
variation (CV) both below 2.5% for all object sizes (Table 3.3). When SDOV control
measurements were stratified across range (i.e., the distance at which the measurement was
made), a range effect became apparent (Fig. 3.1a). Accuracy and precision of known object
length measurements were inversely related to the distance at which the measurement was
made, with error and variation progressively increasing with range, indicative of a systematic
bias. A slight object size effect was also observed in the SDOV control measurements (Fig.
3.1b); however, this effect was not statistically significant (T270 = 1.97. p = 0.79). Further, this
object size effect may simply be an artefact of the range effect, as larger objects required a
greater range to fit within the cameras’ field of view for measuring.

To correct for the systematic range effect bias, a linear regression was fitted to the raw
measurement error data which was then used to develop the following measurement
correction factor:

a = m(0.999296 — 0.001687r)
where a = adjusted measured length, m = raw measured length, and » = range (Table

3.3, Figure 3.1).
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Table 3.3: Accuracy and precision of stereo-image measurements of an 8 m PVC pipe marked at 1 m
intervals, measured at distances from 1.230 m — 14.788 m.

Interval | n | Mean raw measured length = SD | Mean adjusted measured length = SD

length (m), (m),

(m) Mean raw error, Mean adjusted error,
Raw coefficient of variation (CV) | Adjusted coefficient of variation (CV)

1.00 7 | 1.019m=0.021 1.003 m =+ 0.014
1.81% 0.32%
2.02% 1.39%

2.00 7 1 2.026 m=0.020 1.998 m £ 0.008
1.26% -0.10%
0.99% 0.41%

3.00 7 13.041m=0.012 2.990 m+ 0.014
1.36% -0.34%
0.36% 0.47%

4.00 7 | 4.059 m +0.020 3.993 m £ 0.030
1.45% -0.19%
0.50% 0.75%

5.00 7 | 5.065m = 0.070 4.979 m £ 0.080
1.26% -0.44%
1.39% 1.60%

6.00 7 | 6.106 m = 0.037 6.010 m £ 0.040
1.73% 0.16%
0.60% 0.67%

7.00 7 | 7.133 m £ 0.068 7.016 m £ 0.043
1.86% 0.22%
0.95% 0.61%

8.00 7 18189m=+=0.112 8.030 m £ 0.089
2.30% 0.37%
1.37% 1.10%

Note. n = number of repeat measurements. Mean error represents degree of accuracy and CV
represents level of precision.
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Figure 3.1. Accuracy and precision of stereo-image measurements of an 8 m PVC pipe marked at 1 m
intervals, measured at distances from 1.230 m — 14.788 m. Error bars represent precision of replicates
as standard error. Black line represents line of best fit for raw measured error. Equation represents
linear regression fit of SDOV-estimated error to range, which was used to develop a measurement

correction factor: a = m(0.999296 — 0.001687r), where a = adjusted measured length, m = raw
measured length, and » = range).

3.3.1.2 Distance range

To obtain a length measurement of 1 m (i.e., to obtain an effective field-of-view of 1 m)
with in situ stereo-videogrammetry, a minimum approach distance (i.e., range) of
approximately 1.2 m was required (Fig. 3.2). Via extrapolation, a 4 m whale requires an
approach distance of just over 3 m for a TBL measurement, and a 7 m whale required
approximately 5.5 m. In 2017, 99.2% of measured whale passes (N = 708) occurred at ranges
greater than 3 m, and 87.0% of passes occurred at ranges greater than 5.5 m (i.e., sufficiently

distant that the TBL of a large dwarf minke whale could fit in the FOV).
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Figure 3.2. Minimum distance range (m) required for length measurements of large object sizes (1-10
m long) using the effective field-of-view (eFOV) of paired stereo-video cameras (i.e., the horizontal
width of the overlapping FOV between cameras). Equation indicates line-of-best-fit for extrapolation

of minimum distance range (y) required to measure a given object size (x), as constructed with a
linear regression.

3.3.1.3 Replicates

As expected, both the precision and accuracy of measurements for a control target, in
a clear water pool environment, improved with increased replication (Fig. 3.3). This effect
was more pronounced as range increased (i.e., the further away the measurement was made,
the more valuable additional replicates were). Accuracy and precision remained relatively
stable for all measurements made at a close range (6 m) regardless of replicates. These trends
were expected as accuracy and precision both characteristically decrease as range increases.
Overall, the greatest improvement in accuracy occurred when increasing replicates from one
to two, and in precision from two to three replicates. Decreasing the range from 12 to nine

metres also greatly enhanced both measurement accuracy and precision.
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Figure 3.3. (a) accuracy (as mean error) and (b) precision (as coefficient of variation) of replicate 5 m
PVC pipe measurements at three approach distances (i.e., ranges): ‘close’ (6 m), ‘medium’ (9 m), and
‘distant’ (12 m). Means (lines) + SD (shaded regions) were drawn from simulated data created using a
resampled bias-corrected bootstrap method (10,000 iterations) on n = 5 replicate measures for each
range category.

3.3.2 Single-camera vs. stereo-image techniques

3.3.2.1 Accuracy and precision

Accuracy and precision were assessed using control measurements. Both the single-
camera and SDOV methods produced highly accurate measurements (Table 3.4), with an
overall mean error of -0.03% and 0.07%, respectively. There was no significant difference in
accuracy of measurements between techniques (T1ss = 1.973, p = 0.496). Both methods also
produced highly precise replicate measurements, with an overall mean precision (as CV) of
1.12% (single-camera) and 0.64% (SDOV). However, the replicated SDOV measurements
were 42.9% more precise than the single-camera measurements, and this difference was

statistically significant (T220 = 1.971, p <0.001).
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Table 3.4: Comparative accuracy and precision of control measurements using single-camera
videogrammetry and stereo-videogrammetry.

Single-camera system (Sobtzick, 2010)

True length n Mean measured Mean error (%) | Coefficient of
(m) length + SD (m) Variation (CV) (%)
1.00 21 1.009 = 0.016 -0.84 1.54
2.00 21 1.984 +0.020 0.84 1.02
3.00 21 2.997 £ 0.038 0.11 1.27
4.00 18 4.013 +0.046 -0.31 1.15
5.00 15 5.024 £0.035 -0.48 0.70
6.00 24 5.968 + 0.059 0.54 0.99
Overall mean -0.03 1.12

Stereo-image system

True length n Mean adjusted length | Mean error (%) | Coefficient of
(m) + 8D (m) variation (CV) (%)
1.00 20 1.000 + 0.009 -0.03 0.90
2.00 20 1.999 +0.011 0.04 0.53
3.00 19 3.000 £ 0.011 -0.01 0.37
4.00 20 4.006 = 0.016 -0.15 0.39
5.00 16 4.997 £ 0.055 0.08 1.10
6.00 13 6.024 + 0.036 -0.39 0.60
Overall mean -0.07 0.64

Note. Single-camera videogrammetry range = 4 — 14 m. Stereco-videogrammetry range: 3.5 m — 14.5
m.

72
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3.3.2.2 Whale measurements

Precision was again assessed for in situ whale measurements when replicates of
individual whales were achieved. Replicate measurements were obtained for 97 and 22
whales using single-camera (n = 2-18) and SDOV (n = 2-8) videogrammetry, respectively
(Appendix C: whale measurements). The stereo system achieved more precise replicate
measurements of in situ whale TBL measurements than the single-camera system (i.e.,
smaller coefficient of variation; Table 3.5). Overall, replicate TBL measurements from SDOV
were 68.8% more precise than those made using single-camera videogrammetry, and this was
statistically significant (T4s=2.014, p <0.001). The precision of replicate SDOV TBL
measurements ranged from a coefficient of variation (CV) of 0.12% to 2.69% with a mean
CV of 1.12%. Single-camera videogrammetry whale measurement precision ranged from

0.0% CVto 5.20% CV, with an overall mean CV of 1.89%.

Table 3.5: Whale measurement summaries from single-camera and stereo-image methods.

Videogrammetry  Runates mean TBL mean SD (m) mean SE mean CV
method Areps (m) (%)
Single-camera 97, 5.707 0.106 0.053 1.86
(Sobtzick, 2010) 4.71

SDOV (this study, 22, 6.193 0.069 0.037 1.12
2017) 3.64

Note. Total body length (TBL) measurements of whales shown with number of whales (7unqzs) and
mean number of replicate measurements per whale (72.ps), SD = standard deviation, SE = standard
error, CV = coefficient of variation.
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Measures of the four morphometric body features (
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Table 3.1) were all achieved with stereo-image methods, but measurability depended
on the behaviour of individual whales and the characteristics of their passes (e.g., distance to
the cameras, active swimming vs. gliding, water visibility, orientation to the sun). Snout-to-
dorsal-fin length (SDF) was the most measurable morphometric feature, attained from 51.5%
of identified whales. This was followed by total body length (TBL: 41.4%), fluke width (FW:
29.3%), and body width (BW: 15.2%). TBL was able to be measured during 20.4% (65) of
identified passes (passes during which the whale was individually identified). SDF was
measured during 25.8% (82) of passes. SDF was more achievable than TBL due to two main
factors: 1) several passes occurred too close for the full body to be measured (i.e., within a
few meters), and 2) the anterior dorsal fin insertion was more visible than the caudal notch,
particularly at greater ranges and/or when the whale passed at the same vertical depth as the
videographer. In perpendicular lateral views, the notch was obscured by the fluke. Fluke
width was measured during 15.5% (n = 49) of identified passes. Width at the widest point
was achieved during 2.8% (n = 9) of identified passes (see Appendix D). Width
measurements were difficult due to a lack of identifiable reference points in this area of the
body, and so were only achievable at close ranges when image clarity was sufficient to see

subtle markings to assist with reference point identification.

3.4 Discussion

This study demonstrates that stereo-videogrammetry using a diver-operated stereo-
video system (SDOV) is a reliable technique for obtaining morphometric measurements of
small- to medium-sized cetaceans. Control trial measurements achieved very high precision
and accuracy (less than 0.5% error and 1.5% variation) for objects up to 8 m in length at
distances greater than 10 m. In open ocean conditions, similar precision was achieved for

total body length measurements of dwarf minke whales (1.12% mean variation of whales
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5.00-7.38 m in length) up to approximately 10 m range, beyond which precision began to
decrease. When compared to single-camera videogrammetry methods as used by Dunstan et
al. (2008) and Sobtzick (2010), the stereo-image method produced similar accuracy of control
measurements, but 68.8% more precise measurements of dwarf minke whale body length. We
establish that the optimal distance range for total body length measurements is usually less
than 9 m with at least three replicate passes in which the whale has minimal dorso-ventral
body flexure. Body width and tail fluke width were also achievable with stereo methods. This
stereo approach therefore provides sufficiently high sensitivity for detecting growth and
changes in body condition over time when repeated measures of the same individuals can be
attained. Indeed, with a stereo-video precision of 2.6% at worst, the change in an individual
whale’s TBL would be detectable if it changed across years by 3% or more, equivalent to
growth of 19 cm for a typical whale (mean length in this study was 6.25 m).

Precision of replicate control measurements was better than that of replicate whale
measurements made in open ocean conditions, as might be expected. Additional error is
introduced in situ, as compared to the pool trials, including shakier video from rough ocean
surface conditions, poorer water clarity, and undetected dorso-ventral body flexure of the
whales. While attempts to minimize these errors were made (i.e., choosing relatively smooth
sections of video to make measurements, and rejecting passes with noticeable flexure), the
results suggest that they were not entirely eliminated. However, the additional impact of these
errors on precision was minimal, as variation remained below 1.5% for replicate whale TBL
measurements. Thus, given very good conditions (i.e., calm seas, high water clarity, and
slow-moving animals), robust measurements may be possible beyond the maximum
suggested 9 m limit, and so this is an optimal range suggestion, not an absolute limit.

Not every pass of a whale is suitable for making an identification and/or a

morphometric measurement. Over 80% of passes resulted in an individual identification;
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however, only around 20% of identifiable passes resulted in a TBL measurement. This can be
attributed to both the ability to identify the reference points required for a morphometric
measurement and the behavioural characteristics of that pass. For example, if the whale was
actively swimming throughout the entirety of a pass, without pausing to glide, the continuous
dorso-ventral body flexure made it difficult or impossible to make a TBL measurement.
However, this behaviour did not impact the ability to identify a single reference point to make
an approach distance measurement. Only rarely was a visible pass unable to be identified
(<20%), and this was generally due to distance, water visibility and/or poor lighting (i.e.,
backlighting from facing into the sun). Even at distances of 15-20 m, 50% of passes were
identifiable, and whales were identified at distances up to 25.1 m. Conversely, the greatest
distance at which a whale was measured for TBL was 10.85 m. Thus, when multiple whales
are passing at once, the closer whale should be prioritised for filming, as it is more likely that
the closer whale will be a) identifiable, and b) measurable. However, for useful ID and
behavioural data (i.e., approach distance) as many as passes as possible could be filmed.
Therefore, we recommend a simultaneous tracking protocol whereby the videographer
visually tracks as many whales as possible and pans the cameras to the closest point of each
pass, where possible.

Stereo-photogrammetry has been described as likely approaching the most accurate
measurements possible for open ocean conditions, when known biases are corrected for
(Dawson et al., 1995). Here, after correcting for the systematic distance range effect, control
(calibrated pool testing) and field (whale) measurements were among the most accurate and
precise reported in related literature (e.g., Dunbrack, 2006b; Shortis & Harvey, 1998; Spitz et
al., 2000). Under both controlled and field conditions, the SDOV system outperformed the
single-camera system in precision by 42.9% and 68.8%, respectively, and achieved

comparable accuracy (under 0.5% mean error for control measurements). The significantly
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higher level of precision achieved by the stereo method means that it is more capable of
detecting change in cetaceans’ body sizes over time. Thus, for measuring morphometrics,
growth, body condition, and population trends, the increased precision of the stereo system
confers a clear advantage over the single-camera system.

The distance range effect appeared to be the most influential factor on measurement
quality. While the correction factor improved accuracy, the precision of replicate control and
field measurements began to decline quickly beyond approximately 12 m distance. Therefore,
the most important factor determining the suitability of this method for application to other
species and/or locations is likely to be how closely the target animals can be approached (or
how close they are willing to approach the videographer). Approaches to within this distance
are known to occur in Argentina with southern right whales (Eubalaena australis) (Lundquist
et al., 2013) and publicly available images from other swim-with programs suggest this
approach distance occurs in other locations as well, e.g., humpback whales (Tonga Tourism
Authority, 2014), beluga whales (Delphinapterus leucas; Sea North Tours 2018), and sperm
whales (Physeter macrocephalus; Discover Dominica Authority 2019). To ensure the distance
range bias is consistently corrected for, we recommend that a correction factor is calculated
for each calibration of the SDOV system, as it may differ slightly with each calibration.

Water visibility is also likely to impact this critical range point, as well as the
orientation to the sun (i.e., due to backlighting impeding the ability to make a positive
identification). For the case study herein, visibility was typically 20-25 m. In addition, the
definition itself of “unacceptable” measurement quality will be conditional according to the
desired measurement outcomes or sensitivity. For example, if an aim is simply to establish
the age class of a large cetacean (e.g., juvenile vs. adult), the precision required would be
much lower than if assessing and monitoring body condition of a smaller cetacean. The

distance range limit also has implications for the maximum measurable animal size that can
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be achieved with stereo-video methods. By extrapolating the effective field-of-view size,
animals up to approximately 11.5 m long should be measurable within the optimal
measurement range of 9 m with this SDOV system. SDOV systems with a greater base
separation may be explored to film and measure larger cetaceans.

The largest source of error in measuring whales with this technique is expected to
arise from body flexure. This may result in an underestimated TBL of up to 5% for dwarf
minke whales (Dunstan et al., 2008). This error is not confined to either single-camera or
stereo videogrammetry; as such it should impact measurements made by both techniques
equally. While more advanced technological procedures would be required to eliminate this
error, it can be minimised with careful reviewing of imagery and rejection of images with
detectable flexure, as demonstrated here. When dwarf minke whales approach swimmers in
the GBR, they most often slow down and glide, and thus very few passes necessitated
rejection due to dorso-ventral body flexure. Further, since most replicate TBL measurements

had less than 2% variation, we were likely successful in reducing this error.

3.4.1 Recommended protocols for SDOV filming of dwarf minke whales

Based on our field testing and comparison of the SDOV and single-camera systems, we
propose the following key videography protocols for using stereo-videogrammetry
techniques to reliably assess and monitor individual whale morphometrics over time:

1. An attempt should be made to film at least three passes of each animal to ensure at least
two replicates. Precision and accuracy of stereo length measurements increases with
increasing replicates. This was expected, as Harvey et al. (2002) found both accuracy and
precision of stereo measurements increased significantly up to three replicates for reef-fish
targets (<1 m in length). Since the greatest increase in precision and accuracy occurred at 2-3

replicates, this would be the ideal minimum target for replicates. However, as this method
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involves filming wild animals, the number of replicates (i.e., passes) of each animal cannot be
guaranteed, nor can the ability to make a quality length measurement from each pass (e.g., if
the whale is actively swimming and thus dorso-ventrally flexed). The measurement software
program used in this study produces a unique precision estimate for each length
measurement. This estimate is generated based on how closely the user has identified the
same reference points in the paired stereo images for each measurement. Therefore, in the
absence of replicates, this software precision estimate can be used to estimate a confidence
level for single measurements.

2. Generally, when multiple whales are present, the animal passing by closest to the
videographer should be prioritized for filming. Range was the most important factor to
impact the accuracy and precision of measurements. The closer the pass, the more likely the
whale was to be identified, and the better the quality of measurements. However, a pass that
is too close may inhibit the ability to make certain morphometric measurements. Based on
extrapolation of the effective field-of-view size, a 4 m animal would require a minimum
approach distance of slightly over 3 m, and a 7 m animal would require a minimum approach
distance of approximately 5.5 m. These minimum distance requirements were met for most
passes by dwarf minke whales (over 99% of passes were sufficiently distant to measure a 4 m
animal, and almost 90% for a 7 m animal). Thus, the animal passing the closest can be safely
prioritized to generate the highest quality measurements, with minimal risk that the effective
FOV will be too small. The passing behaviour of target animals will be species- and location-
specific; however, dwarf minke whales are well-documented for approaching swimmers very
closely, so this minimum distance requirement is likely to be less relevant to other cetaceans.
3. Approach distance (i.e., closest whale) should be prioritized over orientation.
Measurement quality progressively decreases as range increases; however, trade-offs exist

between different orientations for making morphometric measurements. For example, while
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the reference points for measuring total body length are most clearly visible from above (i.e.,
when the whale passes directly below the videographer), dorso-ventral body flexure is more
difficult to detect in this orientation. In contrast, body flexure is clear at perpendicular lateral
views; however, the caudal notch (i.e., reference point for TBL measurement) can be
obscured by the fluke from this perspective. Due to similar body structure among cetaceans,
this is likely to affect other cetaceans equally to dwarf minke whales, so it is a potential
source of error that all field studies should consider. While reliable morphometric
measurements clearly cannot be made at great distances (15 m+), whales can still be
identified and approach distances can still be measured, which can be used as a proxy for
inquisitive or risk-taking behaviour in the presence of humans (Mangott, 2010; Mangott et
al., 2011). Approach distance measurement quality remained acceptable at these greater
distances because they were single-point measurements rather than two-point measurements;
as a result, they are inherently less error-prone. Since water visibility rarely exceeds this
identifiability range (up to 25 m), almost every pass can potentially be useful for an approach
distance measurement (given the appropriate orientation for identification). However, since
closer passes enable additional measurements to be made (i.e., morphometrics), distant passes
should be lower order priority whenever prioritization is required (i.e., when more than one
whale is present).

4. Reference points should be standardized and as visible as possible. Discrete physical
boundaries are preferred when available, such as the tail fluke notch, tip of the snout, or fin
insertion point. Reference points for other morphometric measurements, such as width, can

be more difficult to establish due to lack of discrete, obvious, or consistent features.
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3.4.2 Detecting change over time (growth and body condition)

The stereo-videogrammetry method achieved a mean CV of 1.24% for whales with
replicate TBL measurements, and a maximum CV of 2.70%. Given the mean TBL
measurement of 5.92 m, the average variation of an average size whale is 7.3 cm, and the
maximum variation is 16.0 cm. Thus, any inter-annual change in TBL greater than 16.0 cm is
likely to represent true growth.

Dwarf minke whales are thought to be born at approximately 2 m in length (Arnold,
1997; Best, 1985). Growth rates for this subspecies are not well documented, but may be up
to 2 m within the first year, considering the smallest whales measured (excluding calves)
were greater than 4 m. Thus, this technique is likely to detect growth during at least the first
several years of life. As inter-annual growth slows with age (with body length as a proxy), the
ability to detect change will diminish. So, while this technique is probably sensitive enough
to detect growth in TBL, the extent of its usefulness for this beyond the first few years may
not be known until dwarf minke whale growth rates are better described.

Total body length has been measured in-situ for several other cetaceans.
Measurements for sperm whales have been obtained via boat-based photogrammetry, with
precision of repeat measurements ranging from 1.3% CV (Jaquet, 2006), 4.4% (S. Dawson et
al., 1995) to 5.1% (Gordon, 1990). The technique developed in this chapter provides
improvement on most of these precision measures. Furthermore, these studies used allometric
extrapolation of different morphometric features to generate an estimate of total body length
(blow-hole to dorsal fin distance and tail fluke width). Thus, an additional error exists in
these studies. A similar case is seen with measuring killer whales using extrapolation of
dorsal fin height to total body length (Durban & Parsons, 2006). Both species are now targets
of commercial swim-with industries, providing a potential opportunity for research, and

specifically to utilize SDOV for in situ measurements. This would eliminate the error
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associated with allometric extrapolation, as well as the parallax error when single-camera
techniques were employed.

Only a small number of whales were able to be measured for body width (BW, N = 6),
which is a measurement often used as a proxy for body condition (e.g., thickness of fat
stores). Difficulties in identifying reference points in this area of the body, and strict
orientation requirements, precluded making such measurements during most passes of dwarf
minke whales. As a result, variation in replicate measurements of BW of up to 6.92% was
observed for individual whales (see Appendix D), and with a mean BW of 1.018 m, this
represents a variation of up to 7.1 cm. If the issues with identifying reference points in this
area can be resolved (e.g., software program modifications), the low variation achieved for
replicate TBL measurements (1-2%) suggests that small 1-2 cm changes in width would be
detectable and thus useful for assessing body condition of dwarf minke whales and other
cetaceans. Alternatively, further processing of suitable frames through an additional program
that automatically calculates width at select intervals along the body (e.g., Bierlich et al.,
2021; Christiansen et al., 2020; Torres & Bierlich, 2020) may provide a solution to the issue
of manually identifying reference points inherent to the image processing software used
herein.

A final species-specific consideration must be made when selecting an appropriate
SDOV system. As base separation (the distance between cameras) increases, so does the
ability to measure larger objects at greater distances. However, greater base separation also
introduces challenges in system calibration and field deployment due to size, revealing a
trade-off between measurement accuracy and practical feasibility. In this study, an SDOV
system with an 80 cm base separation was used. A larger, above-water system was tested by
Growcott et al., (2012) for measuring sperm whales, and their selected base separation of 256

cm was sufficient to accurately measure objects up to 12 m in length at ranges of up to 70 m.
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While this system was not constrained by underwater visibility, its principles could readily be
adapted for underwater measurements of larger cetaceans (provided sufficient water clarity).
Selecting the appropriate base separation is therefore essential for ensuring accurate and

feasible measurements across different species and study conditions.

3.4.3 Conclusion

This chapter has demonstrated that it is possible to obtain high quality morphometric
measurements of dwarf minke whales using in-water stereo-image techniques, with the
potential for application to other medium-sized cetaceans under appropriate conditions (and
inferred application to smaller species). I have also demonstrated that in-water stereo-
videogrammetry is preferable over single-camera techniques, providing similar accuracy but
significantly enhanced precision. Given sufficient replicates (i.e., two or more per individual),
these results suggest that this method should be sufficiently sensitive to detect growth in total
body length. With some software modifications and at least three replicates, this technique
may potentially be useful for monitoring other biologically and/or ecologically significant
changes in cetacean morphometrics, such as body condition. Thus, in-water stereo-
videogrammetry may present a valuable opportunity for improving population and health

monitoring of dwarf minke whales and other similarly-sized cetaceans.
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4.1 Introduction

4.1.1 Morphometry applications

Width- or girth-to-body-length relationships are commonly used as a proxy for body
condition on live cetaceans, where energy reserves (i.e., blubber) cannot be directly measured
(Best & Riither, 1992; Christiansen et al., 2014, 2020; Gray et al., 2019; Torres et al., 2022;
Vermeulen et al., 2023). Body condition measures represent the relative size of a cetacean’s
energy reserves, and thus enables one to infer their ability to fulfil critical life history roles
such as courtship and mating, reproduction (Lockyer, 2007), lactation and parental care
(Christiansen et al., 2014), and migration (Castrillon & Bengtson Nash, 2020). Further,
temporal and spatial patterns of body condition and population demographics can identify
responses to environmental impacts such as anthropogenic climate change and other
threatening processes (Christiansen et al., 2020). This biological information can have wide-
ranging practical applications for conservation and/or management purposes.

For example, Bradford et al. (2012) found that body condition of western gray whales
(Eschrichtius robustus) varies significantly across demographics, with lactating mothers
generally exhibiting the most depleted energy reserves. This may have negative consequences
on calf growth rates and female calving intervals. Christiansen et al. (2020) found that North
Atlantic right whales (Eubalaena glacialis) were in poorer health than southern right whales
(Eubalaena australis) by comparing body condition between population stocks. North
Atlantic right whales migrate through heavily developed coastal areas where ship strikes and
entanglements occur regularly, while southern right whales inhabit relatively remote and
unimpacted environments. Indeed, close to 90% of North Atlantic right whales exhibit
entanglement scars, and entanglements occur in over 15% of the population each year. This
higher incidence of sub-lethal entanglement and the resultant stress of such events are

hypothesized to be the main contributing factors to the poorer body condition of the North
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Atlantic population. This knowledge has led several government agencies to implement
dedicated anti-entanglement initiatives to reduce these interactions for North Atlantic right
whales (Department of Climate Change, 2021; Fisheries and Oceans Canada, 2022; National
Marine Fisheries Service, 2008). This case demonstrates how body condition can be a useful
measure to inform conservation and management practices for cetacean populations.

Biological scaling can also be investigated from morphological measurements. This
can facilitate the development of growth curves and provide useful proxies for important
features that may be difficult to measure directly, such as total body length (TBL). These
relationships can be particularly useful for cetacean research, because direct TBL
measurements are often unfeasible due to the research platform and/or the species’ behaviour
(e.g., vessel-based surveys or travelling animals). In several cetacean species, the
proportional relationship between body length and caudal fluke width or blowholes-to-dorsal-
fin length has enabled researchers to estimate total body length without imagery of the full
animal (Castelblanco-Martinez et al., 2014; Clark & Odell, 1999; Dawson et al., 1995;
Gordon, 1990; Jaquet, 2006; Ortega-Ortiz et al., 2022; Ramos et al., 2022; Scott & Winn,
1980). Similarly, dorsal fin heights have been used to approximate total body length of orcas
(Durban and Parsons, 2006).

Sexual dimorphism can also be examined via biological scaling. The utility of photo-
identification as a tool for cetacean research is enhanced when the sex of individuals is
known (Augusto et al., 2013). Sexual dimorphism of external features is often subtle in
cetaceans (Brown et al., 2016), and sex determination is generally rare in photo-identification
databases (van Aswegen et al., 2019; Yahn et al., 2023), including for dwarf minke whales
(Daley, 2019; Dunstan et al., 2008; Sobtzick, 2010). However, in some cases, sexual
dimorphic differences have been used to increase the sample size of sexed individuals

(Brown et al., 2016; Caspar & Begall, 2022; Yahn et al., 2023). Difterential body proportions
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have been observed in Antarctic minke (Balaenoptera bonaerensis) and sei (Balaenoptera
borealis) whales, wherein females have larger heads, proportionately, than male conspecifics
(Kawamura, 1969; Ohsumi et al., 1970; Omura, 1957). Males of many cetacean species,
particularly within the Odontocetes, exhibit longer dorsal fins proportional to their body
length (Betty et al., 2022; Brown et al., 2016; Caspar & Begall, 2022; Clark & Odell, 1999;
Yahn et al., 2023). Each of these applications can provide important biological and ecological
information that can directly inform and contribute to conservation management strategies.
Further, body length measurements can directly contribute to the establishment of
species growth curves (Bertalanffy, 1938). Establishing a species growth curve can facilitate
age estimations of individual animals and provide important insights into demographic
population structure (Dunstan et al., 2008; Sobtzick, 2010; Whitehead & Payne, 1978). This
may be particularly useful for cetaceans for two reasons. First, for many species, no non-
lethal age estimation methodologies have been established. Second, existing methods such as
telomere length generally lack the precision required to establish a growth curve (Dunshea et
al., 2011). Indeed, age estimation has proven sufficiently difficult for cetaceans that it has
remained as one of the primary rationales from the Government of Japan to allow the
continuation of their long-running scientific whaling program in the North Pacific and
Antarctic oceans despite widespread criticism and condemnation of the program (Clapham et

al., 2003; Clapham et al., 2007; Hofman, 2019; Peace, 2010).

4.1.2 Knowledge gaps for dwarf minke whales

Very little external morphometric data have been published for dwarf minke whales,
particularly live animals. Most morphometric data have come from strandings (Best, 1985;
Dawson & Slooten, 1990; Paterson et al., 2000; Zerbini et al., 1997), and non-target
incidental take from whaling (Kato et al., 2022; Kato & Fujise, 2000). Of live dwarf minke

whales, only total body length has been previously measured, on 140 individuals in the Great



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 89

Barrier Reef, Australia (Dunstan et al., 2008; Sobtzick, 2010). General morphological
differences across the minke whale species complex have been investigated (Kato et al.,
2022; Kato & Fujise, 2000); however, ontogenic allometry (i.e., changes in body proportions
with age) within the dwarf minke whale subspecies is poorly known. Some population
demographics have been identified, such as the size and general age class structure at the
seasonal aggregation in the Great Barrier Reef, Australia. Dunstan et al. (2008) found that
approximately two-thirds of the interacting population were immature in 2003 and 2004, and
one-third were “mature/potentially mature”, suggesting that this may represent an open
population structure with a high level of recruitment of young individuals into the population.
However, population structure has only been investigated across these two consecutive
sampling periods, and any longer-term temporal changes remain unknown. Monitoring these
trends over time is critical, as shifts in population demographics can provide insight into
broader ecological changes and potential conservation concerns. For example, baleen whales
that feed in polar regions are increasingly vulnerable to climate change, and changes in
demographics may be one of the first signs of these impacts, making the monitoring of such
trends particularly useful for future conservation and management efforts (Flores et al., 2012;

Nicol et al., 2008; Simmonds & Isaac, 2007; van Weelden et al., 2021).
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4.1.3 Objective and research questions
To address these gaps, the objective of this chapter was to gather and assess
morphometric measurements of dwarf minke whales within the interacting population that
aggregates in the northern Great Barrier Reef. From these measurements I then investigated
temporal patterns of allometric growth, which allowed me to answer the following research
questions:
1) How do external features grow in relation to total body length?
2) Are there any measurable external features that can be used as a reliable proxy for
total body length?
3) How can this filming methodology be used to investigate growth and body condition?

a) What measurements represent the best indicator of body condition?

b) How can these measurements be made from this footage (considering filming and
analytical constraints such as body position/flexure and availability of reference
points)?

4) Has the structure of the interacting population changed in the 10 to 11 years since an
earlier study was conducted in 2006-2007 (Sobtzick, 2010)? If so, how? What

implications or concerns does this raise?



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 91

4.2 Methods

4.2.1 Overview

In-water access to dwarf minke whales is available in the GBR via a long-running
liveaboard dive tourism industry out of Cairns and Port Douglas, underwater visibility is
generally good (15-25 m or more), and whale-swimmer approach distances are some of the
closest recorded in tourism interactions. As such, underwater photogrammetry is a viable
option for these conditions (see Chapter 3 section 3.1.3) and thus was used to obtain
measurements of morphological features of interacting individuals. I filmed twenty-one (21)
encounters with dwarf minke whale whales with a diver-operated stereo-video (SDOV)
system in 2017, seventeen (17) encounters in 2018, and twenty-one (21) encounters in 2019,
resulting in a total of 59 encounters. For this I followed the filming protocols developed in
Chapter 3. Supplementary imagery of these encounters was also collected from passengers,
crew, and additional researchers for photographic-identification (photo-ID) purposes. From
the 2017 footage (SDOV + supplementary imagery), 106 complete IDs, 37 left-only IDs, and
31 right-only IDs were made, representing a range of 146 (minimum) to 174 (maximum
possible) unique animals.

Nine morphologic features were selected for measurement purposes (Fig. 4.1) based
on a qualitative assessment of usefulness and measurability (see Chapter 2 Table 2.2). Of the
146-183 individual whales identified in the 2017 footage, 93 were adequately filmed to
measure at least one of the nine selected features. Measurement science computer program
EventMeasure™ was used for this, following the SeaGIS user guide (Seager, 2016d) and
additional analytical protocols developed in Chapter 3 (see Chapter 3 section 3.4.1). Photo-ID
was completed for all encounters in 2018 and 2019 as well; however, due to time constraints,
not all SDOV footage could be analysed. Instead, from the photo-ID process, 16 multi-year

resights were identified, which were whales that were filmed in more than one of the
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sampling years (i.e., 2017 — 2019). From these 16 animals, 10 were able to be measured to
investigate inter-annual growth. All other analyses used 2017 data only. Next, I explored the
relationships between body measurements on individual whales, establishing the allometric
(i.e., proportional) relationships between features and exploring whether any can be used as a
reliable proxy for total body length or body condition. Finally, general population

demographics such as maturity status were inferred and compared to previously collected

data to investigate temporal trends.
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Total body length (TBL): from tip of snout to caudal notch

Snout-to-dorsal-fin (SDF): from tip of snout to the dorsal fin anterior insertion point

Fluke width (FW): distal tips of caudal flukes

Snout-to-blowhole (SBH): tip of snout to anterior terminus of left blowhole crease

Width at eyes (WE): lateral margin of each eye at middle/widest point

Width behind eyes (WBE): halfway between WE and WAP

Width at pectoral fin anterior insertion point (WAP): pectoral fin anterior insertion points
Width at pectoral fin posterior insertion point (WPP): pectoral fin posterior insertion points
Width at widest point (WWP): visual estimation of widest point, at approximately mid-body
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Figure 4.1. Schematic of a dwarf minke whale (dorsal view) with the nine morphological features
selected for measurement.
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4.2.2 Field site & data collection

A detailed description of the study species, field site, and data collection procedures
can be found in Chapter 2 (sections 2.1 — 2.3). Dwarf minke whales were filmed in-water by
researchers, passengers, and crew during trips on live-aboard dive tourism vessels and
privately chartered research expeditions in June and July of 2017, 2018, and 2019. I collected
continuous video footage of encounters with a diver-operated stereo-video (SDOV) system,
and all other individuals captured regular still and video imagery from personal underwater
cameras. Most vessels were considered ‘platforms of opportunity’, not dedicated research
vessels; therefore, the study-specific limitations identified in Chapter 2 also apply here

(section 2.2.2.4).

4.2.3 Data pre-processing: photo-identification

A detailed description of the general photo-identification (photo-ID) process can be
found in Chapter 2 (section 2.3.1). To minimize the risk of erroneous re-sampling of partially
identified whales (see Chapter 2 section 2.3.1), right-only partial IDs were excluded in all
morphometric summaries and reports except for analyses by sex. For analyses by sex, left-
only partial IDs were excluded rather than right-only partial IDs. This allowed an increased

sample size for these analyses.

4.2.4 Data processing: extracting morphometric values

A detailed description of the measurement procedures can be found in Chapter 2
(section 2.3.2). 1,118 unique morphometric measurements of acceptable quality (see Chapter
2 section 2.5.3 and Chapter 3 section 3.2.5.1) were made on 94 dwarf minke whales from the
2017 SDOV footage. These measured whales represent 54.0-65.7% of all identified whales in

this sampling period. A minimum of 3 replicates per measurement was achieved for greater
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than 90% of measurements. This ensured sufficient precision for each measurement (see
Chapter 3 section 3.2.6). Measurements were extracted Animals identified in 2017 that were
re-sighted in 2018 and/or 2019 were also measured to investigate multi-year growth (see
Chapter 2 section 2.5). For demographic analyses, animals 6.00 m in length and over were
considered maturing/mature and animals less than 6.00 m in length were considered
immature (Dunstan et al., 2008; Kato et al., 2022; Kato & Fujise, 2000; Sobtzick, 2010). Cow
and calf pairs were identified when a smaller whale was observed closely associated with a

larger whale and was less than half of the length of the larger whale (Dunstan et al., 2008).

4.2.5 Data analysis

4.2.5.1 Ontogenic growth and allometric scaling

Simple linear regression was used to explore the relationship between TBL and five
body measurements across measured whales from the 2017 season. Features used to
investigate this scaling were snout-to-dorsal-fin length (SDF), fluke width (FW), snout-to-
blowholes (SBH), width at eyes (WE), and width at pectoral fin posterior insertion point
(WPP) (Fig. 4.1). SDF, FW, SBH, and WE were chosen as they are not known or suspected
locations of blubber accumulation, and should therefore be a more reliable representation of
true (i.e., skeletal) body growth, rather than body condition. WPP was selected despite being
a potential indicator of body condition (i.e., a possible location of blubber accumulation) as
this measurement demonstrated the least variation across the measured population (i.e., one
would expect measurements with the greatest variation between individuals to represent body
condition rather than true skeletal growth; see section 4.2.5.2). Data included in each
regression were subsetted from the original 2017 data set, consisting of only those individuals
who were measured for both TBL and each additional morphologic feature (NtsL + spr = 71,

NTBL+ FW — 44, NTBL+ SBH = 25, NTBL+ WE — 23, NTBL+WPP = 16). Measurement means
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(derived from replicate measurements of individual whales) for all features were log
transformed and fitted to a linear regression against TBL, as per allometric scaling
convention (Huxley, 1932; Huxley & Teissier, 1936; West et al., 1997). Significance was
determined at p < 0.05. Features found to have the strongest predictive relationship to TBL
were considered as possible candidates to be used as a proxy for TBL (i.e., narrowest 95%

confidence interval).

4.2.5.1.1 Sexual dimorphism

To determine whether sexual dimorphism exists amongst morphometric features, 18
sexed dwarf minke whales were assessed for SDF as a proportion of TBL and 14 sexed
whales were assessed for FW as a proportion of TBL. Other features were not investigated
due to small sample sizes. Reductions in sample sizes occurred because only 11% of
identified whales were able to be sexed (see Chapter 2 section 2.4.1) and not every sexed
whale was able to be measured. To be eligible for this analysis, whales had to meet all of the
following criteria: 1) known sex, 2) measured for TBL, and 3) measured for an additional
morphometric feature. As a result, the only features that achieved a sample size greater than
10 were SDF and FW (Nspr:teL = 18, Nrw:tBL = 14). Welch’s t-tests were conducted to
investigate differences by sex for true SDF, proportional SDF and proportional FW (as a
percent of TBL). T-test assumptions were tested using the Kolmogorov-Smirnov test for
normality of residuals and the Bartlett’s Test for homogeneity of variances (significance was
determined at p < 0.05). No transformations of data were required. Data for true FW did not
meet the T-test assumption of normality of residuals; therefore, these data were tested using

the Wilcox rank sum exact test, with significance determined at p < 0.05).
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4.2.5.2 Body condition

To determine which feature(s) may be best for monitoring body condition, similar
width measurements were identified and their spread and precision were compared. Since
blubber accumulation may occur behind the eyes, variance of per-whale mean width at eyes
(WE) length and per-whale mean width behind eyes (WBE) length were compared using an F
Test. I predicted that WBE measurements would have a greater variance than WE
measurements, as blubber accumulation is thought to occur behind the eyes, while width at
eyes should better represent true (i.e., skeletal) growth. To investigate differences in
precision, the coefficient of variation (CV) WE and WBE replicates were compared using
Welch’s T-test. I predicted that WE measurements would be more precise than WBE
measurements due to the availability of discrete reference points for width at eyes.
Significance for both F Test and Welch’s T-Test was determined at p < 0.05. Assumption of
normality for the F Test was tested using the Shapiro-Wilk test, with significance determined
at p < 0.05. No transformation was required. Assumptions of the Welch’s T-Test were tested
using the Kolmogorov-Smirnov test of normality of residuals and the Bartlett’s test for
homogeneity of variances, with significance for both determined at p < 0.05. Data were log
transformed to meet these assumptions.

Next, precision and spread of width at anterior pectoral fin insertion (WAP), width at
posterior pectoral fin insertion (WPP), and width at widest point (WWP) were compared to
each other. Variance of these measurements were compared using the Bartlett’s Test for
homogeneity of variances, with significance determined at p < 0.05. The assumption of
normality was tested using the Shapiro-Wilk test, with significance determined at p < 0.05.
No data transformation was required for this analysis. It was predicted that variance would be
greatest for WWP measurements. Precision was investigated by comparing the coefficient of

variation of per-whale replicates using a one-way ANOVA. ANOVA assumptions were tested
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using the Kolmogorov-Smirnov test for normality of residuals and the Bartlett’s Test for
homogeneity of variances, with significance for both determined at p < 0.05. Data were log
transformed to meet these assumptions. A Tukey’s HSD test was done post-hoc to identify
which measurements were significantly different, with significance determined at p < 0.05. 1
predicted that precision would be poorest for WWP measurements due to the lack of discrete

reference points in this location, and that WAP and WPP precision would be similar.

4.2.5.3 Growth

A total of 17 identified whales were re-sighted in multiple sampling years. This
enabled an investigation of longer-term growth of these individuals. Ten of these animals
were able to be measured for TBL and SDF across multiple years. Four animals were
measured in 2017 and again in 2019, representing approximately two years of growth. The
remaining six whales were either measured in 2017 and again in 2018, or 2018 and again in
2019, thus representing approximately one year of growth. The small sample size of whales
measured for multi-year growth precluded significance testing (NtL = 10, Nspr = 10, Nrw =

7, NsH = 3, Nwidths = 1).

4.2.5.4 Long-term demographic trends

To determine if long-term population structure changes have occurred, TBL
measurements collected during the 2017 sampling period were compared to historical TBL
measurements collected in 2006 and 2007 by Sobtzick (2010) in the same sampling area. Due
to the similarities in data collection protocols and measurement accuracy between the
previous study and this thesis (see Chapter 3 section 3.3.2), data were considered comparable
across these studies. First, a one-way ANOVA was conducted to compare TBL measurement

means across sampling years (n2006 = 52, n2007 = 77, n2017 = 73). Significance was determined
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at p <0.05. ANOVA assumptions were tested using the Kolmogorov-Smirnov test for
normality of residuals and the Bartlett’s Test for homogeneity of variances. No
transformations were required. A Pearson’s Chi-squared test was also conducted using TBL
measurements grouped by maturity status to determine if size class distribution differed
across sampling years. Significance was determined at p < 0.05. Finally, a post-hoc
Bonferroni test was conducted to determine which sampling years were different. As per the

Bonferroni correction method, significance was determined at 0.017.

4.3 Results
4.3.1 Photo-identification and sex

Photo-identification analysis was completed for 21 dwarf minke whale encounters
from June-July 2017. Within these encounters, 106 complete whale identifications were made
(i.e., adequate imagery of both the left- and right-sides), with an additional 37 left-only partial
identifications and 31 right-only partial identifications. Following the Minke Whale Project
established photo-ID convention (see Chapter 2 section 2.3.1 and Sobtzick, 2010), this
sample consists of a minimum of 143 unique animals (i.e., 106 complete IDs + 37 left-only
IDs) with a potential maximum of 174 individuals (106 complete IDs + 37 left-only IDs + 31
right-only IDs). Sex was determined for 26 of these identified whales: 18 females (17
complete IDs and 1 right-only partial ID) and 8 males (6 complete IDs and 2 right-only

partial IDs).

4.3.2 Descriptive morphometrics and allometry
4.3.2.1 Measurement summaries
A total of 1327 unique morphometric measurements were made across 104 individual

dwarf minke whales. Mean precision of per-whale replicates ranged from below 1% CV for
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total body length (TBL) to 3.54% error for width at widest point (WWP) (Table 4.1).
Replicate measurements of longitudinal features - TBL, snout-to-dorsal-fin (SDF), and snout-
to-blowholes (SBH) - were generally more precise than of width measurements - width
behind eyes (WBE), width at pectoral fin anterior insertion point (WAP), and fluke width
(FW) - except width at eyes (WE) and width at pectoral fin posterior insertion point (WPP),
which were more precise than SBH. The most achievable/measurable measurement types
were the longitudinal length measurements SDF (56% of identified whales) and TBL (52% of
identified whales). Fluke width (FW) was also highly achievable (32% of identified whales
were able to be measured for FW). The least achievable measurement types were body width
measurements (12-17% of identified whales), in particular width at widest point (WWP; 12%

of identified whales).

4.3.2.2 Total body length (TBL)

Total body length (TBL) was measured for 74 unique whales in 2017 (Fig. 4.2). This
represents 52.8% of all identified whales, based on the minimum estimate of 143 unique
individuals. A minimum of three replicates were achieved on 93.2% of the measured
population (N = 69). The mean overall TBL was 6.17 = 0.69 SD (m), and individual whale
TBL ranged from 3.34 m (n = 1, a calf) to a mean of 7.43 m (n = 3), with the smallest non-
calf whale measuring 5.01 m in length. Most measured whales (59.5%, n = 44) were 6.00 m
in length or longer. Over a third of measured whales (40.5%, n = 30) were 6.50 m or longer.
Dwarf minke whales 6.00 m or longer are considered likely to be maturing or mature (Kato &
Fujise, 2000), and those 6.50 m or longer are considered mature (Dunstan et al., 2008;

Sobtzick, 2010).
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Table 4.1. Morphometric measurement summaries by measurement type.

Morphological feature n whales | Mean length £ | Mean relative length | Per-whale measurement | Mean precision of

measured | SD (m) (as % of TBL) range (m) replicates (% error,
represented by CV)

1 Total body length (TBL) 74 6.19+0.70 100% 3.34-743 0.77%

2 Snout-to-dorsal-fin (SDF) 80 4.02+£0.48 64.9% 1.74 - 4.88 1.07%

3 Fluke width (FW) 49 1.75+£0.20 28.3% 1.38-2.18 2.06%

4 Snout-to-blowholes (SBH) 28 0.89+£0.11 14.3% 0.71 - 1.07 1.45%

5 Width at eyes (WE) 24 0.82 £0.08 13.5% 0.66 - 0.97 1.37%

6 Width behind eyes (WBE) 21 0.87+0.09 14.1% 0.67 - 1.01 2.54%

7 Width at pectoral fin anterior 21 0.93£0.10 15.0% 0.73-1.13 1.97%

insertion point (WAP)

8 Width at pectoral fin posterior 18 0.97+0.11 15.7% 0.74 - 1.18 1.18%

insertion point (WPP)

9 Width at widest point (WWP) 17 1.00£0.12 16.2% 0.74-1.24 3.54%

100
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4.3.3 Ontogenic growth and allometric scaling

All morphometric features tested exhibited an allometric relationship to total body
length (TBL), increasing in size logarithmically with TBL (Table 4.2, Fig. 4.3). The
allometric coefficient (o) was below 1 for all features tested against TBL, indicating that TBL
is hypoallometric (i.e., TBL increases proportionately slower) to these features (Huxley,
1932). This ranged from a slight hypoallometric relationship with snout-to-dorsal-fin length
(SDF) (o = 0.983) to a strong hypoallometric relationship with width at pectoral fin posterior
insertion point (WPP) (a = 0.680). All features measured were also significantly strong
predictors of TBL. Prediction intervals widened considerably as the size of features
increased, from 0.19 m for the smallest SDF samples to 1.93 m for the largest WPP samples.
Of all features tests, SDF showed the best fit with TBL, as expected, with the narrowest
prediction margin and the ability to predict TBL with 95% confidence to within +/- 0.09 —

0.26 m, depending on the SDF length.

Table 4.2. Prediction equations of five morphometric features for total body length (TBL) and their
corresponding 95% prediction intervals. SDF = snout-to-dorsal-fin length, FW = fluke width, SBH =
snout-to-blowholes length, WE = width at eyes, WPP = width at pectoral fin posterior insertion point.

Morphometric Prediction equation TBL prediction True prediction

feature, n (y = bx") interval (as = per cent interval range (m)
of x)

SDF, n =171 TBL = 0.228 x SDF*% +5.41% of SDF +0.094 - 0.264 m

FW, n=44 TBL =2.586 x FWF"8* +29.72% of FW +0.410-0.648 m

SBH, n =25 TBL = 1.206 x SBH3" +57.3% of SBH +0.407 - 0.613 m

WE, n =23 TBL =1.072 x WE"¥% + 62.6% of WE +0.413-0.607 m

WPP, n=16 TBL = 1.438 x WPP"5% + 78.3% of WPP +£0.579-0.924 m




STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY

a) b)
2.904
285
2.854
7 280 @ 280
= =
o j=}
e el
. 275
21 y =0.983x + 0.228 y = 0.834x + 2.586
R=0985 R=0924
2704
270
25 260 2.65 0.15 0.20 0.25 030
logSDF logFW
c) d)
a0 2904
2854 285
@ 2807 5280
= =
om [=
el e
275 y=0.815x + 1.206 o y=0.898+1.072
R=00944 R=0023
— 2704
186 190 195 200 185 1.00 1.05
logSBH logWE
e)
2.904
2.85
2804
m
=
j=}
el
2754
y = 0.680 + 1.438
- R =0.850
2704
2851
1.90 1.95 2.00 2,05
logWPP

Figure 4.3. Simple linear regression of total body length (TBL) and (a) snout-to-dorsal-fin length
(SDF), R’ =0.971, F(1, 69) = 2301.7, p < 0.0001; (b) caudal fluke width (FW), R’ = 0.853, F(1, 42)
=243.4, p <0.001; (c) snout-to-blowholes length (SBH), R’ = 0.891, F(1, 23) = 187.1, p < 0.001;
(d) width at eyes (WE), R’ = 0.852, F(1, 21) = 120.7, p < 0.001; and (e) width at widest point
(WWP), R? =0.722, F(1, 14) = 36.4, p <0.001. Solid line represents regression equation, dark grey
area represents 95% confidence interval, and light grey area represents 95% prediction interval.
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4.3.3.1 Sexual dimorphism

Mean snout-to-dorsal-fin length (SDF) was 0.19 m larger in female dwarf minke
whales than males (Table 4.3). However, this difference was not significant, #(15.914) =
1.096, p = 0.289. Relative SDF (as a proportion of TBL) ranged from 64.0% - 67.4% of TBL
for males and 64.3% - 66.7% of TBL for males. It was not significantly different between
sexes, #(8.339) = -0.126, p = 0.903. Mean fluke width (FW) was 0.08 m larger in females than
males, but this difference was not significant, #(11.977) = 0.87522, p = 0.3987. However,
relative FW (as a proportion of TBL) was 2.1% greater in females than in males, and this
difference was significant, #(10.12) = 3.394, p = 0.007 (Fig. 4.4). Relative FW ranged from

26.3% - 28.7% for males and from 28.1% - 32.1% for females.

Table 4.3: SDF and FW measurements relative to TBL, by sex.

nspr | Mean true Mean nrw | Mean true Mean relative
SDF (m) £ SE | relative SDF FW (m) £ SE | FW (as % of
(as % of TBL) + SE
TBL) + SE
Females | 11 403m+0.13 |654%+0.22 |8 1.73m+ 0.072 | 29.5% + 0.42*
Males 7 3.84m+0.11 | 655%+0.50 |6 1.65m+ 0.058 | 27.4% + 0.43*

*denotes statistical significance (p < 0.05)
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Figure 4.4. Median + 25% inter-quartile ranges of relative caudal fluke width (FW) as a per cent of
total body length (TBL) by sex for dwarf minke whales with both FW and TBL measurements. Nmat. =
5, neemate = 8. Whiskers extend to 1.5 times the inter-quartile range. Outliers are included. X = mean

value.

4.3.3.2 Calf measurements

Shepherding and screening behaviours by dwarf minke whale mothers and

accompanying whales can prevent calves being filmed. Measurements can also be difficult to

obtain due to their erratic swimming behaviour, during which dorso-ventral flexion is

prevalent. A single calf was able to be measured from the 2017 sampling period (Table 4.4).

The sex of this individual was not determined.

Table 4.4: Measurements of a calf from the 2017 sampling period.

Whale ID

TBL (m)

SDF (m)

MW3468

334,n=1

1.74,n=1
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4.3.4 Body condition

Of all width measurements (i.e., all possible body condition indices), width at eyes
(WE) was the most measurable (i.e., was able to make more WE measurements than other
width features), with 23 animals measured (Table 4.5). Width behind eyes (WBE) was almost
as measurable, with 21 animals measured. These anterior width measurements did not differ
significantly in range/variance, F(20, 25) = 1.288, p = 0.543 (Fig. 4.5). However, WE
replicates were significantly more precise than WBE replicates, #(41) =2.973, p = 0.005.
Width at anterior pectoral fin insertion (WAP) was the most measurable mid-body width
feature, with 21 animals measured. Width at widest point (WWP) was the least measurable
width feature, with 17 animals measured. Width of mid-body measurements (WAP, WPP, and
WWP) did not differ significantly in range/variance, K*(2) = 0.295, p = 0.863. However,
significant differences in precision of replicates were found across mid-body measurements,
F(2,46)=8.428, p <0.001. Tukey’s HSD test found that WWP replicates were significantly
poorer than both WAP (p = 0.024, 95% C.1. = 0.078, 1.320) and WPP (p < 0.001, C.I. =

0.441, 1.753).
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Table 4.5. Relative width measurements of dwarf minke whales, standardized by total body length
(TBL), and the variability of each measurement type across individuals. WE = width at eyes, WBE =
width behind eyes, WAP = with at pectoral fin anterior insertion point, WPP = width at pectoral fin
posterior insertion point, WWP = width at widest point, n = number of whales measured.

Morpho- n  Mean % of Min % Max % % of TBL Mean

logical TBL = SD of TBL of TBL range (max- precision of

feature min) per-whale
replicates
(CV%)

WE 23 13.28+0.50 12.25 14.25 2.00 1.37

WBE 21 14.08 +0.70 12.60 15.19 2.58 2.54

WAP 21 15.08 £ 0.68 14.08 16.07 1.99 1.97

WPP 18 15.78+0.96 13.64 16.90 3.26 1.19

WWP 17 15.96+1.04 13.52 17.66 4.14 3.54
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Figure 4.5. Median + 25% inter-quartile ranges of measurements of a) width behind eyes (WBE) and

width at eyes (WE); b) width at pectoral fin anterior insertion point (WAP), width at pectoral fin
posterior insertion point (WPP), and width at widest point (WWP); ¢) coefficient of variation of

replicate WBE and WE measurements; and d) coefficient of variation of replicate WAP, WPP, and
WWP measurements. Whiskers extend to 1.5 times the inter-quartile range. Outliers are included.
Asterisks denote statistical significance.
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4.3.5 Growth

Ten (10) whales were re-sighted in multiple sampling periods and were measured
during each sampling period (i.e., multi-year growth) (Table 4.6). Due to viewing constraints
and/or video quality, not all body features were able to be measured on every whale (see
Chapter 3 section 3.3.1). All 10 of these whales were able to be measured for TBL (Appendix
E). All whales displayed positive TBL growth when measured across years (i.e., no whales
shrank in length). Absolute growth per year ranged from 0.065-0.468 m, representing relative
growth of 0.95% - 7.72% of prior TBL. Two-year growth ranged from 0.474 - 0.662 m,
representing relative growth of 8.47% - 11.92% of prior TBL across two years. Growth
appeared to differ across annual time periods; mean TBL growth from 2017-2018 was
4.575% + 1.566 SE (n =4), while mean TBL growth from 2018-2019 was 2.522% + 0.233 SE
(n =2). However, the sample size of animals with single-year growth measurements was too
small to conduct significance testing (n = 6).

Snout-to-dorsal-fin length (SDF) of individual whales increased over 4% per year, on
average (Table 4.6). However, when measured as a proportion of TBL, relative SDF slightly
decreased. Fluke width (FW) increased across all metrics, as did snout-to-blowholes length
(SBH). Conversely, width at eyes (WE), width behind eyes (WBE), and width at pectoral fin
anterior insertion point (WAP) all increased in true size but decreased in relation to TBL.
Width at pectoral fin posterior insertion point (WPP) increased both in true size and in

relation to TBL.
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Table 4.6: Growth of features on whales measured across multiple years. TBL = total body length,
SDF = snout-to-dorsal-fin length, FW = fluke width, SBH = snout-to-blowholes length, WE = width
at eyes, WBE = width behind eyes, WAP = width at pectoral fin anterior insertion point, WPP = width
at pectoral fin posterior insertion point, n = number of whales measured.

Morphological n Mean* true Mean* relative Mean* growth
feature growth per year growth per year relative to TBL per
(m) (%) year (%)
TBL 10 0.262 4.299 4.299
Immature 3 0.324 5.970 5.970
(<6.00 m)
Maturing or 7 0.235 3.582 3.582
mature (>6.00 m)
SDF 10 0.154 4.095 -0.346**
FW 7 0.087 5313 1.152
SBH 3 0.038 4.342 0.214
WE 1 0.014 1.497 -2.704
WBE 1 0.017 1.684 -2.540
WAP 1 0.017 1.624 -2.594
WPP 1 0.065 5.956 1.383

*Note that WE, WBE, WAP, and WPP were all made on a single whale (MW3416).
**(One whale measured for SDF was not measured for TBL, thus was excluded from this calculation.

Relative yearly TBL growth appeared to vary inversely with TBL (Fig. 4.6). As the
size (and, presumably, age) of a whale increased, relative growth per year generally
decreased. However, considerable variation was found among individuals. The fastest
growing whale (7.72% annual TBL growth) was indeed the smallest (5.234 m). On the other
hand, the largest whale measured for growth (MW3465) demonstrated the second largest
annual growth rate (6.59%). This whale was measured at 7.102 m TBL (+ 0.014 SE, n=3) in
2017 and re-measured at 7.570 m TBL (= 0.003 SE, n = 3) one year later in 2018. This 2018
mean TBL represents the largest length measurement in this study and the largest measured

dwarf minke whale in the Great Barrier Reef to date.
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Figure 4.6. Annual relative total body length (TBL) growth of individual whales as a function of
initial body length (m). Error bars represent SE of replicate TBL measurements. Vertical dotted line
represents size distinction between juvenile whales and maturing & mature whales (i.e., 6.00 m TBL).

4.3.6 Long-term demographic trends

Over 50 dwarf minke whales were measured for total body length (TBL) in each of
the 2006, 2007, and 2017 sampling periods (Table 4.7). Individuals measured ranged in
size/age from a calf in 2007 (3.35 m) and 2017 (3.34 m) to mature whales over 7.00 m in
length. TBL varied significantly between years, F(1, 200) =28.49, p < 0.001]. Specifically,
post-hoc comparisons using the Tukey HSD test indicated that TBL in 2017 was significantly
larger than in both 2006 and 2007 by 0.5 m. TBL measurements from the 2006 and 2007

sampling periods were not significantly different from each other.
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Table 4.7: Size range of measured whales (total body length, TBL) from previously collected data
(2006 and 2007, Sobtzick, 2010) and 2017 (this study).

2006 2007 2017

Mean TBL + SE 5.68 m +/- 0.10 5.71 m +/- 0.08 6.23 m +/- 0.004
TBLmin, TBLmax 4.03m-7.08m 335m-7.18 m 334m-742m
(range) (3.05 m) (3.83 m) (4.08 m)
n (% of identified whales) 52 (34.4%) 76 (53.1%) 73 (51.0%)
% Immature 63% 65% 39.7%

(<6m TBL)
% Maturing or mature 37% 35% 60.3%

(>6m TBL)

In 2017, a bimodal size class distribution was observed, with peaks in the 5.50 — 5.99

m and 6.50 — 6.99 m size classes (Fig. 4.7). The most common size encountered was whales

in the 6.50 — 6.99 m range, representing over 30% of measured whales in 2017. In contrast,

both 2006 and 2007 size class distributions were unimodal with peaks in 5.00 — 5.49 m and

5.50 — 5.99 m ranges. A Chi-square test of independence indicated that sampling year and

size class distribution were significantly associated, 2 = 36.32, df = NA, p <0.001. Post-hoc

comparisons by year revealed that the proportion of mature whales in 2017 was significantly

greater than in 2006 and 2007.
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Figure 4.7. Percentage of measured dwarf minke whales in 0.5 m length classes by sampling year.
White horizontal lines indicate break between immature and maturing/mature whales.

4.4 Discussion

4.4.1 Chapter summary

Prior to this study, very little morphometric data existed for dwarf minke whales,
particularly live animals. Only 140 live, free-ranging individuals had been measured
previously, and only total body length (TBL) was measured (Sobtzick, 2010). Due to this lack
of data, important biological and ecological characteristics of this subspecies remain poorly
described and unmonitored, including growth rates, population demographics and structure,
and body condition. This chapter demonstrated that robust morphometric measurements of
live dwarf minke whales can be obtained in the Great Barrier Reef aggregation area, which

can be used to begin filling these knowledge gaps for this undescribed subspecies. Over 1,300
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measurements were obtained on over 100 whales and were utilised to investigate several
important biological characteristics of the Great Barrier Reef population including
demographic structure, allometric scaling, sexual dimorphism, ontogenic growth, and long-
term population trends. Two useful length proxies for dwarf minke whales were established,
where total body length can be estimated from fluke width (FW) or snout-to-dorsal-fin (SDF)
length. This is useful as TBL cannot always be measured directly but is an important
indicator of age. Finally, I established a baseline range of body width measurements and
identified the most useful width measurements to enable future monitoring of body condition
for dwarf minke whales. These measurements represent the first ever morphological features
measured on free-ranging dwarf minke whales beyond TBL.

Individual animals measured in this study ranged from the smallest to largest
measured dwarf minke whales in the Great Barrier Reef, from a calf of 3.34 m in length to a
(presumably) mature female re-measured in 2018 at 7.57 m TBL. The size ranges of total
body length and other morphological features measured in this study generally agree with the
limited data available in the literature for dwarf minke whales (Dunstan et al., 2008; Kato et
al., 2022; Kato & Fujise, 2000; Sobtzick, 2010). Measured females were larger than
measured males, which is also supported by existing literature for dwarf minke whales and
other Mysticetes. Further, the findings herein regarding calf size may help to refine
understanding of dwarf minke whale calf development, data that are particularly limited in
the literature. Previously, a 3.43 m long dwarf minke was documented from a stranding in
Brazil, where the whale’s stomach was “almost full” of krill, suggesting that this animal had
finished weaning (Secchi et al., 2003). More recently, two calves approaching this size have
been observed closely associated with their mothers in the Great Barrier Reef: the 3.34 m and

3.35 m calves measured here in 2017 and by Sobtzick (2010) in 2007, respectively. These



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 115

findings suggest rapid growth of suckling calves in the first few months of life and that

weaning may occur shortly after departing from the Great Barrier Reef aggregation area.

4.4.2 Ontogenic allometry

Total body length (TBL) was hypoallometric compared to other morphological
features tested. This means that TBL increased proportionately slower than other body
measurements. In other words, dwarf minke whales are relatively ‘long and skinny’ when
they are young and gain more girth relative to length as they age. Though limited data are
available for the smallest dwarf minke whales (i.e., under 5.00 m TBL), the single calf
measured in 2017 exhibited the shortest relative SDF of all individuals, at 52% of TBL
compared to 63-69% of TBL in sub-adult and adult dwarf minke whales. This indicates that
the calf’s tail region (i.e., the longitudinal length not captured in an SDF measurement) was
larger relative to its total length than for older whales. This may be indicative of a general
trend observed in baleen whales, wherein the head region is hyperallometric (i.e.,
proportionately smallest amongst calves) due to ontogenic adaptations related to shifting
feeding strategies (i.e., transitioning from nursing to independent foraging) (Goldbogen et al.,
2010; Kahane-Rapport & Goldbogen, 2018; Lanzetti et al., 2023). Additionally, a relatively
larger tail region may also help to ensure that a small calf can “keep up” with its significantly
larger mother while migrating. This may be particularly imperative as dwarf minke whales
likely travel as far as the Antarctic after leaving the Great Barrier Reef (Andrews et al.,
2015). While the calf measurements in this chapter only represent a single whale under 5.00
m in length, this finding agrees with data from larger whales in this study and data for other
baleen whales (Goldbogen et al., 2010; Kahane-Rapport & Goldbogen, 2018; Mackintosh &

Wheeler, 1929).
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Female dwarf minke whales exhibited significantly wider tails relative to their body
length than males (section 4.3.3.1). A possible functional explanation for this observation is
that females will have greater propulsion requirements than males due to the increased body
mass and resultant drag of pregnancy. However, while absolute sexual size dimorphism is
common amongst baleen whales (i.e., females are generally larger than males), relative
sexual size dimorphism is not commonly observed except for the length of the genital slit
(Mesnick and Ralls, 2018). Males of several odontocete species, such as long-finned pilot
whales (Globicephala melas edwardii) have relatively wider tails and longer pectoral fins
than females (Betty et al., 2022; Clark & Odell, 1999), though odontocetes demonstrate the
opposite sex-biased size dimorphism to baleen whales (i.e., males are larger than females).
While sample size was small (8 females and 5 males), this study found minimal overlap in
the ranges of relative caudal fluke width (FW) between male and female dwarf minke whales.
The largest relative FW measured on a male was 28.7%, while the majority of relative FWs
of females were greater than 29%. Therefore, with additional data to increase sample size,
FW could potentially serve as a diagnostic tool for sex in dwarf minke whales in a certain
subset of individuals. For example, it may be possible to determine that animals with a FW
smaller than xx% of TBL are likely to be male, and animals with a FW larger than y)% of
TBL and/or longer than z.z m are likely to be female. This could help to increase sample size
of sexed whales in future studies, which is a limitation of the in-water observational
methodologies used in this study.

4.4.3 Predictors of total body length

All morphological features tested demonstrated strong predictive relationships with
total body length (TBL). This was expected, as ontogenic growth occurs across all three
physical dimensions. However, the size of the prediction intervals varied widely across

features, from 0.18 m for whales with small snout-to-dorsal-fin length (SDF) to 1.93 m for



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 117

whales with large width at pectoral fin posterior insertion point (WPP). Further, the
“measurability” of each feature varies as well (see section 4.3.2.1). Therefore, the usefulness
of each length proxy for practical application also varies.

For example, SDF was the best predictor of TBL as it generated the most precise
prediction interval (+ 5.41% SDF, or = 0.09 - 0.26 m based on the size ranges measured in
this study). Suppose a study sought to obtain TBL measurements on as many dwarf minke
whales as possible. Using the methodology presented here, SDF is approximately 10% more
“measurable” than TBL, so for every 100 whales able to be measured for TBL, 110 whales
should be able to be measured for SDF. The length proxy equation calculated in section 4.3.3
(logzsr = 0.9832logspr + 0.2276, £ 5.41% SDF) could then be used to estimate the TBL of
the 10 whales that were able to be measured for SDF but not TBL, thus increasing the sample
size of TBL measurements by 10%.

Suppose the same study also sought to determine the maturity status of these whales.
The likelihood of each SDF-measured whale having a TBL either smaller or greater than 6.00
m would need to be calculated (see section 4.3.2.2). To determine this with 95% certainty
from the SDF-generated estimates, the resultant TBL prediction interval for each whale must
not overlap 6.00 m (i.e., must not contain values both above and below 6.00 m). Rather, the
entire TBL prediction interval must either be completely above or below this threshold. Thus,
using the SDF prediction equation, the maturity status can be confidently estimated for dwarf
minke whales with an SDF less than 3.80 m or greater than 4.07 m. Individuals with SDF
lengths between these values will result in a TBL prediction interval that includes values both
above and below 6.00 m, and thus maturity status cannot be confidently inferred. In the 2017
measured population, approximately 18% of dwarf minke whales fell inside these values.
Therefore, the maturity status of 82% of this dataset could be estimated, with 95%

confidence, by using SDF in the absence of TBL measurements. Fluke width (FW) could also
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be used in this manner; using the length proxy equation for FW, maturity status could be
inferred for whales with fluke widths either less than 1.54 m or greater than 1.87 m.
However, FW may not be as useful as SDF since a) FW is a less achievable measurement,
with only 31.0% of whales measured for FW in 2017 as compared to 56% of whales
measured for SDF; and b) the wider prediction interval means that only 47.7% of the 2017

measured population would meet the prediction interval criteria for assessing maturity status.

4.4.4 Body condition

Unexpectedly, the areas of suspected blubber accumulation - width behind eyes
(WBE) and width at pectoral fin posterior insertion point (WPP) - did not exhibit greater
variance across the sampled population than other similar features. However, when
investigated for sensitivity (i.e., precision of replicates), width at eyes (WE), width at pectoral
fin anterior insertion point (WAP), and width at pectoral fin posterior insertion point (WPP)
conferred a significant advantage. This is likely due to the availability of discrete reference
points in these areas. Additionally, since these features have similar distribution across the
population to the areas that are suspected to represent body condition (i.e., WE and WWP),
then these features may be used as a proxy for body condition and population means can
likely be compared on a long-term (i.e., yearly) basis. However, the high time and cost
investments required for such data analysis likely preclude the use of this methodology for
regular monitoring of body condition of dwarf minke whales.

Alternatively, newer methodologies have been developed in recent years to extract
more accurate body condition measurements of cetaceans. These approaches use custom-
written graphical user interfaces (GUIs) (Christiansen et al., 2020; Dawson et al., 2017; Gray
et al., 2019; Torres & Bierlich, 2020) or R scripts (Arranz et al., 2022; Christiansen et al.,

2019) to estimate 2- and 3- dimensional “volume” of cetaceans from UAV imagery. To
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achieve this, a specific fixed camera positioning is required that is strictly perpendicular to a
‘flat” animal. Typically, this is done by hovering a UAV quadcopter above an animal that is
either resting at the surface or surfacing in calm waters with minimal dorso-ventral body
flexure (Fig. 4.7). Unfortunately, the surfacing behaviour and prevailing weather conditions
at the dwarf minke whale aggregation area in the Great Barrier Reef (e.g., brief breaths with
notable body flexure, no known logging at the surface, and frequent trade winds exceeding 20
knots with rough sea states) are likely to limit the effectiveness of such methodologies for

dwarf minke whales in the GBR aggregation area (see Chapter 3 section 3.1.3).

Total body length

Figure
4.8. Example aerial photograph for measuring body condition of a right whale using a custom-written
GUI in MATLAB. Width measurements represent 5% TBL increments from 5-85% TBL. Reprinted
from Christiansen et al. (2020).

Future research may instead involve Al-assisted photo-identification techniques and
the creation of 3D models of cetaceans. 3D modelling would be a significant improvement on
length-girth indices and 2D “volume” estimates (Hirtle et al., 2022). These types of models
are well established for other organisms but current methods for cetaceans are not well
developed (Irschick et al., 2021). Nonetheless, the Great Barrier Reef dwarf minke whale

population may be a promising candidate for the development of such technology. Due to the
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three-dimensional nature of the swim-with interactions (i.e., the whales approach the
swimmers), video footage from multiple angles and directions is often collected, which is a
requirement for the development of 3D models (Hirtle et al., 2022). Pursuit of this 3D
modelling is recommended for monitoring of dwarf minke whale populations as this
emerging technology may provide significantly more accurate and precise estimates of body
condition and more time-effective analysis. The baseline width measurements and continuous
video footage collected in this chapter may be useful for the development of these

methodologies for dwarf minke whales.

4.4.5 Growth

All whales measured for multi-year growth displayed positive fotal body length
(TBL) growth, although, considerable variation was seen amongst individual whales.
Relative TBL growth per year of immature whales was nearly twice that of maturing/mature
whales. This finding is supported by the literature describing the general pattern of postnatal
ontogenic growth across most fauna, where growth is fastest in neonates and sub-adults and
slows near sexual maturity (Bertalanffy, 1938). However, the small sample size here (i.e.,
limited number of immature whales sampled) precluded significance testing, and more data
are needed to support these results.

Unexpectedly, one of the fastest growth rates observed in this study was of a mature
whale. MW3465, a 7.102 m (initial sighting TBL) female whale, grew nearly 0.5 m from
2017 to 2018. This was the second fastest annual growth rate measured. Some of this
apparent growth may be attributed to the small systematic bias identified in the 2017 season
control trial (Chapter 3 section 3.3.1.1), whereby measurements made at a greater distance
were slightly overestimated. Indeed, the 2018 measurements of this whale were made at a
distance of over 14 m - the most distant TBL measurements made in this study - compared to

a distance of approx. 7 m in 2017. However, the potential overestimation cannot be
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accurately quantified as there is no available correction factor for measurements made in the
2018 season. If the correction factor calculated for the 2017 season measurements was
applied here, the adjusted mean TBL of MW3465 would be 7.385 m, reducing the apparent
growth from 0.047 m to 0.029 m. But again, it is unknown if the SDOV configuration in
2018 exhibited a similar systematic bias to that found in 2017.

Further, annual growth between 2017 and 2018 was almost double that of 2018-2019.
Three-quarters of relative TBL growth measurements across the 2017-2018 period were
greater than 3%. Conversely, no TBL growth faster than 3% was observed across the 2018-
2019 sampling year. While the sample size remains small and more data are needed to
investigate these trends further, this could represent fluctuating environmental conditions
such as food availability. It is currently unknown whether food availability directly influences
longitudinal growth in adult whales. However, common minke whale (Balaenoptera
acutorostrata) and southern right whale (Eubalaena australis) cows with poorer body
condition during lactation are known to produce calves with shorter total body length
(Christiansen et al., 2014, 2018). Therefore, it is possible that food availability can influence
longitudinal growth throughout later life history stages as well.

Only one whale measured in 2017 was smaller than 5 m in length, a calf measuring
3.34 m TBL. Dwarf minke whales are born at approximately 2 m TBL (Best, 1985).
Therefore, the cohort of animals between 2 and 5 m in length appears to be under-represented
here. Based on a limited growth curve generated by Kato and Fujise (2000) from a small
number of landed animals, this could represent individuals of up to several years of age
mostly unseen in this study. Alternatively, it is possible that rapid growth in the first year of
life results in dwarf minke whales measuring 5 m in length when they return to the
aggregation area the following year. The refugia hypothesis supports rapid early growth as,

during this life history stage, individuals are at their smallest size and therefore most
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vulnerable to predation (Branch & Williams, 2012; Robles, 2008). Antarctic minke whales
are known to double in length in the first six months of life (Williamson, 1975). If similar
growth occurs in dwarf minke whales, animals would reach 4 m in length by approximately
six months of age. Thus, even if growth during the following six months decreased by 50%,
animals would still reach 5 m in length by one year of age. The calves measured in 2007 (at
3.35 m) by Sobtzick (2010) and in this thesis (3.34 m) support this hypothesis of rapid early
growth, likely demonstrating more than 1 m growth in as little as two to three months.

Lethal age sampling has demonstrated conflicting results. Counting of earplug growth
layers indicated that two dwarf minke whales (3.53 m and 3.85 m) of similar length to the
aforementioned calves were one year old, while a 4.29 m whale was estimated to be three
years old (Kato et al., 2022). These data suggest considerably slower growth rates than those
presented in this study. However, a variety of issues with this age estimation technique have
been identified (Read et al., 2018), including significant variation amongst age-readers
(Kitakado et al., 2013) and poor earplug layer formation in the closely related ordinary minke
whale (Balaenoptera acutorostrata) (Maeda et al., 2013). Thus, considering a) the limitations
of lethal sampling techniques, b) the length estimates of known calves from this study, and c)
the poor quality of whaling length estimates (Best, 1984; Clapham & Ivashchenko, 2009,
2016; Ivashchenko & Clapham, 2015; Yablokov, 1994), we can reasonably infer that data
presented in this study and by Sobtzick (2010) are substantially more reliable than those
obtained via other techniques. Therefore, it is plausible that whales under 5 m in length are
not actually under-represented at this study site, but that early growth rates are sufficiently
fast that calves depart the aggregation area at approximately 3 — 3.5 m in length and return
the following season around 5 m.

Conversely, over 15% of whales measured in 2006 and 2007 (Sobtzick, 2010) were

under 5 m in length. Chapter 3 identified the poorer precision of single-camera measurements
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from Sobtzick (2010) as compared to the stereo-image measurements made in this study.
However, there was no indication of a systematic bias that could result in an under-estimation
of size of a magnitude that could explain this difference in size distribution. Raw
measurements from 2017 were slightly over-estimated, but a correction factor was applied
and adjusted measurements were used (see section 4.4.5 and Chapter 3 section 3.3.1.1). It is
possible that some individuals from this population migrate to other areas of the south
Pacific, as a small number of dwarf minke whales have been sighted in New Zealand
(Dawson & Slooten, 1990), New Caledonia (Borsa, 2006), and Tonga (Acevedo et al., 2011)
waters. However, connectivity and use of these areas is not known, and sightings are rare.
Therefore, it is unknown why a proportion of whales between 4 and 5 m in length were

observed in 2006 and 2007 and not in 2017.

4.4.6 Long-term demographic trends

Across all measured whales, mean total body length (TBL) was over 0.5 m smaller in
2006-2007, than in 2017. In both 2006 and 2007, there were approximately twice as many
immature as maturing/mature whales, as we found in this study in 2017. This size distribution
was almost reversed in 2017, when the majority of measured whales were maturing/mature.
Some of this variation may be attributable to methodological differences. Single-camera
photogrammetry systems are known to systematically underestimate length due to parallax
error (Harvey et al., 2002). However, with careful review of footage, angles as small as 10°
off-perpendicular are detectable, and thus the effect size is estimated to be, at most, -1.5%
(Dunstan et al., 2008). This would result in a maximum underestimation of TBL of 0.09 m for
a 6 m whale. Thus, parallax error should not account for the entire observed difference in

mean TBL between sampling periods.
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Several questions arise from these findings. Why were dwarf minke whales
significantly larger in 2017 than a decade earlier? Is there a declining recruitment of juveniles
into this population? Is survivorship of younger whales declining? If so, why? Is food
availability declining? Studies have identified that climate change is decreasing productivity
in the Southern Ocean (Barnes & Tarling, 2017; Clarke & Harris, 2003; Flores et al., 2012;
Rogers et al., 2020), where dwarf minke whales feed (Acevedo et al., 2011; Kasamatsu et al.,
1993; Kato & Fujise, 2000; Pastene et al., 2010). Such changes are predicted to significantly
impact marine mammal populations (Nicol et al., 2008; Simmonds & Isaac, 2007). Further,
cetaceans have been proposed as sentinel species, potentially serving as early warning signals
of ecosystem changes (Bossart, 2011; Hazen et al., 2019; Williamson et al., 2021). Thus,
declining numbers of juvenile dwarf minke whales at this study site may be a consequence of
such ecosystem changes and could potentially indicate approaching migratory mammal
population collapse.

Alternatively, habituation and/or desensitization could be occurring amongst the
interacting population in the Great Barrier Reef, such that older whales that have had more
exposure to human interaction may be becoming less avoidant of vessels (Mangott et al.,
2011). Behaviour change in response to tourism activities is well documented amongst
cetaceans (Fiori et al., 2019; Stack et al., 2021); however, avoidance is more common than
habituation or de-sensitization in the absence of provisioning (Machernis et al., 2018).
Previous research on whale-swimmer approach distance during in-water tourism interactions
with dwarf minke whales has found that some whales approach swimmers closer both over
the course of a single interaction and during subsequent interactions in the same season
(Mangott, 2010; Mangott et al., 2011). These observations suggest that de-sensitisation does
occur, at least in the short-term. It is unknown whether this trend of closer approaches persists

across subsequent seasons, though individual dwarf minke whales are often re-sighted across
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multiple years (Sobtzick, 2010). Whale-swimmer approach distances are investigated in
Chapter 5. Moreover, complete processing of the Minke Whale Project’s existing long-term
photo-identification database could provide further insight into the interaction history of the
2017 cohort. Of particular interest would be the sightings histories of the larger (and,
presumably, older) whales identified in 2017, to determine whether they do in fact have a

substantial history of exposure to human interaction.

4.4.7 Limitations

Assumption of independence of samples was not strictly met throughout the study;
1.e., sampling effort was not systematised spatially or temporally. “Platforms of opportunity”,
i.e., dive tourism vessels, were used for data collection, and as a result, sampling distribution
of the aggregation area was spatially biased by such factors as vessel itinerary and proximity
to reef dive sites. Spatial distribution of dwarf minke whales and habitat use within the
aggregation area are unknown, thus the effect of non-random spatial sampling cannot be
quantified. Additionally, the availability of individual dwarf minke whales to be filmed and
measured was dependent on their willingness to voluntarily approach myself in the water.
Thus, there also exists a potential for behavioural biases skewing the sample of measured
whales, and it is not known how strong this potential might be. However, the majority of
dwarf minke whale sightings, even at a distance, turn into interactions (Mangott et al., 2011).
Whales also tend to aggregate specifically around swimmers during these interactions
(Mangott, 2010). Further, most size classes of dwarf minke whales are represented herein,
from calves to the largest measured dwarf minke whale recorded in the Great Barrier Reef.
These observations suggest a minimal, if any, tendency of animals to avoid human
interactions at this study site. Finally, explicit protocols were developed and followed during

the video footage collection process to capture footage of as many whales as possible, rather
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than, for example, focusing only on the closest of approaches (see Chapter 3 section 3.4.1).
Thus, the risk of oversampling more interactive whales (i.e., whales approaching the closest)

or missing entire cohorts/demographics is assumed to be low.

4.4.8 Conclusion and future research directions

This chapter has provided important baseline data on the morphometric characteristics
of a dwarf minke whale population, offering valuable insights for monitoring and
conservation. While this study identified potential long-term trends, such as changes in
population demographics and baseline body condition indices, these findings underscore the
need for continued, systematic monitoring to address increasing threats such as climate
change. Preliminary evidence of sexual dimorphism presents an opportunity to improve sex
determination in future studies and within the long-term photo-ID database maintained by the
Minke Whale Project. Additionally, the identification of caudal fluke width and snout-to-
dorsal-fin length as proxies for total body length provides tools to enhance morphometric
sample sizes and facilitate assessments of population size and health.

Looking forward, these findings highlight several key areas for future research and
conservation efforts. Validating the identified length proxies and sexual dimorphism across a
larger dataset and over multiple seasons will be crucial for confirming their reliability and
applicability. These tools, integrated into long-term monitoring programs, could significantly
improve the ability to track population-level health indicators and detect ecosystem changes,
such as those caused by climate-driven shifts in prey availability in the Southern Ocean.

Such research/monitoring projects have been repeatedly recommended by researchers
(Birtles et al., 2014; Department of Climate Change, Energy, the Environment and Water,
2021; Curnock et al., 2019; Great Barrier Reef Marine Park Authority, 2014). Many of these

proposed research priorities have been endorsed by the Australian government (e.g., the Great
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Barrier Reef Marine Park Authority, GBRMPA), as they would directly contribute to some of
the government’s existing research and monitoring objectives (Birtles et al., 2014;
Department of Climate Change, Energy, the Environment and Water, 2021; Curnock et al.,
2019). Nevertheless, only limited funding for such research has been provided to date.

The limited funding allocated towards dwarf minke whale research and monitoring
may be at least in part due to the significant knowledge gaps that still exist for this “Data
Deficient” subspecies (IUCN Red List of Threatened Species). Addressing the problem of
data deficiency is considered a fundamental step for planning conservation strategies (Bland
& Collen, 2016). The baseline data collected in this chapter, along with future research, can
help to fill some of the remaining knowledge gaps that contribute to the dwarf minke whale’s
Data Deficient status. This will assist in developing a deeper understanding of the threats and
extinction risks to this undescribed subspecies, to more adequately inform future monitoring
and conservation strategies.

However, achieving these goals will require increased investment in research and
monitoring initiatives. Continued collaboration between government agencies, research
institutions, and conservation organisations will be essential to ensure that the findings
presented here contribute meaningfully to policy development and management strategies.
Thus, while this chapter has made significant strides in addressing the lack of baseline data
for dwarf minke whales, its broader impact will depend on future research and conservation

efforts that build on these findings.
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5.1 Introduction

5.1.1 Animal behaviour

Understanding animal behaviour is a key challenge in ecological research (Ford et al.,
2012). If heterogeneity in capture probability, as a consequence of among-individual
variation, is not accounted for, abundance estimates can be significantly biased (Seber, 1982;
Whitehead, 2001). This can significantly affect population and species management
(Hammond et al., 1990), as biases in abundance estimates can inhibit the ability to detect
important trends such as changes in population structure and survival (Hagihara et al., 2014).

Variation in behaviour can result in differential responses to disturbances, which can
then negatively impact individuals and populations (Foroughirad & Mann, 2013; Mann et al.,
2021; Senigaglia et al., 2019; Williams et al., 2002). For example, provisioning of bottlenose
dolphins (Tursiops truncatus) for tourism purposes in Shark Bay, Western Australia resulted
in decreased maternal care and increased calf mortality in the local population (Mann et al.,
2000). Inconsistent daily feeding times resulted in mothers spending extended periods of time
in the provisioning area anticipating the next feed, leaving their calves unattended and
vulnerable to predation by sharks. As a result, provisioning times were reduced and
standardised, and calf survivorship then increased (Senigaglia et al., 2019). Furthermore,
individual life-history characteristics, such as sex, and species differences, can also impact
responses to tourism and other disturbances. For example, male and female bottlenose
dolphins and killer whales (Orcinus orca) respond differently to approaching whale-watch
vessels, resulting in differential energetic consequences in response to the same disturbance
stimuli (Lusseau, 2003b; Stockin et al., 2008; Williams et al., 2002, 2009). Thus,
understanding variation in behaviour is important across a variety of research needs and can

guide the development of effective conservation and management strategies.
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5.1.2 Measuring behavioural responses of animals to human presence

A commonly used method of assessing the behavioural responses of animals to human
presence is to measure threshold distances (Blumstein, 2016). Often referred to as “flight
initiation distance” (FID), threshold distance refers to the distance at which an animal will
initiate a disturbance behaviour (i.e., fleeing) in response to an approaching human or a
potential threat (i.e., a predator). A decrease in FID over time is considered an indicator of de-
sensitisation or habituation (Allan et al., 2020). Historically, behavioural ecologists assumed
that these behavioural responses were “equal” within a population or species; that is,
individuals would all respond in a similar manner (Weston et al., 2012). Recent research,
however, has challenged this assumption, finding significant variation in FID between
conspecifics in response to the same human stimulus (Allan et al., 2020; Beale & Monaghan,
2004; Bejder et al., 2009; Dissegna et al., 2022; Hanson & Riley, 2018). This has been
observed across a wide range of taxa including birds (Stalmaster & Newman, 1978), reptiles
(Carter et al., 2012), amphibians (Rodriguez-Prieto & Fernandez-Juricic, 2005), and
mammals (Williams et al., 2002).

Several factors have been identified as drivers of individual variation in behavioural
responses to humans. Such characteristics include age (Constantine, 2001; Stalmaster &
Newman, 1978), sex (Lusseau, 2003b; Williams et al., 2002), body size (Dissegna et al.,
2022), reproductive condition (Parent & Weatherhead, 2000), nutritional condition (Doenier,
1997; Seltmann et al., 2012), prior experience (Bejder et al., 2006; Frost et al., 2007; Gayford
et al., 2023), and personality traits such as boldness (Allan et al., 2020; Carter et al., 2012;
Petelle et al., 2013; Strong et al., 2017). In baleen whales, known drivers of variation in
interactive behaviour are generally related to age and sex demographics. Specifically,
humpback whale (Megaptera novaeangliae) calves show increased curiosity and play (Clark

& Garland, 2022), particularly male calves (Zoidis et al., 2014), while mothers with calves
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maintain greater distances from other whales (Smultea, 1994). Studies investigating variation
in behavioural responses of baleen whales to humans have generally focused on group-level
trends, such as differences between calf and non-calf groups (e.g., Stack et al., 2021; Sullivan
& Torres, 2018). This may be due in part to the difficulty of obtaining more detailed
demographic data (e.g., sex, age) on free-ranging animals. More thorough investigations have
been recommended for a more comprehensive understanding of the impacts of human
disturbance to baleen whales, particularly with respect to whale-watching tourism

(Christiansen et al., 2015; Sullivan & Torres, 2018).

5.1.3 Behaviour of dwarf minke whales

As described in Chapter 2, a small, vessel-based tourism industry conducting swims
with dwarf minke whales exists in the northern Great Barrier Reef. During swim-with
activities, dwarf minke whales appear particularly interested in humans, aggregating
specifically around swimmers compared to other objects, such as vessels and buoys
(Mangott, 2010). Encounters typically end when the vessel itinerary dictates a move to
another location or swimmers are instructed out of the water (e.g., for meal times or when
dusk falls), rather than because the whales voluntarily depart. Dwarf minke whales have also
been observed following tourism vessels on departure from a dive site and arriving at the
vessel’s next location shortly after (pers. obs.), although the frequency of this behaviour has
not been determined. This level of inquisitiveness and voluntary interaction is unusual for
wildlife, particularly in the absence of food provisioning (Kerlinger et al., 2013).

The absence of avoidance and aggressive behaviour during swim-with dwarf minke
whales activities suggests that these interactions are not stressful to the whales (Constantine,
2001; Constantine et al., 2004; Hosey, 2000; Samuels et al., 2003). However, the highly

interactive behaviour of the whales raises alternative concerns for both whales and human
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participants. The high levels of inquisitiveness and regular occurrence of investigative
behaviours (Mangott, 2010) may increase the risk of accidental injuries to both people and
the whales (Birtles et al., 2014; Curnock, Birtles, Valentine, et al., 2013). Extensive effort has
been made to identify the short- and long-term risks of swimming with dwarf minke whales
(Birtles, Arnold, et al., 2002; Birtles et al., 2001, 2014; Curnock, 2010; Curnock, Birtles, &
Valentine, 2013; Curnock et al., 2019; Mangott et al., 2011; Sobtzick, 2010), and numerous
risk reduction and mitigation strategies have been identified and implemented (Birtles et al.,
2008, 2014; Curnock, Birtles, Valentine, et al., 2013). However, while the behaviour of
swimmers can be strictly managed, the behaviour of the whales cannot, and close approaches
remain a common occurrence (Mangott, 2010). Furthermore, the inquisitive nature of dwarf
minke whales may put them at an increased risk of habituation to human presence (Birtles et
al., 2001; Curnock, Birtles, & Valentine, 2013; Mangott, 2010; Mangott et al., 2011;
Sobtzick, 2010). Some identified whales are commonly re-sighted both in the short-term (i.e.,
within a single season) and long-term (i.e., across multiple seasons), further substantiating
concerns about the cumulative impacts of multiple interactions (Birtles et al., 2014; Dunstan
et al., 2008; Hutchings et al., 2023; Mangott et al., 2011; Sobtzick, 2010). Thus, an
understanding of dwarf minke whale behaviour during in-water interactions is crucial to

address concerns around these tourism activities.

5.1.4 Whale-swimmer approach distances

For swim-with dwarf minke whales activities, a close approximation of FID is whale-
swimmer approach distance. These two concepts differ slightly in that FID measures how
close an animal allows a human to approach, while interactions with dwarf minke whales are
characterised by the whales approaching the swimmer. Despite this difference, FID and

whale-swimmer approach distance can be considered functionally equivalent for the purpose
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of assessing interactivity and/or habituation as they both reflect a threshold approach distance
of interactions with humans. Whale-swimmer approach distances have been used to
investigate exploratory behaviour in killer whales in Norway (Chanvallon et al., 2017) and
dwarf minke whales in the Great Barrier Reef (Mangott, 2010; Mangott et al., 2011).

Several aspects of dwarf minke whale exploratory behaviour have been examined
through whale-swimmer approach distances (Mangott, 2010; Mangott et al., 2011). Whales
decreased their approach distances across time, both during a single interaction and during
subsequent interactions when individual animals were re-sighted, and re-sighted individuals
also increased their interaction duration when re-sighted (Mangott, 2010). These changes in
behaviour over time are suggestive of habituation or de-sensitisation (see section 5.1.2),
although do not strictly fit the criteria due to the whales approaching the humans (not vice
versa). Thus, Mangott (2010) proposed that this phenomenon be termed “habituation type I1”
or “increased attraction”. Whale group size was also found to influence approach distance,
with approach distances decreasing as whale group size increased (Mangott, 2010). Other
external factors examined, such as wind speed and vessel status (i.e., drifting or stationary),
did not influence approach distances (Mangott, 2010).

A risk assessment also found that the potential for harm to both swimmers and whales
increased with decreasing approach distance (Mangott, 2010). For example, a distant breach
posed no risk to a vessel or swimmers, whereas a close breach (i.e., within a few metres from
a swimmer), could result in serious injury or death to the swimmer(s) and/or injury to the
whale (i.e., due to an increased likelihood of collision with the vessel or entanglement in
mooring lines or other ropes). As a result, approaches and behaviours performed closer than 3
m to swimmers were deemed “behaviours of concern” (Mangott, 2010). Recommendations
were made that crew monitoring these interactions should take the occurrences of behaviours

of concern as early warning signals of increased risk. This foundational research on dwarf
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minke whale behaviour exemplifies the critical role of behavioural studies for understanding

both the impacts and risks associated with swimming-with-whales tourism activities.

5.1.5 Knowledge gaps

Whale-swimmer approach distances have only been investigated during the first 90
min of interactions with dwarf minke whales (Mangott, 2010). However, the mean duration
of in-water interactions is two hours, with encounters up to 11 hours recorded (Curnock,
Birtles, & Valentine, 2013). Thus, a substantial portion of encounters last longer than what
has been investigated in previous studies, and behaviours across a wider range of expected
interaction durations remain to be quantified. In particular, if dwarf minke whales continue to
approach more closely beyond 90 min, modelling longer encounters will provide useful
information for higher-risk scenarios.

In addition, Mangott (2010) grouped dwarf minke whale interactions by whale group
size, using the categories “1 — 3 whales”, “4 — 6 whales”, and “greater than 6 whales”. While
this approach provided a broad understanding of how group size influences approach
distance, it lacks detail of finer-scale variations. The largest category could represent a wide
range of interaction sizes, from groups of 7 whales up to 25 whales, the largest recorded
group size (Curnock, Birtles, & Valentine, 2013). Since whale group size influences approach
distance, the potential for considerably closer approaches, and thus higher risk of harm with
increasing group numbers, has not been adequately quantified. In addition, to reduce
confounding effects from other identified variables (i.e., encounter length and whale group
size), Mangott (2011) investigated the effect of prior experience (i.e., re-sightings) on
approach distance for five whales only, from encounters with similar characteristics (i.e.

similar duration and whale group size). Thus, it is unclear whether the influence of prior
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experience on whale-swimmer interactions persists across a broader range of individuals and
interactions, and whether this effect persists over the long term (i.e., across multiple seasons).
Finally, there may be other variables that influence approach distance that have not
been identified. For example, ecological or environmental characteristics, such as weather,
location, or site-specific characteristics, and individual-specific traits, such as sex, age, or
body size, may affect approach distances. Knowledge of the effect of these factors on whale-
swimmer approach distances, and how these might change under particular conditions, can
help to better understand the mechanisms underlying the highly inquisitive behaviour of
dwarf minke whales. In addition, the increased risk of harm associated with these factors
could be more clearly quantified. If predictors of approach distance are identified and able to
be monitored, tourism operators could undertake real-time, adaptive monitoring and
management of risks associated with close approaches during swim-with activities and adjust

their operations to better minimise these risks to both swimmers and animals.

5.1.6 Identifying potential predictors of whale-swimmer approach distance

5.1.6.1 Environmental conditions

Environmental factors may play a role in shaping the behaviour of dwarf minke
whales. High winds can alter the diving behaviour of beluga whales (Stafford et al., 2016),
and similar impacts on whale behaviour may occur with other species. Although previous
research suggests that wind speed does not directly influence whale-swimmer approach
distances of dwarf minke whales (Mangott, 2010), the proximity of many dive sites to large
barrier reefs often results in relatively calm surface conditions, even during high winds (pers.
obs.). Therefore, wind speed alone may not be a reliable indicator of surface conditions.

Instead, wave height and/or Beaufort sea state might provide a more accurate measure of
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surface conditions, with calmer conditions (e.g., low wave height) potentially encouraging
closer approaches by dwarf minke whales to swimmers.

Bathymetric features may also influence dwarf minke whale behaviour. Many species
aggregate around seamounts, including humpback whales (Bestley et al., 2019; Garrigue et
al., 2015), blue whales (Balaenoptera musculus; Fiedler et al., 1998), and sperm whales
(Physeter macrocephalus; Hann et al., 2016; Wong & Whitehead, 2014). Additionally, stress
in response to spatial restriction is well documented in captive animals (Beerda et al., 1999;
Morgan & Tromborg, 2007; Oliveira et al., 2016; Pearce & Paterson, 1993). Thus, whales
may be more confident to explore their environment, including approaching humans, at sites
with bathymetry that allows freer movement, such as coral pinnacle sites in deep water rather
than shallower reef wall sites.

Seasonal timing may also influence dwarf minke whale interactivity. Sightings in the
northern Great Barrier Reef follow a roughly normal distribution, with a consistent peak from
late June through early July (Birtles et al., 2014). Box (2022) standardized these sightings,
demonstrating that this peak is not due to increased vessel search effort but likely reflects the
natural progression of migratory animals arriving and departing the aggregation area. As
whale group size can influence whale-swimmer approach distance (Mangott, 2010), approach
distances may vary similarly across the seasonal aggregation period, corresponding with local
whale abundance.

Whales may also approach swimmers more closely as a season progresses, due to the
accumulation of re-sightings. Approximately one-third of identified whales are re-sighted
within a season, with up to eight encounters recorded per animal (Sobtzick, 2010). As these
re-sightings increase, whales gain more experience interacting with humans, which may lead
to closer approaches and longer interactions (Mangott, 2010, see section 5.1.4). Rather than

an either/or effect, local whale abundance and re-sightings are likely to exert concurrent
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influences on approach distances. Therefore, it is reasonable to expect closer approaches
during the mid-peak and end of the season compared to the beginning, considering whale

group size/abundance, re-sightings history, and encounter duration.

5.1.6.2 Biological characteristics

Biological characteristics may also influence the interactivity levels of dwarf minke
whales. Sex influences the behavioural response of individuals to approaching whale-
watching vessels in several odontocete species (see section 5.1.1). Approximately one-third
of photo-identified dwarf minke whales in the GBR can be sexed. Of these, approximately
three-quarters are female (Hutchings et al., 2023; Sobtzick, 2010). It is unclear if this
indicates a true female-biased sex ratio in the population or, alternatively, females are more
interactive, resulting in increased opportunities for researchers to sight the genital slits.
Anecdotal evidence suggests that female dwarf minke whales may exhibit more social
behaviours, such as belly presentations, during swim-with encounters (A. Birtles, personal
communication, multiple dates between 2016 and 2023), which suggests a potential for
greater female interactivity, and thus possibly closer approach distances.

Body size may also serve as a predictor for whale-swimmer approach distances.
Juveniles of many cetacean species are more interactive with humans than older conspecifics
(Constantine, 2001; Samuels et al., 2003). Thus, it is reasonable to expect that younger, and
by proxy, smaller, whales may approach humans closer than older individuals. However,
older, and by proxy, larger, whales may approach closer due to a higher likelihood of
habituation or de-sensitisation simply from to a longer-term interaction history than younger
(i.e., smaller) whales. Short-term habituation type II or “increased attraction” has been
documented in a small number of dwarf minke whales (see section 5.1.4), whereby five

whales that were re-sighted within a season decreased their approach distance in subsequent
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sightings (Mangott, 2010). If this increased attraction persists in the longer term (i.e., across
multiple years), and occurs on a larger scale (i.e., more than five whales), then the older,
larger, whales should have a higher likelihood of having experienced swim-with activities,
and thus might approach swimmers more closely than “naive” (i.e., younger and smaller)
whales.

Finally, whale-swimmer approach distances may vary as a function of personality or
other individual characteristics. Personality traits, such as boldness, can significantly
influence animal behaviour, affecting how individuals interact with their environment and
other species (Allan et al., 2020; White et al., 2013; Wilson et al., 1994). Boldness is often
assessed by measuring FID and has been studied in various species to understand its impact
on their responses to potential threats or novel stimuli (Carter et al., 2012; Petelle et al., 2013;
Strong et al., 2017). For dwarf minke whales, this personality trait could play an important
role in determining their interactivity with swimmers. Whales exhibiting higher boldness may
approach swimmers more closely and engage more readily than more cautious individuals.
Since boldness is not a directly measurable variable, it may be indirectly inferred from the
remaining variation in approach distance between individual whales that cannot be explained
by other measurable variables such as environmental conditions, prior experience,

demographic factors such as age and/or sex.

5.1.6.3 Encounter parameters

Numerous differences have been identified in encounter characteristics across the
various sites visited by the tourism industry. Number of encounters, encounter duration, mean
number of whales per encounter, and cumulative time spent interacting with whales all vary
significantly between dive sites where swim-with activities occur (Table 5.1; Curnock,

Birtles, & Valentine, 2013; Sobtzick, 2010), even when standardised for search effort (Box,
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2022). As some of these same parameters have been found to influence approach distance
(e.g., whale group size and encounter length), it is likely that whale-swimmer approach

distance could differ considerably across these dive sites/locations.

Table 5.1: Encounter statistics for the top five dwarf minke whale encounter locations in the Great
Barrier Reef. Data aggregated from 2003 — 2008.

Reef site Number of Mean encounter Mean number of
encounters duration (min) whales per encounter

Lighthouse Bommie 266 170 4.74

(Ribbon Reef 10)

Steve’s Bommie 122 103 2.28

(Ribbon Reef 3)

Challenger Bay 69 77 2.59

(Ribbon Reef 10)

Pixie Pinnacle 65 69 2.22

(Ribbon Reef 10)

Flare Point 57 53 2.14

(Ribbon Reef 3)

Note. Adapted from Curnock, Birtles, & Valentine (2013).

Approximately two-thirds of permitted tourism interactions with dwarf minke whales
occur in the direct vicinity around Ribbon Reef Nos. 9 and 10 in the Great Barrier Reef
(Curnock, Birtles, & Valentine, 2013). As a result, this area is colloquially referred to by
researchers and tour operators as the “hotspot” of the aggregation area. Researchers have
previously recommended that the area around Ribbon Reefs Nos. 9 and 10 be declared a
Special Management Area for better monitoring and regulation of swim-with activities by the
Great Barrier Reef Marine Park Authority (Birtles et al., 2014). Encounters in this location

are also generally longer, with larger whale group sizes than in other areas of the Great
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Barrier Reef (Sobtzick, 2010). Thus, encounters occurring in this localised region of the
aggregation area may potentially have significantly closer whale-swimmer approach
distances than encounters occurring outside this region.

Some vessels conduct “drift encounters” with dwarf minke whales, where the vessel
is not at anchor or attached to a mooring and instead drifts in the wind. These encounters
generally result in larger whale group sizes (Box, 2022), possibly because the vessel acts as
an aggregation device and attracts or “picks up” new whales as it drifts through the area
(Mangott, 2010; Sobtzick, 2010). Thus, drift encounters may also have the potential for
significantly closer whale-swimmer approach distances than stationary (i.e., anchored or

moored) encounters.

5.1.7 Aims

The aim of this chapter is to develop a more detailed understanding of the highly
interactive behaviour of dwarf minke whales during swim-with interactions in the Great
Barrier Reef. I have two specific objectives for this chapter:

(1) To identify additional predictors of interactive behaviour by dwarf minke whales
at both the group (i.e., encounter) and individual level; and

(2) To quantify the effects of these variables on whale-swimmer approach distances.

Whale-swimmer approach distance was used as a proxy for interactive behaviour and
was chosen for several reasons. Firstly, whale-swimmer approach distance is a quantifiable
measurement that can be tracked over time or compared between individual whales to
evaluate the sustainability of swim-with activities in relation to the potential for behavioural
changes to occur (i.e., habituation type II or increased attraction). Second, it is also relevant
to tourism management in relation to the increased risk of harm to both the whales and

swimmers associated with close approaches. Thirdly, stereo-videogrammetry technology
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provides the opportunity to obtain more precise measurements of whale-swimmer approach
distance during swim-with interactions than have previously been collected, and specific

methodologies have been developed for such purposes (see Chapter 3).

5.2 Methods

Generalised linear mixed effects models (GLMMs or GLM models) and regression
techniques were used to quantify the variation in whale-swimmer approach distances across
21 encounters with dwarf minke whales in the Great Barrier Reef across the 2017 season.
Mixed-effects models are considered robust methodology for investigating both between-
individual and within-individual variation in behaviour of animals (Dingemanse &
Dochtermann, 2013). They have been widely used to model FIDs across a variety of wildlife
species (e.g., Beale & Monaghan, 2004; Dumont et al., 2012; Rodriguez-Prieto & Fernandez-
Juricic, 2005; Seltmann et al., 2012; Strong et al., 2017). Ten variables were selected for their
potential to influence or predict whale-swimmer approach distances (see section 5.2.3). These
variables consisted of a variety of contextual factors including environmental conditions (e.g.,
wind speed and wave height), encounter parameters (e.g., location and vessel ID), and
demographic variables (e.g., whale sex and total body length) that may potentially influence
or predict whale-swimmer approach distance at both the collective (i.e., encounter) and

individual levels.

5.2.1 Study site and data collection

Dwarf minke whales were filmed in-water by researchers, passengers, and crew
during trips on live-aboard dive tourism vessels and privately chartered research expeditions
in June and July 2017. When whales were sighted, environmental and encounter data were

recorded including time, location, wind speed, wave height, vessel status, and an initial
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estimate of whale group size (see Appendix A: Whale Sighting Sheet). I entered the water as
soon as possible with a diver-operated stereo-video (SDOV) system and collected continuous
video footage of the encounter. This footage was multipurpose. It was used for photo-
identification, whale body measurements, and approach distance measurements. Many other
swimmers (e.g., passengers, vessel crew, and additional researchers) also captured regular
still and video imagery with personal underwater cameras, and most donated copies of their
imagery for photo-identification of individual animals and, where possible, to identify the sex
of a whale. Most vessels used for data collection were tourism vessels and thus considered
‘platforms of opportunity’ (i.e., not dedicated research vessels). Therefore, the study-specific
limitations identified in Chapter 2 also apply here. Detailed calibration and filming

methodologies can be found in Chapter 3.

5.2.2 Data pre-processing

5.2.2.1 Photo-identification

A detailed description of the photo-identification process can be found in (Chapter 2,
section 2.3.1). Imagery collected by passengers, crew, additional researchers (when present),
and myself (via stereo-video recording) were used to identify individual whales present in
each encounter and to document their sightings history across multiple encounters within the

season (i.e., to determine if individual whales were re-sighted).

5.2.2.2 Stereo-video imagery processing

A full description of the sex-identification and body measurement processes can be
found in Chapter 2. Briefly, a whale’s ventral side must be seen to identify its sex. Sex is
identified by the relative positioning of the genital and anal slits (i.e., very close together in

females and distinctly separated in males). The ventral surface of a dwarf minke whale is
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most often observed during a “belly presentation” behaviour, and less commonly during a
“barrel roll” or other similar behaviour (Mangott, 2010). The total body length (TBL) of a
whale could be determined if the following footage was collected: 1) adequate imagery to
make a positive identification of the animal; and 2) adequate SDOV footage that allowed for
measurement from the tip of the animal’s snout to its caudal notch. In this study, sex was
determined for 17% of photo-identified whales (n = 24) and TBL was measured for 52.1% of
identified whales (n = 73). Both sex and TBL were determined for 10.7% of identified whales
(n=15, N = 140).

Approach distances were determined by measuring the closest point of each
pass/approach of a whale available in the SDOV footage using the computer software
program EventMeasure (see Chapter 2 section 2.3.2.4). This distance was used as an
approximation of how close the whales approach swimmers in the water. I chose the same
position in the water during each encounter, which was usually the farthest available point on
the surface rope from the vessel. This was done to standardise the filming conditions and
prevent any potential behavioural differences in the whales due to varying filming positions.
For example, whales may be less likely to interact with swimmers near the start of the rope,
as it is closer to the vessel’s hull. To determine the closest point of a pass/approach, an entire
pass was viewed at 0.5x speed and then the video was back-tracked to the estimated closest
approach of the whale. The paired stereo-videos were paused at this point and a single-point
observation was marked by selecting a reference point on the whale that was visible in both
videos. This observation was coded with the individual whale photo-ID number, and the
distance from the camera to the reference point on the whale was automatically calculated by
the software program. This procedure was repeated several times around this estimated
closest point. The observation that returned the closest distance output was retained and all

other measurements for that pass were deleted. When a whale passed by side-on (lateral
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view), the reference point used was generally a region on the shoulder with a distinctly
visible pattern or area of high contrast. When a whale passed underneath (dorsal view), either
the anterior dorsal fin insertion point was used or a clearly visible pattern or scar on the

dorsal surface.

5.2.3 Variable selection and categorisation

Ten explanatory variables were selected to investigate their potential influence on
whale-swimmer approach distances (Table 5.2): time in encounter (TIE), whale group size
(NUM), day of season (DOS), vessel status (VS), nearest site (SITE), inside or outside
aggregation area ‘hotspot’ (AA), encounter type (ET), wave height (WH), sex (SEX), and
total body length (TBL). These variables were selected for the possibility that they may
influence or predict exploratory behaviour of dwarf minke whales and, if so, could be used to
predict whale-swimmer approach distances (see section 5.1.6). Environmental and encounter
variables were categorised as group variables as they exert an influence evenly across all
individuals in an encounter (i.e., at the group level). Individual variables represent

characteristics specific to individual animals.
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Table 5.2: Description and categorisation of independent variables modelled.

Variable

Description and categorisation

Environmental (group) variables

Wave height (WH) Wave height in immediate vicinity, to nearest 0.5 m
Recorded at beginning of encounter
Encounter type (ET) | Restricted or open
Restricted: reef wall sites
Open: coral pinnacle sites OR drift encounters
Day of season (DOS) | Day 1 = 1! June 2017; Day 2 = 2™ June...Day 61 = 315 July
Group size (NUM) Maximum number of whales seen at once; represents a confirmed

minimum number of whales present

Encounter (group) variables

Nearest dive site

(SITE)

Name of site where encounter occurred, or closest site if drifting

Proximity to
aggregation area

‘hostpot’ (AA)

Inside or outside
Inside: within immediate vicinity of Ribbon Reef Nos. 9 & 10
Outside: not within immediate vicinity of Ribbon Reef Nos. 9 & 10

Time in encounter

(TIE)

Time of approach in hh:mm:ss after the start of the encounter

Calculated individually for each approach distance measurement

Vessel status (VS)

Anchored, moored, or drifting
Anchored: at anchor
Moored: attached at an existing dive site mooring

Drifting: drift encounter

Individual variables

Sex Male, female, or unknown
Total body length Length of whale to nearest 0.01 m, from tip of snout to caudal notch
(TBL)

Encounter number

(ENC)

Encounters across the sampling period were ranked chronologically
when whales were sighted in multiple encounters (e.g., #1, #2, #3
)

Calculated individually for each whale ID and applied to all

approach measurements within each whale-encounter

145
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5.2.4 Data analysis

From the SDOV footage obtained during the 2017 season, 1,118 suitable whale-
swimmer passes were measured for approach distance (see section Chapter 2 section 2.3.2.4
and section 5.2.2.4). Approach distance measurements were obtained for 121 identified
whales, representing 61% — 85% of all identified whales in the 2017 sampling period (see

Chapter 4 section 4.3.1).

5.2.4.1 Close approaches

Passes were defined as “close approaches” if a whale approached a swimmer within 3
m or less, as per Mangott (2010). A total of 63 close approaches were recorded, made by 25
individual whales (see Appendix F: close approaches). Whales that made at least one close
approach were categorised as “close approachers”, and their mean approach distances were
compared to “non-close approachers” using a Welch’s T-test. Approach distances by “non-
close approachers” were randomly subsampled to ensure an equal number of observations
between groups (n = 365 passes per group). Welch’s T-test was chosen as data were

approximately normal but variances were slightly non-homogenous.

5.2.4.2 Repeat passes

To investigate the effect of repeat passes on approach distance, two separate linear
regressions were performed. First, I modelled the relationship between total number of passes
per whale and mean approach distance per whale. Second, I modelled total number of passes
per whale and the closest approach distance per whale (Nwhates = 121, Npasses = 1,118).
Number of passes (NUM) was investigated this way as it was rejected from inclusion in
GLM modelling due to collinearity with the variable TIE. Approach distances and number of

passes were log transformed to meet the assumptions of normality. Significance was
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determined at p < 0.05. The Gini coefficient was calculated to assess inequality (i.e.,

variability) in the number of passes made by individual whales across the sample population.

5.2.4.3 Group variables: generalised linear mixed models

Group variables (environmental and encounter variables) were assessed for their
potential influence on whale-swimmer approach distance using Generalised Linear Mixed
Models (GLMMs or GLM models). Separate model selection procedures were conducted for
group and individual variables. This was done to preserve the largest sample size possible, as
group variables were available for every whale and pass, while demographic data (i.e.,
individual variables) were only available for subsets of identified whales that could be
measured for total body length or sex-ID (see section 5.2.2). Encounter-level re-sighting
histories were also modelled separately due to the small sample size of re-sighted whales (n =

11).

5.2.4.3.1 Model construction, selection, and evaluation

Variables were checked for collinearity using pairs plots and ensuring variance
inflation factors of less than three (Zuur et al., 2009). Approach distances were approximately
normally distributed with a slight right skew and bounded from 0 to infinity; therefore, a
Gamma distribution with log-link function was used for all GLM models. This distribution
improved normality and homogeneity of variances in model residuals relative to the Gaussian
distribution with identity link. To account for the nested structure of the data, whereby repeat
measurements were obtained within encounters and individuals (i.e., multiple passes), whale
ID and encounter ID were included as random effects factors.

Group variables (e.g., location, vessel status, time in encounter) were available for

every pass, thus all 1,118 passes were included in this analysis. Group variables were
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modelled as fixed effects factors and approach distance as the response variable. One-, two-,
and three-fixed effects models predicting approach distance were constructed using the R
package glmmTMB (Brooks et al., 2017). To allow for comparison of models with varying
fixed effects, models were initially fit using maximum likelihood (ML) estimation (Zuur et
al., 2009). A forward model selection approach was used wherein the one-variable model
with the minimum AICc score (and any additional models within 2.0 AICc units of the
optimal model, i.e., AAICc) were used as the base of the two-variable model, and so on
(Anderson & Burnham, 2002; Burnham & Anderson, 1998). This process was discontinued
once additional variables showed no sign of improving model fit. The overall best fitting
model was then selected by choosing the most parsimonious model (i.e., the one with the
fewest predictor variables) amongst the highest-ranking models (i.e., all models within 2.0
AAICc). This model construction, selection, and evaluation process was repeated for all GLM
models in this chapter.

Significance of random effects (whale ID and encounter ID) was assessed in the best
fitting model using Likelihood Ratio Tests (LRTs). The LRTs were performed by comparing
the full model, which included both random effects, with two reduced models, each excluding
one random effect. These tests revealed that whale ID was a significant random effect (LRT,
v*=46.71,df =1, p <0.001) but encounter ID was not a significant random effect (LRT, y*> =
0.25,df=1,p=0.616). As a result, encounter ID was removed and the model evaluation
procedure was re-run without that variable. Significance of fixed effects was determined for
the best fitting model and all other models within 2.0 AAICc using Wald tests. Lastly, the
final model was re-fitted using restricted maximum likelihood (REML) to obtain the most

accurate (i.e., unbiased) estimates of the variance components (Zuur et al., 2009).
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5.2.4.3.2 Post-model fitting and visualisation procedures

Adequacy of the most parsimonious model was assessed by evaluating the normality
and homogeneity of variances of the model residuals using the R package DHARMa (Hartig,
2022). Visual inspection of the simulated residuals showed no apparent patterns or trends,
indicating that the model adequately captured the variability in the data. The quantile-quantile
(QQ) plot of the residuals showed good agreement with the expected quantiles, suggesting
that the assumption of normally distributed residuals was met. A Kolmogorov-Smirnov (KS)
test (p = 0.357) supported the adequacy of the model. No significant deviation from
normality was detected, and residual variance was homogenous. The final model equation
was used to visualise predicted approach distances within the parameter ranges of the original
data and extrapolated beyond (i.e., longer encounter durations and larger whale group sizes)

to model the full extent of relevant parameter ranges for swim-with encounters.

5.2.4.4 Individual variables
5.2.4.4.1 Total body length (TBL)

To determine the effect of body size on approach distance, 73 whales were measured
for TBL during the 2017 season. This represents 52.1% of identified whales from this
sampling period. From this subset of whales, 915 passes were measured for approach
distance. Two GLM models were constructed using TBL as a predictor of passing distance:
one consisting of TBL as the only fixed effect, and one also including any significant
variables identified from the group variable models (i.e., to account for significant variables
identified from the larger, non-subsetted data set; see section 5.2.4.3.1). The AICc scores of
these two models were compared to a null model that consisted of only the significant group
variables. The best-fitting model was determined and evaluated as previously described (see

section 5.2.4.3.1).
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5.2.4.4.2 Sex

The sex of 24 whales was identified in the 2017 sampling period: 16 females and
eight males. To determine whether sex was a significant predictor for approach distance, 362
passes from this subset of known-sex whales were measured for approach distance.
Construction, analysis, and significance testing of these GLM models were completed as for
TBL above, whereby sex was modelled alone and with significant group variables and then
compared to a null model of only significant group variables. The best-fitting model was

determined as previously (see section 5.2.4.3.1).

5.2.4.4.3 Re-sighted whales

Encounter number (ENC) was modelled separately to other variables due to a small
number of re-sighted whales across encounters. These data consisted of 138 individual
approach distance measurements made by 11 whales. Of these, eight whales were sighted
twice and three whales were sighted three times. GLM model construction and selection were
completed as for other individual variables above, whereby encounter number was modelled
alone and with significant group variables and then compared to a null model of only
significant group variables. The best-fitting model was determined as previously (see section

52.4.3.1).

5.3 Results

5.3.1 Approach distance and encounter overview
Overall mean whale-swimmer approach distance during the 2017 sampling period
was 8.02 m £ 0.11 SE (n = 1,118). This ranged from the closest pass of 0.94 m to the farthest

identifiable pass of 25.12 m (Fig. 5.1). Mean interaction duration was 225 min (3.75 h) with a
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range from 10 min to 540 min (9 h). Mean whale group size across these encounters was 5.6

whales and ranged from 1 whale to 20 whales.

5.3.2 Close approaches

A total of 63 close approaches were recorded by 25 whales, representing 5.6% of all
measured passes (n = 1,118). Two approaches of less than 1 m to a swimmer (the
videographer) were documented. The mean approach distance by “close approachers™ (6.08
m + 0.147 SE) was over 2.5 m closer than that for “non-close approachers” (8.81 m + 0.190

SE), and this difference was significant (z720.8 = 10.641, p < 0.001; Figure 5.2).
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Figure 5.1. Distribution of whale-swimmer approach distances (m) of all measured passes in 2017 (n
= 1118 passes by 121 whales). Light blue bins represent “close approaches” (< 3.00m).
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Figure 5.2. Median + 25% inter-quartile ranges of approach distances (m) by "close approachers" (<
3 m, n = 365 passes) and "non-close approachers" (> 3 m, n = 753 passes). Whiskers extend to 1.5
times the inter-quartile range. Outliers are included.
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5.3.3 Repeat passes

The number of passes measured per whale ranged from 1 to 46 (Fig. 5.3). Mean
number of passes was 9.24 £+ 0.81 SE and the median number of passes was six,
demonstrating a strong right skew. The calculated Gini coefficient for the distribution of
measurements was 0.493, indicating moderate inequality (i.e., variability) in the number of
passes made between individual whales. Nine of the 63 close approaches (14.2%) were made
by MW21010, an immature male. This whale made the most passes of any animal in this
sampling period, with 46 passes measured in a single encounter. The whale with the second

highest number of passes made 35 passes in one encounter (MW3430).
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Figure 5.3. Number of measured passes per whale across 21 encounters in 2017 (N = 121).
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A slight negative correlation was identified between the total number of passes
and mean approach distance per whale (B = -0.04, R’ = 0.015; Figure 5.4a). This indicates
that, the more passes a whale made, the closer they would approach overall. However, the
low R? value indicates that this effect was small, and the relationship was not statistically
significant (£, 119 = 1.856, p = 0.176). Therefore, number of passes did not have a significant
effect on overall approach distance. In contrast, a strong negative correlation was found
between the total number of passes and the minimum approach distance of each whale (f = -
0.39, R’ = 0.372; Figure 5.4b), indicating that the number of passes a whale made was a

significant predictor of a whale’s minimum approach distance (F1,119 = 70.56, p < 0.001).
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Figure 5.4. a) Log mean approach distance (m) per whale by log number of passes per whale; and b)
Log minimum approach distance (m) per whale by log number of passes per whale, across all
encounters in 2017.
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5.3.4 Group variables
Two group variable models achieved either the lowest AICc score (AICcmin) or were
within 2.0 AAICc: 1) group size (NUM), time in encounter (TIE), and wave height (WH);

and 2) NUM and TIE only (

Table 5.3). The most parsimonious model of external predictors was the two-fixed effects
model consisting of NUM and TIE. Significance testing showed that NUM and TIE were
both significant predictors of approach distance, such that as NUM and TIE increased,
approach distance decreased

(zvum_1 = -4.44, pyum < 0.001; zpe_1 = -3.43, prie = 0.001). While a marginally higher AICc
score was achieved for the model containing WH, model assessment showed that WH was
not a statistically significant predictor of approach distance in this model (zwy 1 =-1.20, pwn
=0.230). Evaluation of residuals in the most parsimonious model (NUM + TIE) showed
adequate fit with no major departures from model assumptions. No other group variables

were significant predictors of whale-swimmer approach distance-
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Table 5.3: Second-order Corrected Akaike Information Criterion (AICc) scores of 1-, 2-, and 3-fixed
effect(s) Generalised Linear Mixed Models assessing the effect of external variables on whale-

swimmer approach distance.

1-var model AICc 2-var model AlCc 3-var model AlCc
TIE 16759.29 | NUM* + TIE* 1675145 | NUM* + TIE* + WH 16751.01
NUM 16761.15 | NUM + WH 16758.17 | NUM + TIE + DOS 16753.39
VS 16770.22 | TIE + VS 16758.74 | NUM + TIE + AA 16753.48
AA 16770.78 | TIE + AA 16759.95 | NUM + TIE + ET 16753.73
NULL 16771.42 | TIE + WH 16760.91 | NUM + TIE + VS 16755.36
WH 16772.35 | TIE + DOS 16761.15 | NUM + TIE + SITE 16756.91
DOS 16773.44 | NUM + DOS 16762.25
ET 1677525 | NUM +ET 16762.36
DOS 16788.62 | NUM + AA 16762.88
SITE 16775.64 | TIE+ET 16763.34

NUM + VS 16763.42

TIE + SITE 16764.12

NUM + SITE 16767.68

Note. Random effects = whale ID*. Bolded text represents the highest-ranking model (i.e., AICCmin)
and other models within 2.0 AAICc. * indicates statistical significance (p > 0.05). NUM = group size,
TIE = time in encounter, VS = vessel status, AA = inside/outside aggregation hotspot, DOS = day of

season, WH = wave height, ET = encounter type, SITE = nearest site.
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5.3.5 Individual variables
5.3.5.1 Total body length (TBL)
TBL of the 73 measured whales ranged from 5.04 m to 7.43 m, with a mean of 6.23 m

+ 0.004 SE. From this subset of measured whales, 915 passes were measured for approach

distance (Fig. 5.4).
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Figure 5.4. Median + 25% inter-quartile ranges of approach distances (m) of whales measured for
TBL (n=73). Identified whales (i.e., x-axis) are arranged from smallest to largest by mean measured
TBL (5.04 m to 7.43 m). Whiskers extend to 1.5 times the inter-quartile range. Outliers are included.

TBL was not a significant predictor of approach distance (Table 5.4). The most
parsimonious and best-fitting model was M), containing the variables NUM and TIE only.
Neither model containing TBL scored within 2.0 AAICc. Both NUM and TIE were found to
be significant predictors of approach distance in Mo (zvuar_1 =-5.25, pyum < 0.001; zg 1= -
3.45, prie = 0.001) and M, (zvum_1 =-5.17, pyum < 0.001; zre_1 =-3.58, pre < 0.001. TBL

was not significant in My (zzsz_1 = 34.17, prar = 0.88).
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Table 5.4: Second-order Akaike’s Information Criterion (AICc) scores of Generalised Linear Mixed
Models (GLMMs) assessing the effect of TBL on whale-swimmer approach distance.

Independent variables AlCc

My: NUM* + TIE* 16786.56
M;: NUM + TIE + TBL 17342.85
M>: TBL 17364.00

Note. Random effects = whale ID. Bolded text represents the highest-ranking model (i.e., AICcmin)
and other models within 2.0 AICcmin. * indicates statistical significance. NUM = whale group size,
TIE = time in encounter, TBL = total body length.
5.3.5.2 Sex

Sex was not a significant predictor of approach distance (Table 5.5). The highest-
ranking model was M), with independent variables NUM and TIE only. M;, with NUM, TIE,
and Sex, scored within 2.0 AAICc and was also assessed. Both NUM and TIE were
significant predictors of approach distance in My (zvunm_1 =-2.60, pyuy = 0.009; zre 1 = -
221, prie = 0.027) and M; (zvum 1 =-2.62, p = 0.009; zrzg_1 =-2.30, prie = 0.021). Sex was
not significant in M; (zzpr_1 =-1.08, prgr = 0.281). Therefore, the most parsimonious and

best-fitting model was My, which consisted of the independent variables NUM and TIE only.
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Table 5.5: Second-order Akaike’s Information Criterion (AICc) scores of Generalised Linear Mixed
Models (GLMMs) assessing the effect of sex on whale-swimmer approach distance.

Independent variables AlCe

My: NUM* + TIE* 6844.30
M;: NUM* + TIE* + SEX 6845.24
M>: SEX 6855.48

Note. Random effects = whale ID. Bolded text represents the highest-ranking model (i.e., AICcmin)
and other models within 2.0 AAICc. * indicates statistical significance. NUM = group size, TIE =
time in encounter, SEX = sex ID (male or female).

5.3.5.3 Re-sighted whales

Encounter number (ENC) was not a significant predictor of approach distance (Table
5.6) While the model containing ENC achieved the highest-ranking AICc score, ENC was not
statistically significant (zenc 1 = 0.48, penc = 0.628). Thus, the next highest scoring model

was assessed, the null model containing only the independent variables NUM and TIE.

Table 5.6: Second-order Akaike’s Information Criterion (AICc) scores of Generalised Linear Mixed
Models (GLMMs) assessing the effect of sex on whale-swimmer approach distance.

Independent variables AlICc

M;: ENC 2641.70
Mp: NUM + TIE 2663.39
M;: NUM + TIE + ENC 2669.16

Note. Random effectss = whale ID. Bolded text represents the highest-ranking model (i.e., AICcmin)
and other models within 2.0 AAICc. NUM = group size, TIE = time in encounter, SEX = sex ID (male
or female).
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The most parsimonious model for approach distance included only NUM and TIE as
fixed effects and whale ID as a random effect. The final model represented as an equation

was:

AD = exp(9.255 - 0.02136eNUM — 0.00002014 TIE),

where AD = approach distance, NUM = whale group size, and 7/E = time in encounter

Since whale ID was a random effect, it cannot be explicitly represented in the model
equation; however, it was a significant random effect in the final model, representing
individual variability, and its inclusion in the model ensured that the fixed effects estimates
were not biased by this variability. This model equation shows that for every additional five
whales present in an encounter, mean whale-swimmer approach distance decreased by
approximately 0.5 m (Fig. 5.5). Across an encounter of approximately eight hours, mean
approach distance decreased by approximately 50% for all group sizes. After a 12-hour
encounter duration, mean approach distance for all group sizes was predicted to be less than 5

m.
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Figure 5.5. Modelled relationship (mean + 95% CI) of mean whale-swimmer approach distance (m)

by time in encounter across five theoretical encounters of differing group sizes. Solid lines represent
modelling of actual data (i.e., up to approx. 3h into an encounter).

5.4 Discussion
5.4.1 Chapter overview

The overall aim of this chapter was to develop a more detailed understanding of the
highly interactive behaviour of dwarf minke whales during swim-with interactions in the
Great Barrier Reef. Specifically, I aimed to: (1) identify predictors of interactive behaviour at
both the group (i.e., encounter) and individual levels; and (2) to quantify the effects of these
variables on whale-swimmer approach distances. Approach distances were highly variable
both within and between individual whales, ranging from the closest pass of 0.94 m to the
farthest identifiable pass of over 25 m. Most group-level factors such as weather conditions
(i.e., WH), location (i.e., SITE, AA), time of year (i.e., DOS), WS, and ET) did not influence

whale-swimmer approach distance. Similarly, individual characteristics such as sex and body
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size (TBL) did not influence whale-swimmer approach distances. Rather, whale-swimmer
approach distance decreased as a) encounters progressed, b) whale group size increased, and
¢) individual per-whale passes increased. These findings agree with previous studies showing
that whale group size and encounter duration influence dwarf minke whale interactivity
(Mangott, 2010; Mangott et al., 2011), and provide a more detailed understanding of how
these factors affect interactive behaviour across a wider range of expected encounter
conditions. Further, after accounting for these variables, significant variation remained across
individual whales (i.e., the random effect of whale ID), indicating that individual differences
among whales contribute to their approach behaviour, beyond what can be explained by the

fixed effects alone.

5.4.2 Repeat passes and closer approaches

An unequal distribution of passes amongst whales was found, whereby some whales
made disproportionately more passes than others. This suggests considerable diversity
between whales in the level of engagement with swimmers during swim-with activities. The
majority of whales (63%) made less than 10 passes, suggesting limited interactivity, whereas
one young male whale was involved in nine of the closest 20 passes recorded, and made the
most passes of any whale recorded in the season (n = 46). Additionally, while over half of
whales only made one pass, nearly 85% of the closest approaches were by whales making
multiple passes. The whales making more passes also tended to approach more closely than
whales making fewer passes, independent of the number of encounters they were sighted in.
Mean approach distance per whale was only slightly correlated with the number of passes
made by that whale; however, the closest approach made by a whale was highly correlated
with the number of passes it made. This observed correlation demonstrates a potential

behavioural pattern where repeat passes serve as a meaningful indicator of the likelihood of
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closer approaches. These results suggest that individual variation, wherein a small number of
whales are more interactive and more likely to make more passes and closer approaches.
Mangott (2010) suggested that particularly inquisitive individuals become familiar with the
stimuli through repeated interactions. However, encounter number did not influence approach
distance in my study, suggesting that familiarity is likely only one of multiple drivers of this

variation in behaviour.

5.4.3 Repeat encounters vs repeat passes

While some findings in this study were consistent with previous research (e.g.,
Mangott, 2010; Mangott 2011), others were not. While overall mean approach distance was
similar between my study (8.02 m + 0.11 SE) and Mangott’s (2010) study (7.08 m &+ 0.09 SE),
Mangott (2010) found that some whales decreased their approach distances when they were
re-sighted in subsequent encounters, where I found that re-sightings at the encounter level did
not influence approach distance. Instead, I found that whales approached closer with repeated
passes independent of whether it was a repeat encounter or not. While the number of
encounter sightings is roughly correlated with number of passes (i.e., if a whale was sighted
in multiple encounters then it has necessarily made multiple passes, at minimum one pass per
encounter), some whales only made a single pass within an encounter, whereas others made
many (up to 46 in this study). Thus, encounter-level re-sightings histories do not capture
finer-scale behavioural differences between individuals (i.e., number of passes). My findings
demonstrate the importance of investigating behaviour at both the group and individual levels

to best reflect the complexities of dwarf minke whale behaviour.
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5.4.4 Potential drivers of individual variation

Tolerance to human presence is not static or uniform across a species (Beale &
Monaghan, 2004; Blumstein, 2016; Hanson & Riley, 2018). Allan et al. (2020) argue that
overlooking individual variation in tolerance can substantially affect behavioural research by
missing a key driver of behavioural patterns. Overlooking individual variation in tolerance
may result in missing a crucial factor influencing behavioural patterns, which may have
substantial implications for behavioural research (Allan et al., 2020). My findings indicate
that whale-swimmer approach distances were highly variable between individuals, and this
variation persisted even after accounting for known external drivers, such as whale group size
and number of passes/encounter progression.

Multiple drivers of individual variation in flight initiation distance have been
identified in other species. These include age (Constantine, 2001), sex (Lusseau 2003a), body
size (Dissegna et al., 2022), reproductive condition (Parent & Weatherhead, 2000), nutritional
condition (Doenier, 1997; Seltmann et al., 2012), prior experience (Bejder, Samuels,
Whitehead, & Gales, 2006; Gayford et al., 2023), and personality traits such as boldness
(Petelle et al., 2013; Strong et al., 2017). I found that sex and age (by proxy of body size,
TBL) are not likely to be consistent drivers of individual variation in dwarf minke whales, as
neither sex nor TBL were significant predictors of whale-swimmer approach distance. While
age was not directly measured here, in general, the longer the whale, the older it was likely to
be, at least during the significant growing years, which may be up to the first 10 years of life
for dwarf minke whales (Kato & Fujise, 2000).

The results presented here suggest that prior experience (at the level of individual
passes) and personality may be potential drivers of individual variation in dwarf minke whale
behaviour. As encounters progressed and dwarf minke whales made more passes, they tended

to decrease their approach distance, demonstrating that prior experience influences — or at
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least predicts - future behaviour in the short-term. Mangott (2010) also found that this trend
persisted across multiple encounters, providing further evidence that prior experience is
important and may also influence behaviour in the medium-term. However, individual
differences in behaviour persisted that could not be explained by prior experience, whale
group size, or demographic factors, suggesting an internal characteristic or personality trait
may be driving these differences. Indeed, individual variation in flight initiation distance has
been used as a direct measure of the personality trait boldness (Carter et al., 2012; Hall et al.,
2020; Petelle et al., 2013; Weston et al., 2012). Thus, some of the unexplained variation in
behaviour observed in this study may represent individual differences in personality traits,

such as boldness.

5.4.5 Non-significant variables

While group size, time in encounter, and number of passes per whale were the only
variables identified to directly influence approach distance. However, other variables
investigated are not necessarily irrelevant. Previous studies have found that mean group size
and encounter duration may be significantly different across dive sites/locations frequented
by permitted operators (Curnock, Birtles, & Valentine, 2013). I found that both group size
and time in encounter influence passing distance (and thus encounter duration by proxy of
time in encounter). As such, nearest dive site/location can be considered an indirect predictor
of approach distance. For example, encounters at Lighthouse Bommie, near Ribbon Reef no.
10, are generally larger and longer than those at other sites (Curnock, Birtles, & Valentine,
2013). I hypothesise that approach distances at this site will generally be closer than at other
locations because of encounter duration and group sizes. Day of season may be similarly
relevant, as mean whale group size is larger during the peak of the season in late June and

early July (Box, 2022).
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5.4.6 Significance of closer approaches and increased attraction

While this study demonstrates that dwarf minke whales change their behaviour over
the short-term, the consequences or impacts of these changes remain unknown. Behavioural
changes can negatively impact the health of an animal or population by reducing the time
available for essential activities (Carzon et al., 2023; Lusseau 2004). Since the northern
Great Barrier Reef aggregation area is thought to serve as a mating ground for dwarf minke
whales (Birtles, Arnold, et al., 2002), the increased attraction to swimmers could disturb this
essential life function, resulting in decreased reproduction, similar to the impacts of tourism
on bottlenose dolphins in Shark Bay, Western Australia (see section 5.1.1 and Mann et al.,
2000). However, connecting short-term behaviour changes to long-term effects is notoriously
challenging (Bejder, 2005; Christiansen et al., 2015). Statistically significant changes in
behaviour are not always biologically significant (New et al., 2013), as compensation can
occur without affecting overall energy budgets (Lusseau, 2004). On the other hand,
disturbance can have hidden costs not accounted for (New et al., 2013). The behaviour of
dwarf minke whales when not in contact with vessels in the Great Barrier Reef is unknown
and, as such, the extent that these tourism interactions may be disrupting critical activities
like mating — and the resultant costs — are also unknown.

Whales and dolphins that become de-sensitised or habituated towards human presence
may also be at a greater risk of experiencing harassment (Samuels et al., 2003; Samuels &
Bejder, 2004), collisions with vessels (Bejder & Samuels, 2003), and entanglement in fishing
gear or marine debris (Knowlton et al., 2012; Lien, 2009). Thus, the progressively increasing
attraction to humans observed in this study could expose this population, or particularly
susceptible individuals, to elevated risks of negative consequences due to cumulative
impacts. However, dwarf minke whales are not known for their highly inquisitive behaviour

outside of their seasonal aggregation in the Great Barrier Reef. Elsewhere, dwarf minke
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whales are generally considered solitary animals (Birtles & Mangott, 2011). However, even
solitary animals have a requirement to seek out conspecifics to reproduce. In capital breeding
cetaceans, the seasonal mating period follows a rise in testosterone and other androgen
concentrations in both sexes (Atkinson et al., 2023; Cates et al., 2019; Dalle Luche et al.,
2020; Schroeder & Keller, 1989). This endocrine signalling not only prepares the animals for
mating physiologically (e.g., sperm production in males), it also enhances mating and
courtship behaviours (Balthazart, 1983; Melica, Atkinson, Calambokidis, et al., 2021; Melica,
Atkinson, Gendron, et al., 2021; Wingfield et al., 1990). If the northern Great Barrier Reef
indeed serves as a mating ground for dwarf minke whales, then these behavioural changes,
with the purpose of seeking out a mate, may also increase their exploratory drive towards
other stimuli in their environment, including vessels and humans. As such, their high
interactivity may be a locally confined phenomenon associated with the social and
reproductive functions that this aggregation likely serves, and not translate to increased risks

elsewhere in their range.

5.4.7 Implications for tourism management

Previous studies have identified that closeness of approach, total number of whales
seen, and total time spent with whales are important factors for visitor satisfaction during
whale-watching activities (Muloin, 1998; Orams, 2000). Similar results have also been found
for swim-with dwarf minke whales activities in the Great Barrier Reef (Birtles, Valentine, et
al., 2002; Valentine et al., 2004). However, these same characteristics that contribute to
participant satisfaction may also increase the risk of harm due to closer whale-
swimmer/vessel approach distances. This trade-off between risk and satisfaction presents a
substantial management challenge for tourism operators, as there is a clear incentive to allow

closer and longer encounters, yet these factors also likely increase the risk of harm due to
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closeness of approach. My study found a decrease in mean approach distance both as whale
group size and encounter duration increased, providing predictable behavioural patterns of
increased interactivity and, consequently, a likely resultant increased risk of harm.

A plausible management recommendation may be to introduce time limits associated
with whale-swimmer interactions. Time limits have not been established for the swim-with
dwarf minke whale industry, despite their prevalence in swim-with industries elsewhere
(Gero et al., 2016). However, it would be challenging to impose such limits without
restricting all in-water activities, as encounters with dwarf minke whales involve the whales
approaching the swimmers. Furthermore, enforcing time limits may also lead to a decrease in
passenger satisfaction (Mangott, 2010). Thus, time limits are unlikely to be voluntarily
adopted by tourism operators. Instead, further stakeholder consultation is recommended to
determine whether the behavioural patterns identified in this study are of sufficient concern

for management intervention, and what operational strategies may be suitable to employ.

5.4.8 Limitations

A limitation to this study lies in the lack of SDOV coverage across longer encounters
and multiple years. While the mean encounter length observed in this study was 3.75 hours (n
= 17), many lasted for four or more hours (42.8%), with the longest encounter lasting over
nine hours. Due to the physical limitations of the SDOV camera system (i.e., inability to
swap out batteries), a maximum of approximately three hours of video footage was collected
during each encounter before the batteries required charging. Thus, it is unknown how well
the extrapolation of the approach distance model developed here represents true whale
behaviour during longer encounters. Nevertheless, I identified a clear pattern that dwarf
minke whales approach swimmers more closely both as an encounter progresses and as whale

group size increases, over at least the first three hours of an encounter. Further research
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would be useful to determine if this pattern remains consistent as encounters progress beyond

three hours, an encounter duration that frequently occurs in the Great Barrier Reef.

5.4.9 Unresolved questions and further research recommendations

Investigating long-term sighting histories of individual dwarf minke whales may
provide additional insights into individual variation observed in dwarf minke whale
behaviour. For example, have whales making repeat passes and close approaches had
extensive exposure to swim-with activities in previous years? Are short-term behaviour
changes persistent over the longer term (i.e., across multiple seasons)? Approximately 25% of
whales are re-sighted across multiple years, and the potential thus exists for cumulative
impacts of repeated interactions over many years (Sobtzick, 2010). Due to gaps in the
availability of long-term (i.e., multi-year) photo-identification data, the interaction history of
the whales identified in this study in the years prior to this study was not investigated. This
research is recommended both for the possibility of identifying highly interactive individuals
that may increase the risk of harm during swim-with encounters and to identify if longer-term

habituation may be occurring due to these tourism activities.

5.4.10 Conclusion

This study has provided a deeper understanding of dwarf minke whale behaviour
during swim-with interactions in the Great Barrier Reef, particularly regarding highly
inquisitive behaviour that can increase the risk of harm to both the swimmers and the whales.
I found that the factors influencing whale-swimmer approach distance are multifaceted and
complex, and suggest that both external and internal factors contribute to interactive
behaviour in dwarf minke whales. As encounters with whales become longer and involve

larger groups, the chances of close approaches and potential harm to both the whales and
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swimmers increase. Individual differences in whale behaviour persist, however, and close
whale-swimmer approaches can occur at any time. Nevertheless, it is important for
researchers and tourism managers/operators to be aware of the patterns identified in this
chapter and ensure that their management strategies take into consideration the concerns
raised here. The results of this study may also contribute to future revisions of existing

management protocols for the permitted industry.
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6 CHAPTEROG

GENERAL DISCUSSION
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6.1 Introduction

The swim-with dwarf minke whales tourism industry in the Great Barrier Reef is a
lucrative industry that also provides a fruitful avenue for studying the biology and behaviour
of these cetaceans. Prior to the discovery of the aggregation area in the northern Great Barrier
Reef, there was a substantial lack of research on dwarf minke whales, with scant information
available on their social structures, migratory patterns, and interactions with humans. The
identification of this seasonal aggregation and the whales’ frequent interactions with tourism
vessels marked a pivotal advancement in research, allowing dedicated research on dwarf
minke whales. While significant advancements have been made in understanding their
biology and behaviour, persistent knowledge gaps remain. The underlying mechanisms
driving their aggregation, the specific behavioural responses to vessels and swimmers, and
the potential implications for their conservation status remain areas of active investigation.
My thesis sought to address some of these knowledge deficits, focusing on morphometric and
behavioural parameters that appear to be unique to this population, thereby contributing to the

broader understanding of dwarf minke whale ecology.

6.2 Thesis summary

The overall purpose of this thesis was to increase knowledge of basic dwarf minke
whale biology and to better understand dwarf minke whale behaviour during tourism
interactions in the Great Barrier Reef, Australia. Recent advances in stereo-videogrammetry
technology have allowed more accurate and precise measurement estimates than have
previously been available. In-water videogrammetry imagery can be used for a variety of
applications, facilitating both biological and behavioural research through the ability to
measure morphometric features and whale-swimmer approach distances. This thesis had two

overarching aims (see Chapter 1):
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(3) To increase the quality and quantity of morphometric measurements of dwarf
minke whales.
(4) Increase understanding of dwarf minke whale biology and behaviour using these
improved measurement techniques.
To achieve these aims, I specified three objectives for my study, each corresponding to its
own data chapter:
Objective 1: To develop more precise measurement techniques for dwarf minke whales
(Chapter 3).
Objective 2: Investigate the external morphometry of dwarf minke whales in the Great
Barrier Reef (Chapter 4).
Objective 3: Explore the potential drivers of differences in whale-swimmer approach
distance across individual whales and encounters (Chapter 5).
Objective 1 relates directly to thesis aim 1, and objectives 2 and 3 relates directly to thesis

aim 2.

6.2.1 Study 1 summary: Developing protocols for in-water stereo-videogrammetry data

collection

Chapter 3 addressed thesis objective 1, to develop more precise measurement
techniques for dwarf minke whales. First, [ improved upon previous videogrammetry
methods for filming dwarf minke whales by employing a stereo-videogrammetry system
rather than a single-camera system. This method provided significantly more precise
measurements than have been previously collected. Next I developed an in-water
methodological protocol that prioritizes a) the best opportunities to make robust body
measurements, and b) the best opportunities to capture behaviour to allow post-field video

measurements of whale-swimmer approach distances. Finally, I developed specific analytical
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protocols to maximise reliability of measurements (e.g., identified minimum replicate aims)
while remaining mindful of time constraints for analysis. This chapter successfully developed
a methodological protocol to increase quality (i.e., precision) and quantity of body
measurements of dwarf minke whales, which were employed in Chapters 4 and 5. These
methods may be applicable to other marine megafauna species where more efficient
emerging methodologies (i.e., drone-based techniques) are similarly unsuitable and access

under similar conditions is available.

6.2.2 Study 2 summary: Comparative morphometrics of dwarf minke whales

Chapter 4 addressed thesis objective 2, to investigate the external morphometry of
dwarf minke whales. Using the improved stereo-videogrammetry measurement techniques
developed in Chapter 3, [ measured a suite of nine morphological features of dwarf minke
whales and used these measurements to investigate several aspects of morphometry,
including allometric and ontogenic growth patterns and potential sexual dimorphism. I also
identified useful proxies for total body length (TBL) for when TBL measurements are
unavailable, provided baseline measurements that could be used in future assessments of
body condition, and identified a long-term shift in population structure, with a decreased
proportion of juvenile dwarf minke whales and a significant increase in mean TBL from

measurements made a decade earlier.

6.2.3 Study 3 summary: Drivers of interactive behaviour of dwarf minke whales

Chapter 5 addressed thesis objective 3, to explore a range of potential drivers of
interactive behaviour of dwarf minke whales during swim-with tourism encounters. Using the
improved measurement techniques I developed in Chapter 3, I measured whale-swimmer

approach distances across 21 swim-with encounters in 2017 and used generalized linear
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mixed models (GLMMs) and regression techniques to investigate potential drivers of
variation at both the group level (i.e., external variables such as encounter location and
weather conditions) and individual level (i.e., demographic characteristics of individual
whales). I found that as whale group size and encounter duration increased, mean whale-
swimmer approach distance decreased. After accounting for these external drivers, significant
variation in whale-swimmer approach distance and number of passes persisted between
individual whales that could not be explained by demographic factors such as age (by proxy
of total body length) or sex. It is unclear what is driving this remaining variation in both
frequency and closeness of approach. Possible contributing factors could include longer-term
exposure to human interaction (i.e., over multiple years) or individual differences in

personality traits.

6.3 Long-term demographic changes

Chapter 4 revealed a long-term change in the observed population structure of dwarf
minke whales interacting with vessels in the Great Barrier Reef. In 2006/2007, approximately
two-thirds of measured individuals were likely juveniles and one-third were likely maturing
or mature individuals (Sobtzick, 2010). Conversely, measurements presented in Chapter 4 of
this thesis showed that approximately two-thirds of measured whales were maturing/mature
and one-third were juveniles. The mean length of dwarf minke whales in 2017 was also 0.5 m
longer than in 2006/2007. Although different methodologies were used between these studies,
there is no evidence of systematic biases of sufficient magnitude to cause these differences,
such as measurement error or sampling bias. Thus, they are likely to represent true changes;

however, the underlying reasons for these changes remain unclear.
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6.3.1 Behavioural change: desensitisation to human interactions?

The observed shift in population structure could represent long-term habituation of
individual dwarf minke whales to swim-with activities in the Great Barrier Reef, such that
whales who have experienced human interaction in the past demonstrate an increased
attraction to humans in the future. This would result in an increased proportion of older (and,
by proxy, larger) whales interacting in 2017 than in previous years. | found in Chapter 5 that
as individual whales make more approaches/passes to swimmers in the water, and as
encounters progress, the whales tend to decrease their approach distances. This demonstrates
evidence of short-term habituation, on the scale of minutes to hours. Similar results have been
found in other studies (Mangott, 2010; Mangott et al., 2011). Further, these studies also found
that whales re-sighted within the same seasons tend to decrease their approach distance in
subsequent encounters. This demonstrates evidence of more medium-term habituation, on the
scale of days to weeks. While this medium-term habituation was not found in Chapter 5 of
this thesis, this trend may have been present but obscured due to the over-representation of
whales sighted only once across the season (see Chapter 5 section 5.4.1).

Possible drivers of this differential behaviour may be longer-term prior experience
(i.e., across multiple years) (Mangott, 2010; Mangott et al., 2011; Sobtzick, 2010) or
personality traits such as boldness (see Chapter 5 sections 5.1.6 and 5.4.2). This phenomenon
of individual dwarf minke whales exhibiting highly interactive behaviour has been
documented previously. Mangott (2010) found that over 20% of the instances where a whale
made physical contact with an object (e.g., a boat, rope, or swimmer) were caused by a single
whale that had been re-sighted multiple times (Mangott, 2010). Sobtzick (2010) sighted one
individual seven times within one season, during which it spent over 33 hours interacting
with vessels and swimmers. The long-term photo-identification database of dwarf minke

whales in the Great Barrier Reef has identified that approximately one-third of identified



STUDYING DWARF MINKE WHALES VIA VIDEOGRAMMETRY 177

whales are re-sighted within the same season and one-quarter are re-sighted in the following
season (Sobtzick 2010). Thus, with a substantial portion of whales exhibiting both medium-
and long-term re-engagement with swimmers, the potential exists for long-term
desensitisation, resulting in increasingly close approaches by re-sighted whales.

Historical whaling records indicate that it could take up to 10 years for dwarf minke
whales to reach 6 m in length (Kato et al., 2022; Kato & Fujise, 2000). The time period
between population structure estimates (2006/2007 — 2017) aligns with this proposed
maturation period. If a cohort of whales across all life-history stages became habituated to
humans throughout the early years of this tourism activity in the GBR (e.g., 2000 — 2010),
this could explain why the whales measured in 2017 were significantly larger than the whales
measured previously. Thus, the combined evidence of short- and medium-term habituation,
along with the increased size and proportion of adult whales in the interacting population,
suggests that longer-term desensitisation over multiple years could be influencing the

observed population dynamics.

6.3.2 Environmental/ecological stressors

Alternatively, instead of representing a change in behaviour of the interacting
population, the observed shift in demographic ratios could represent a true change in the
overall population structure of dwarf minke whales in the Great Barrier Reef. Large-scale
oceanographic changes are occurring due to climate change and overfishing that may impact
baleen whales (Agrelo et al., 2021; Cabrera et al., 2022; Flores et al., 2012; Joyce et al., 2023;
Nicol et al., 2008; Smetacek & Nicol, 2005). These include decreased prey availability
(Atkinson et al., 2004; Hofman, 2019), increased algal blooms and disease outbreaks (Burns,
2002; Sanderson & Alexander, 2020), retreating sea ice decreasing suitable feeding habitat

(Friedlaender et al., 2006; Smetacek & Nicol, 2005) and increasing migration distances
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(Thomas et al., 2016). One of the first expected impacts of these processes on cetaceans is a
decrease in reproductive success and calf survival (Kebke et al., 2022; Simmonds & Isaac,
2007; Tulloch et al., 2019). This would manifest as a shift in population structure with a
decreased proportion of younger (i.e., shorter) individuals and a resultant increase in mean
body length, similar to the trends identified in this thesis. These shifts in response to climate
change-induced stressors have already been documented in several cetacean populations
including humpback whales (Gabriele et al., 2022), bottlenose dolphins (Mann et al., 2021),
right whales (Leaper et al., 2006), and gray whales (Perryman et al., 2021). This shift in
population structure could alternatively represent positive changes, such as improved
environmental conditions resulting in increased growth rates and decreased mortality of
adults. However, when considering the broader ecological context, particularly the well-
documented threats and impacts of the Anthropocene era, this is unlikely to be the cause of

such trends.

6.3.3 Challenges in resolving these issues

The uncertainty in determining the underlying cause of the observed population
dynamics in this study exemplifies a methodological limitation of using tourist vessels, and
other platforms of opportunity, to conduct scientific research. Due to a) the non-systematic
sampling of the study area, and b) the reliance on voluntary approaches by the whales, it is
unknown how much of the overall dwarf minke whale population is represented by the
‘interacting population’ in the Great Barrier Reef (see Chapter 1 section 1.1.2 and Chapter 4
section 4.4.6). Thus, it is challenging to determine whether whales observed during swim-
with interactions are a representative sample of the overall population in this area. As a result,
careful contextualisation is required for interpreting these data and other data collected via

platforms of opportunity.
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The full extent of re-encounters in the GBR Reef is also unknown. Firstly, photo-ID
data is not collected for every encounter on every vessel. If some encounters are missed, then
some interacting whales will remain unidentified — both whales interacting for the first time
and re-sightings of already identified whales. Secondly, non-endorsed encounters, from both
private vessels and unpermitted tourism vessels, are known to occur, but their frequency is
not known (Sobtzick, 2010; Birtles et al., 2014). Therefore, data regarding sightings histories
and encounter durations represent minimum estimates of these values, and the true occurrence
of repeated interaction by individual whales will almost certainly be higher than documented
in this study and others (Sobtzick, 2010). Further, the absence of trained guides during
wildlife encounters has the potential to increase the risk of injury, harassment, and
disturbance to the target animals (Boren et al., 2008; Pagel et al., 2020; Reynolds &
Braithwaite, 2001). Thus, when non-endorsed swims with dwarf minke whales occur without
trained crew monitoring and managing encounters, the risk of harm to the swimmers almost
certainly increases as well.

Finally, the longer-term sightings histories of identified whales has not been
systematically studied (i.e., re-sightings of individual whales across multiple years). Over 20
years of interactions with dwarf minke whales in the Great Barrier Reef have been collated
into a photo catalogue managed by James Cook University’s Minke Whale Project. However,
time and cost constraints have resulted in a significant backlog in the photo-identification
process, and a large number of historical photos still require assessment. Completing the
photo-identification in this long-term database may provide important re-sightings data to
further contextualise variation in interactive behaviours. Since most individual whales were
only encountered once in previous studies (and this thesis), it has been suggested that the
potential for population-level impacts is low (Sobtzick, 2010; Mangott, 2010). Nevertheless,

it is evident that some individual whales exhibit highly interactive behaviour, and it is thus
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prudent from both a sustainability and safety/risk management perspective to study this
behaviour further and to continue monitoring the population structure changes identified in
this thesis. However, given the methodological constraints and limitations of collecting data
from platforms of opportunity, it may be challenging to thoroughly investigate these issues
from tourist vessels alone. Therefore, dedicated research platforms could be necessary for

future research.

6.4 Contribution to conservation and monitoring of dwarf minke whales

As the world’s only known predictable aggregation of dwarf minke whales occurs in
the Great Barrier Reef (GBR), the Australian government is largely responsible for the
conservation and management of this undescribed subspecies. Governance of whales is
complex, particularly for migratory species that cross multiple jurisdictional boundaries
(Miller et al., 2018). As a result, the protection of dwarf minke whales occurs under several
government departments (e.g., Queensland Parks and Wildlife, Great Barrier Reef Marine
Park Authority or GBRMPA), operating under a framework of multiple plans (e.g.,
Department of Climate Change, Energy, the Environment and Water, 2021; Woinarski et al.,
2014), acts (e.g., EPBC Act 1999), guidelines (e.g., Australian Government Department for
the Environment and Energy, 2017), and international conventions (e.g., International Union
for the Conservation of Nature, Convention on Migratory Species, The International Whaling
Commission, etc.). Numerous scientific reports and publications have emphasised the need
for ongoing research and monitoring of dwarf minke whales to fulfill conservation and
sustainability obligations relating to the protection of whales and their habitat (Arnold &
Birtles, 1999; Birtles et al., 2014, 2015; Curnock, Birtles, Valentine, et al., 2013; Mangott et
al., 2011; Valentine et al., 2004). Most recently, a report from the GBRMPA deemed existing

monitoring of dwarf minke whales in the GBR inadequate to achieve the agency’s various
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policy objectives and requirements (Curnock et al., 2019). This report outlined key
knowledge gaps, research needs, and priority monitoring indicators to address these needs
and provided detailed recommendations for the development of a dedicated monitoring
program to achieve the relevant management outcomes. Despite this, limited resources have
been allocated towards such a program and implementation remains lacking. The following
section will outline the main contributions of my thesis to addressing knowledge gaps and

research needs relevant to the protection of dwarf minke whales in the Great Barrier Reef.

6.4.1 Increased accuracy and precision of measurements

Several of the key monitoring priorities identified for dwarf minke whales require
obtaining morphometric measurements of individual whales. Priority monitoring indicators
that involve population characteristics such as demography (e.g., age composition and sex
ratios) and body condition require precise measurements of total body length (TBL) and other
external features such as girth (Curnock et al., 2019; Sobtzick, 2010). Further, changes in
observed population demographics and whale-swimmer approach distances might also be
indicative of behavioural changes such as long-term habituation, which is a particular
concern for the swim-with dwarf minke whale tourism industry in the Great Barrier Reef
(Birtles et al., 2014; Curnock, Birtles, Valentine, et al., 2013; Curnock et al., 2019; Mangott,
2010; Mangott et al., 2011). The stereo-videogrammetry filming and analytical protocols
developed in Chapter 3 have provided the ability to make more robust measurements than
have been available previously, thus increasing reliability of the data obtained and subsequent
interpretation of results. The filming protocols were developed to maximise the quality and
quantity of data obtained during in-water interactions with dwarf minke whales, expanding
research and monitoring capabilities from a platform of opportunity with inherent

methodological limitations (see Chapter 4 section 4.4.7).
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6.4.2 New methodologies to increase sample sizes

6.4.2.1 New element of sexual dimorphism in dwarf minke whales

Changes in sex ratios have been repeatedly identified as a monitoring priority for
dwarf minke whales in the Great Barrier Reef (Curnock et al., 2019; Sobtzick, 2010), but the
difficulties of determining sex from external characteristics limit the ability to monitor this
characteristic. In Chapter 4 of this thesis I presented data indicating the presence of a
previously undescribed element of sexual dimorphism in dwarf minke whales, whereby
females had significantly wider tails (i.e., fluke width; FW) relative to total body length
(TBL) than males. While the present sample size was too small to perform statistical analyses
on these data (nm = 5, nr = 8), only a small portion of the observed ranges overlapped
between males and females. With a larger sample size, Bayesian analysis could be used to
determine a binary classification threshold for sex identification for some individuals using
only measurements of FW and TBL. Thus, the potential for a novel sex determination
method, as presented in this study, offers an avenue to overcome the common limitation of
small sample sizes, thereby enhancing the capacity to monitor sex ratios of dwarf minke

whales in the Great Barrier Reef.

6.4.2.2 Alternative morphometrics as a proxy for total body length

When total body length (TBL) cannot be directly measured, it can be possible to
measure another feature and use this measurement as a proxy, provided the relationship
between the features is well understood and both measurements are sufficiently correlated.
Such relationships have proven useful across a wide range of cetacean research (see Chapter
4 section 4.1.1). Chapter 4 identified a very strong positive correlation between snout-to-
dorsal-fin length (SDF) and TBL in dwarf minke whales, with a correlation coefficient above

97%. A logarithmic regression yielded a robust predictive model of TBL from SDF, with an
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R? value of 0.971. As such, SDF may be used as a robust proxy for TBL when TBL is unable
to be measured, thus increasing the ability to make TBL measurements. SDF was also able to
be measured on more whales than TBL (see Chapter 4 section 4.4.3), meaning that this length
proxy presents an opportunity to increase the sample size of TBL-measured whales. A larger
sample size of measured whales will enhance the precision and reliability of data, which, in
turn, will improve the quality and applicability of future research findings for conservation

and management efforts.

6.4.3 Identified changes in dwarf minke whale population demographics

Population structure changes can be a sensitive indicator to detect large-scale impacts
to whale populations before the onset of significantly mortality, and as such could represent
an ‘early warning signal’ for large-scale impacts to the population (Clements et al., 2017). For
dwarf minke whales in the Great Barrier Reef, such changes could also represent long-term
behavioural impacts to the ‘interacting population’ from tourism activities (Curnock, 2010;
Mangott et al., 2011; Sobtzick, 2010). As such, monitoring changes in population
characteristics, including age composition and sex ratios, has emerged as a key priority
indicator for dwarf minke whales in the Great Barrier Reef (Birtles et al., 2014; Curnock,
2010; Curnock et al., 2019). Chapter 4 of this thesis identified a relative decrease in juvenile
dwarf minke whales between 2006/2007 and 2017, which may suggest that negative impacts
are occurring to this population from a range of potential stressors (see section 6.3). Since a
change in age composition is considered a priority indicator for impacts to dwarf minke
whales, this finding may be sufficient to catalyse investment in dedicated monitoring of this
population to assess long-term trends, and/or further research to determine the underlying

cause(s) and consequences of such shifts.
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6.5 Implications for swim-with dwarf minke whale tourism in the Great Barrier Reef
Understanding the behaviour of dwarf minke whales during swim-with activities in
the Great Barrier Reef is important for assessing the sustainability of this tourism industry
and mitigating potential harm to both humans and whales. Given the variability in animal
responses to disturbance and the limited external validity of most behavioural response
studies, generic management regimes are not advisable (Birtles et al., 2014; Orams, 2004).
Instead, tailored management plans specific to the species, location, and type of tourism
activity, couple with a precautionary approach considering the potential for long-term
impacts, are recommended (Arnold & Birtles, 1999; Birtles et al., 2001; Curnock, Birtles,
Valentine, et al., 2013; Higham et al., 2009; Orams, 2004; Valentine et al., 2004). Chapter 5
revealed clear trends of short-term behaviour change during swim-with interactions,
indicating that whales approach swimmers more closely as encounter duration and group size
increase. A previous risk assessment identified the lack of sufficient information to assess the
cumulative impacts on dwarf minke whales from swim-with interactions, emphasizing the
need for ongoing research (Curnock, Birtles, Valentine, et al., 2013). Therefore, it is
recommended that a new risk assessment be conducted to comprehensively evaluate the
implications of this thesis's findings, particularly those regarding population dynamics and
the drivers of interactive behaviour, to better inform management strategies and ensure the

safety of both whales and humans.

6.6 Future research recommendations resulting from this thesis
6.6.1 Developing automated methodologies for reducing analytical time costs

6.6.1.1 Photo-identification
Much of the challenge in applying the methodologies from this thesis for time-

effective monitoring of dwarf minke whales stems from the associated time costs. Artificial
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intelligence (AI) and machine learning technology are developing rapidly, and the photo-
identification process has been partially or fully automated for several cetacean species
including right whales (Bogucki et al., 2019; Khan et al., 2022), Risso’s dolphins (Maglietta
et al., 2020), orcas (Bergler et al., 2021), blue whales (Ramos-Arredondo et al., 2020), and
humpback whales (Cheeseman et al., 2022). Multi-species models have also been developed
(Blount et al., 2022; Patton et al., 2023). The application of such technology appears
promising for photo-ID of dwarf minke whales (Konovalov et al., 2020), but has not yet been
fully developed. Consequently, every photo must be compared visually by a trained
researcher; as a result, this process is extremely labour-intensive and requires extensive
training and quality control checking (Sobtzick, 2010). The development of automated photo-
ID technology for humpback whales reduced processing time by over 98% (Cheeseman et al.,
2022), demonstrating the usefulness of automated identification techniques for cetacean
research and potential monitoring applications. As such, developing similar techniques for
dwarf minke whales is recommended as a top priority to enhance the research and monitoring

capabilities for this undescribed subspecies.

6.6.1.2 Morphometry

The extensive time required to process stereo-videogrammetry footage via SeaGIS
also limits this method’s applications from a monitoring perspective. The only fully
automated element of this methodology was the calculation of the two-dimensional distance
between two points in the paired video imagery. The equipment calibration process, photo-ID
matching, selection of appropriate frames for measurement, identifying reference points, and
reviewing measurement quality were all completed manually for each measurement. As a
result, processing the footage for a single season required approximately an entire year of

full-time effort. Although the initial proposal for this thesis involved processing all footage
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collected during the 2017, 2018, and 2019 sampling periods, this significant time requirement
allowed for a complete analysis of the 2017 season only, with a selective processing of the
2018 and 2019 sampling periods to extract growth measurements of multi-year re-sighted
animals. Thus, while these methods were successful for a suite of other research objectives
(see section 6.2), they are likely insufficient for continued cost- and time-effective monitoring
purposes without some modifications.

Automation of the morphometric measurement process has advanced rapidly in recent
years (Burnett et al., 2019; Lemos et al., 2022; Torres et al., 2022; Torres & Bierlich, 2020).
Not only has machine learning enabled more efficient data processing, it has also facilitated
more robust assessments of body condition via the ability to make 3-dimensional volumetric
estimations (Bierlich et al., 2021; Burnett et al., 2019; Gray et al., 2019; Lemos et al., 2022;
Torres & Bierlich, 2020). The first techniques to develop 3-dimensionsal volume estimations
represented the body as a series of ellipses or frustrums (Christiansen et al., 2018, 2019;
Krause et al., 2017). More recently, increasingly accurate models have been developed that
integrate specific morphometric measurements of the target species (Arranz et al., 2022;
Hirtle et al., 2022; Irschick et al., 2021; Zhang et al., 2023). From the video footage collected
in this thesis (i.e., filming free-swimming animals from multiple angles) and the
morphometric measurements obtained in Chapter 4, this study can provide baseline data for
the development of such 3D models of dwarf minke whales. This could broaden researchers'
study scope, enabling efficient population structure monitoring, improved body condition
assessment, and advancements in sexual dimorphism research (see Chapter 4 section 4.4.3).

Developing more robust techniques for assessing and monitoring body condition
would also help to resolve the questions posed in section 6.3 regarding the cause of the
changing population structure of dwarf minke whales. Declines in body condition are likely

to precede increased mortality in response to decreased food availability (Learmonth et al.,
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2006; Lockyer, 1986, 2007). Consequently, body condition may be a more sensitive indicator
of impacts due to climate change than abundance or population structure (Kebke et al., 2022;
Parmesan, 2006), particularly for migratory species where pressures may be occurring in
distant parts of their range (Newson et al., 2009). Thus, detecting declines in health prior to
the onset of significant mortality is crucial for conservation as it can potentially allow time
for a management response to avert population decline. Long-term declines in body condition
have already been observed across several baleen whale species (Akmajian et al., 2021;
Bradford et al., 2012; George et al., 2015; Haug et al., 2002; Lockyer, 1986; Miller et al.,
2012; Torres et al., 2022; Vermeulen et al., 2023). Therefore, improving these techniques to
the point where they are sensitive enough to detect important changes (e.g., population
structure and/or body condition) in a short period of time will allow these methodologies to

be applied for conservation and monitoring of dwarf minke whales.

6.7 Concluding remarks

Resources for monitoring and research are limited, and priorities are often set within
the Great Barrier Reef based on risks to World Heritage Area (WHA) values (Department of
Climate Change, Energy, the Environment and Water, 2021). While this often results in
prioritising research issues such as coral reef health and climate change, it would be remiss to
overlook the significance of dwarf minke whales within this ecological framework. Despite
the absence of explicit alarms for this species, there are compelling reasons to allocate
resources towards dwarf minke whales. Their unique interactions with humans, their potential
as climate and ecosystem sentinels (Bossart, 2011; Hazen et al., 2019; Williamson et al.,
2021) and the sustained public interest in whales all underscore their significance. These
factors, combined with Australia’s international obligations, advocate for a dedicated focus

on monitoring dwarf minke whales in the GBR. Recognising the constraints of limited
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funding, the argument for a cost-effective monitoring approach integrated into tourism
activities is particularly robust in the present circumstances. Therefore, the future research
directives proposed here, along with the baseline results achieved in this thesis, holds
valuable promise in contributing meaningfully to the ongoing conservation and understanding

of dwarf minke whales.
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Appendix A: Whale Sighting Sheet

MINKE WHALE PROJECT WHALE SIGHTING SHEET 2024
- gl wmam comeen

ya Marine Fark Authority

We are interested in all of your whale sightings, but are particularly keen on hearing about minkes (dwarf minke whale pictured above left).
Please fill out this sheet as best you can to help our sightings records.

Part A: Fill in immediately when whales are seen:

1. Time of initial sighting:..................coeevninnnne 2. Date: / / 2024
3. Location: Coordinates at start: Lat:................ccoceviiinninn. (S) Long:......ooviiiiiiiiine. (E)
4. Approx. distance from vessel when first sighted: ........... 5. Time of first approach (io within 30m) ..........

6. Time of last sighting:............... 7.Vessel:........ooooiii 8. Yourname: ..........ccooeininnnn.
9. Coordinates at end (if drifting/steaming): Lat:............................ (S)Long:.......c.ooooiviiiiiiin, (E)

10. How did the encounter end? (please tick one) A Whale(s) left the boat O Boat left the whale(s)

Part C. Fill in at end of encounter:

12. Number of whales: ........................... Certain / Approx... If approximate, please provide a range, with a minimum estimate
(the most whales seen at one time) and a maximum estimate (number of different whales you think may have been present throughout the encounter).

13. Estimated size(s): (No. of whales): more than 6m: # ; 4m-6m: # ; less than 4m: #

14. Al‘ly calves? (Calfwill be < % size of mother, in close proximity to her & breathing more often): #
[] Ifacow & calf were seen; how long did they stay in the area? (give times) From: To:

15. Vessel status when whale(s) first sighted: (please circle one) Anchored / Moored / Steaming / Drifting

16. Did the vessel status change during the encounter? (Please explain and give times; e.g. “dropped mooring to drift at 15:35")

17. Distance drifted during encounter: ............ naut. miles  18. Average wind speed: ................ knots

19. Average wave height: ................. metres 20. Underwater visibility ............... metres

21. Name of nearest reef or dive site:.............ccceovveneininne. 22. Distance to that reef/site:...........

23. Closest approach distance by whale(s) (metres from boat): ............ 24. Rope used?: Y /N (please circle one)
25. Maximum number of divers in at one time: Using snorkel: .................. Using SCUBA: ..........cccee

26. Brief description of encounter (e.g. movement of whales, swimmers, etc; use back of page if necesSary): ... .vvususeeneesnn

27. Were any of the following behaviours observed? (Tick where appropriate and write number of times observed)

(For descriptions of behaviours see the CRC Reef broch ure’.ur the Minke Whale Project Interpretive DVD 2007)

o0 Breaching? # times: o0 Headrise/Spyhop? # 0 Bubble blast? # o Gulping? #:

o0 Sudden speed up? # o Sharp veer away? # 0 Sudden deep dive? #:

o Jaw clap? # O Belly presentation? # o Close approach (<3m)? #:

o0 Motorboating? #: o Pirouetting? #: o Very close approach (<Im)? #

0 Vocalisation(s)? (please describe): ..........ccueuiueuiueinieninannn. o Physical contact (please describe)...............cccoeen....
I O 841 Rl ) P

28. Description of any significant markings/ scars on the whales (use back of page if necessary): ...........ccoveeuenucne.
29. Photos and/or video available : Y /N 30. Name of photo/videographer : ..........ccccccceiiiiiiiinninnn
31. Your contact details / vessel stamp:

Please return completed forms and copies of any photos/video to the Minke Whale Project:
c/- Dr Alastair Birtles, College of Science and Engineering, James Cook University, Townsville QLD 4811.
Ph: (07) 4781 4736  Email:|Alastair Birtles@jc 2 Web:{ww i /hs jec
The Minke Whale Project will forward copies of all completed Whale Sighting Sheets to the Great Barrier Reef Marine Park Authority. Thank you for your help with this research.

Figure A: Whale Sighting Sheet used to record basic encounter and environmental data for
every permitted swim-with dwarf minke whale interaction in the Great Barrier Reef. Note the
2024 version of this data sheet is identical to the 2017, 2018, and 2019 versions used in this

thesis.
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Appendix B: Image grading for photo-identification of dwarf minke whales

Table B1: Cumulative scoring scale to assess image quality for photo-identification of dwarf

minke whales. Developed by Arnbom (1987), updated by Sobtzick (2010). Imagery achieving

an overall score below Category 3 was rejected to reduce error.

5 points 4 points 3 points 2 points 1 point
Focus In focus with | Good focus Fair focus and | Poor focus Out of
clear grain and grain with | grain, some and grain with | focus/grainy
only minimal | loss in ability | significant
loss in quality | to discern loss in clarity
markings
Lighting/ Excellent, no | Good, very Fair, some Poor, a lot of | Very poor,
exposure/ backlighting, | little backlighting, | backlighting, | strong
reflections over- backlighting, | over- over- backlighting,
exposure, or over- exposure, or exposure, or over-
reflections exposure, or reflections reflections exposure, or
reflections reflections
Category 5:  Excellent (10 points)
Category 4: Good (8 — 9 points)
Category 3:  Moderate (6 — 7 points)
Category 2:  Poor (4 — 5 points)
Category 1:  Very poor (2 — 3 points)
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Table B2: Evaluation of the information content of imagery for photo-identification of dwarf

minke whales. Developed by Arnbom (1987), updated by Sobtzick (2010).

distinct scar

patterns or

scars

or top-side

shot of whale

Category 5 | Category4 | Category3 | Category?2 | Category1
Photo- Very much Much Moderate Little No
identification | information, | information, | information, | information, | information,
information | e.g., close-up | e.g., close e.g., distant e.g., e.g., tail
content of shoulder lateral shot shot of indistinct fluke without
area or close- | of whale whole whale | scar or markings or
up of very with multiple | lateral view | pattern scars
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Table C: Summary of total body length (TBL) measurements for whales with replicate

measurements. SD = standard deviation, SE = standard error, CV = coefficient of variation.

Stereo-videogrammetry (2017)
Whale ID n Mean TBL (m) SD (m) SE CV (%)
MW3102 2 6.141 0.166 0.117 2.70
MW3104 3 6.098 0.014 0.008 0.24
MW3108 3 6.702 0.041 0.024 0.61
MW3302 3 5.478 0.047 0.027 0.85
MW3416 2 6.489 0.008 0.006 0.13
MW3417 4 6.780 0.146 0.073 2.15
MW3424 3 6.740 0.036 0.021 0.54
MW3430 6 5.893 0.060 0.025 1.03
MW3455 4 5.529 0.046 0.023 0.83
MW3459 4 7.105 0.061 0.031 0.86
MW3463 2 6.876 0.036 0.026 0.53
MW3493 3 5915 0.078 0.045 1.33
MW3497 2 5.001 0.052 0.037 1.04
MW3498 3 7.169 0.092 0.053 1.29
SHO001 4 7.021 0.106 0.053 1.50
SH002 2 6.868 0.030 0.021 0.44
SH003 8 5.560 0.106 0.037 1.90
SH004 7 5.305 0.114 0.043 2.15
SH005 3 6.961 0.102 0.059 1.46
SHO15 5 5.535 0.115 0.051 2.07
SHO16 3 5.746 0.007 0.004 0.12
SH100 4 5.341 0.047 0.024 0.89
Overall mean CV  1.12%
Single-camera videogrammetry (Sobtzick, 2010)
Whale ID
(year
measured if n Mean TBL (m) SD (m) SE CV (%)
multiple
years)
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3 2 5.36 0.049 0.035 0.92

4 (2006) 6 5.85 0.122 0.05 2.09
4 (2007) 7 6.43 0.132 0.05 2.06
5 6 6.51 0.147 0.06 2.26

8 2 5.59 0.007 0.005 0.13

11 11 4.68 0.166 0.05 3.54

17 2 5.15 0.134 0.095 2.61

18 9 7.12 0.12 0.04 1.69

19 13 5.53 0.108 0.03 1.96

23 4 4.4 0.02 0.01 0.46

24 4 4.57 0.02 0.01 0.44

25 3 5.8 0.139 0.08 2.39

27 8 5.65 0.113 0.04 2.00

34 3 6.21 0.035 0.02 0.56

42 4 5.56 0.08 0.04 1.44

46 (2004) 3 5.44 0.156 0.09 2.87
46 (2007) 4 6.01 0.12 0.06 2.00
48 (2006) 3 6.14 0.208 0.12 3.39
48 (2007) 5 6.33 0.089 0.04 1.41
51 2 5.18 0.17 0.12 3.28

54 3 6.7 0.173 0.1 2.59

55 17 6.04 0.124 0.03 2.05

56 (2006) 18 6.23 0.127 0.03 2.04
56 (2007) 2 6.64 0.184 0.13 2.77
57 2 6.66 0.134 0.095 2.02

58 2 6.69 0.092 0.065 1.37

59 3 5.41 0.087 0.05 1.60

62 3 4.79 0.208 0.12 4.34

65 2 5.76 0.049 0.035 0.86

68 7 4.03 0.106 0.04 2.63

71 3 7.08 0.052 0.03 0.73

72 2 5.09 0.106 0.075 2.08

73 11 5.14 0.099 0.03 1.94

76 3 6.05 0.104 0.06 1.72
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82 3 5.22 0.087 0.05 1.66
84 4 6.09 0.06 0.03 0.99
90 7 5.75 0.106 0.04 1.84
92 6 5.41 0.147 0.06 2.72
93 4 5.44 0.06 0.03 1.10
94 7 59 0.159 0.06 2.69
99 4 5.79 0.08 0.04 1.38

106 9 7 0.12 0.04 1.71
108 2 4.54 0.042 0.03 0.94
113 5 4.34 0.112 0.05 2.58
117 2 5.85 0.021 0.015 0.36
118 2 6.94 0.021 0.015 0.31
119 5 5.78 0.089 0.04 1.55
125 4 5.49 0.14 0.07 2.55
130 2 6.58 0.085 0.06 1.29
141 5 6.62 0.112 0.05 1.69
143 3 5.01 0.069 0.04 1.38
146 9 5.71 0.18 0.06 3.15
147 2 6.47 0.071 0.05 1.09
156 2 5.45 0.042 0.03 0.78
157 2 5.26 0.071 0.05 1.34
162 2 5.58 0.007 0.005 0.13
163 3 5.19 0.052 0.03 1.00
172 9 6.18 0.27 0.09 4.37
174 2 6.14 0.071 0.05 1.15
183 3 6.11 0.191 0.11 312
185 4 5.37 0.08 0.04 1.49
187 2 5.98 0.028 0.02 0.47
188 3 6.14 0.069 0.04 1.13
190 2 5.51 0.064 0.045 1.16
191 6 5.67 0.196 0.08 3.46
192 6 4.86 0.122 0.05 2.52
193 5 6.05 0.067 0.03 1.11
194 8 6.77 0.226 0.08 3.34
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195 2 5.53 0.17 0.12 3.07
197 4 5.87 0.04 0.02 0.68
199 2 5.91 0.113 0.08 1.91
200 3 4.67 0.104 0.06 2.23
206 3 4.8 0.087 0.05 1.80
210 7 6.3 0.132 0.05 2.10
211 10 6.35 0.126 0.04 1.99
214 3 5.42 0.087 0.05 1.60
215 3 5.63 0.139 0.08 2.46
216# 5 6.02 0.313 0.14 5.20
217 3 3.35 0.087 0.05 2.59
218 3 4.79 0.104 0.06 2.17
219 4 5.12 0.06 0.03 1.17
220 2 5.26 0.042 0.03 0.81
221 2 6.23 0.049 0.035 0.80
225 (2004) 9 6.13 0.12 0.04 1.96
224 (2005) 2 6.65 0.247 0.175 3.72
228 3 4.77 0.087 0.05 1.82
233 2 5.75 0.163 0.115 2.83
238 4 6.2 0.1 0.05 1.01
240 5 5.5 0.134 0.06 2.44
243 2 5.64 0.021 0.015 0.38
244 6 5.69 0.171 0.07 3.01
245 4 5.23 0.08 0.04 1.53
246 2 4.89 0.035 0.025 0.72
247 3 6.83 0.121 0.07 1.78
248 6 5.88 0.098 0.04 1.67
250 2 6.42 0.177 0.125 2.75
254 34 5.68 0.233 0.04 4.11
255 8 5.77 0.17 0.06 2.94
256 3 5.18 0.017 0.01 0.33
R2 2 6.77 0 0 0.00
TL3 2 4.61 0.064 0.045 1.38
TR14 2 5.29 0.021 0.015 0.40
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Overall mean CV 1.86%

Appendix D: Width at widest point (WWP) measurements

Table D: Summary of measurements of width at the widest point of the body. SD = standard

deviation, SE = standard error, CV = coefficient of variation.

Whale ID n Mean width (m) | $D (m) SE CV (%)
MW3111 2 1.006 0.062 0.044 6.16%
SHO18 2 1.200 0.014 0.010 1.12%
MW3102 2 1.007 0.070 0.050 6.92%
MW3019 1 0.971 n/a n/a n/a
SHO17 1 1.017 n/a n/a n/a
MW3302 1 0.906 n/a n/a n/a
Overall | 1.018
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Appendix E: Total body length (TBL) measurements of all whales re-sighted and measured

across multiple years, 2017 —2019.

Year of first measurement | Year of re-measurement
Whale ID Mean TBL +CV Mean TBL (m) £CV%

2018 2019

MW17010 6.460 m £0.35% 6.638 m £0.18%
2018 2019

MW18075 6.071 m £0.08% 6.210m £0.42%
2017 2019

MW3416 6.518 m £0.44% 7.098 m £0.13%
2017 2018

MW3427 6.405 m £0.69% 6.600 m £0.45%
2017 2018

MW3463 6.863 m £0.29% 6.928 m £0.30%
2017 2018

MW3465 7.102m £0.20% 7.570 m £0.04%
2017 2019

MW3583 6.238 m £0.06% 6.862m £0.23%
2017 2019

MW3640 5.591m £0.16% 6.065 m £0.07%
SH003 2017 2019

5.556 m £0.59% 6.218 m £0.16%
SH004 2017 2018

5.234m £0.52% 5.638m £0.05%

Appendix F: Close approaches

Appendix F. All close approaches (i.e., all passes 3 m or less, + precision, n = 63) measured

in the 2017 sampling period. Close approaches per whale are ranked by distance. For sex, U

= unknown, M = male, F = female. Shading is alternated by whale.
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Approach Whale ID (pass#/total) | Sex Total body
distance (m) length (m)
1.61 MW20026 (1/4) F 6.759

2.40 MW20026 (2/4) F 6.759

2.72 MW20026 (3/4) IF 6.759

2.94 MW20026 (4/4) IF 6.759

2.45 MW20042 U 6.919

2.90 MW21002 IF 6.836

1.30 MW21010 (1/12) M 5.696

1.37 MW21010 (2/12) M 5.696

1.66 MW21010 (3/12) M 5.696

1.70 MW21010 (4/12) M 5.696

1.79 MW21010 (5/12) M 5.696

1.90 MW21010 (6/12) M 5.696

1.94 MW21010 (7/12) M 5.696

2.26 MW21010 (8/12) M 5.696

2.45 MW21010 (9/12) M 5.696

2.53 MW21010 (10/12) M 5.696

2.64 MW21010 (11/12) M 5.696

291 MW21010 (12/12) M 5.696

2.34 MW3111 U 6.511

2.84 MW3404 F not measured
1.82 MW3413 (1/4) M 5.759

2.32 MW3413 (2/4) M 5.759

2.88 MW3413 (3/4) M 5.759

3.05 MW3413 (4/4) M 5.759

1.63 MW3415 (1/2) F not measured
2.23 MW3415 (2/2) F not measured
2.85 MW3417 U 6.78

1.66 MW3422 U not measured
1.90 MW3425 U 6.804

2.95 MW3430 (1/2) F 59

3.00 MW3430 (2/2) F 59

0.95 MW3455 (1/3) U 5.529

1.24 MW3455 (2/3) U 5.529

3.00 MW3455 (3/3) U 5.529

2.42 MW3459 (1/2) U 7.105

2.96 MW3459 (2/2) U 7.105
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2.06 MW3465 (1/3) F 7.102

2.39 MW3465 (2/3) F 7.102

2.66 MW3465 (3/3) F 7.102

0.93 MW3478 (1/2) U 5.84

3.04 MW3478 (2/2) U 5.84

2.12 MW3482 (1/3) F 5.546

2.41 MW3482 (2/3) F 5.546

2.67 MW3482 (3/3) F 5.546

2.98 MW3583 F 6.238

1.55 MW3609 (1/2) U 5.747

2.67 MW3609 (2/2) U 5.747

1.92 MW3612 (1/3) U 6.626

2.42 MW3612 (2/3) U 6.626

2.99 MW3612 (3/3) U 6.626

2.70 MW3613 (1/2) U not measured
3.03 MW3613 (2/2) U not measured
1.51 MW3616 (1/5) M not measured
2.38 MW3616 (2/5) M not measured
2.52 MW3616 (3/5) M not measured
2.62 MW3616 (4/5) M not measured
2.71 MW3616 (5/5) M not measured
1.95 MW3640 (1/4) U 5.591

2.25 MW3640 (2/4) U 5.591

2.27 MW3640 (3/4) U 5.591

3.01 MW3640 (4/4) U 5.591

2.45 SH005 U 6.961

2.74 SH101 F not measured
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