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SUMMARY
Scotland is increasingly focussing on sustainable energy sources, and several marine
renewable projects for offshore wind, wave and tidal installations have been proposed for
Scottish waters, including off western Scotland. The realisation of these developments has
the potential to negatively impact local marine species, including marine mammals. The west
coast of Scotland is inhabited by two small under-studied common bottlenose dolphin
(Tursiops truncatus) communities: the Inner Hebrides and the Sound of Barra (SoB)
community. To allow assessments of anthropogenic impacts on these dolphins and
development of efficient management to mitigate against these, an increased understanding
of their general distribution patterns, residency, and spatial and temporal mobility is
required. Therefore, using a variety of research methods (dedicated cetacean surveys and
targeted photo-ID trips, acoustic monitoring and the collection of opportunistic photo-ID and
sightings data), this study examined local dolphin mobility patterns by investigation of their
spatial distribution and temporal occurrence.
The results provided evidence for a prolonged (at least 2006-2013) social and geographic
isolation between both dolphin communities. Dedicated cetacean surveys (HWDT 20032012) demonstrated that dolphins of the Inner Hebrides community were mainly found in
nearshore waters. Dedicated and opportunistic photo-ID (2000-2014) and sightings data
(1989-2014) revealed that these dolphins were present year-round and that individuals
ranged widely throughout the entire currently known communal range. Several dolphins
demonstrated long-term fidelity to the region and were identified over at least eight years.
Combined, the year-round presence of individual dolphins and their long-term site-fidelity
indicates a resident community. New individuals were identified throughout the study, but
these were typically only sporadically photographed. This suggests there is the potential for
the presence of other vagrant or more cryptic individuals. Various calves were identified and
included calves of both known and unknown females.
In contrast, although based on limited data, dolphins from the SoB community appeared
to occupy a restricted range and were, with the exception of one female, never
photographed away from the southern Outer Hebrides (i.e. near Barra and the Uists).
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Summary

Summer photo-ID data (1995-2013) revealed an annual community size of ≤15
individuals, and the long-term summer presence of these dolphins with four dolphins first
identified in 1995 still present in 2013. Acoustic C-POD monitoring in the area detected
dolphin presence year-round, although echolocation occurrence varied through the year,
and the tidal and diel cycles. The long-term individual fidelity and year-round acoustic
detections collectively support the presence of a resident community. This community
appears female-dominated, and at least eight calves were being born into the community
since 2006, yet no other new individuals were identified. Although limited in available data,
the population’s demographic parameters (birth rate, calving interval and calf survival) were
comparable to those reported for the species globally.
This study showed that the integration of complementary methodological approaches is
useful in investigating mobility patterns of low-density populations. Moreover, this study
included two more alternative approaches: acoustic monitoring in natural geographic
bottlenecks and the collection of opportunistic sightings and photo-ID data which included
pro-active searches via social media. Whereas both methods revealed limitations and biases,
they both demonstrated opportunities for further development.
Despite the year-round presence, acoustic detections and sightings during the winter
were limited and the occurrence and distribution of dolphins from both communities during
this period remains unclear, as is the demographic connection between the communities
and with neighbouring communities/populations in UK and Irish coastal and offshore waters.
As such, continued photo-ID and further genetic studies are required to monitor abundance
trends, demographic parameters and winter presence, assess population structure and
connectivity, and hence assessment of the viability of these small resident communities. In
any case, the results presented herein support that these communities be managed as
separate conservation units.
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CHAPTER I
GENERAL INTRODUCTION

“The world’s finest wilderness lies beneath the waves…”

Robert Wyland
(unsourced)

© B. Wilson / SAMS

1

CHAPTER I
GENERAL INTRODUCTION
1.1. INTRODUCTION
1.1.1. The importance of protecting cetaceans
Most cetaceans (whales, dolphins and porpoises) are considered meso- or top (apex)
predators (Pauly et al., 1998). As upper trophic-level predators, they are sensitive to
ecosystem dysfunctions (e.g. habitat degradation and fragmentation, anthropogenic
disturbance, pollution) that are also likely to impact lower trophic-level species (Sergio et al.,
2008). Consequently, they are considered key species in marine conservation programs
(Hooker & Gerber, 2004; Sergio et al., 2008; Alessi & Fiori, 2014). Conservation of top
predators implies the preservation of the biological diversity of its supporting ecosystem,
either because predators may directly promote increased biodiversity, or due to their spatiotemporally association with it (Sergio et al., 2008).
Cetaceans are key components of marine ecosystems (Katona & Whitehead, 1988; Estes,
2009; Roman et al., 2014; Kiszka et al., 2015); they can consume significant quantities of
prey (Bowen & Siniff, 1999), thereby actively controlling lower level populations, and hence
they may structure marine communities via top-down regulation (Katona & Whitehead,
1988; Terborgh et al. 1999). Through risk effects, they may also influence prey behaviour,
indirectly controlling local prey abundance and the magnitude and spatio-temporal impacts
of prey on the wider food web (Kiszka et al., 2015). Additionally, many cetaceans are prey
themselves for other apex predators, thereby affecting populations or the behaviour of their
predators (Kiszka et al., 2015). Cetaceans may be important in the movement of nutrients
between (marine) environments, and locally enhance primary production (Roman &
McCarthy, 2010; Roman et al., 2014). Furthermore, they may facilitate foraging of other
species (especially seabirds), and enhance foraging success of these species (Katona &
Whitehead, 1988). As top predators, cetaceans thus regulate biodiversity and ecosystem
stability (Katona & Whitehead, 1988; Bowen, 1997; Sergio et al., 2008), and as indicator
species, cetacean population status is indicative of ecosystem health (Hooker & Gerber,
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2004). Many cetacean species are long-lived, are long-term residents in coastal ecosystems,
and forage at high trophic levels and concentrate contaminants through bioaccumulation.
Thus, their role as sentinels for population and ecosystem health and change (e.g. Wells et
al., 2004; Moore, 2008; Adams et al., 2014; de Moura et al., 2014) may reveal negative
impacts, including those relevant to human health (Bossart, 2011; Reif et al., 2015).
Nevertheless, despite recognition of their vital role in ecosystem functioning, detailed
dynamics and consequences of their loss are still poorly understood (Bowen, 1997).
In many parts of the world, cetaceans are also economically important, providing direct
and indirect income and employment (Parsons et al., 2003b), and they have an intrinsic
value (e.g. aesthetic, cultural, spiritual and recreational) (Whitehead et al., 2000a). From an
evolutionary perspective, as one of the only groups of fully aquatic mammals (along with the
sirenians), they represent a distinct group of (genetic) biodiversity (Whitehead et al., 2000a).
In summary, it is important to preserve local cetacean populations, and minimise negative
impacts of anthropogenic activities as these may not only have impacts on the viability of
these populations, but may also have wider implications for the stability and health of the
ecosystem (Lusseau & Slooten, 2002).
1.1.2. PhD background
With an increasing demand for energy, dwindling fossil fuel resources, and recognition of
their impacts on climate change, marine renewable energy generation through offshore
wind, tidal and wave power are being proposed to provide a low-carbon option for our
future energy needs. Whereas marine wind parks have been established in various parts of
the world for decades, wave and tidal energy extraction are currently in rapid development.
Over the past decade, several tidal, wave and offshore wind power installations have
been proposed in Scottish waters. The spatial overlap between marine renewables and
coastal cetaceans has raised concern about their potential impacts. However, the possible
impacts and benefits of marine renewables, both during their construction and operation,
on cetaceans and other marine life remain poorly understood. Independent of the type of
marine renewables, progression of these industries will require considerable offshore
activities, which have the potential to negatively impact marine species, including cetaceans.
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To ensure the sustainable presence of cetaceans worldwide, national and international
agreements aim to protect these species and their habitats (Hoyt, 2005; Reeves, 2009).
However, in reality, implementation of effective management may be impeded by limited
understanding of local abundances and population trends, spatio-temporal distributions,
social structures, demographics and population dynamics, as well as the nature and extent
of cumulative threats (e.g. Thompson, 1992).
Research prior to industrial activities has the potential to increase our understanding of
local cetacean presence. Information on their spatio-temporal distribution enables
assessment of the importance, both in time and space, of areas allocated to marine
renewables (and other industries), and to assess potential impacts these developments may
have on local species (Thompson et al., 2015). Additionally, increased insights into their
spatial use and mobility also have the potential to minimise impacts by the implementation
of effective time-area management (Dunn et al., 2011) for example where industrial
activities are timed when animals are unlikely to be in the vicinity. This non-intrusive
mitigation approach is regularly used to reduce fisheries bycatch (Read, 2013) and
entanglement risk (Baumgartner et al., 2013), and could be an important tool to manage
whale-watching impacts (Tyne et al., 2014) as well as reduce risks of offshore construction of
marine renewables.
The Hebrides, off western Scotland, are home to two small neighbouring, but seemingly
isolated, common bottlenose dolphin (Tursiops truncatus) communities (Thompson et al.,
2011). Little is known about the biology and ecology of these communities, with most of the
present knowledge obtained within the last decade (e.g. Grellier & Wilson, 2003;
Mandleberg, 2006; Robinson et al., 2012; Cheney et al., 2013). Particularly, limited
information is available about the spatio-temporal presence and mobility of these dolphins.
Therefore, this study aimed to investigate the spatial distribution, temporal occurrence and
movements of the bottlenose dolphin communities off western Scotland.

1.2. THE BOTTLENOSE DOLPHIN
The bottlenose dolphin is probably the most studied cetacean species (Connor et al.,
2000b; Wells & Scott, 1999; Nowak, 2003). Studies undertaken on free-ranging dolphins
4
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throughout their range revealed they exhibit wide geographic variation in many aspects of
their biology and ecology, as well as great diversity within populations.
1.2.1. Taxonomy and population structure
The taxonomic classification of the genus Tursiops has been under continuous assessment
and re-evaluation. Historically, several different species and geographical races have been
described globally (Hershkovitz, 1966; Wells & Scott, 1999). Comprehensive assessment in
the 1970’s resulted in the identification of a single species, Tursiops truncatus, as it was
believed that others were synonymous to T. truncatus (Wells & Scott, 1999), with defined
geographic races, varying morphologically, and distributed differently in relation to water
temperature and depth (Mitchell, 1975 in Leatherwood & Reeves, 1982). T. truncatus was
considered to have a near global distribution, demonstrating plasticity and specialisations in
response to the large variety of different habitats occupied.
After further investigation, two separate species were distinguished in the late 1990’s:
the common bottlenose dolphin (T. truncatus, Montagu 1821), and the Indo-Pacific
bottlenose dolphin (T. aduncus, Ehrenberg 1833). Species differentiation was based on
genetics (Curry & Smith, 1997; LeDuc et al., 1999; Wang et al., 1999; Möller & Beheregaray,
2001; Natoli et al., 2004), osteology (Wang et al., 2000a), physiology (Cockcroft & Ross,
1990a), and (external) morphology (described below) (Gao et al., 1995; Hale et al., 2000;
Wang et al., 2000b). In fact, genetic results suggest that T. aduncus is more closely related to
some pelagic species of the genera Stenella and Delphinus, than to T. truncatus (LeDuc et al.,
1999). Indeed, it has recently been recognised that bottlenose dolphins are part of a wider
taxonomic problem involving the sub-family Delphininae (in particular the genera Tursiops,
Stenella and Delphinus) where a recent rapid radiation, high intra-specific diversity, low
inter-specific divergence and hybridism contribute to the uncertain situation (Reeves et al.,
2004; Amaral et al., 2009 & 2012; Murakami et al., 2014).
It has been highlighted that, partly as a result of improving genetic techniques, the
number of recognised Tursiops species might still increase (Wells & Scott, 1999; IUCN, 2011).
For example, a third species has recently been proposed, the Burrunan dolphin (T. australis),
endemic to southern Australian coastal waters (Möller et al., 2008; Charlton-Robb et al.,
2011). Furthermore, taxonomic uncertainty has been documented for populations in South
5
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Africa (Natoli et al., 2004; Jefferson et al., 2008), Australia (Krützen et al., 2006; Sargeant et
al., 2007) and the western South Atlantic (Barreto, 2000 & 2004). As such, Tursiops
taxonomy remains controversial and unresolved (Reeves et al., 2004).
As pertains to the common bottlenose dolphin (T. truncatus), two sub-species are
currently recognised, the common bottlenose dolphin (T.t. truncatus, Montagu 1821), and
the Black Sea bottlenose dolphin (T.t. ponticus, Barabash-Nikiforov 1940) (Viaud-Martínez et
al., 2008; Committee on Taxonomy, 2014). T.t. truncatus is generally used for offshore
populations in the North Atlantic, although it is also used for offshore animals found in
temperate waters in other areas such as the western North Pacific, and off South Africa,
southern Australia and New Zealand (Rice, 1998).
Coastal versus offshore populations
In many areas, including the European Atlantic, western North Atlantic and eastern North
Pacific, differentiated coastal and offshore T. truncatus populations occur. Based on various
characteristics, two ecotypes (i.e. morphotypes) have been described; the nearshore form,
known as the coastal ecotype, and the pelagic form, also referred to as the offshore ecotype
(Kenney, 1990; Wells & Scott, 1999 & 2009). Described differences include morphological
(Walker, 1981; Ross & Cockcroft, 1990; Hale et al., 2000; Wang et al., 2000a&b; Perrin et al.,
2007 & 2011), physiological (Duffield et al., 1983; Hersh & Duffield, 1990), and dietary
differences (Barros & Odell, 1990; Walker et al., 1999; Louis et al., 2014b), as well as
differences in distribution (Mead & Potter, 1990; Barros & Stolen, 2001; Torres et al., 2003),
parasite and barnacle assemblages (van Waerebeek et al., 1990; Mead & Potter 1990 &
1995; Toth-Brown & Hohn, 2007 in Bearzi & Patonai, 2010), and genetics (Curry & Smith,
1997; Hoelzel et al., 1998; Natoli et al., 2004; Sanino et al., 2005; Louis et al., 2014a;
Lowther-Thieleking et al., 2015). It appears that these ecotypes resulted from adaptations to
different environmental conditions, as each exhibits properties (e.g. related to speed,
manoeuvrability and foraging behaviour) well adapted for living in neritic or oceanic habitats
(Duffield et al., 1983; Hersh & Duffield, 1990; Mead & Potter, 1995; Wells et al., 1999a).
Despite living in close proximity to each other in several regions, genetic studies showed
restricted gene flow between both ecotypes (Segura et al., 2006; Lowther-Thieleking et al.,
2015), and Mead & Potter (1990) suggested they might represent different species.
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1.2.2. Distribution and habitat use
The common bottlenose dolphin is a cosmopolitan species, and is widely distributed
from tropical waters to cold-temperate regions, only being absent from Polar Regions
(Figure 1.1) (Wells & Scott, 1999 & 2009). In the Northern Hemisphere, the species ranges
north to Massachusetts on the west side of the Atlantic Ocean, to the southern coast of
Iceland, northern Norway, into the Baltic Sea on the eastern side. The species might possibly
range as far north as the Barents Sea, and is also present in the Mediterranean and the Black
Sea. In the Pacific, the northern limits are marked by the Okhotsk Sea, the Kurill Islands
(Russia) and Central California. In the Southern Hemisphere, the species ranges south to
Tierra del Fuego (Argentina), South Africa, Tasmania (Australia) and New Zealand (Wells &
Scott, 1999 & 2009). Except from their occurrence around the UK and New Zealand, the
species generally does not reside year-round poleward of 45° in either hemisphere.
Distributional limits appear to be related to temperature, either directly through calf
survival, or indirectly via presence and abundance of prey (Wells & Scott, 1999).

Figure 1.1. Distributions of the common bottlenose dolphin (left) and the Indo-Pacific bottlenose dolphin
(right) © IUCN, 2011.

Distributional differences are found between the two T. truncatus ecotypes. The coastal
ecotype occupies a wide variety of habitats including protected bays, lagoons, estuarine
complexes, channels, lower reaches of rivers, deep fiords, open coasts, insular oceanic
waters and other coastal and continental shelf waters (Defran et al., 1999; Wilson et al.,
1999a; Ingram & Rogan, 2002; Lusseau et al., 2003; Kerr et al., 2005; Parsons et al., 2006).
These habitats reflect a wide range of water temperatures from near freezing in winter to
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>30°C in summer (e.g. Wilson, 1995; Meagher et al., 2008), and dolphins may experience
periods of hyper- and hyposaline water conditions (Gunter, 1942; Miller & Baltz, 2010;
Torres & Read, 2009). The coastal ecotype has a preference for shallow areas with increased
bottom topography and/or strong tidal currents such as river estuaries, headlands and
sandbanks (Shane et al., 1986; Acevedo, 1991; Wilson et al., 1997a; Acevedo & Burkhart,
1998). The wide variety of habitats occupied by bottlenose dolphins is facilitated by their
plasticity in morphology and behaviour, including localised foraging strategies (Wilson, 1995;
Wells & Scott, 1999 & 2009).
In contrast, the offshore ecotype ranges more widely in shelf waters and pelagic waters
beyond the continental slope (Kenney, 1990; Scott & Chivers, 1990; Wells et al., 1999a;
Waring et al., 2014). Little is known about the ecology and habitat preferences of offshore
dolphins (Klatsky et al., 2007). Some offshore populations are resident around ocean islands
and seamounts (e.g. Silva et al., 2008).
The distribution of the Indo-Pacific bottlenose dolphin is more restricted. The species
occupies waters of tropical and sub-tropical latitudes in the Indian and Pacific Oceans,
occurring almost exclusively over the continental shelf (Figure 1.1) (Wang & Yang, 2009). The
species’ distribution appears to be discontinuous, and extends from South Africa northwards
along Eastern Africa including offshore islands (e.g. the Seychelles, Mauritius, Madagascar),
throughout the Red Sea, following the northern coastline of the Indian Ocean towards the
Solomon Islands and New Caledonia in the western South Pacific Ocean. The species range
also includes most of the Australian coast, and coastal waters of southeast Asia northwards
towards Japan (Reeves & Brownell Jr., 2009).
The species has a narrow coastal distribution, primarily inhabiting shallow coastal and
inshore waters (Reeves & Brownell Jr., 2009), where it is most frequently observed in water
shallower than 100m in depth, although they are also sighted in waters over 200m deep, in
particular where deeper waters are found close to shore (Wang & Yang, 2009). Indo-Pacific
bottlenose dolphins are found in various habitats including bare sand habitats, areas with
rocky and coral reefs, sea grass areas, estuarine environments and coastal waters around
oceanic islands (Reeves and Brownell Jr., 2009; Wang & Yang, 2009; Cribb et al., 2013). Sea
surface temperature of areas inhabited by the species ranges between 12°C (possibly less) to
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>30°C (although most commonly between 20-30°C) (Reeves & Brownell Jr., 2009).
Occurrence for prolonged periods in hypersaline conditions have been reported (Smolker et
al., 1992).
In some areas, both Tursiops species are sympatric (Wang et al., 1999 & 2000a&b; Reeves
& Brownell Jr, 2009), and are occasionally reported in mixed schools (Reeves et al., 2002). In
areas where both species co-occur, the Indo-Pacific bottlenose dolphin typically occupies
shallower and more coastal areas (Hale et al., 2000).
1.2.3. Morphology
Common bottlenose dolphins have a robust head and a central moderately tall broadbased moderately falcate (sickle shaped) dorsal fin (Figure 1.2). The colour pattern consists
mostly of grey with subtle countershading (i.e. the body is darker dorsally and lighter
ventrally) without a sharp demarcation. A marked melon crease is visible between the melon
and the short stubby beak, and dolphins often have a whitish lower jaw. A muted eye-toflipper stripe is present, and tooth rakes and other scars, nicks and notches are often present
on various body parts (Wells & Scott, 1999 & 2009).

Figure 1.2. External appearances of the common bottlenose dolphin (left), and the Indo-Pacific bottlenose
dolphin (right) © Maurizio Würtz-Artescienza.

Throughout their range, the species varies greatly in size and colouration (Figure 1.3).
Despite the polymorphic nature, in most areas, coastal dolphins are generally smaller with
proportionately larger flippers and a longer more slender beak (Hersch & Duffield, 1990).
They are typically paler with a darker cape and/or a better marked cape and shoulder blaze.
Offshore animals are adapted to colder and deeper waters; they are larger bodied, stockier
9
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and more uniformly dark grey with proportionately smaller flippers and stubbier beaks
compared to inshore dolphins. Blood characteristics suggest adaptation to deep diving
(Hersh & Duffield, 1990; Hoelzel et al., 1998). This size pattern is reversed in the eastern
Pacific where offshore animals are smaller than their coastal equivalents (Wells & Scott,
2009).

Figure 1.3. Morphological variation exhibited by the common bottlenose dolphin. From top to bottom: Adult
inshore (2.5m): relatively un-patterned and uniform colouration; Adult inshore (2.5m): clearly showing the
contrasting cape, shoulder blaze and paler grey flanks; Immature tropical offshore (2.7m): darker and more
uniform colouration; and Adult tropical offshore (3.8m): variably darker and heavy beak © Brett Jarrett.

Males are typically larger in length, girth and mass compared to females (Tolley et al.,
1995; Read et al., 1993), although not all populations demonstrate this sexual dimorphism
(Wells & Scott, 1999). Maximum lengths and weights reported for adults are 1.9-3.8m and
150-650kg, and 2.3-3.7m and 260kg for males and females respectively, where ranges reflect
geographic variation (Wells & Scott, 1999). Individuals from cold-temperate regions are
generally bigger and more robust than individuals inhabiting warmer waters. Bottlenose
dolphins in UK waters represent the most northerly resident coastal population (Wilson,
10
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1995, Thompson et al., 2011). Dolphins occupying these cold-temperate waters have a
robust appearance and are among the longest described for the species, with a documented
case of a 4.1m adult male (Lockyer & Morris, 1986).
The Indo-Pacific bottlenose dolphin resembles the common bottlenose dolphin.
However, in general, the species is smaller and less robust, with respective maximal lengths
and weights of 2.5m and 180kg for females, and 2.7m and 230kg for males (Figure 1.2)
(Wang & Yang, 2009). In addition, the species typically has a longer and more slender beak
and head, proportionally larger dorsal fin and flippers, and more teeth. Body colouring is
grey with a darker cape, lighter sides and a whiter belly, but overall lighter in shade than the
common bottlenose dolphin (Jefferson et al., 2008; Wang & Yang, 2009). T. aduncus
individuals develop ventral dark spots when becoming sexually mature after which spotting
becomes more intense with age. However, spotting varies geographically (i.e. not all
populations demonstrate spotting), and it can be completely absent in some dolphins within
a population (Ross & Cockcroft, 1990; Smolker et al., 1992; Wang & Yang, 2009).
1.2.4. Life history
Female common bottlenose dolphins are sexually mature at younger ages and are
smaller in size than males: 5-13 years and a length of 2.2-2.4m for females (Odell, 1975;
Mead & Potter, 1990; Boyd et al., 1999; Fruet et al., 2015) versus 8-15 years and between
2.3-2.6m in length for males (Odell, 1975; Wells et al., 1987).
After a twelve month gestation period, females give birth to a single calf between 1430kg in weight and 0.84-1.4m in size, depending on geographic region (Wells & Scott, 1999).
In warmer regions, calves may be born throughout the year, but typically a more
pronounced calving season occurs, with peaks in calving in months coinciding with higher
water temperatures (Norris & Dohl, 1980a; Wilson, 1995; Wells & Scott, 1999). Calves are
nursed for at least 1.5-2 years, although cases where lactation lasted 3-7 years have been
documented (Scott et al., 1990a). After the gradual weaning process, young dolphins are
capable of capturing enough prey to sustain themselves (Mead & Potter, 1990; Gannon &
Waples, 2004). Maternal investment and hence strong mother-calf associations extend well
beyond the nursing period (Grellier et al., 2003). Typically, calves remain with their mothers
for 3-6 years and calving intervals are between 2-6 years (Wells et al., 1999a). There is
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Chapter I - General Introduction

currently no evidence for reproductive senescence, and in Sarasota (Florida), females up to
45 years of age have given birth and successfully raised young (Wells & Scott, 1999).
Reported life expectancies of wild dolphins indicate that they may live for more than 50
years (Hohn et al., 1989), with females potentially living longer than males. The oldest
documented females were 60 & 63 years old, and live(d) in Sarasota Bay (Irvine, 2013).
Much like the common bottlenose dolphin, its congener, the Indo-Pacific bottlenose
dolphin gives birth to a single calf every 2-6 years after a roughly 12 month gestation period
(Mann et al., 2000; Kogi et al., 2004; Steiner & Bossley, 2008; Wang & Yang, 2009). Calves
are between 0.8-1.1m in length and weigh between 9-21kg when born (Perrin & Reilly, 1984;
Shirihai & Jarrett, 2006). They are nursed at least for a period of 1.5-2 years, after which the
young remain with their mothers for another 1-3 years (Cockcroft & Ross, 1990b), although
Mann et al. (2000) reported weaning periods up to 8 years. Individuals usually develop
ventral spotting around the time of sexual maturity, which occurs for both genders between
9-15 years of age, when about 1.9-2.4m in length (Perrin & Reilly, 1984; Cockcroft & Ross,
1990b; Cheal & Gales, 1992; Mann et al., 2000; Wang & Yang, 2009). Both genders may
exceed ages of 40-50 years (Cockcroft & Ross, 1990b; Wang & Yang, 2009).
1.2.5. Reproductive strategies
Gender-related differences in reproductive strategies (Dobson, 1982; Clutton-Brock,
1989) result in differences in ranging patterns between males and females, with typically
larger male ranges (e.g. Wells et al., 1987; Félix, 1997; Gubbins, 2002; Rogers et al., 2004;
Sprogis et al., 2016). Parental care is only provided by the female (Whitehead & Mann,
2000), and as such, female reproductive success depends mainly on access to sufficient food
and other resources required for nursing, protecting calves, and predator avoidance (Connor
et al., 2000a; Mann et al., 2000). Inherently, female ranges are more closely linked to certain
foraging and nursing/sheltered areas, where they tend to minimise their ranges for reasons
of energetic efficiency (Sandell, 1989). In contrast, male reproductive success depends
primarily on obtaining mating access to females (Clutton-Brock, 1989), where females are
considered the limiting factor to male reproduction (Connor et al., 2000a). To increase
reproductive success, males mate with as many females as possible (Trillmich, 2009). In
Sarasota and Shark Bay (Australia), it is thought that a sequential defence polygyny strategy
is used by males who, in alliances of two or three individuals, attempt to monopolise
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females for periods of up to several weeks and prevent other males from mating, after
which they leave in search of other mating opportunities, whereas other males individually
rove between females (Connor et al., 2000a; Tyack, 2009). As a result, male ranges overlap
the smaller ranges of several females, and males typically range more widely than females
(Sandell, 1989; Scott et al., 1990a; Connor et al., 2000a&b; Tyack, 2009).
The reproductive strategy employed by males, may also aid in genetic mixing, and
reducing the likelihood of inbreeding through mating with unrelated conspecifics (Dobson,
1982; Dobson & Jones, 1985), and is considered indicative of male-mediated gene flow
between neighbouring communities or populations (Scott et al., 1990a; Wells et al., 1987;
Würsig et al., 1991; Bearzi et al., 1997 & 2011; Quintana-Rizzo & Wells, 2001; Krützen et al.,
2004; Möller & Beheregaray, 2004).
1.2.6. Diet and foraging behaviour
Diet
In general, Tursiops are considered selective opportunistic feeders (Leatherwood &
Reeves, 1982; Trites, 2009). However, spatio-temporal prey availability, energy requirements
of demographic groups (age, gender, reproductive status), prey choice preferences and
social factors, all contribute to the observed individual, seasonal and geographic variability in
diet (Cockcroft & Ross, 1990a; Barros & Odell, 1990; Bowen & Siniff, 1999; Defran et al.,
1999; Wells et al., 1999a; Sargeant et al., 2007; Berens McCabe et al., 2010; Rossman et al.,
2015).
Ecological differences between coastal and offshore common bottlenose dolphins are
reflected in their diets. Globally, coastal dolphins forage primarily on various fish species,
including demersal, benthic, reef-dwelling, epipelagic, mesopelagic and pelagic fish,
elasmobranchs and a variety of invertebrates such as crustaceans, cephalopods, and
polychaetes, depending on the local habitat. However, diets are often dominated by a few
species (Barros & Wells, 1998; Blanco et al., 2001; Santos et al., 2001 & 2007; Gannon &
Waples, 2004; Pate & McFee, 2012; Ponnampalam et al., 2012; Hernandez-Milian et al.,
2015). Offshore dolphins forage mainly on pelagic and mesopelagic fish and oceanic squid
species (Van Waerebeek et al., 1990; Walker et al., 1999; Barros et al., 2000).
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Little is known about the diet and feeding habits of Scottish bottlenose dolphins; analyses
of stomach contents of nine stranded and one by-caught dolphin revealed the remains of 19
fish species. Diets were dominated by cod (Gadus morhua), saithe (Pollachius virens),
whiting (Merlangius merlangus), and to a lesser extent sea scorpion (Taurulus bubalis),
Atlantic horse mackerel (Trachurus trachurus), Trisopterus species, Atlantic salmon (Salmo
salar) and haddock (Melanogrammus aeglefinus), together with cephalopods (Santos et al.,
2001). However, the origin of these dolphins is largely unknown, and therefore it is possible
the dolphins examined may represent samples from both coastal and offshore populations.
Although there is great geographical variation in prey of Indo-Pacific bottlenose dolphins,
the species’ diet is slightly more restricted; in agreement with its coastal distribution, it
generally does not include species from beyond the continental shelf. The diet seems to be
dominated by bottom or reef dwelling fish and cephalopods, but may also include a variety
of pelagic inshore schooling fish, and crustaceans. Typically, their diet is dominated by only a
few species (Amir et al., 2005; Reeves & Brownell Jr., 2009; Wang & Yang, 2009).
Foraging behaviour
Bottlenose dolphins are intelligent, adaptive mammals, who exploit a diversity of habitats
(Reeves & Read, 2003). They exhibit plasticity in their feeding behaviours (Leatherwood,
1975), which are tailored to these diverse environments (Shane et al., 1986; Wells et al.,
1999a; Heithaus & Dill, 2009; Torres & Read, 2009).
The genus Tursiops shows a multitude of foraging specialisations (Mann & Sargeant,
2003), which can be performed by solitary individuals (e.g. ‘crater feeding’: Rossbach &
Herzing, 1997, ‘fish-wacking’: Wells et al., 1987; Shane, 1990a, ‘beaching’: Sargeant et al.,
2005, ‘kerplunking’: Nowacek, 1999; Connor et al., 2000c, and ‘mud plume feeding’: Lewis &
Schroeder, 2003), or in cooperation with conspecifics (e.g. ‘strand-feeding’: Leatherwood,
1975; Bel’kovich et al., 1978, ‘mud ring feeding’: Torres & Read, 2009, and various herding
techniques: Wells et al., 1980; Rossbach, 1999) and may include individual role specialisation
(Gazda et al., 2005). Bottlenose dolphins also collaborate with and/or benefit from other
species (including non-cetaceans) to capture prey (Clua & Grosvalet, 2001). Additionally,
dolphins have been reported feeding in relation with anthropogenic activities such as near
commercial trawlers and shrimp boats (Leatherwood, 1975; Chilvers & Corkeron, 2001;
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Jaiteh et al., 2013), aquaculture sites (Watson-Capps & Mann, 2005; Díaz López, 2012;
Bonizzoni et al., 2014), artisanal fishing (Daura-Jorge et al., 2013) and provisioning
(Foroughirad & Mann, 2013). Some dolphins have demonstrated tool use during foraging
(‘sponging’: Smolker et al., 1997; Krützen et al., 2014, and ‘conching’: Allen et al., 2011). In
general, the species appears to make optimal use of local physical habitat characteristics to
enhance prey capture, such as tidal and topographic features (Wilson et al. 1997a; Mendes
et al., 2002; Hastie et al., 2004).
These techniques may be transmitted vertically through generations via social learning
(Nowacek, 1999; Mann & Sargeant, 2003; Krützen et al., 2005 & 2014; Sargeant et al., 2005),
or passed horizontally within communities through observational learning (Simões-Lopes et
al., 1998; Wells, 2003).
1.2.7. Sociality
Dolphin communities
Bottlenose dolphins are highly social and throughout their range they frequently form
discrete assemblages, called communities (Odell & Asper, 1990; Félix, 1997; Rossbach &
Herzing, 1999; Chilvers & Corkeron, 2001; Lusseau et al., 2003 & 2006a; Wells, 2003; Wilson
et al., 2004; Urian et al., 2009; Wiszniewski et al., 2009; Kiszka et al., 2012; Laska et al.,
2011).
Although various definitions are used to describe cetacean communities (e.g. Wells et al.,
1999a; Bain, 1990; Bigg et al., 1990; Rossbach & Herzing, 1999; Perrin et al., 2009; Urian et
al., 2009; Fruet et al., 2015; Louis et al., 2015), the definition most commonly applied to
bottlenose dolphins refers to a distinct assemblage of dolphins within a larger population
that inhabit similar ranges and that interact socially more with each other than with adjacent
assemblages (Wells et al., 1987). Communities are thus defined by patterns of social
association and shared patterns of residency/long-term site-fidelity (Urian et al., 2009), and
are not necessarily reproductively isolated (in contrast to populations) (Wells et al., 1999a)
as genetic exchange may occur across community boundaries (Wells, 2003). Furthermore,
individuals may change membership over time (Urian et al., 2009), and association patterns
may differ widely both within and between communities (Wiszniewski et al., 2009).
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Communities may be practically geographically isolated (Wells, 1991), or multiple
communities may be present within an area with various degrees of spatial overlap in their
ranges (e.g. Félix, 1997; Connor et al., 2000b; Chilvers & Corkeron, 2001; Lusseau et al.,
2006a; Urian et al., 2009; Wiszniewski et al., 2009; Titcomb et al., 2015). In addition to
association and site-fidelity/residency patterns, a suite of other characteristics are being
incorporated to distinguish dolphin communities in areas where their ranges overlap,
including habitat use, contaminant levels, genetics, diet and foraging techniques and other
behavioural traits (Cockcroft et al., 1990; Hohn, 1997). The formation of communities in
regions where they have overlapping ranges, is not well understood (Urian et al., 2009), but
is likely affected by a complex interplay of factors, such as residency and site-fidelity
patterns, population density, population demographics, ranging patterns, foraging
specialisation (diet and foraging technique), habitat preferences, association preferences,
kinship and responses to anthropogenic factors (Chilvers & Corkeron, 2001; Lusseau et al.,
2006a; Urian et al., 2009; Wiszniewski et al., 2009; Laska et al., 2011; Ansmann et al., 2012a;
Cantor et al., 2012; Daura-Jorge et al., 2012; Krützen et al., 2014; Titcomb et al., 2015).
Social structure
Increasing numbers of longitudinal and cross-sectional studies on resident free-ranging
bottlenose

dolphin

communities/populations

have

substantially

increased

our

understanding of their social structure. Although differing in detail, collectively these studies
have demonstrated that Tursiops maintain a dynamic social structure, living in so-called
fission-fusion societies (Connor et al., 2000a) where individuals form temporally repeated
rather than constant associations resulting in dynamic groups, with group size and
composition varying constantly. Within these fission-fusion societies, dolphins exhibit
complex patterns of interactions, where associations appear to be influenced by gender,
age, reproductive status, home range overlap, kinship, and affiliation histories (Würsig &
Würsig, 1979; Shane et al., 1986; Wells et al., 1987; Ballance, 1990; Smolker et al., 1992;
Wells & Scott, 1999; Connor et al., 2000b, Quintana-Rizzo & Wells, 2001; Grellier et al., 2003;
Wells, 2003; Möller & Harcourt, 2008; Frère et al., 2010a; Wiszniewski et al., 2010; Fury et
al., 2013).
Dolphin societies may show sexual segregation with the establishment of stable longterm associations more likely between dolphins of the same gender (Smolker et al., 1992;
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Connor et al., 2000a&b; Quintana-Rizzo & Wells, 2001) (but see Lusseau et al. (2003) and
Augusto et al. (2012) who described communities with more stable social structures where
large numbers of strong, long-lasting associations occurred both within and between the
sexes, and association patterns not influenced by age). Across communities, mother-calf
pairs reveal strong associations, which typically last several years (Wells, 1991; Smolker et
al., 1992; Grellier et al., 2003).
Despite these similarities found between studies, they have also revealed differences
between the various communities studied to date, particularly with regards to male
alliances. Male alliances are based on cooperative attacks or defence in interactions against
other males (solitary or in alliance) over females; by herding, coercing and guarding females,
male alliances increase their access to females and hence increase reproductive success
(Connor et al., 1992a&b & 2000a&b). Strong long-term stable male alliances are found in
various populations such as in the Bahamas (Parsons et al., 2003a; Rogers et al., 2004),
Florida (Wells et al., 1987; Quintana-Rizzo & Wells, 2001; Bouveroux & Mallefet, 2010),
Ecuador (Félix, 1997) and eastern Australia (Wiszniewski et al., 2012). In Shark Bay, male
pairs or trios form so-called ‘first-order alliances’ to herd females. Teams of two or more
first-order alliances may cooperate to form ‘second-order alliances’ for stealing females.
Among second-order alliances, members show association preferences in a ‘third-order
alliance level’, and ‘super-alliances’ consisting of up to 14 individuals have been reported
(Connor et al., 1992a, b, 1999 & 2001; Randić et al., 2012; Connor & Krützen, 2015). In the
Bahamas and Shark Bay, some male alliances are based on kinship (Krützen et al., 2003;
Parsons et al., 2003a), a pattern not found in Sarasota or south-eastern Australia (Connor et
al., 2000b; Möller et al., 2001; Owen et al., 2002). Long-term male alliances appear to be
absent off eastern Scotland (Wilson, 1995; Lusseau et al., 2006a), western Ireland (Ingram,
2000; Foley et al., 2010), and central Argentina (Vermeulen & Cammarreri, 2009a).
Whereas social structures may remain stable over many years (even decades) in many
areas, both natural (seasonal) habitat changes (e.g. hurricanes: Elliser & Herzing, 2011, or
the death of certain key individuals (so called ‘brokers’) which serve as connection between
sub-communities: Lusseau & Newman, 2004), as well as anthropogenic changes
(aquaculture: Díaz López & Shirai, 2008; Pace et al., 2012; fisheries: Chilvers & Corkeron,
2001; Ansmann et al., 2012a; Pace et al., 2012) may alter local social organisation.
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1.2.8. Mobility patterns
Globally, Tursiops reveal extensive diversity in their movement behaviour. Typically, their
degree of mobility is assessed in terms of patterns of residency and site-fidelity (Shane et al.,
1986). Dolphins exhibit a full spectrum of residency and site-fidelity modes; they may show
high degrees of year-round residency with comparatively limited movements (Wells, 2003),
be highly mobile along a narrow coastal zone with little site-fidelity to any particular section
(Defran et al., 1999), display periodic residency (Barco et al., 1999), undertake seasonal
migration (Waring et al., 2014a&b), as well as seemingly nomadic (Tanaka, 1987) or
occasional long-distance movements (Wood, 1998). Within a single population, several of
these modes may occur simultaneously (Wells & Scott, 1999 & 2009). Different degrees of
residency, resulting from mixed usage of an area by dolphins, manifest in some individuals
being more frequently encountered (i.e. year-round or seasonal residents) whereas others
are only occasionally or infrequently sighted (so-called transients or occasional visitors). In
fact, mixed residency patterns have been reported for populations occupying a range of
different habitats, such as sounds behind barrier islands (Hubard et al., 2004), estuaries
(Fury & Harrison, 2008), atolls (Campbell et al., 2002) and oceanic islands (Silva et al., 2008).
In general, ranging patterns are largely defined by the influence of geographical and
oceanographic features on physiological factors such as energetics and thermal
considerations, as well as ecological factors, such as environmental heterogeneity in
resource availability and predation pressure, and social interactions (Bowen & Siniff, 1999).
The relative importance of these factors may differ between classes of behaviour states,
gender, reproductive status and age (Shane et al., 1986; Connor et al., 2000a; Wells, 2003).
Variability in movements and habitat use are typically interpreted as adaptations to local
environmental conditions (Shane et al., 1986). Typically, populations in sheltered coastal
habitats appear to show a high degree of site-fidelity and residency, occur in smaller groups
and have limited movement patterns (i.e. smaller ranges). Open habitats, in contrast, are
considered to sustain communities/populations with diminished levels of site-fidelity, where
group sizes are larger, and dolphins tend to occupy larger ranges (Shane et al., 1986;
Ballance, 1992; Defran et al., 1999; Gowans et al., 2007; Wells & Scott, 2009).
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1.3. BOTTLENOSE DOLPHINS IN EUROPE
1.3.1. Bottlenose dolphins in the NE Atlantic and North Sea
Systematic studies of bottlenose dolphins in European waters started in the 1980’s (Liret
et al., 2006). These studies revealed that the coastal waters of Western Europe are occupied
by various discrete communities, with dolphins inhabiting discontinuous regions from Spain
to the British Isles (Evans et al., 2003; Reid et al., 2003). To date, the majority of (long-term)
studies have focused on seemingly isolated populations where individuals have shown high
site-fidelity to restricted areas (Evans et al., 2009; Cheney et al., 2013). Such studies
are/have been undertaken around the UK (see below) and Irish coasts (Berrow et al., 1996;
Ingram & Rogan, 2002; O’Brien et al., 2009; Foley et al., 2010, Ryan et al., 2010; Anderwald
et al., 2012a; Oudejans et al., 2015), France (Hussenot, 1980; Liret, 2001; Kiszka et al., 2004),
and Portugal (Harzen, 1998; Augusto et al., 2012; Martinho et al., 2015). Typically, these
communities/populations range in size from several tens to a few hundred individuals (e.g.
Wood, 1998; Liret, 2001, Pesante et al., 2008b; Berrow et al., 2012; Cheney et al, 2014; Louis
et al., 2015).
The relationships between these European coastal populations are unclear (Liret et al.,
2006). Genetic differentiation was detected between Scottish samples, and those from other
Eastern North Atlantic areas (South of England, Spain and Portugal) (all presumably coastal
dolphins). No differentiation was found within the latter group (Natoli et al., 2005). A more
recent study indicated two coastal populations along the western European seaboard, with
the northern population including samples around the UK and Ireland, whereas samples
from the French and Spanish coasts formed a southern population (Louis et al., 2014a).
Sightings in the North Sea outside the Moray Firth/northeast Scotland area are relatively
rare (Wilson, 1995; Tougaard et al., 1996; Evans et al., 2003; Camphuysen & Peet, 2006).
Although the distribution of the species extends further north beyond UK waters, with
dolphins reported off Iceland (Sigurjónsson et al., 1989) and Norway (Folkestad, 1986; van
der Toorn et al., 1992), these encounters most probably do not represent dolphins from
local resident (year-round) coastal populations. Some dolphins appear to lack clear links to
particular areas or to recognised populations (Evans 1980, Reid et al., 2003), including
various solitary dolphins (Vail, 2005; Goodwin & Dodds, 2008; Goodwin et al., 2009).
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Offshore dolphins are also present in the northeast Atlantic (Quérouil et al., 2007; Silva et
al., 2008), including off western Scotland and Ireland (Pollock et al., 2000; Weir et al., 2001;
Evans et al., 2003; Reid et al., 2003; CODA, 2009; Hammond et al., 2013; Louis et al.,
2014a&b). Offshore, the species is regularly sighted over areas with increased bathymetric
variation such as along the continental shelf edge between France and Ireland, and the
Rockall Bank and Wyville Thompson Ridge off Scotland (Weir et al., 2001; Reid et al., 2003).
The occurrence, trends and distribution of bottlenose dolphins beyond the continental shelf
are not well understood (JNCC, 2007). Based on genetic (Louis et al., 2014a) and photoidentification (photo-ID) studies (Oudejans et al., 2015), offshore dolphins in the eastern
North Atlantic appear to form separate populations from inshore groups.
1.3.2. Bottlenose dolphins in the United Kingdom
Bottlenose dolphins in UK shelf waters are best known in inshore waters, with most
sightings being made within 10km of shore (Evans, 2000). The species shows a patchy
distribution, inhabiting four main regions, namely eastern Scotland (Wilson et al., 2004;
Hastie et al., 2004; Culloch & Robinson, 2008; Cheney et al., 2013; Quick et al., 2014), west
Scotland (both Inner & Outer Hebrides) (Grellier & Wilson, 2003; Mandleberg, 2006; Cheney
et al., 2013), the Irish Sea (Bristow & Rees, 2001; Bristow, 2004; Pesante et al., 2008a&b;
Pierpoint et al., 2009; Simon et al., 2010) and south-west England (Williams et al., 1997;
Wood, 1998; Doyle et al., 2008; Pikesley et al., 2012). A population is found among the
Channel Islands, which is linked to the population off Normandy (France) (Evans et al., 2003;
Evans & Teilmann, 2009; Louis et al., 2014a & 2015). The species is further reported off
Northern Ireland (UK), where dolphins show a wide-ranging character crossing into coastal
waters of the Republic of Ireland (O’Brien et al., 2009).
Based on the SCANS-II and CODA surveys (cetacean surveys in European continental shelf
waters in July 2005 (Hammond et al., 2013) and European waters beyond the continental
shelf in July 2007 (CODA, 2009) respectively), the point estimate for total bottlenose dolphin
abundance in the UK Exclusive Economic Zone (EEZ) is 12,758 (CV=0.26), including the
resident Scottish and semi-resident Welsh populations (JNCC, 2013). The coastal populations
are relatively small in size, and the total abundance of bottlenose dolphins in UK’s coastal
inshore waters has been estimated between 300-500 individuals (Reid et al., 2003), with the
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Scottish coastal populations comprising of 200-300 animals (Thompson et al., 2011; Cheney
et al., 2013).
Individual population estimates for some areas around the UK have been published. Line
transect surveys conducted in the wider Cardigan Bay area during 2011-2013, resulted in
annual abundance estimates of 309 (95% CI 179-353), 330 (95% CI 203-534), and 254
dolphins (95% CI 151-427), respectively (Feingold & Evans, 2014a). Robust design markrecapture estimates of photo-ID data from 2005-2013 indicated dolphin abundance initially
increased annually, with numbers peaking in 2009 at 342 individuals (95% CI 271-474), after
which abundance steadily declined to a population estimate of 205 individuals in 2013 (95%
CI 189-241) (Feingold & Evans, 2014a).
Using a Bayesian mark-recapture approach to analyse photo-ID data obtained from
various data sources, Cheney et al. (2013) estimated the Moray Firth population to comprise
195 dolphins in 2006 (95% highest posterior density interval (HPDI): 162-253). Using a
different dataset (incorporating data from fewer sources), Cheney et al. (2014) calculated
annual population abundance for the period 1990-2010. Annual estimates ranged from 102
in 1999 (95% HPDI: 66-144) to 178 in 2010 (95% HPDI: 151-204). Arso Civil (2014) modelled
total annual abundance between 1990-2013 using robust design mark-recapture models,
and results revealed that annual population estimates ranged between 66 in 1997 (95% CI
45-96), to 208 in 2012 (95% CI 198-219).
Finally, along Britain’s south-west coast, Wood (1998) photographically identified 51
recognisable dolphins between 1993 and 1996.
1.3.3. Scottish west coast bottlenose dolphins
The presence of a resident dolphin population on the east coast of Scotland has been
known for several decades (e.g. Hammond & Thompson, 1991), and this population has
received much dedicated research attention since (e.g. Wilson et al., 1999a; Hastie et al.,
2004; Bailey & Thompson, 2010; Pirotta et al., 2014). In comparison, studies conducted on
the Scottish west coast have been more limited, and it was not until 2006 that year-round
residency was suggested for dolphins off western Scotland (Mandleberg, 2006).
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Despite being listed as a priority species for conservation under international and national
legislation (see below), little directed research has been carried out on west coast bottlenose
dolphins. Thus, little is currently known about this population. Data gaps include seasonal
presence, spatio-temporal distribution patterns and movements, individual residency and
site-fidelity, social structure, population dynamics, life history traits, behaviour, abundance
and habitat preferences.
Results of a nation-wide study indicated the existence of three parapatric communities in
Scottish coastal waters (Thompson et al., 2011; Cheney et al., 2013). On the east coast,
individuals of the Moray Firth population show differences in ranging behaviour and sitefidelity (Wilson et al., 2004; Lusseau et al., 2006a; New et al., 2013; Cheney et al., 2013). On
the west coast, two small and socially segregated communities exist with contrasting
mobility patterns: the ‘Inner Hebrides community’, and the ‘Sound of Barra community’. The
former shows a wide ranging movement pattern throughout the Inner Hebrides and
mainland coasts. The latter appears to have a restricted distribution, inhabiting the Sound of
Barra and adjacent waters in the Outer Hebrides (Cheney et al., 2013).
Grellier & Wilson (2003) first photographed dolphins of the Barra community in 1995.
Some of these individuals re-sighted in 1998 (Grellier & Wilson, 2003) and in 2006/2007
(Thompson et al., 2011) confirmed the long-term presence of these dolphins.
Based on 27 photo-identification encounters in the Inner Hebrides between 2001 and
2005, it was estimated that this community contained up to 28 individually identifiable
dolphins (excluding calves) (Mandleberg, 2006). Re-sightings of marked individuals were few
over these years (average of 3.6 times; range 1-6), and showed that movements of
individuals extended across the three sub-areas incorporated in the study (Skye, Mid-Argyll
and South-Argyll). Small groups (6-12 animals) were most common, although groups up to 30
dolphins were occasionally reported. The discovery rate of new animals was low, consistent
with the small number of animals estimated to use the area (Mandleberg, 2006).
Recently, Cheney et al. (2013) produced a population estimate for the Scottish west coast
of 45 individuals in 2007 (95% HDPI 33-66), of which 13-15 inhabited the waters around the
Sound of Barra. This overall number is within the 95% confidence interval acquired from the
SCANS-II aerial survey which revealed an abundance of 246 individuals (95% CI 41-1,479)
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(Survey block N ranging from the North Channel to the North Minch; estimate based on one
bottlenose dolphin group sighting consisting of 14 individuals) (Burt et al., 2006; Hammond
et al., 2013).
The east and west coast populations may not be reproductively isolated, as long-distance
movements of dolphins between the east and west coast of Scotland, and into Irish waters
have recently been identified (Robinson et al., 2012); a result supported by genetics,
indicating insufficient genetic divergence to support demographic isolation between both
Scottish populations (Thompson et al., 2011). Therefore, references to the west coast
bottlenose dolphin population will be used in the remainder of this thesis to describe those
dolphins frequenting the west coast study area, rather than referring to a genetically
isolated unit.
Despite a lack of full genetic isolation, strong genetic population differentiation has been
found between samples from the Scottish west coast and those from eastern Scotland
(Parsons et al., 2002; Islas-Villanueva, 2009). Furthermore, a historic genetic connection was
established between individuals of the Sound of Barra community and some dolphins from
Wales. Samples from various other stranded west coast individuals (i.e. non-Barra dolphins),
on the other hand, showed closer relationships to samples from the English Channel.
Unfortunately sample sizes were insufficient to calculate contemporary migration rates. The
‘Barra’ data revealed high relatedness among biopsied individuals, with relatedness values
indicative of parent-offspring or full-siblings. In contrast, relatedness values for other west
coast individuals were negative, suggesting these dolphins were less related than expected
(Islas-Villanueva, 2009). However, samples for this last group were obtained from strandings,
and samples from dolphins belonging to both coastal and offshore populations may have
been incorporated.
In any case, combined, the studies on west coast bottlenose dolphins demonstrated the
regular presence of dolphins in the region, in particular close to the coast, and revealed that
dolphins are present in the area in each month of the year, suggesting year-round residency
(Shrimpton & Parsons, 2000a; Mandleberg, 2006; Thompson et al., 2011; Cheney et al.,
2013). Additional information on the Inner Hebrides and Sound of Barra communities will be
provided in following chapters.
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1.4. BOTTLENOSE DOLPHIN CONSERVATION IN UK WATERS
In European waters, bottlenose dolphins are protected by a number of legislative
agreements (e.g. Parsons et al., 2010b). International protection include Appendix II of the
Agreement on the Conservation of Migratory Species (Bonn Convention 1979; Council
Decision 82/461/EEC) (Council of the European Communities, 1982), the Agreement on the
Conservation of Small Cetaceans of the Baltic and North Seas (ASCOBANS) (United Nations,
1992a), Appendix II of the Convention on the Conservation of European Wildlife and Natural
Habitats (Bern Convention 1979) (Council of Europe, 1979). Like all European cetaceans, the
species is listed in Annex IV (animal and plant species of community interest in need of strict
protection) of the Habitats Directive (HD; Council Directive 92/43/EEC). Moreover, the
species is listed in Annex II of the HD, which requires member states to designate Special
Areas of Conservation (SACs) for the conservation of species of European Community
interest (Council of the European Communities, 1992; Scottish Natural Heritage, 1995). The
HD requires regular evaluations of the species’ conservation status including assessments of
abundance, distribution and the pressures and threats experienced (JNCC, 2007 & 2013).
Because of the monitoring requirements for these conservation sites, research has generally
focused on these areas, and consequently conservation efforts and research are biased
against areas where dolphins are less concentrated or predictably present (Cheney et al.,
2013).
At present, three coastal SACs have been designated in UK waters with bottlenose
dolphins as a qualifying feature (Moray Firth in eastern Scotland, and Cardigan Bay and Pen
Llyn a`r Sarnau, both in Wales); bottlenose dolphins being the primary reason for site
selection for the first two. There are additional (candidate) SACs, identified primarily for
other marine features, where bottlenose dolphins have been recorded (considered nonsignificant presence) (JNCC, 2007).
International requirements from the Convention on Biological Diversity (United Nations,
1992b) have been incorporated in the UK Biodiversity Action Plan (BAP) for Small Cetaceans.
The UK BAP is currently succeeded by the UK Post-2010 Biodiversity Framework, focusing on
conservation at a country-level (i.e. England, Northern Ireland, Scotland and Wales), rather
than the UK-level (JNCC & DEFRA, 2012), and bottlenose dolphins are included on all four
statutory lists of priority species, as required under the Natural Environment and Rural
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Communities (NERC) Act 2006, the Nature Conservation (Scotland) Act 2004, and the
Wildlife and Natural Environment Act (Northern Ireland) 2011 (Wales Biodiversity
Partnership, 2012; Department of the Environment, 2013; Scottish Government, 2013;
Natural England, 2014).

1.5. THE HEBRIDES: LOCAL ENVIRONMENT
The islands off Scotland's west coast are collectively known as the Hebrides; the Outer
Hebrides are separated from the Inner Hebrides by the Minches and the Sea of the Hebrides
(Figure 1.5). The influx of warmer oceanic water from the Atlantic, combined with a wide
range of productive marine habitats, makes the coastal waters of western Scotland an
oceanographically diverse region, providing ideal habitat for a range of cetacean species. The
transition from southern warmer waters to northern cooler seas in this area is reflected in
the great diversity of marine species; including roughly 25 cetacean species (Shrimpton &
Parsons, 2000a; ICES WGMME, 2015), many of which are recognised as conservation
priorities at national, European and international levels.
1.5.1. Habitats and bathymetry
The coastal waters of western Scotland are characterised by complex submarine
topography. The shores of the mainland are dissected by many deep, narrow and sheltered
fjordic sea lochs, resulting in an extended coastline. There are various islands, separated by
sounds and estuaries of which many experience strong tidal currents (Baxter et al., 2008). In
addition, the area contains a wide variety of other coastal habitats such as rocky headlands,
(shallow) bays and beaches, salt marches, and estuaries (OSPAR Commission, 2000; Baxter et
al., 2011). Most of the area is relatively exposed, with predominantly south-westerly winds
and sufficient fetch to generate swell (OSPAR Commission, 2000).
The diverse topography present on shore, extents underneath the surface (Foster-Smith,
2010). In contrast to other British coastal regions, the bathymetry on the west coast of
Scotland is characterised by the existence of glacially deepened valleys, which manifest
themselves in the form of fjordic sea lochs, deep sounds, and submarine canyons (up to
316m in depth) (Ellett & Edwards, 1983). The continental shelf extents to at least 65km from
the Outer Hebrides (Pollock et al., 2000).
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The seabed habitats can be summarised by a few main types (OSPAR Commission, 2000;
Baxter et al., 2011). Inshore habitats occur where subtidal sediments as shingle, gravel, sand
and mud extend to the depth devoid of the effects from waves (typically 50-70m depth), and
includes lagoons and mearl. Main offshore habitats are expanses of mud, sand and coarse
sediment and extend to about 200m depth. A few pockets of deep sea habitat (>200m in
depth) comprising cold water coral reefs and submarine canyons are present within the
region (OSPAR Commission, 2000; Baxter et al., 2011).
The complex bathymetry in Scottish seas (Figure 1.4) causes mixing between relatively
warm northerly-flowing surface currents and southerly-flowing polar currents, which in
combination with localised seasonal upwelling of nutrient rich water increases nutrient
availability and supports the plankton communities at the basis of the food chain, hence
stimulating overall productivity (OSPAR Commission, 2000; Baxter et al., 2011). The wide
variety of habitats in the region supports a diversity of marine life, including a high
abundance of planktonic species and a rich fish fauna (OSPAR Commission, 2000; Baxter et
al., 2011), and therefore an abundance and diversity of cetacean species (Shrimpton &
Parsons, 2000a; Reid et al., 2003; Scott & Parsons, 2005; ICES WGMME, 2015). Recognition
of the importance of the area for the protection of species, assemblages/communities and
specific habitats, has led to the establishment of numerous areas with conservation
designations including marine Special Areas of Conservation (SACs), Special Protected Areas
(SPAs) and Sites of Special Scientific Interest (SSSIs) (Scottish Executive, 2007c).
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Depth

Figure 1.4. Bathymetry off the west coast of Scotland. Bathymetry © Crown Copyright / SeaZone Solutions
Ltd [2013]. All rights reserved. Not to be used for navigation.

1.5.2. Hydrography
The west coast of Scotland is influenced by three main water masses (Figure 1.5) (Ellett,
1979; Ellett & Edwards, 1983; Inall et al., 2009). The North Atlantic circulation brings warm
surface water to the west of Scotland (North Atlantic Current). Relatively warm and saline
oceanic water from the Atlantic (European Slope Current), flows in an eastern direction onto
the continental shelf north of Ireland. It continues northwards at around 7°W and enters the
Hebrides, where it encounters northward flowing Clyde-Irish Sea water running out of the
North Channel (Scottish Coastal Current). As a consequence of the differences in density and
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structure, a marked oceanic front is formed ranging northwards from west of Islay to Tiree.
Inshore, coastal water is formed locally as a result of rainfall run-off and is fresh or brackish
in the sea lochs and larger estuaries. This water body also moves in a general northward
direction. Mixing between the water bodies occurs in the area south-west of the Small Isles.
Part of this mixed water flows south, around the south tip of the Outer Hebrides and
continues north along the west side of the Outer Hebrides. The other part passes directly
polewards through the Minches (Ellett, 1979; Ellett & Edwards, 1983; Inall et al., 2009).
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Figure 1.5. Oceanography and study area off western Scotland, including key locations mentioned in this
thesis. The Inner Hebrides summarises the chain of islands and skerries between Skye and Islay. Adapted
from Inall et al. (2009).
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The region experiences a semi-diurnal tidal cycle, with the tidal range varying in time and
space. In general, smaller tidal amplitudes are present in the south, whereas the area around
Skye experiences maximum tidal ranges (Ellett & Edwards, 1983). The mean spring tidal
range inside of the Outer Hebrides is 4m. At neaps, the highest range is found off the Isle of
Lewis and measures 1.7m (Ellett, 1979). In the Inner Hebrides, the largest spring-neap
variation is present around Skye, with a 4.5m spring range versus a neap range of 1.6m. In
the south, the Sound of Jura experiences tidal ranges of 1 and 0.5m during spring and neap
tide, respectively (Ellett & Edwards, 1983). Most of the area experiences tidal currents below
0.5m/s (UK Hydrographic Office, 1983). Tidal currents are intensified in localised areas, in
particular where the flow is constrained by topography, such as off northwest Skye, between
the mainland and Orkney, and between Islay/the Mull of Kintyre and Northern Island, where
tidal streams can be as high as 3.5-4.5m/s (Admiralty, 1983; Baxter et al., 2011).
The continental shelf region experiences limited seasonal water temperature fluctuations
(differences between minimum and maximum monthly averages <10°C), with March being
the coldest, and August the warmest month (Ellett, 1979; Ellett & Edwards, 1983; Inall et al.,
2009; Marine Scotland Science, 2013). For example, average monthly temperatures 19992012 for Mallaig range between 7.5-14.3°C (Marine Scotland Science, 2013). Larger surface
temperature fluctuation may occur in the sea lochs (OSPAR Commission, 2000).
1.5.3. Current anthropogenic activities and pressures on bottlenose dolphins
Although western Scotland is relatively sparsely populated by humans, a range of
activities within the marine environment as well as on the coastal shores occur, covering
both economic and recreational purposes. Main activities include commercial fishing,
aquaculture, commercial tourism (e.g. wildlife tours, diving, sailing charters), shipping and
(ferry) transport, military exercises (include live missile firing, bombing, and submarine
exercises including the use of sonar), recreational boating, and kayaking. Offshore, oil and
gas exploration/exploitation also occurs (OSPAR Commission, 2000; Shrimpton & Parsons,
2000a&b; Baxter et al., 2011). Many of these activities have the potential to negatively
impact bottlenose dolphins and other cetaceans.
Most of the fishing industry on the shelf area on the west coast of Scotland (inshore) is
dominated by Nephrops, shellfish, lobster, crab and Atlantic mackerel (Scomber scombrus),
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using creeling, trawling and dredging fishing methods (Baxter et al., 2011). Although
relatively limited in coastal continental shelf waters, commercial fishing may influence prey
availability. For example, a combination of human-caused prey depletion and natural
fluctuation caused the collapse of some fisheries (e.g. herring (Clupea harengus); Thurstan &
Roberts, 2010). Aquaculture activities take place particularly in the inshore bays and sea
lochs, although technological development may allow an expansion into more exposed sites.
Between 2005 and 2009, a total of 133 shellfish production sites, and 151 finfish production
sites were distributed throughout coastal Hebridean waters (Baxter et al., 2011).
Whereas the threats to dolphins affiliated with these activities on the Scottish west coast
may be less severe than in other areas worldwide, a wide variety of pressures and activities
are nevertheless identified as potential threats to bottlenose dolphins, and other cetaceans
in Hebridean waters (regional/national overviews by OSPAR Commission, 2000; Shrimpton &
Parsons, 2000a&b; Clark et al., 2010a; Parsons et al., 2010a; Baxter et al., 2011; JNCC, 2013;
ICES WGMME, 2015). All of these are globally recognised issues with respect to cetacean
conservation (Reeves & Reijnders, 2002; Reeves et al., 2003; Evans, 2009; Reeves, 2009; ICES
WGMME, 2015; IUCN, 2015).
The coastal distribution of west coast bottlenose dolphins makes them vulnerable to
environmental degradation, including exposure to a range of hazardous substances such as
heavy metals, contaminants, pathogens from sewage, oil spillage and other pollutants (e.g.
OSPAR Commission, 2000; Berrow et al., 2002; Stein et al., 2003; Irwin, 2005; Lane et al.,
2015). In top predators, such as bottlenose dolphins, concentrations of many contaminants
are magnified through bio-accumulation and may interact to increase toxicity (Houde et al.,
2005; Reijnders et al., 2009; Balmer et al., 2011). Contamination by anthropogenic pollutants
can decrease immune function (Litz et al., 2007) and subsequently increase susceptibility to
diseases and infections as shown for UK stranded bottlenose dolphins (Davison et al., 2011).
PCB concentrations in UK bottlenose dolphins are higher than recorded elsewhere globally
(Jepson et al., 2009; Deaville & Jepson, 2011). Additionally, contamination is linked to
disruption of the endocrine system, affecting growth and development (Reijnders et al.,
1999; Reif et al., 2015) and reproductive failure both through direct sterility and through
reduced neonate survival (Wells et al., 2003 & 2005), as females offload the majority of their
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burden of contaminant residues onto their first-born calf during gestation and lactation
(Borrell et al., 1995; Schwacke et al., 2002).
Noise pollution and disturbance are threats derived from a variety of human
activities/sources (e.g. commercial and recreational vessels, oil and gas operations, military
activities, anti-predator acoustic devices used in aquaculture and fisheries, sonar usage)
(Scottish Executive, 2007d&e; Parsons et al., 2010a; Lepper et al., 2014). With increasing
knowledge, concerns regarding the impacts of anthropogenic noise have substantially
increased over the past decades (e.g. Richardson et al., 1995; Natural Resource Council,
2005; Nowacek et al., 2007; Simmonds & Brown, 2010). The impact of noise depends on the
type, frequency and duration of noise, as well as on species and local habitat (JNCC, 2013).
Bottlenose dolphins, as well as other cetaceans, use acoustic signals in communication,
navigation, foraging and for predator and hazard avoidance (Tyack, 2000; Au & Hastings,
2008a; Zimmer, 2011). Consequently, anthropogenic noise pollution may have detrimental
effects, including disturbance and habitat avoidance, behaviour and vocalisation alterations,
and temporal or permanent hearing damage and may affect all aspects of life (Richardson et
al., 1995; Nowacek et al., 2007). Off eastern Scotland, boat traffic (physical presence/noise)
(Janik & Thompson, 1996; Sini et al., 2005; Pirotta et al., 2015a), as well as various industrial
activities (dredging: Pirotta et al., 2013; seismic surveys: Thompson et al., 2013b) have been
shown to have impacts (e.g. avoidance, displacement, changes in surface behaviour and
reduced foraging activity) on the local dolphin population.
Additionally, bottlenose dolphins are at risk from collisions with vessels, and susceptible
to entanglement in, and digestion of marine litter and entanglement in fishing gear. These
threats have the potential to be lethal. Although not recorded for the west coast, bycatch
and entanglement have caused deaths of bottlenose dolphins off eastern Scotland (Liret et
al., 2006; SMASS, 2014), and injuries from boat collisions have been reported for UK waters
(Lockyer & Morris, 1990; Bloom & Jager, 1994).
Toxic algal blooms can be attributed to anthropogenic activities, and mass die-offs of
bottlenose dolphins in relation to algal blooms have been reported in other parts of the
world (e.g. Fire et al., 2015). Toxic algae blooms are also present on the west coast of
Scotland, including in coastal areas (Smayda, 2006). These have the potential to affect
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dolphins via the lethal effect they may have on prey species, and by weakening the dolphin’s
immune system (Parson et al., 2010a).
Finally, it is currently unknown what the chronic impacts of climate change are, however
it is expected that increasing sea temperatures might change the abundance and distribution
of prey species (Lusseau et al., 2004; Simmonds & Isaac, 2007; JNCC, 2013). Whereas climate
change may not directly affect the distribution and local abundance of bottlenose dolphins,
as it may do for the white-beaked dolphin (Lagenorhynchus albirostris), a typical colderwater species, and the short-beaked common dolphin (Delphinus delphis), a warm-water
species (MacLeod et al., 2005; Weir et al., 2008a), it may indirectly affect UK bottlenose
dolphin populations through changes in prey availability (abundance, prey diversity and
timing of occurrence) (Simmonds & Isaac, 2007; Baxter et al., 2011) and through a potential
change in the cetacean community assemblage (Simmonds & Isaac, 2007; Lambert et al.,
2014), both of which in turn may also influencing inter-specific competition (Moore, 2009).
A long lifespan, in combination with the wide-ranging nature of dolphins on the west
coast, may decrease the ability to detect population trends (Wilson et al., 1999a), and to
identify direct links between pressures and their negative effects, which may also function in
a synergistic manner. Heterogeneity in spatio-temporal distribution of human activities and
variability in individual ranging patterns may cause variation in exposure to anthropogenic
pressures (Lusseau et al., 2011; Pirotta et al., 2015b), and gender-specific differences in
reaction to (habitat changes associated with) anthropogenic activities may occur (Lusseau,
2003; Symons et al., 2014; Weaver, 2015). Additionally, due to this wide-ranging pattern,
dolphins are potentially subject to pressures from multiple sources at different times, in turn
complicating the assessment of threats to dolphins in nearshore environments (Shrimpton &
Parsons, 2000a; Thompson et al., 2000; Reijnders et al., 2009). As such, it needs to be
highlighted that the above-mentioned pressures should not be considered independently
when assessing local threats to cetaceans, but it is important to take into account the
significant influences the cumulative and synergistic effects of vessel traffic, habitat
alterations, fisheries, coastal development and other human activities may have. The
biological importance of these combined pressures (or opportunities) need to be
understood, as effects on individuals may eventually lead to long-term population
consequences (JNCC, 2007).
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Little is known about the population consequences of disturbances. Whereas some of
these threats may lead to acute impacts (direct effects on mortality or fecundity), other
pressures act in a chronic manner (via the influence they have on the availability of food
resources, by altering behaviour budgets and causing physiological changes) which may in
turn affecting life functions and affecting the general health of animals, which may
subsequently affect reproduction and therefore, ultimately, population viability (National
Resource Council, 2005; Hall et al., 2006; Parsons et al., 2010a; New et al., 2013; Harwood et
al., 2014; ICES WGMME, 2015). As such, even short-term disturbances may result in longterm negative population impacts (Lusseau & Bejder, 2007). However as these most likely
manifest in subtle changes in reproductive success and survival (Curran et al., 1996), these
adverse effects may be difficult to detect and require long-term studies (Thompson, 1992,
Thompson et al., 2000).

1.6. MARINE RENEWABLES
1.6.1. Marine renewables in Scotland
With an increasing demand in energy, the limited future of traditional fossil energy
resources, and the carbon reduction targets, renewable energy is a rapidly developing
sector. In Europe, the development of the renewable energy industry is driven by the EU
2020 target, which states that 20% of the EU’s energy consumption has to be provided by
renewable sources by 2020 (EU 20/20/20 Climate and Energy Package). The Scottish
Government is committed to adopt this, and has set the following national target to be met
by 2020: at least 30% of the overall energy demand (heat, transport and electricity) should
come from renewables, with an equivalent of 100% of the electricity demand, and at least
11% of heat demand provided by renewable resources. The 30% overall energy demand
supplied by renewable energy is among the highest targets in Europe (Scottish Government,
2011).
A large part of the required renewable energy will be generated by marine renewables
(MR), as the area has significant resources to support the generation of MR energy. The MR
industry encompasses three main sectors: offshore wind, tidal-stream and wave energy.
Although the industry is still in its infancy in terms of technological development and
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commercial production, it is estimated that exploitation of Scottish MR sources could
produce a total of 12GW of energy by 2020, one of the highest estimations in Europe. It is
estimated that Scotland’s seas are able to produce 25% of Europe’s offshore wind potential,
25% of its tidal-stream potential, and 10% of the EU wave energy potential (Scottish
Government, 2011). An overview of the allocated potential short- and medium-term options
for wind, wave and tidal energy extraction north and west of Scotland are presented in
Figure 1.6.

Proposed sites for
marine renewables
N1
NW2
NW4
NW5
NW6
NW7
NW8
W1
W2
W3
W4
SW1
SW2
SW3
SW4
SW5
SW6
Argyll Array
Islay

2

Area (km )
1671
1278
156
324
914
2554
2531
1491
1039
57
253
7
93
354
24
55
16
360
93

Figure 1.6. Location and sizes of proposed sites for marine renewable developments off north and west
Scotland. These sites represent areas of search and will not be completely filled with MR energy devices. Map
© Crown Estate and adapted from: Baxter et al., 2011; Scottish Government, 2011. Size source: Marine
Scotland, 2010.

34

Chapter I - General Introduction

In comparison to wave and tidal energy production, offshore wind generation is in an
advanced state of progression (Scottish Executive, 2007a), with several farms operating
around the UK and various large scale installations in action and under construction within
Europe (e.g. Murphy et al., 2012; Thompson et al., 2013a). In Scotland, two wind power sites
are currently operational (the Beatrice demonstration site off the Scottish east coast, and
Robin Rigg (Figure 1.6), with various other sites currently under consenting or construction
(RenewableUK, 2015). Whereas wind power is currently the main form of MR energy
generation, the potential of wave and tidal power to substantially contribute to Scotland’s
longer-term renewable energy and carbon reducing targets (Scottish Government, 2011) has
resulted in considerable development of these technologies. Although a large number of
different tidal-stream devices (>70) and wave devices (>100) are in various stages of
development, only a few are at a stage where they can be fully tested (Scottish Executive,
2007b; ICES WGMME, 2012; EMEC, 2015a). At present, one wave device, Aquamarine
Power’s Oyster 800, is currently undergoing operational testing at the EMEC testing facility
(EMEC, 2015b), and only one tidal turbine (30KW) is currently commercially operational in
Scotland (Nova Innovation Ltd, 2015).
1.6.2. Potential pressures on cetaceans
MR energy is generally accepted as a sustainable source of energy (Baxter et al., 2011).
However, the development of these industries in terms of the deployment of devices,
supporting infrastructure, logistics and other associated activities (e.g. dredging, blasting,
seismic exploration), have the potential to negatively impact bottlenose dolphins and other
cetaceans. Due to the infancy of these new technologies, little is known about the effects of
large scale commercial tidal and wave developments on cetaceans, and how cetaceans will
interact with these new structures (Murphy et al., 2012). The majority of empirical studies
have focussed on windfarms and their impacts (particularly during piling) on harbour
porpoises (Phocoena phocoena) (e.g. Carstensen et al., 2006; Tougaard et al., 2009a&b;
Brandt et al., 2011; Scheidat et al., 2011; Teilmann & Carstensen, 2012; Dähne et al., 2013a).
Effects of MR may vary between sectors (wind, wave or tide), specific device designs,
development stages (construction, operation, and decommission), and will depend on the
scale of the development, and the local ecosystem (affecting sound propagation and
background noise levels in the case of noise impacts), and the species of concern (Madsen et
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al., 2006; Kastelein et al., 2013; Leeney et al., 2014). Nevertheless, the spatial overlap
between proposed development sites and the distribution of cetaceans has led to a wide
variety of potential concerns being identified ((regional) overviews/reviews by Scottish
Executive, 2007d; Wilson et al., 2007; Dolman & Simmonds, 2010; ICES WGMME, 2010, 2011
& 2012; Simmonds & Brown, 2010; Macleod et al., 2011; IWC, 2012; Murphy et al., 2012;
Witt et al., 2012). Key concerns include (physical) disturbance (from present installation
vessels, equipment, and devices themselves), entanglement and collision (both with turbines
and service boats), habitat exclusion, barriers to movements, contamination effects, and, in
particular, underwater noise pollution (Madsen et al., 2006; Scottish Executive, 2007d;
Wilson et al., 2007; IWC, 2012; Benjamins et al., 2014). Noise pollution is of particular
concern during construction when impact piling is used.
Acoustic disturbance can affect dolphins physically (Nowacek et al., 2007), where high
energy intense sounds can cause damage to the auditory organs (Mooney et al., 2009;
Würsig & Richardson, 2009). However, sound produced by the devices may be masked in
areas of high natural background noise levels, such as in high tidal-flow and wave energy
areas (Wilson et al., 2007), potentially making them undetectable to dolphins. Decreased
auditory perception might therefore increase this risk of collisions with devices.
Increased noise levels can lead to short- and long-term behavioural changes, such as
alterations in behaviour budgets, communication signals, breathing frequency, dive duration
and evasive movements, the latter may result in displacement from (critical) habitats
(Nowacek et al., 2007; Janik, 2014). Harbour porpoise displacement during construction of
windfarms has been reported by various studies in the North and Baltic Seas (Carstensten et
al., 2006; Tougaard et al., 2009a&b). Although construction may occur over a limited period,
the impacts may last longer (e.g. delayed returns after area displacement; Scottish
Executive, 2007d), and effects may occur over large distances from the source. For example,
Bailey et al. (2010a) investigated maximum distance from pile-driving where sound levels
were predicted to cause bottlenose dolphin behavioural disturbance; in the Moray Firth, this
was 50km. Similarly, based on measures from pile-driving recordings, and bottlenose
dolphin hearing capability information, it was estimated that dolphins may hear piling noise
over distances >100km (and possibly even >1,000km), whereas hearing damage may be of
concern ~2km from the piling location (Madsen et al., 2006). Likewise, David (2006)
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estimated that piling-induced masking (using a 6t diesel hammer) of bottlenose dolphin
whistles and echolocation clicks may occur over ranges of >10-15km and up to 6km
respectively. However, smaller zones of influence (i.e. audibility/detection, masking,
behaviour response and injury/hearing loss; Richardson et al., 1995) were found for
bottlenose dolphins in the Sado Estuary (Portugal) (Luís et al., 2008).
Construction noise, may also impact on species’ mobility. In shallow or narrow water,
noise fields could act as a perceived barrier in migratory pathways, preventing free
movement (Scottish Executive, 2007d; Baxter et al., 2011). Similarly, the physical presence of
sub-marine devices might provide constraints on diving location and/or depth. Finally,
chronic noise pollution may affect stress levels of dolphins, and may compromise an animal’s
health, and subsequently increase their vulnerability to other threats (Simmonds & Dolman,
1999; Reeves & Reijnders, 2000).
In summary, bottlenose dolphins face a number of pressures from current human
activities and the progression of MR developments will add to these. Several of the activities
and pressures may impact local dolphins directly (so-called first order effects), whereas
others may affect them indirectly (second-order effects); local conditions and habitats may
be altered, which in turn may affect lower trophic level species, which ultimately may have
knock-on effects through the ecosystem (Murphy et al., 2012; Leeney et al., 2014).
Additionally, as cetaceans are highly mobile animals, they may be affected by various MR
sites, each consisting of an array of MR devices. It is therefore important to understand the
cumulative and synergistic effects, and consider population impacts over appropriate spatiotemporal scales (ICES WGMME, 2012; Dolman & Simmonds, 2010; Murphy, et al., 2012;
Bailey et al., 2014).
Whereas most (potential) impacts are considered negative, potential positive impacts
have also been identified. MR structures may serve as artificial reefs resulting in localised
increased prey availability (Inger et al., 2009; Witt et al., 2012), be it by the concentration of
prey or through increased prey productivity (Pickering & Whitmarsh, 1997). This, in turn may
be exploited by marine predators. For example, a recent study suggested the usage of such
structures (wind turbines and pipelines) by grey (Halichoerus grypus) and harbour seals
(Phoca vitulina) as successful foraging behaviour (Russell et al., 2014). The local closure of
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development areas to fishing activities, in particular, may enhance local prey abundance,
with the potential for a spill-over effect to surrounding areas (Witt et al., 2012; Leeney et al.,
2014), whereas locally reduced disturbance from other boats may also be beneficial
(Scheidat et al., 2011). For instance, increased harbour porpoise acoustic activity was
detected within an operational Dutch wind farm compared to reference areas (Scheidat et
al., 2011). However, as yet, many of the actual negative and positive effects remain
unknown and additional research is required to solve this.
In any case, projected coastal MR developments and associated activities have the
potential to alter habitats important for bottlenose dolphins and impact their biology. For a
meaningful assessment of the potential impacts of MR (and other) developments, and to
develop management to mitigate against these, a variety of information is required including
on species abundance and demography, fine-scale spatial and temporal distribution, area
usage, and behaviour (van Parijs et al., 2009; Macleod et al., 2011; ICES WGMME, 2012;
Alessi & Fiori, 2014; Fruet et al., 2015). The general lack of knowledge on fine-scale cetacean
distributions, seasonal movements and population trends for many Scottish areas has been
highlighted as a current data gap (e.g. Wilson et al., 2007; Marine Scotland, 2011). At
present there is very little baseline data on west coast bottlenose dolphins, including on
their spatio-temporal distribution, mobility and local habitat use in areas designated for
marine renewables, as well as for the west coast as a whole.

1.7. RESEARCH OBJECTIVES AND OUTLINE OF THIS THESIS
1.7.1. Aim of this study
Effective management and mitigation of potential anthropogenic impacts requires
information on the spatio-temporal distribution of populations (Evans & Hammond, 2004).
For the bottlenose dolphin communities off the Scottish west coast this information is
largely lacking, with little information on their presence and mobility available.
With MR energy construction being planned on the west coast of Scotland in the future, it
is important to carry out pre-construction studies on the local dolphin communities to
provide baseline information. Having an understanding of the distribution and movement
patterns of bottlenose dolphins off western Scotland may help in minimising future impacts
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on the two small, seemingly isolated communities if and when modifications to the system
take place, and will ultimately contribute to securing a good conservation status for this
species in Scottish waters.
Therefore, the current research aims to increase understanding of the spatio-temporal
distribution and movement patterns of bottlenose dolphins on the west coast of Scotland.
Dedicated surveys, photo-identification (photo-ID), opportunistic data collection, and
passive acoustic monitoring techniques will be used to obtain detailed information on
dolphin presence and distribution within the region.
1.7.2. Thesis outline
Movements are an important facet in the lives of animals and populations. Chapter II
presents a literature review highlighting the ecological importance of cetacean movements,
provides an overview of the frameworks and approaches currently used within the interdisciplinary movement ecology research field, and demonstrates the diversity of movements
undertaken by cetaceans over varying spatial and temporal scales.
Globally, bottlenose dolphins show considerable variation in their mobility. Chapter III
provides a synthesis of current knowledge on bottlenose dolphin movements. Documented
home range and travel distance information is analysed to quantitatively investigate
whether a positive relationship between dolphin mobility and openness of the environment
exists across populations inhabiting different habitats. Additionally, existing information on
travel by individuals is collated and mapped to visualise the extent of ranging between
locations as described for the species worldwide.
Chapter IV provides a description of the spatial and temporal distribution of dolphins on
the west coast of Scotland, with emphasis on the Inner Hebrides community. Using data
from dedicated cetacean surveys conducted off the west coast between 2003 and 2012, the
presence of an inshore distribution is assessed. Bottlenose dolphin sightings (1989-2014)
and photo-identification data (2000-2014) collected via dedicated surveys and from
members of the public are used to investigate spatio-temporal distributions of the species
and distributions of specific individuals in Hebridean waters. Additionally, photo-ID data are
analysed to investigate long-term site-fidelity of individually identifiable dolphins.
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The west coast of Scotland is characterised by a complex coast with various sounds and
channels. Chapter V explores the potential for passive acoustic monitoring (PAM) to
effectively track bottlenose dolphin movements through such natural corridors. An array of
cetacean click detectors (C-PODs) are deployed in the Sound of Mull and results compared to
opportunistic dolphin sightings in the area. Unexpected results from this initiated additional
experiments where C-POD data are compared to acoustic recordings made using an
alternative acoustic broadband recorder (SM2M) in the Moray Firth and in the Sound of
Mull.
The dolphin community occupying the Sound of Barra and adjacent waters appears to be
isolated from the Inner Hebrides community. In Chapter VI, long-term site-fidelity to the
Sound of Barra area and demographic parameters are examined through analyses of photoID data collected between 1995 and 2012.
In Chapter VII, acoustic monitoring data (C-PODs) are analysed to examine the residency
(i.e. year-round presence) of dolphins in the Sound of Barra, and to investigate which
environmental and temporal variables drive local dolphin presence and foraging activity in
this area.
The final chapter, Chapter VIII, summarises the major findings of previous chapters,
discusses the ecological conservation implications of them, and provides avenues for further
research.
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CETACEAN MOVEMENTS: AN OVERVIEW OF RELEVANCE,
RESEARCH APPROACHES AND MOVEMENT TYPES

“Movement is a ubiquitous feature of the lives of animals, and is
integral to many important behavioural processes.
Animal movement acts at multiple scales: it can shape the destiny
of individuals and populations, govern community and ecosystem
structure, and influence evolutionary processes and patterns of
biodiversity.”

© B. Wilson / SAMS

Miriam Liedvogel, Ben B. Chapman,
Rachel Muheim, and Susanne Åkesson
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CHAPTER II
CETACEAN MOVEMENTS: AN OVERVIEW OF RELEVANCE,
RESEARCH APPROACHES, AND MOVEMENT TYPES
2.1. INTRODUCTION
Cetaceans are highly mobile animals; however mobility patterns may differ substantially
between species. Some species (mainly mysticetes - baleen whales) undertake long-distance
latitudinal migrations between separated foraging and breeding grounds and store
substantial energy supplies (capital breeders). Other species (mainly odontocetes - toothed
cetaceans) are dependent on continuous food intake (income breeders), and may show a
coastal-offshore movement pattern following their prey, may be resident year-round in a
certain area, or demonstrate other patterns (Bjørge, 2001; Forcada, 2009).
Ultimately, the behaviour and movement tactics of animals are driven to optimise fitness
(Sanderson, 1966; Stern, 2009). Cetaceans, like all mobile species, move to optimise access
to resources available in a specific habitat or area, such as food, conspecifics for mating and
shelter (Reeves et al., 2002; Stevick et al., 2002), and thus move to maintain survival and
reproductive success in response to variability in marine ecosystems (Redfern et al., 2006).
As such, movement itself can be considered as the product of evolutionary pressures
(Southwood, 1983).
Cetaceans are capable of moving over long distances, with the longest travel distance
recorded for a satellite-tracked gray whale (Eschrichtius robustus) making a round trip of
over 22,500km (Mate et al., 2015). However, it can be argued that the energetic costs of
moving long distances might be similar to costs for continued short-distance movements
within a geographically restricted area (Corkeron & Connor, 1999; Stern, 2009). Therefore, in
the long-term, both types of movement must ultimately lead to energetic and fitness gains.
As resource requirements vary between activities, what constitutes ‘good’ or ‘poor’ habitats
will change over time and space, and hence species’ movement patterns are strongly
influenced by the habitat suitability for certain activities (Stevick et al., 2002). The marine
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environment varies dynamically across both temporal and spatial scales. Energy can be
saved by increased familiarity of the area and potential knowledge of predictable resource
patches. As such, the relative predictability of the environment is considered a major
influence on movement patterns (Stevick et al., 2002). Whereas increased productivity in
areas with local upwelling and fronts may be relatively stable, resource patches in other
areas might be less predictable (Fiedler, 2009). Moving to another area might be beneficial
when food supplies or availability of other resources drop below a critical level (Lidicker Jr,
1962). Therefore, predators need to make a series of decisions based on the trade-off
between time spent within patches and moving between patches to optimise resource
usage (Reeves et al., 2002; Stevick et al., 2002), taking into account that any locomotion
represents an (energetic) cost to an individual (Gaskin, 1982; Evans, 1987). Thus, animals
have to balance the cost of travel against the benefits obtained by moving to another
location (Corkeron & van Parijs, 2001). Consequently, Stevick et al. (2002) stated that
“movement can be viewed as a species’ adaptation to a patchy, unpredictable environment
over a range of temporal and spatial scales.”
2.1.1. Aim of this review
The aim of this chapter is to provide an overview of the literature outlining the general
status of animal movement studies, and highlight key research concepts. Subsequently,
current approaches and methods used to investigate cetacean movements will be discussed,
and different types of recognised cetacean movements placed in a larger ecological
perspective.
Cetaceans are fully aquatic marine mammals that are able to range in a threedimensional space but are tied to the water surface to breathe. As such, cetaceans form a
relatively unique assemblage from an animal movement perspective. This fully aquatic
lifestyle, combined with national and international regulation (i.e. non-invasive sampling
techniques, tagging licenses) means that data collection and analysis techniques for
cetacean movement research are limited by logistical and analytical challenges (Redfern et
al., 2006). Throughout this chapter, focus will be on cetaceans (and bottlenose dolphins,
Tursiops sp., in particular), although the underlying principles and methods are often
applicable to other marine mammals, as well as to mobile species in general. Additionally,
movement considerations were limited to horizontal ranging behaviour only.
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2.2. ANIMAL MOVEMENT RESEARCH
2.2.1. Ecological perspective and management relevance
Various aspects of the ecology, evolution, behaviour and life history of an individual,
community or population occur in a spatial context (Patterson et al., 2009; Morales et al.,
2010). Many ecological and evolutionary processes are ultimately driven by survival and
reproductive success; critical to these are the sufficient acquisition of food, the avoidance of
predators, and encounters with conspecifics, including mates. Animal movement is a visible
expression of these processes, and the motivation for an individual to move is driven by a
complex

of

interacting

behavioural

responses

to internal

(motivational)

states,

environmental factors and morphological/physiological constrains (Patterson et al., 2008).
There are many reasons why an increased understanding of animal movements is
required (Sanderson, 1966; Pyke, 1983; Worton, 1987; Mabry & Pinter-Wollman, 2010).
Information on individual space use patterns may be used to identify local residency and
individual home ranges (Sandell, 1989; Stevick et al., 2002). Ranging patterns are related to
various aspects important for the life history processes of animals, including cetaceans, and
can therefore be used to investigate topics associated with distribution, habitat usage and
habitat preference, social associations and mating strategies, including comparisons
between and within species and populations, as well as between gender, age and
reproductive status (Sanderson, 1966; Worton, 1987; Clutton-Brock 1989; Clutton-Brock &
Sheldon, 2010; Mabry & Pinter-Wollman, 2010; McHugh et al., 2011).
Animal abundance and distribution are closely related to prey availability (Gaskin, 1982;
Moore et al., 2002; Reeves et al., 2002; Forcada, 2009). Consequently, the movement
analyses of (foraging) animals increases our understanding of the nature of movement
choices and spatial memory (Pyke, 1983; Fagan et al., 2013), can give insights into the
spatio-temporal distribution of prey, and provides information on foraging strategies
(Clutton-Brock & Sheldon, 2010; Mabry & Pinter-Wollman, 2010). Individuals need to decide
whether to undertake movements in response to changes in the spatial distribution of
resources, and these decisions will influence the individual’s fitness which, in turn, may
affect long-term demographic parameters and population dynamics (Morales et al., 2010).
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As such, animal movements provide a “spatio-temporal bridge between the individual and
the population” (Schick et al., 2008).
Since cetacean communities are defined by patterns of social association and residency
(Wells et al., 1999), it is important to understand these ranging and association patterns to
investigate fine-scale population structuring (Urian et al., 2009). The degree to which
animals share ranges affects the potential to associate with other individuals, and hence
space use and mobility patterns provide information on the dynamics and social structuring
within populations (Wells et al., 1980; Würsig et al, 1991; Connor et al., 2000a; Gubbins,
2002; Lettevall et al., 2002; Coakes & Whitehead, 2004; Lusseau et al., 2004 & 2006b;
Stevick, 2008), as well as connectivity between populations through potential gene flow
(Fazioli et al., 2006), although spatial overlap does not necessarily indicate actual presence
of social interactions or successful reproduction. Ranging patterns can, therefore, provide
information on population boundaries, population structuring, and contribute to the
identification of population and stock units (Curry & Smith, 1997; Calambokidis et al., 2001;
Chilvers & Corkeron, 2001; Heide-Jørgensen et al., 2006; Urian et al., 2009; Laska et al.,
2011). This, in turn, facilitates population monitoring, and the development and
implementation of appropriate conservation management and policies (Macdonald et al.,
1979; Wilson et al., 1997a).
Furthermore, insights into movement patterns are important when investigating
transmission of diseases, behaviours (e.g. tool use) or other cultural traits within and
between populations and species (Gomerčić et al., 1998; Rendell & Whitehead, 2001;
Whitehead et al., 2004; Krützen et al., 2005; Whitehead, 2009a; Altizer et al., 2011;
Patterson, 2012).
Finally, information on ranging patterns, in combination with known factors affecting the
distribution of individuals, may improve knowledge on species-habitat relationships which
can be used to model the effects of changing environmental conditions on a population
(Redfern et al., 2006; Stern, 2009). In fact, research into the causes and consequences of
animal movements provides insights into spatial dynamics at various levels of organisation
(i.e. community, population, meta-population) (Schick et al., 2008). Therefore, knowledge of
ranging patterns is crucial for the assessment of both naturally occurring and human-
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induced threats,

including

habitat loss/fragmentation,

climate

change, industrial

development, oil spills, and toxic algal blooms and spread of disease (Nathan, 2008;
Stensland et al., 2006; Martínez-Serrano et al., 2011; Donaldson et al., 2014) and for the
development of strategies to mitigate these.
In conclusion, movement forms an integrated part of an animal’s biology, and the
analyses of site-fidelity, residency, and mobility patterns not only provides fundamental
information on the ecology, dynamics, and social structure of a population, but is also crucial
to the understanding of several aspects related to animal decision making and learning (Silva
et al., 2008; Giuggioli & Bartumeus, 2010; Donaldson et al., 2014; Hays et al., 2016). An
understanding of the ranging patterns and habitat use is required to understand the social
and ecological factors and constraints faced by animals, and to assess and manage the
potential impacts of natural and anthropogenic threats to cetaceans and other marine
mammals (Sanderson, 1966; Worton, 1987; Costa et al., 2012; Hays et al., 2016).
2.2.2. An inter-disciplinary view and key concepts
Although studies on animal movements are currently increasing (Holyoak et al., 2008;
Mabry & Pinter-Wollman, 2010), they have generally been an under-represented and less
advanced component of ecological research, primarily due to conceptual, technical and
analytical difficulties (e.g. Jonsen et al., 2003 & 2005; Whitehead, 2001). Movement analyses
traditionally focussed on the description of space used by animals, and the reasons behind
these patterns in terms of available habitat and resources (Davis, 1953). Recently,
technological advances have improved our capability to collect progressively more accurate
high-resolution animal location information and complementary behavioural, physiological
and environmental data on finer spatial and temporal scales using animal-borne and remote
sensing technologies. This, in combination with substantially increased computational power
and sophisticated software, has led to the development of more complex analytical and
statistical approaches used in contemporary animal movement research (Getz & Saltz, 2008;
Schick et al., 2008; Giuggioli & Bartumeus, 2010; Mabry & Pinter-Wollman, 2010; Morales et
al., 2010).
Existing animal movement research can be divided among four main research paradigms:
the random, biomechanical, cognitive and the optimality approach (Box 2.1) (Nathan, 2008;
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Nathan et al., 2008). It is important to highlight that these approaches are not mutually
exclusive and that an individual’s pattern of movement is probably governed by all of these
to some extent.

Box 2.1. Animal movement research paradigms (After Nathan, 2008; Nathan et al., 2008).
Random approach:
Statistical approach assuming animals move through the area without previous knowledge of the habitat,
resource distribution or animal preferences. The approach focuses on the analyses of movement paths,
and regularly used key concepts are the diffusion, random walk (including Lévy walks) and state-space
models (Jonsen et al., 2005; Horne et al., 2007a; Sims et al., 2007 & 2008; Börger et al., 2008; Patterson et
al., 2008; Humphries et al., 2010).
Biomechanical approach:
Focuses on the physical mechanisms of (loco)motion of an individual (incl. mechanics, energetics and
physiology) and mainly provides information on an animal’s mobility capacity.
Cognitive approach:
Research directed at the navigation system; investigates factors influencing movement-related and
navigational decisions, and mainly indicates the internal motivation for movement.
Optimality approach:
Assesses the efficiency of various strategies in providing an optimal fitness over ecological and
evolutionary time periods. It assumes animals contain information regarding the spatio-temporal
distribution of resources, allowing them to take optimal routes between resource patches, and to predict
resource depletion levels at which they should move to another patch (Börger et al., 2008). An example
includes optimal foraging theory (Charnov, 1976; Pyke et al., 1977). The paradigm focuses on the
interaction between internal state/cognitive abilities and external factors.

Additionally, Turchin (1998 in Chetkiewicz et al., 2006) identified two empirical
approaches for measuring animal movements: the Lagrangian and the Eulerian approaches.
Current statistical animal movement modelling techniques follow the division into these two
concepts (Box 2.2) (Nathan et al., 2008; Smouse et al., 2010). Examples of the large variety
of contemporary statistical techniques to model and analyse animal movements include
fractal analysis, net squared displacement, diffusion models, various random walk models
(including Lévy flights), first passage time, resource selection functions and state-space
models (reviews by Chetkiewicz et al., 2006; Schick et al., 2008). Many of these are used to
investigate foraging and search processes and can be used to investigate the interaction
between individual movements to environmental conditions. However, only a few are
suitable to make inferences on the underlying processes governing movements, and/or to
make broader inference on the spatial dynamics on community, population or species levels
(Jonsen et al., 2003; Schick et al., 2008; Avgar et al., 2013).
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Box 2.2. Animal movement analysis approaches.
Lagrangian approach:
Quantifies movement paths of animals through discrete steps, and time segments, and is especially used
to investigate detailed multi-step trajectories of single individuals across the (heterogeneous) habitat.
Basically, these models consider movements from an animal’s perspective and explore behavioural
responses and the mechanics of movements (Gurarie, 2008; Smouse et al., 2010). Examples include
random walks and Lévy flights (Börger et al., 2008; Nathan et al., 2008).
Eulerian approach:
Describes an individual’s or population’s expected behaviour of space use, and quantifies population
redistribution. Movement is considered from a fixed geographical area, with focus on the changes
occurring at locations over time (Fagan et al., 2013). These models are particularly useful when assessing
spatial distribution and habitat usage for multiple animals (Gurarie, 2008; Smouse et al., 2010). Examples
include diffusion models and home range analysis as they consider the area utilisation by an
individual/population rather than the movement paths themselves (Börger et al., 2008; Gurarie, 2008;
Kranstauber et al., 2014).

Scale and pattern recognition are considered general problems in various disciplines of
ecological research (Wiens, 1989; Levin, 1992; Jackson & Fahrig, 2015), and also apply to
modern movement research. Challenges include: the identification of key processes shaping
movement patterns, linking underlying ecological processes, internal states of behaviour,
integration of a dynamic and heterogeneous environment, inference of spatial dynamics on
population level, and finally, the interaction with ecological and evolutionary patterns and
processes. Jointly, these issues, when properly integrated, ensure the placement of
movement data in appropriate environmental contexts (Austin et al., 2004; Redfern et al.,
2006; Nathan, 2008; Nathan et al., 2008; Schick et al., 2008; Cagnacci et al., 2010; Mueller et
al., 2011; Benhamou, 2014).
As such, an increasing number of studies combine the above-mentioned approaches to
complement each other (Nathan et al., 2008), and recently, the ‘Movement Ecology concept’
was proposed as a unifying paradigm representing “an integrative theory of organism
movement for better understanding the causes, mechanisms, spatio-temporal patterns, and
consequences of all movement phenomena and their role in various ecological and
evolutionary processes”, [where] “… four basic components are needed to describe the
underlying mechanisms of movement: the organism’s internal state (defining intrinsic
motivation to move); the motion and navigation capacities (representing, respectively, the
ability to move and where and when to move); and the broad range of external factors
affecting movement”, [this paradigm] “integrates conceptual, theoretical, methodological
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and empirical frameworks for studying movements …” (Nathan, 2008; Nathan et al., 2008).
Placing animal movements in such a framework is a new concept, which has yet to be
embraced in many areas of animal behaviour (including cetacean) research.
The limited usage of the more complex and sophisticated modelling approaches, is
particularly apparent in research on smaller odontocetes, but exceptions include: bottlenose
dolphin (Bailey & Thompson, 2006; New et al., 2013), Chilean (Cephalorhynchus eutropia)
and Peale’s dolphin (Lagenorhynchus australis) (Viddi et al., 2011). Their limited use in
cetacean research to date may, in part, be attributed to the large spatial ranges of cetaceans
(Austin et al., 2004), to the recent introduction of these techniques and the continued
development of conceptual approaches (Moorcroft & Lewis, 2006; Cagnacci et al., 2010;
Moorcroft, 2012). In addition, the complexities of these new methods and movement data
in general have led researchers to apply other methods, thus avoiding these complexities
instead of integrating these (Patterson et al., 2008). Besides, most of these techniques
require relatively high resolution data (both spatially and temporally) such as remotely
sensed tracking data. Among cetaceans, telemetry tracking has been most frequently
conducted on the larger whale species (e.g. various mysticetes, and odontocetes such as
sperm (Physeter macrocephalus) and killer whales (Orcinus orca)) for a range of purposes
(Cotté et al., 2009; Horton et al., 2011; Matthews et al., 2011; Mathias et al., 2012; Double
et al., 2014; Irvine et al., 2014; Kennedy et al., 2014; Rosenbaum et al., 2014). This reduced
application on smaller species, in turn, contributes to the limited usage of these more
comprehensive models in analysing empirical movement data of smaller odontocetes.
Nevertheless, these approaches offer great potential in movement model simulations (e.g.
New et al., 2013).
Despite its recent introduction, state-space models are becoming more common in
analysing whale movements (e.g. Bailey et al., 2009; Schick et al., 2009; Block et al., 2011;
Matthews et al., 2011; Kennedy et al., 2014; Rosenbaum et al., 2014). These allow
inferences from observed data whilst accounting for errors arising from imprecise
observations (i.e. uncertainty in exact animal locations and missing location data) and from
statistical noise in the process being studied, and are therefore particularly appropriate for
the analyses of telemetry derived movement data (Jonsen et al., 2003; Patterson et al.,
2008; Schick et al., 2008). Additionally, various studies on larger whales have used
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movement models based on various random walk models (e.g. Jayko et al., 1990; Whitehead
et al., 2008; Durban & Pitman, 2011; Ford et al., 2013).
Home range
The home range concept
A key concept in animal movement research is the home range (HR). The most commonly
used HR concept was described by Burt (1943), and defined as: “The area traversed by the
individual in its normal activities of food gathering, mating and caring for young”, [where]
“occasional sallies outside the area, perhaps exploratory in nature, should not be considered
as part of the home range. The home range need not cover the same area during the life of
the individual.” As the HR represents the area regularly used to acquire important lifesustaining resources required for survival, growth and reproduction, the HR area reflects a
certain productivity and availability of resources that meets the energy requirements of the
individual or group (Jewell, 1966, Wells et al., 1999). Consequently, the HR is defined
without taking other animals into account, in contrast to a territory that is actively defended
against other individuals (Mace et al., 1983; Miller, 2009). Increased familiarity with the HR
environment, and knowledge of the locations of key resources, provides a potential
advantage since it reduces the energetic costs in searches for resources (Powell, 2000).
Animals use different areas within their HR with unequal intensity, and concentrate their
presence in specific core areas (Powell, 2000). In a biological sense, the HR represents a
flexible, time-scale dependent space use pattern that emerges from restricted animal
movements. Obviously, the HR concept is closely associated with site-fidelity and residency
(Powell, 2000) and with memory processes and cognitive mapping (Giuggioli & Bartumeus,
2012; Spencer, 2012) since animals need to show repeated patterns of presence in order to
establish a HR.
In recent decades, analyses of (cetacean) HRs have been used for a variety of research
topics, including studies of habitat and resource usage within and between species, spatial
organisation,

social

structuring,

predator-prey

interactions,

assessing

effects

of

environmental change (climate, productivity), anthropogenic impacts, assessment of animal
decision-making processes, population identification, gender-biased dispersal, sexual
segregation, conservation and management strategies, and assessment and development of
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analytical approaches and software (Wolf & Trillmich, 2007; Börger et al., 2008; Horne et al.,
2008; Knight et al., 2009; Mabry & Pinter-Wollman, 2010; Powell & Mitchell, 2012; Fury et
al., 2013; Tracey et al., 2014).
Although most research on animal HRs is conducted on terrestrial animals, various studies
have assessed HRs for a number of cetacean species. Since cetaceans are highly mobile and
long-lived species, HRs obtained from data spanning a relatively short period compared to
their life expectancy, may represent part of their HRs only (e.g. a breeding site), where
ranges may represent a snapshots at a certain location or of a certain time periods only.
With the exception of the Neobalaenidae (pygmy right whale) and Kogiidae (pygmy and
dwarf sperm whale), HR studies have been conducted on all currently recognised, nonextinct cetacean families (Dorsey, 1983; Jian & Peixun, 1996; Heide-Jørgensen et al., 2002 &
2012; Hooker et al., 2002; Flores & Bazzalo, 2004; Hobbs et al., 2005; Johnston et al., 2005a;
Braulik, 2006; Elwen et al., 2006; Laidre et al., 2006; Parra, 2006; Hauser et al., 2007; Irvine,
2007; Laidre et al., 2007; Bordino et al., 2008; Dalla Rosa et al., 2008; Jochens et al., 2008;
Rayment et al., 2009a; De Faria Oshima et al., 2010; Denkinger, 2010; Quakenbush et al.,
2010; Chen et al., 2011; Riet-Sapriza et al., 2011).
Home range analyses
Many different methods may be used to analyse HRs (e.g. overviews by Boulanger &
White, 1990; Harris et al., 1990; Kernohan et al., 2001; Laver & Kelly, 2008; Kie et al., 2010;
Nelson, 2011; Walter et al., 2011). HR models are broadly divided into two approaches;
traditional statistical models and the less commonly used mechanistic models (Moorcroft et
al., 1999).
Statistical models convert spatial distributions of location data into an estimated range
size used by animals. However, due to their descriptive nature, they do not generally offer
insights into the decision rules and behavioural mechanisms involved which led the animal
to move across a habitat (Austin et al., 2004). A variety of statistical HR models exist, and the
different approaches vary in many facets, including type of input data, assumption of
underlying distributions, ability to incorporate correlated sequential points, sample size
requirements, sensitivity to outliers, ease of calculation, comparability among methods, the
possibility to incorporate multiple nuclei (i.e. multiple centres of activity), and ability to
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inform on core usage areas and habitat use (Sanderson, 1966; Worton, 1987; Powell, 2000;
Hooker & Baird, 2001; Kernohan et al., 2001; Börger et al., 2008), impeding comparison
between results. At present, no consensus exists regarding the most appropriate HR
estimation method (Powell, 2000; Börger et al., 2008; Laver & Kelly, 2008).
These statistical models are, however, generally most appropriate in cetacean research,
where location data are often derived from point observations (e.g. during line transect or
photo-ID effort). Minimum Convex Polygon (MCP) models, which simply represent the area
used by an individual by connecting the outermost sighting locations, and Kernel models,
which provide a relative intensity of space use by means of a utilisation distribution (also
called probability density function), are most frequently applied to investigate cetacean HRs,
and most studies have used either one, or both, of these approaches. However, see Elwen et
al. (2006), Sutaria (2009), Patterson (2012) and Davis et al. (2014) for recent studies using
the Local Convex Hull (LoCoH) method, and Patterson et al. (2009) for usage of the Grid
Square and Buffer estimation methods, as examples of cetacean studies using alternative
statistical methodologies to quantify HR sizes.
In contrast, telemetry datasets contain fine-scale spatial and temporal sequences of
animal locations, allowing investigation into how movement strategies result in HR
emergence. Mechanistic HR models, based on correlated random walks (CRW), have been
used to characterise HR from fine-scale animal path trajectories. These models, in contrast
to statistical models, provide information on the underlying processes of individual
movement behaviour, can incorporate both movement responses to underlying habitat
heterogeneity and behavioural interactions between individuals, can be used to make
predictions of changes in space use in response to environmental or demographic changes,
and are able to investigate the consequences of alternative movement strategies by
individuals (Moorcroft et al., 1999 & 2006; Millspaugh et al., 2012). Recently, this approach
was modified by modelling a biased CRW, incorporating animal memory processes (van
Moorter et al., 2009). However, to date, with one exception, mechanistic HR approaches
have not been applied in cetacean HR studies. This is likely because of the limited usage of
high-resolution telemetry tracking in cetacean HR research. To my knowledge, the only
cetacean study using mechanistic HR analysis is by Nabe-Nielsen et al. (2013). These authors
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integrated CRW with a spatial memory mechanism to investigate foraging strategies and HR
patterns of satellite-tracked harbour porpoises.
With the main emphasis on other research questions, few cetacean movement studies
have aimed to investigate underlying processes, or to make inferences at a
population/species level. Instead, cetacean movement investigations have, in general,
remained fairly descriptive, including the usage of simpler qualitative characterisations such
as travel distance and speed, fractal analysis, directness and deviation indices and squared
displacement, or have been analysed using alternative approaches such as GAMMs or
resource selection functions to investigate the movement-habitat relations (e.g. Mouillot &
Viale, 2001; Laidre et al., 2004; Whitehead, 2001; Williams et al., 2002; Whitehead &
Rendell, 2004; Ferguson et al., 2010; Viddi et al., 2011). Additionally, cetacean HR studies
frequently investigate HRs with the aim of providing useful information for conservation
management. As such, key questions include: how much space is required, which areas are
most frequently used (core areas), what habitat characteristics are related to the HR, what
are the social, genetic and demographic consequences of overlapping HRs (or lack thereof),
and what is the spatial overlap with anthropogenic pressures and with proposed
conservation areas (e.g. Flores & Bazzalo, 2004; Chen et al., 2011; Martínez-Serrano et al.,
2011; Cagnazzi et al., 2013; Espírito Santo et al., 2013; Irvine et al., 2014; Hauser et al.,
2014). Consequently, research has mainly focused on the space use patterns instead of on
the underlying processes resulting in the emerged HR such as memory, decision making, and
navigation. As such, future progress in cetacean movement and HR research will benefit
from recent technical and conceptual advances.
2.2.3. Data collection methods
Studies on the distribution and/or movement patterns of cetaceans, require considerable
effort (Wilson, 1995; Hooker & Baird, 2001; Weir et al., 2008b; Ballance, 2009) and are often
restricted due to the technical challenges of sub-surface monitoring or due to (logistical)
limitations in long-term fine-scale monitoring in dynamic offshore environments.
Furthermore, most cetaceans are long-lived, highly mobile species, complicating the way
their movements and the ecological relevance of these movements can be studied (Hooker
& Baird, 2001; Ballance, 2009).
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Different sources of information and research techniques have been used to investigate
the movements of cetaceans and other marine mammals; these include boat-based line
transect or photo-ID surveys (using photography or videography), visual and acoustic surveys
from static platforms, surveys from aircraft, land-based tracking (e.g. theodolite and videorange tracking), underwater observations, and individual-based telemetry tracking (Stevick
et al., 2002). Recently, a few studies have successfully pioneered the use of autonomous
underwater vehicles, such as gliders and floats (Klinck et al., 2012; Baumgartner et al., 2013),
autonomous acoustic sailboats (Klinck et al., 2009), and even monitoring from space using
high resolution satellites (Fretwell et al., 2014).
Traditional data records
Both sighting records and stranding data can be used to investigate (seasonal)
movements at a population level. Much of our early knowledge of large whale population
movement patterns is based on the logs kept by whalers describing dates and locations of
captures (Lockyer & Brown, 1981; Stevick et al., 2002; Ballance, 2009; Mizroch & Rice, 2013).
Additionally, inferences on individual movements may also be made from these data. For
instance, Bockstoce & Burns (1993) reported findings of whaling harpoon points in bowhead
whales (Balaena mysticetus) captured in the Chukchi Sea, which supposedly came from
whaling vessels solely cruising Arctic waters of the western North Atlantic. Likewise, George
& Bockstoce (2008) reported a bowhead whale captured off San Francisco containing a
harpoon point engraved with the ownership mark of a whaling vessel working in the BeringChukchi-Beaufort area.
Individual identification
Animals can be individually identified by natural or human-caused markings. Such marks
include the presence and variations in scars, nicks, notches, dorsal fin and fluke shapes,
pigmentation patterns, callosity patterns, deformities, skin lesions, and the presence of
barnacles (Wells, 2009).
A technique used previously (Würsig et al., 1991; Samuels & Tyack, 2000) was the tagging
of cetaceans with visually recognisable marks. Whereas anthropogenic markings on
cetaceans may occur incidentally (e.g. entanglement and propeller scars), various early and
long-running studies have used freeze-branding, intentionally notching fins and attaching
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visually distinctive tags (e.g. discovery, button, roto, remora and spaghetti tags) to improve
recognition of study animals for future observations (Norris & Pryor, 1970; Evans et al.,
1972; Irvine & Wells, 1972; Wells et al., 1987; Irvine et al., 1981 & 1982; Lockyer & Brown,
1981; Gaskin, 1982; Evans, 1987; Scott et al., 1990b; Mead & Gold, 2002; Wolf & Trillmich,
2007; Wells, 2009; Mizroch & Rice, 2013). The usage of these artificial markings and
attachment of visual and other telemetry tags (see below) remains controversial due to
several disadvantages including behavioural changes and health impacts (stress, wound
healing problems, abrasions, tearing, and migration of the tags), death during the capture or
tagging process, methodological constraints (attachment of algae and barnacles preventing
tag recognition; duration of tag attachment), and associated ethical issues (Irvine et al.,
1982; Tanaka et al., 1987; Scott et al., 1990b; Würsig et al., 1991; Wells, 2009; Waring et al.,
2012a). Since many of these attachment techniques proved to be ineffective and/or
injurious, the combination of poor tag retention and the potential for injury provided reason
for discontinuation of several of these methods (Wells, 2009).
Photo-identification
Photo-identification (photo-ID) provides a relatively non-intrusive method for long-term
individual recognition. The method relies on the identification of individuals by their
naturally occurring marks, where animals are photographically ‘captured’ in photographic
pictures (Hammond et al., 1990). For many small cetaceans, this generally involves taking
high quality photographs of the dorsal fin, so that individually distinctive long-lasting
markings (i.e. nicks and notches) can be identified (Würsig & Jefferson, 1990). Other
naturally occurring marks, such as scars and bites may also be useful for individual
identification, although factors such as fading and the acquisition of new marks require
careful consideration (Wilson et al., 1999a; Blackmer et al., 2000). For other cetaceans,
different features may prove to be more useful for individual identification, such as the
shape of the saddle and eye patch (killer whales) (Olesiuk et al., 1990), pigmentation
patterns on the body such as spots, blotches and white areas (e.g. blue whale (Balaenoptera
musculus) and bowhead whale) (Sears et al., 1990; Rugh et al., 1992), perhaps in conjunction
with barnacle patterns (gray whale) (Bradford et al., 2011), pigmentation patterns of the
underside of the fluke (humpback whale, Megaptera novaeangliae) (Katona et al., 1979),
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callosity patterns (right whales, Eubalaena sp.) (Best et al., 1990) and fluke shape (sperm
whale) (Arnbom, 1987).
Successive pictures of the same individual are considered ‘recaptures’. By combining the
sighting pictures with additional information (such as sighting location and time of
encounter), the sighting history of a specific dolphin or whale can be established, and in turn
used for movement research (Würsig & Jefferson, 1990; Calambokidis et al., 1990). The
longest mammal movement recorded to date by means of photo-ID is a female humpback
whale first identified off a breeding site near Brazil, and later photographed in another
breeding area off Madagascar, a minimal straight line distance of over 9,800km (Stevick et
al., 2011). Although photo-ID and mark-recapture are useful in obtaining travel distances
between locations, they do not provide information about the specific route travelled by the
individuals between sightings.
At present, photo-ID is an established, widely applied research method, used globally on
most cetacean species (Hammond et al., 1990; Whitehead et al., 2000b). The ability to
repeatedly identify individuals present at a certain time and place has obvious benefits to a
variety of research questions pertaining to the ecology, behaviour and population dynamics
of species, and has substantially increased our understanding of individual distribution and
movement patterns, migratory cycles, site-fidelity, residency and home ranges, stock
structure, social association indices, group composition, age/gender and population-related
behaviour differences, habitat usage, population abundance, connectivity between
populations, demographics, and life history parameters (Hammond et al., 1990; Wells, 1991
& 2009; Stevick et al., 2002; Hammond, 2009).
Land-based monitoring
Land-based tracking of cetaceans is non-intrusive and has the major advance that animals
continue to display normal (non-disturbed or altered) behaviour. However, this technique
requires the presence of animals relatively close to shore, and animals can only be tracked in
a relatively small area (Würsig et al., 1991), during daylight hours, under good weather
conditions, and consequently is not suitable to investigate medium to large scale
movements. From land, geolocating the movement paths of animals is frequently been
carried out using theodolite tracking which provides an accurate estimation of animal
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location (Lerczack & Hobbs, 1998). Analysis of successive positions can provide information
on travel distances and speeds, and the relation between location data and habitat variables
(Würsig & Würsig, 1979 & 1980). Other approaches have also been used, such as photo- and
video-range tracking (Gordon, 2001; Leaper & Gordon, 2001; Lacey et al., 2010), usage of
rangefinder binoculars (Gordon, 2001; Leaper & Gordon, 2001), the combined usage of
binocular reticules with compass bearing (Kinzey & Gerrodette, 2003), using vertical angle
boards (Dawson et al., 2008), using a grid approach which splits the research area into
sectors or using the presence of other deployed objects or coastline features to aid distance
estimation (Bristow & Rees, 2001; Pierpoint et al., 2009). Typically, these approaches
provide less accurate location data, may not be suitable for certain species (e.g. small
cetaceans or those only briefly at the surface) and may be less appropriate for longer
distances between the observation point to the animals (but see Denardo et al., 2001; Hastie
et al., 2003a).
Passive acoustics
Characteristic vocalisations of many cetacean species can be recorded and collected to
locate or track the distribution and movements of cetaceans, both on individual and on
population levels (e.g. Nosal & Frazer, 2007; Pirotta et al., 2012; Wiggins et al., 2012; Risch et
al., 2014a&b). For example, using recordings from a network of hydrophones operational
during the Cold War (mid-1940’s - early 1990’s) throughout the North Atlantic and North
Pacific Oceans, it was possible to acoustically track a particular blue whale for 43 days while
it moved >2,700km (Clark, 1995). Furthermore, new tracking technology using autonomous
gliders equipped with passive acoustic equipment to monitor baleen whales movements in
near-real time, has recently demonstrated its potential for applied conservation (NOAA,
2004; Baumgartner et al., 2013; WHOI, 2013). In the future, smart autonomous gliders might
be programmed to monitor specific areas in more detail based on real-time detection
results.
Population characteristics
Differences in population characteristics, such as contaminant loads, parasite
assemblages, presence of specific diatoms, colourations and other morphological features,
diets and stable isotope ratios, vocalisations, and genetics, can provide clues on movements.
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These data can be processed to assess the level of movement, or isolation, between areas
and populations (Lockyer & Brown, 1981; Hobson, 1999; Stevick et al., 2002; Quérouil et al.,
2013). For example, bottlenose dolphins of the ‘offshore’ ecotype are considered to
predominantly inhabit more open and deeper waters located further offshore. Among other
differences, distinction in diets and internal and external parasites are reported between
‘coastal’ and ‘offshore’ bottlenose dolphins (see Chapter I).
Genetic tagging
Genetic analyses of samples from live animals provide information on the presence of
(genetically) identifiable animals in these tagging locations and can be used to investigate
dispersal movements and relationships between animals within and between populations
(Whitehead et al., 2000b; Morin & Dizon, 2009). In addition, these samples can be used to
confirm gender, in turn facilitating research on gender-related movement patterns (Stevick
et al., 2002). The spatial distribution of genetic diversity is used to identify population
subdivisions of geographically-isolated, demographically-independent communities (Moritz,
1994), and hence genetic analyses is a valuable tool in assessing gene flow between animals
and defining stock and population structures (e.g. Duffield & Wells, 1991; Krützen et al.,
2004; Natoli et al., 2004 & 2005; Sellas et al., 2005; Parsons et al., 2006; Segura et al., 2006;
Rosel et al., 2009; Tezanos-Pinto et al., 2009; Martien et al., 2012). For instance, results of
genetic analyses revealed a lack of population structuring for short-beaked common and
Atlantic spotted dolphins (Stenella frontalis) from the Azores and Madeira, two archipelagos
in the Mid Atlantic separated by 900km, and implied gene flow, and thus movement, over
long distances (Quérouil et al., 2010).
Telemetry
The accumulation of locations of individual animals can be accelerated through the use of
animal-borne telemetry devices, using archival or transmitting radio and satellite tags.
Animal-borne telemetry can be described as “the process of obtaining data remotely, by
transmitting information from an animal or by storing it for later retrieval” (Read, 2009).
Data collected using archival tags are stored on the devices themselves, and therefore need
to be retrieved to download the recorded data (Hooker & Baird, 2001; Read, 2009).
Frequently, archival tags are attached using suction cups, which remain attached to the
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animals for a few hours up to several days (Wiggins et al., 2012). In comparison to radio- and
satellite-transmitted data, archival tags typically allow data collection at much higher
resolution (Read, 2009; Wiggins et al., 2012). During radio-tracking, information is
transmitted via a radio signal and received using (directional) antennas (Leatherwood et al.,
1978; Balmer et al., 2008). Radio-tracking entails relatively labour-intensive monitoring,
providing insights into animal movement patterns on relatively small temporal and spatial
scales (Read, 2009; Balmer et al., 2014). Radio signals have effective ranges of only few tens
of kilometres (Würsig et al., 1991; Read, 2009), forcing researchers to stay in close proximity
of the tagged animals for extended time periods. Signals transmitted from satellite tags, on
the other hand, are relayed via orbiting satellites to land stations. Consequently, remote
tracking via satellite-linked transmitters allows insights into long-term, long-distance animal
movements independent of time of day, weather and sea conditions and location, and
without the disturbance of a research vessel in the vicinity of the animals (Reeves &
Brownell, 2009; Balmer et al., 2014).
The development of telemetry techniques and devices is an ongoing process (Stevick et
al., 2002), enhanced by continuous advances in computing power, increased ability of data
storage, development of microprocessors, and the expansion of global tele-communication
systems (Read, 2009). Device designs are getting smaller, lighter, more streamlined, with
better attachment methods, resulting in increased suitability for smaller cetacean species,
decreased drag and premature detachment, which in turn decreases the potential to harm
tagged individuals (Tanaka et al., 1987; Evans, 1987; Würsig et al., 1991).
Telemetry tracking has various advantages over other approaches. Compared to most
previously described methods, telemetry enables the collection of long-term fine-scale
‘continuous’ track data over vast distances while potentially collecting simultaneous data on
environmental conditions, or on an individual’s physiology or behavioural data, such that
movement patterns could be analysed with respect to these conditions (Stevick et al., 2002;
Baumgartner & Mate, 2005; Read, 2009; Wiggins et al., 2012).
One of the key drawbacks is the expense of tags, limiting the number of individuals
tracked, potentially impeding general conclusions at the population level (Evans, 1987;
Balmer et al., 2014). In addition, tag attachment can be intrusive, with potential for drag,
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behavioural changes, and longer term injury (Evans, 1987; van der Hoop et al., 2014). As
cetaceans inhabit an aquatic environment, capturing and handling the animals to attach the
devices, the recovery of the tags, and transmission of data often prove challenging (Evans,
1987; Whitehead et al., 2000b; Hooker & Baird, 2001). Since electro-magnetic signals
attenuate rapidly in salt water, transmission of tracking data of marine mammals is limited
by the requirement of the antennae to be above the surface (Würsig et al., 1991; Read,
2009). This, in turn, complicates the tracking as it reduces the time available for transmission
during only the short surface periods. Non-continuous coverage by satellite receivers,
limited battery tag power and restrictions in data transfer rates (Hooker & Baird, 2001; Read,
2009) are other limitations.
2.2.4. Summary
In summary, movement estimates for cetaceans can be derived using a variety of
platforms and approaches, each with their own advantages and limitations with regards to
the data collection itself, as well as with respect to financial, logistical and ethical
considerations. In particular, methods differ with respect to sample size, duration of data
collection, spatial and temporal coverage, resolution of the data, and required effort.
Suitability of techniques may differ between species, environments and research aims
(Hooker & Baird, 2001) and a combination of multiple approaches might often be beneficial
(Balmer et al., 2014).
In addition to defining specific research objectives and financial constraints, which initially
filter which approaches could be taken into consideration, a range of other potential
complications need to be taken into account, including: the nature of the environment
(accessibility, local site conditions, logistical constraints), weather conditions affecting
sighting probability of animals (which can be species dependent), mobility of species under
study, sociality of species targeted, suitability for attachment of devices (effectiveness, tag
size appropriate for the species, attachment procedure, potential for injury), and finally the
regulations and ethics/welfare issues involved to obtain the data (Sanderson, 1966; Wells,
1991; Wilson, 1995; Cooke, 2008; Ballance, 2009).
Although the aim of some studies may be strictly to investigate animal movements,
cetacean research is frequently placed in a wider context, where a combination of
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techniques might be used to optimise our understanding of the patterns, relations and larger
ecological processes. Increasingly, combinations of research techniques, including
movement research, are used in conservation research in particular, where results are
beneficial and applicable to management (e.g. Cooke, 2008; Toth et al., 2012; Waring et al.,
2014 and references therein; Sveegaard et al., 2015).

2.3. CETACEAN MOVEMENTS
2.3.1. Factors related to movements
Species and habitats are involved in a wide range of complex interactions (Hui, 1979;
Wells et al., 1980; Brown et al., 2001). A species’ presence is determined by many
demographic, evolutionary, ecological, habitat related and anthropogenic factors (Forcada,
2009). Habitat suitability for cetaceans and other mobile species are determined by multiple
characteristics of both biotic and abiotic site conditions, which may vary seasonally and
between regions, and which interact in complex ways to determine species presence and
abundance (Gaskin, 1972 & 1982). Consequently, many different ecological factors are
related to the complex habitat requirements of cetaceans at different spatial and temporal
scales and behaviours (Allen et al., 2001; Davis et al., 2002; Stevick et al., 2002; Hastie et al.,
2004).
Generally, species distributions are primarily determined by the resources required for
survival and reproduction (Reeves et al., 2002). The spatial arrangement of prey resources is
considered the primary factor governing cetacean distribution (Gaskin, 1982; AcevedoGutiérrez & Parker, 2000; Reeves et al., 2002; Cubero-Pardo, 2007; Forcada, 2009), with
many studies reporting distribution to be linked to the presence, abundance and movements
of prey (Irvine et al., 1981; Gaskin, 1982; Shane, 1990a & 2004; Moore et al., 2002).
The marine environment is dynamic, and consequently, the predictability and stability of
resources is likely to be less than in terrestrial systems. In addition, the resources utilised by
cetaceans are not uniformly distributed (Bjørge, 2001). The distributions of resource patches
vary both in space and time, and subsequently, animals are required to adapt to their spatial
and temporal variability (Corkeron & van Parijs, 2001; Stern, 2009). This is highlighted by a
recent study investigating the spatial coherence between prey and predators in pelagic
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marine ecosystems (Benoit-Bird et al., 2013). In this habitat, the expected spatio-temporal
overlap between predators and prey, commonly observed in terrestrial, aquatic and benthic
marine systems, appeared to be rarely observed. It was argued this might be explained by
the most commonly used measures to quantify prey distributions (such as biomass density,
average prey concentration and numerical abundance) which might not capture the
ecological relations and mechanisms between predators and their prey as they do not
integrate the spatial scales of prey aggregations. However, these authors revealed that
predators were spatially linked to prey when incorporating measures describing the
patchiness of prey. This indicates that “patchiness may be critical for understanding
predator-prey relationships…” (Benoit-Bird et al., 2013).
The distribution and abundance of predators, competitors, and conspecifics are other
biotic factors influencing cetacean distributions (Wells et al., 1980; Corkeron, 1990; Shane,
1995; Bowen & Siniff, 1999; Heithaus, 2001; Davis et al., 2002; Heithaus & Dill, 2002; Mann
& Watson-Capps, 2005). Furthermore, distributions of individuals may be determined by
demographic factors (age, gender, reproductive status, social organisation and reproductive
strategy), evolutionary factors (morphological, physiological and behavioural aspects of the
species’ adaptations), as well as by anthropogenic factors (fishing, boat traffic, pollution,
anthropogenic sound) (Wells et al., 1980, 1987 & 1990; Irvine et al., 1981; Scott et al.,
1990a&b; Bowen & Siniff, 1999; Mann et al., 2000; Forcada, 2009; Gibson et al., 2011).
Cetacean distributions are also influenced by environmental conditions and suitability of
the habitat and, as such, distribution is related to several abiotic factors. The physical feature
of the habitat (water temperature, salinity), oceanography (channels, fronts, tidal flows,
upwelling areas) and bathymetry (depth and slope aspects, bottom relief) are examples of
ecological aspects acting on the distributional ecology of cetaceans (Gaskin, 1972 & 1982;
Norris & Dohl, 1980a; Wells et al., 1990; Jefferson et al., 1993; Jaquet, 1996; Griffin, 1999;
Hooker et al., 1999; Baumgartner et al., 2001; Cañadas et al., 2002 & 2005; Davis et al.,
2002; Lusseau et al., 2004; Burtenshaw et al., 2004; Yen et al., 2004; Ballance et al., 2006;
Moore & Lien, 2007; Silva et al., 2008). Many of these conditions are related to system
productivity and, in turn, indirectly to prey distribution (Gaskin, 1972; Cañadas et al., 2002;
Davis et al., 2002; Naud et al., 2003; Burtenshaw et al., 2004). Cetacean distributions, and
hence movement patterns, are generally considered not to be driven directly by the
62

Chapter II - Cetacean movements: an overview of relevance, research approaches and movement types

environmental conditions per se, but these local characteristics serve as proxies of prey
availability (Redfern et al., 2006; Palacios et al., 2013).
Climate change may alter both the biological components and abiotic conditions of
cetacean habitats, and can directly (thermal tolerance) as well as indirectly (via shifts in the
abundance and distribution of prey, inter-specific competitors and predators) affect
distributions and movements (e.g. Ferguson et al., 2010; Higdon & Ferguson, 2009; Moore,
2009).
The relative importance of above-mentioned factors, on the distribution and abundance
of animals differs between studies, both within and between cetacean species. This lack of
consistency may reflect differences in the spatial and temporal scales between studies.
However, they may also represent real differences in the relationships between cetaceans
and their local habitats since intra-specific variations in site-fidelity, feeding and movements
patterns are considered to reflect adaptations to local ecology (Shane et al., 1986; Wells &
Scott, 1999). In any case, since the synergy of these factors determines whether particular
areas are suitable for, or perhaps even preferred by cetaceans (Bowen & Siniff, 1999), they
are also likely to be key drivers in the movement patterns of cetaceans.
In summary, animals may move in response to changes in environmental conditions, as a
reaction to a change in their biological and ecological requirements (e.g. reproductive needs)
or the need to avoid predation (Bowen & Siniff, 1999; Forcada, 2009; Palacios et al., 2013).
2.3.2. Types of movement
When referring to animal movements in general, the term ‘movement’ is often used in a
broad sense covering a wide spectrum of meanings including ecological, behavioural and
genetic aspects, such as ranging, movement associated with territory establishment and
defence, foraging and search strategies, homing behaviour, locomotion, migration, and
home range (Sanderson, 1966; Swingland & Greenwood, 1983). In addition, animal
movement patterns range from local residency to migration with differences in distance,
timing, and duration of movements, and movements may vary between species,
populations, and individuals (Mueller et al., 2011; Singh et al., 2012). This section provides
an overview of the variety of different movement types undertaken by cetaceans on a range
of spatial and temporal scales.
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Migration
Migrations represent extremes of large-scale displacement (Corkeron & van Parijs, 2001;
Stern, 2009), and can be described as regular, repeated and large-scale movement between
different sites of the home range (Dingle, 1996; Dingle & Drake, 2007). Contrary to other
long-distance travel, migration is characterized by ‘linear’ periodic return movements
between sites which serve a different purpose in an individual’s life history, as whales
display both temporal and spatial segregation between breeding and feeding (Dingle, 1996;
Lockyer & Brown, 1981; Hack & Rubenstein, 2001; Stern, 2009).
Due to the higher density of water, the costs of locomotion are less for animals living in
an aquatic environment compared to a terrestrial environment (birds excluded). The dense
medium also allows cetaceans to grow larger than would be possible on land, reducing the
relative energetic costs of travelling as cost decreases with body size. This, in combination
with the connectivity between oceans, resulted in the general pattern that cetaceans may
have larger ranges than terrestrial mammals (Corkeron & van Parijs, 2001).
Among mysticetes, long-distance migrations are common, and characterised by annual
cycles, with latitudinal movement between foraging grounds in polar or cold temperate
zones and breeding grounds in (sub)-tropical areas (Corkeron & Connor, 1999). Although
migrations are common, not all baleen whale species demonstrate equal migration patterns.
Bowhead whales, for example, do not show migration towards warmer foraging areas.
Instead, they perform substantial longitudinal movements and remain in higher latitudes
where they breed and calve near the pack ice-edge (Corkeron & van Parijs, 2001). The
opposite pattern is suggested for a South African inshore population of Bryde’s whales
(Balaenoptera brydei) (Best, 2001). Likewise, not all individuals of a migratory species
necessarily migrate every year. Proportions of baleen whale populations may remain in Polar
Regions during the winter, or remain in breeding areas during summer (Corkeron & Connor,
1999; Aguilar, 2009; Jones & Swartz, 2009; Perrin & Brownell Jr., 2009), a phenomena
referred to as partial migration (Dingle & Drake, 2007). Differences in migratory behaviour
may occur between age classes or gender, known as differential migration (Brown et al.,
1995; Craig et al., 2003). This contributes to the debate about why baleen whales migrate
(Corkeron & Connor, 1999; Clapham, 2001). At present, the function of migration is still
unclear (Reeves et al., 2002). Several, not mutually exclusive, hypotheses have been
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suggested for long-distance mysticete migrations, and current available information does
not satisfyingly support one of these to be entirely correct (for proposed functional
mechanisms and discussions see Evans, 1987; Corkeron & Connor, 1999; Clapham, 2001;
Corkeron & van Parijs, 2001; Reeves et al., 2002; Alerstam et al., 2003; Reeves & Stewart,
2003; Stern, 2009).
Odontocetes are less capable of such sustained seasonal fasting than mysticetes. With
the exception of male sperm whales, odontocete species do not demonstrate the extreme
annual movements of traversing ocean basins (Hack & Rubenstein, 2001).
Seasonal movements
Many odontocetes display seasonal movements, rather than being strictly migratory, and
both latitudinal and longitudinal seasonal movements have been reported for many species
(Reeves & Stewart, 2003). However, even non-migratory species can be highly mobile
(Tyack, 2009). Seasonal movements, despite their sometimes repeated long-distance
movements, are not considered true migrations, as movements are dictated by changing
distributions or abundances of prey (Essapian, 1962) or changing environmental conditions
(Pyke, 1983) rather than by patterns of site use for the life history roles of feeding and
breeding (although migration might have evolved for the same reasons). Animals respond to
changing environmental conditions in their local habitat by attempting to remain in habitat
with favourable environmental characteristics (Stern, 2009). Additionally, seasonal
movements may reflect movement toward warmer regions following prey species which do
not tolerate colder temperatures. In this case, seasonal movements are directly linked to
prey availability and indirectly to environmental conditions. Changing water temperature, in
particular, is considered as one of the main drivers directing seasonal cetacean movements
(Wells et al., 1990), but other habitat factors may be important too. For instance, river
dolphins must ensure their movements and distributions are appropriate to seasonally
variable water level conditions (Reeves & Stewart, 2003), whereas killer whales undertake
seasonal movements in relation to the occurrence of pack ice (Matthews et al., 2011). Little
is known about movement patterns of many pelagic dolphins (Wells & Scott, 1999), and
although there is little evidence to support this hypothesis, it is suggested that long-distance
seasonal movements may be undertaken by offshore dolphins, in relation to the migration
of the fish species in their diet (Leatherwood & Reeves, 1982). Furthermore, it is
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hypothesised that delphinids in a pelagic environment, where foraging strategies are often
dominated by the formation of large groups, and waters are characterised by relative low
productivity, prey availability, prey predictability and increased patchiness, have to range
over long distances to secure sufficient food (Gowans et al., 2007).
Seasonal shifts do not necessarily have to occur over long distances; many small cetacean
species remain within the same geographic location for their entire lifespan, where they
display spatial and temporal overlap between feeding and breeding. Within this region, or
even within an established home range, seasonal displacement may take place. This can be
seen in seasonal changes in habitat use by the bottlenose dolphins (Tursiops truncatus) in
Sarasota, Florida, where dolphins predominantly frequent shallow estuarine waters during
the summer, and use the coastal waters and passes between barrier islands in the winter.
These seasonal differences in habitat use appeared to be associated with the seasonal shift
in mullet (Mugil cephalus) distribution (Irvine et al., 1981; Wells et al., 1987; Wells & Scott,
1999).
Range extension
Range extension may follow a seasonal movement or a travel exploratory in nature,
where individuals, instead of returning to the ‘original’ location, remain in the area
previously unoccupied. For example, the distribution of bottlenose dolphins off California
extended northwards in response to the 1982-1983 El Niño Southern Oscillation (ENSO)
event with an intrusion of warmer waters further north (Wells et al., 1990). Observations of
dolphins in northerly locations (which previous to this event were not part of their typical
range) increased. Although the dolphins followed the northerly warming trend, they also
started to occupy areas with water temperatures colder than their original southern
Californian distribution. It was therefore suggested that these dolphins did not appear to
move in relation to the northward movement of warmer water, but instead responded to
secondary effects of the warm water incursion. Supported by an increase of typically more
southerly prey species in the northerly areas, it was hypothesised that the dolphins might
have followed the northerly movement of available prey. While a fraction of the northwards
extended population returned to their original range when the warmer waters retreated
southwards, part of the group remained in the newly occupied area, establishing an
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extended distribution (Wells et al., 1990; Feinholz, 1996; Hwang, 2011), which has even
extended further northwards since (Szczepaniak et al., 2013; Hwang et al., 2014).
Foraging movements
Most odontocete populations occupy areas suitable for a variety of different activities
within a relatively short distance, at least seasonally. Within these areas, movements on
small spatio-temporal scales are frequently considered related to feeding activity (Stevick et
al., 2002; Ballance, 2009). As previously mentioned, food resources are not spatiotemporally homogeneously distributed. Many associations are documented between
cetaceans and particular marine environmental features such as narrow channels
(bottleneck characteristics), areas with high bathymetric relief or steep slopes (canyons,
edges of the continental shelf, seamounts) and fronts, eddies or other strong (tidal) currents
(Norris & Dohl, 1980a; Baumgartner et al., 2001; Bjørge, 2001; Davis et al., 2002; Hastie et
al., 2004; Bearzi, 2005a&b; Merino & Monreal-Gómez, 2009). Due to altered water
circulation and enhanced primary production, these locations are known or presumed to
attract and concentrate prey (Fiedler, 2009), and these attributes may facilitate prey capture
due to the presence of physical obstructions or by reducing the energetic costs of foraging in
favourable current regimes (Wilson et al., 1997a). Returning to specific sites where
concentrations of prey are abundant and predictable, may be a useful foraging strategy in an
environment where size and density of food patches are heterogeneously distributed
(Stevick et al., 2002; Ballance, 2009).
Foraging movements are related to both the ecology of prey (e.g. location in the water
column, and schooling behaviour) and associated foraging strategies, including searching
and capturing prey (Norris & Dohl, 1980a). Generally, movements tend to be greater in areas
where the size and predictability of food patches is variable (Gowans et al., 2007). Various
species show directed movement patterns within areas with high predictability of food
availability (area-restricted search), and undertake extended searches for such areas while
quickly moving through poorer areas (Defran et al., 1999; Stevick et al., 2002; Bailey &
Thompson, 2006; Silva et al., 2008).
Two reasons have been suggested for why foraging cetaceans should move from one
place to another: (1) when an animal stays in a certain area over a prolonged period of time,
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it may deplete the food supply, and hence experience a decreasing rate of energy gain. At
some point, the food supply is diminished below a critical level, and food gain in another
location will exceed that available in the current location, and the animal should move, and
(2) food quality and quantity in the future may depend on present and past availability.
Based on the current situation, an animal may be able to predict future energy gain in its
present location. If the expected rate of food gain is considered low, the animal should move
(Pyke, 1983). Therefore, to make a decision to move, it is considered important for a
foraging animal to have insight into the general spatial and temporal distribution of food,
information about the food encounters and rate of food renewal in its current patch, and
information on potential future locations, either from sight, sound, or memory, so that an
animal can estimate aspects of future foraging (Pyke, 1983). To avoid exhaustion of food
supplies, cetaceans frequently form wide-ranging foraging groups and visit areas
periodically, allowing prey to replenish (Evans, 1987).
Foraging movements not only occur naturally, but may also be human-induced.
Numerous interactions between dolphins and fisheries exists, where dolphins follow fishing
boats, predating on escaped prey, or feeding on discards (Fertl & Leatherwood, 1997;
Gilman et al., 2007). Norris & Prescott (1961), based on the visual absences of dolphins in
the vicinity of shrimp trawlers when the nets are out, and the instant presence just before
the nets are retrieved, concluded that dolphins can hear and recognise the sounds of the
winches when hauling in the nets, which might attract them from considerable distances (up
to two miles).
Tidal and diurnal/diel movements
Small scale movement of cetaceans are linked to the availability of their prey, which may
temporally vary in relation to tidal and diurnal/diel cycles (Stevick et al., 2002). Locations
with particular tidal regimes, perhaps in relation to other geographic and oceanographic
characteristics, enhance the concentrations of prey, in turn increasing foraging potential
(Simard et al., 2002; Zamon, 2003; Benjamins et al., 2015). In the bottlenose dolphin
literature, various studies report on movement in relation to the tide in several locations.
However, no generalised patterns are yet known on the (foraging) behaviour and
movements with various tidal phases (e.g. Hoese, 1971; Irvine & Wells, 1972; Saayman et al.,
1973; Würsig & Würsig, 1979; Shane, 1980 & 1990a; Gruber, 1981; Irvine et al., 1981; Scott
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et al., 1990a; Acevedo, 1991; Acevedo & Würsig, 1991; Harzen, 1998; Mendes, 2002; Fury,
2009).
Diurnal foraging is also largely linked to prey availability. Various cetacean species are
reported to conduct onshore-offshore movements in relation to the daily cycle (Stevick et
al., 2002). Timing of these movements differ between locations and between species; some
species, such as striped dolphins (Stenella coeruleoalba) off France (Gannier, 1999) move
offshore during the day, while other species such as dusky dolphins (Lagenorhynchus
obscurus) in New Zealand (Würsig et al., 1991) remain in close vicinity of the coast in this
period. In addition, the locations where species forage also differ. Some species, such as
bottlenose dolphins in South Africa (T. aduncus), are reported to start foraging when
entering areas close to shore (Saayman et al., 1973), whereas Hawaiian spinner dolphins
(Stenella longirostris longirostris), appear to use coastal areas primarily for resting and
socialising and generally move offshore for feeding (Norris & Dohl, 1980b). This
demonstrates that predator-prey relationships are complex and may be very site-specific.
The general movement pattern of moving offshore in late afternoon and returning
inshore in the morning is typical for those cetacean species predating on prey which undergo
vertical migration, where bimodal foraging at dusk and dawn (e.g. Baird et al., 2002; Pusineri
et al., 2007) might be strategically beneficial. Many fish and cephalopod species associated
with the oceanic deep scattering layer or mesopelagic boundary layer (a land-associated
micronekton community of small fish, shrimps and squid) undergo vertical migration (Roe et
al., 1984; Reid et al., 1991). Whereas these prey species are concentrated in a dense layer at
depth during the day, they move towards the surface at night for feeding. Additionally, the
boundary community also migrates horizontally with an inshore movement early in the night
(Reid, 1994 in Benoit-Bird & Au, 2003). Subsequently, these prey species become
temporarily available to those cetaceans with limited diving capabilities (which are
otherwise unable to reach the depths these prey inhabit during the day), while becoming
increasingly accessible to deep-diving species. Reaching shallower depths, the shoals of
mesopelagic prey becomes less compact while actively searching for their own food (Roe et
al., 1984). During the day, deep-diving cetaceans will have to make deep dives to reach the
dense prey layer. During the night, when prey are less concentrated, cetaceans will have to
make more, but less deep dives, in order to capture the same amount of prey. As such,
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foraging at dusk and dawn might be energetically the preferential time for feeding because
prey are closer to the surface and closer to shore, while concentrations are still relatively
high, so that optimal prey consumption might be obtained with least effort.
Avoidance movements
Although foraging movements are driven by the availability of food resources, other
pressures, such as abiotic factors like temperature and biotic factors like the presence of
predators and diseases, may influence movements of cetaceans. Some dolphin populations
on the east coast of America are known to move along the coast on a seasonal basis
(Kenney, 1990; Barco et al., 1999; Waring et al., 2012). It has been suggested that this
migration is related to water temperatures, and one of the proposed mechanisms is that
animals need to move away from the harsher cold water areas when environmental
conditions become hostile (Stevick et al., 2002).
Avoidance movements may also occur in reaction to the presence of predators such as
killer whales. On a large spatial scale, killer whale avoidance is proposed as one of the main
drivers of baleen whale migration (Corkeron & Connor, 1999). However, anti-predator
avoidance is also documented on smaller spatial scales, where reactions may vary between
locations and between species. In Golfo San José, Argentina, bottlenose dolphins were
reported to try to escape killer whales through a rapid move from nearshore locations
towards the open sea and away from the predators (Würsig & Würsig, 1979). In contrast,
dusky dolphins in the same location were reported to retreat to nearshore shallow waters
where manoeuvrability of killer whales might be limited and where orca echolocation is less
effective (Würsig & Würsig, 1980; Würsig et al., 1991).
Furthermore, inter- and intra-specific interactions, not necessarily predatory in nature,
may also affect movements. For instance, aggressive behaviour by bottlenose dolphins
towards harbour porpoises has been reported at various locations worldwide (Ross &
Wilson, 1996; Jepson & Baker, 1998; Spitz et al., 2006; Cotter et al., 2012). Likewise, there is
evidence for infanticide in bottlenose dolphins (Patterson et al., 1998; Dunn et al., 2002). As
such, porpoises and bottlenose dolphin calves may demonstrate avoidance movements to
elude these potential lethal attacks.
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In addition to avoidance of natural predators, increasingly, studies report on the
anthropogenic influences on the behaviour of marine mammals, such as the avoidance of
boats (Lusseau, 2005; Carrera et al., 2008), marine renewables construction sites (Brandt et
al., 2011; Dähne et al., 2013a), aquaculture sites (avoidance reaction to acoustic deterrent
devices by species other than the target species) (Morton & Symonds, 2002) and coastal
development areas (Jefferson et al., 2009; Pirotta et al., 2013). This may result in short-term,
short distance displacement, but may also lead to complete area avoidance for periods of
years (Richardson, 1995; Richardson & Würsig, 1995; Weilgart, 2007).
Dispersal
In general, ‘dispersal’ is frequently used to describe the displacement of an individual
from one location to another, independent of behavioural, ecological or evolutionary
context. According to Greenwood (1980), the most commonly used dispersal definition is
that of Howard (1960): “the movement the animal makes from its point of origin to the place
where it reproduces or would have reproduced if it had survived and found a mate.” In
contrast, natal philopatry can be defined as “an individual’s continued use of its natal home
range past the age of independence from its parent(s)” (Waser & Jones, 1983). Various types
of animal dispersal are acknowledged, such as in relation to birth location, breeding sites
and with respect to animal densities (Howard, 1960; Greenwood, 1980; Isbell & van Vuren,
1996). However, it should be emphasised that these do not specify that the dispersal is
actually reproductively successful (Greenwood, 1980).
Several functional explanations have been proposed for observed animal dispersal
patterns, including the avoidance of inbreeding, reducing the competition for mates and
decreasing the competition for environmental resources, increasing access to mates and
reproductive enhancement (Greenwood, 1980; Dobson, 1982; Dobson & Jones, 1985).
Individuals may disperse to get in contact with an increased number of conspecifics, hence
increasing mating opportunities, and in order to mate with unrelated conspecifics to avoid
inbreeding and increase genetic diversity (Lidicker Jr., 1962). Whereas movements related to
resource shortage or conflict over resources, are usually density-dependent, dispersal
movements to avoid inbreeding, generally act in a density-independent way (Hansson,
1991).
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Dispersal patterns (e.g. both genders being philopatric, gender-biased dispersal, dispersal
of both genders) are related to various social and ecological factors such as the relative
importance of inbreeding avoidance, resource availability, and the cost and benefits of
philopatry versus dispersal in terms of familiarity with resources, benefits of being in the
vicinity of kin, or risks associated with dispersal (Isbell & van Vuren, 1996; McHugh et al.,
2011).
Most terrestrial mammals show gender-biased dispersal, where usually the male
disperses (male-biased dispersal) from the natal group or natal site before reaching sexual
maturity, and the females remain philopatric to their birth site (Greenwood, 1980; Mace et
al., 1983). Among marine mammals, in general, it is common for females to be strongly
philopatric (Morin & Dizon, 2009; Tyack, 2009), but little is known about cetacean dispersal
(Tsai & Mann, 2013). Some species show clear male-biased dispersal, such as the sperm
whale (Engelhaupt et al., 2009), beluga whale (Delphinapterus leucas) (O’Corry-Crowe et al.,
1997) and Dall’s porpoise (Phocoenoides dalli) (Escorza-Treviño & Dizon, 2000). Whereas
bisexual locational and social philopatry, where neither gender disperses from their natal
area or birth group, are rare among terrestrial mammals, it appears to be more common in
odontocetes as demonstrated for various bottlenose dolphin populations (Connor et al.,
2000a; McHugh et al., 2011; Tsai & Mann, 2013), killer whales (Baird, 2000; Ford, 2009) and
long-finned pilot whales (Globicephala melas) (Amos et al., 1993; Olson, 2009). In these
circumstances it is possible that inbreeding might be avoided by temporarily leaving the
natal site/group to reproduce without having to permanently leave their birth area or natal
group (Connor et al., 2000a&b). Nevertheless, bottlenose dolphin studies have revealed the
presence of intra-generic differences in gender-biased dispersal between various
populations (Krützen et al., 2004; Cândido & dos Santos, 2005; Natoli et al., 2005; Parsons et
al., 2006; Quérouil et al., 2007; Silva et al., 2008; McHugh et al., 2011).
Catastrophic events
Movements in relation to catastrophic weather events are also documented, including in
relation to floods, in turn affecting water quality parameters (Fury & Harrison, 2011), and
hurricanes (Elliser & Herzing, 2011). In the former example, bottlenose dolphins in Australia
appeared to leave flooded estuaries when salinity, pH levels and dissolved oxygen were low
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and turbidity was high, most likely due to both direct (physiological health) and/or indirect
(prey) mechanisms (Fury & Harrison, 2011). In the Bahamas, part of a resident bottlenose
dolphin pod disappeared (emigrated or died) after two hurricanes hit the area, whereas new
dolphins were identified post-hurricane. It is unclear whether the hurricane-related
movements represents actual active avoidance movements by part of the resident
community to adverse conditions and subsequent immigration, or that dolphins may have
been passively carried by the associated storm surge, as suggested for dolphins found in outof-habitat locations along the U.S. Gulf of Mexico after a hurricane (Rosel & Watts, 2008).
‘Nature of the animal’
Finally, the inquisitive nature and curiosity observed in various cetacean species have also
induced movements (Müller et al, 1998). For instance, a solitary bottlenose dolphin has been
reported to be attracted by exhaust bubbles from divers’ aqualungs from about two miles
(Lockyer & Morris, 1986), and numerous reports of animals interacting with boats (escorting,
bow riding and wake riding) exist in the cetacean literature. Whether these types of
movement serve any biological/ecological meaning with regards to increased fitness in the
grand scheme of life, might be debatable. Interaction with humans might be beneficial in
terms of obtaining food, wave riding is considered a more energetically efficient way of
displacement, and interactions may increase an animal’s general ‘well-being’. On the other
hand, injuries caused by rotating propellers during playful behaviour have been documented
as well (Lockyer, 1978).
2.3.3. Conclusions
In conclusion, cetaceans exhibit a large variety of movements, which differ in spatial and
temporal scale. These movements result from interactions between animals and their
environments, and are driven by a wide range of both biotic and abiotic factors. The
ecological reasons, trade-off ‘considerations’, and consequences of these movements may
be apparent on various levels, from the individual animal to meta-population level.
Most information on cetacean movements comes from studies on animals in coastal
environments and from telemetry tracking of migrating baleen whales through offshore
habitats. In contrast, little is known about the mobility patterns of pelagic odontocete
populations.
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To date, cetacean movement research has mainly focussed on descriptive analysis of
movement patterns and HR analyses, providing direct information useful for conservation.
However, with the exception of movement-habitat relationships, less emphasis has been
directed to investigating underlying processes resulting in the observed patterns exhibited
by cetaceans. In part, this may be explained by the high resolution data required for these
more complex models.
Despite obtaining unifying patterns among studies, the frequently conflicting results
within and between species as found here when reviewing the cetacean literature warrants
caution for transferring insights among populations and species.
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“The animals which inhabit the sea are much less known to us
than those found upon land …
We are, … , too often obliged to reason from analogy where
information fails; which must probably ever continue to be the
case …”

John Hunter

1787
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CHAPTER III
SYNTHESIS OF GLOBAL BOTTLENOSE
DOLPHIN MOBILITY ACROSS HABITATS
3.1. INTRODUCTION
3.1.1. General mammalian (home) range patterns
Movement patterns result from interactions between animals and their environments
(McLoughlin & Ferguson, 2000; see Chapter II). Inter- and intra-specific variations in home
range (HR) sizes of terrestrial and marine mammals have been related to many factors,
including those related to foraging (diet, foraging strategy, and prey quality, availability and
distribution) (Gompper & Gittleman, 1991; Di Bitetti, 2001; Hanya et al., 2006), habitat
characteristics (complexity, fragmentation, composition) (Sanderson, 1966; Tufto et al.,
1996), social factors (group size, population density, competition and reproductive
interactions) (Damuth, 1981; Trombulak, 1985; Zucker et al., 1996; Schradin et al., 2010),
predator abundance (Morris et al., 2011), as well as to season (McLoughlin et al., 2000), and
climate (Lindstedt et al., 1986; Rivrud et al., 2010; Tuqa et al., 2014). Evidently, HRs are
influenced by a large variety of factors, which most likely interact in complex ways
(McLoughlin & Ferguson, 2000).
Traditionally, HR studies have focused on terrestrial species, including mammals.
Consequently, studies investigating general patterns in HR sizes rarely included species living
in the marine environment (but see Tucker et al., 2014). General HR patterns have been
established for terrestrial mammals, with some key factors such as the energetic
requirements and body size/weight, diet and trophic status, mating strategy, and resources
availability highlighted as main ecological drivers affecting ranging patterns (reviews by
McNab, 1963; Sanderson, 1966; Clutton-Brock & Harvey, 1978; Harestad & Bunnell, 1979;
McLoughlin & Ferguson, 2000; Kelt & van Vuren, 2001). Animals of different sizes have
different metabolic demands and rates, and locomotion and thermoregulation efficiency,
which results in unequal energetic needs (McNab, 1963; Yeates & Houser, 2008;
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Acevedo-Gutiérrez, 2009b), and consequently, HRs may differ between gender, age,
reproductive state, and seasons (Burt, 1943). Amongst terrestrial mammals, HRs typically
increase with body size (McNab, 1963; Harestad & Bunnell, 1979; Lindstedt et al., 1986;
Swihart et al., 1988); consequently males generally have larger ranges than females, and
adults have larger HRs than juveniles (Sanderson, 1966). These two patterns are also
commonly observed among marine mammals (Acevedo-Gutiérrez, 2009b). Differences in
mammalian reproduction/mating strategies of both terrestrial and marine species, also
contribute to differences in ranging patterns between males and females (Dobson, 1982;
Mace et al., 1983; Clutton-Brock & Harvey, 1978; see also Chapter I). However, the
abundance and patchiness of food resources in particular, are highlighted as one of the most
important factors determining HR sizes of a variety of taxonomic groups, including mammals
(McNab, 1963; Sandell, 1989; Stevick et al., 2002).
In line with optimal foraging theory, to maximise net energy gain, behaviour should
reflect local strategies for optimising foraging efficiency (MacArthur & Pianka, 1966;
Schoener, 1971). Where required resources are found within a restricted area, the HR is
expected to be small. In contrast, in habitats with lower productivity, larger HRs are required
as animals need to range further in order to find sufficient food (Harestad & Bunnell, 1979;
Sandell, 1989). Likewise, animals in habitats with patchily distributed or unpredictably
available resources are anticipated to maintain larger HRs, where animals commute over
larger distances between discontinuously distributed prey patches to obtain adequate food
(Wiens, 1976; Ford, 1983).
3.1.2. Relationships between Tursiops and local productivity
The common bottlenose dolphin (T. truncatus) is a cosmopolitan species, and is widely
distributed from tropical waters to cold-temperate regions, only being absent from Polar
Regions. Throughout its range it is found in coastal and offshore habitats. In contrast, the
Indo-Pacific bottlenose dolphin (T. aduncus) has a more restricted distribution, and is
generally found close to shore in continental shelf waters. Whereas different populations of
these species have broad similarities in some aspects of their biology, distinct differences
can be found in other aspects, even at very small geographic scales, including in diet and
foraging tactics, habitat use, sociality and mobility patterns (see Chapter I).
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Tursiops occupy a range of coastal habitats worldwide, including bays, lagoons, shallow
estuarine complexes, channels, lower reaches of rivers, fjord systems, and coastal waters
surrounding oceanic islands (Wells & Scott, 1999; Campbell et al., 2002). Previous research
has revealed significant variation in their ecology. This is particularly true for their mobility,
with patterns of distribution, site-fidelity, residency, ranging movements and HRs varying
between geographically distinct populations (Shane et al., 1986; Ballance, 1990 & 1992;
Wilson, 1995; Bearzi et al., 1997). Coastal dolphins, whether part of a community, or being
solitary, exhibit a full spectrum of movements and site-fidelity modes, including local yearround residency in defined HRs, periodical residency, seasonal migration, as well as
seemingly nomadic movements and occasional erratic long-distance movements. Several of
these may occur in a community/population simultaneously (Müller et al., 1998; Barco et al.,
1999; Wells & Scott, 1999 & 2009; Reeves & Brownell Jr, 2009). Additionally, range
expansions, potentially in response to changes in local conditions have also been
documented (Wells et al., 1990; Würsig & Harris, 1990; Wilson et al., 2004). The presence of
multiple patterns of mobility is consistent with wider concepts in the field of the evolution of
animal movements (Swingland, 1983; Quintana-Rizzo & Wells, 2001), proposing the
exhibition of mixed residency strategies in species with wide-spread distributions (Sinclair,
1983; Swingland, 1983).
In general, marine mammal foraging and reproductive strategies are influenced by a
species’ body size, since the energy storage capacity and ability to fast affect the temporal
scales at which foraging needs to take place (Bowen et al., 2002). Unlike baleen whales,
bottlenose dolphins are considered income breeders, indicating that they are less capable of
storing relatively large amounts of energy, to be allocated towards reproduction at a later
stage (Bowe et al., 2003). In contrast, they have to continue to forage throughout the year
(Cockcroft & Ross, 1990a; Kastelein et al., 2003). As a consequence, it is generally accepted
that the distribution and movement patterns of bottlenose dolphins, as for many other
cetaceans, is strongly linked to the presence, distribution and abundance of their prey (Wells
et al., 1990; Barros & Wells, 1998; Defran et al., 1999; Stevick et al., 2002; Gowans et al.,
2007; Toth et al., 2011).
Productivity and the diversity and availability of prey species in an ecosystem or habitat
directly and indirectly influence dolphin populations, such as their site-fidelity and residence
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patterns. For instance, Scott et al. (1990a) and Gubbins (2002), studying the bottlenose
dolphin populations in inshore coastal and estuarine waters of Sarasota Bay (Florida) and
near Hilton Head Island (South Carolina) respectively, concluded that local year-round
resident populations could be sustained due to the relatively abundant and predictable food
resources in these areas. In contrast, other areas have been suggested to provide temporary
or generally less abundant prey resources, requiring dolphins to search for food patches over
longer ranges, as is demonstrated by dolphins inhabiting the Gulf of California (Mexico), the
Southern California Bight (California & Mexico) and the Azores archipelago (Portugal).
Consequently, residency patterns for these areas revealed the presence of relatively small
resident groups, and significant proportions of identified individuals showing low re-sighting
rates and low site-fidelity, indications that these habitats do not contain sufficient food
resources to sustain large populations on a permanent basis (Ballance, 1992; Defran &
Weller, 1999; Defran et al., 1999; Silva et al., 2008).
Productivity also influences the social structure of populations; positive relationships
between openness and negative relationships between complexity of the habitat and
bottlenose dolphin group sizes have been reported by various studies (e.g. Shane et al.,
1986; Connor et al., 2000a; Speakman et al., 2006; Gowans et al., 2007). In areas with a
limited supply of food, or where resources are unpredictably and patchily distributed, as is
common in more open areas (Gowans et al., 2007), dolphins tend to form larger groups. By
doing this, they maximise the benefits of group living (reviews by Norris & Dohl, 1980a;
Connor, 2000) through sensory integration, providing increased sensory information for
efficient surveillance. This, in turn, increases the ability to locate prey and to collaborate
during prey capture. Additionally, open habitats provide less shelter and hiding places from
predators, and by forming larger groups, dolphins may benefit by increasing overall group
surveillance and, may reduce each individual’s probability of being captured. Complex
inshore environments, on the other hand, in general, provide relatively stable and
predictable food patches in space and time (Gowans et al., 2007). These environments may
also provide increased supply of other resources and protection against predators (Norris &
Dohl, 1980a; Shane et al., 1986). However, despite being relatively stable and predictable,
the abundance of resources in more ‘closed’ habitats may be limited and unable to sustain a
large

number of

individuals. Consequently,
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environments would not benefit from forming large groups, and the formation of smaller
groups contributes to avoiding fine-scale feeding competition (Norris & Dohl, 1980a; Wells
et al., 1980 & 1999a; Wells & Scott, 1999; Connor, 2000; Gowans et al., 2007; AcevedoGutiérrez, 2009a). In any case, group size variation may serve as a socio-biological
adaptation to exploit resources in habitats with different characteristics (Defran & Weller,
1999).
Despite being fundamentally important to many aspects of spatial management, the
factors that drive communities to have different mobility patterns are poorly understood.
Since the concept of a HR was first applied to bottlenose dolphins (Caldwell, 1955),
individual area use has been studied in a variety of habitats globally, often in relation to
residency and site-fidelity patterns. HRs are described for both individuals and populations,
and over various temporal scales ranging from seasonal to year-round HRs. The dietary
flexibility and behavioural plasticity of bottlenose dolphins has been suggested as a potential
explanation for the variety of observed residency patterns (Shane et al., 1986). Dolphins may
temporarily switch prey species to take advantage of temporally local available prey,
enabling (some) animals to remain in a familiar region year-round and reducing the necessity
to follow the movements of predominant prey species. If food supply is insufficient to
support the entire population, individuals may (temporarily) relocate to other areas. As such,
habitat productivity is generally considered to affect dolphin mobility patterns (Gowans et
al., 2007).
It appears that bottlenose dolphins have different movement patterns in different
habitats (Würsig et al., 1991). Based on comparisons between a few studies, bottlenose
dolphin HRs in more protected inshore environments, such as estuaries and closed bay
systems, are generally considered to be smaller, where dolphins show strong site-fidelity,
ranging from multi-year residency to multi-decadal and multi-generational year-round
fidelity (Quintana-Rizzo & Wells, 2001; Gubbins, 2002; Ingram & Rogan, 2002; Zolman, 2002;
Urian et al., 2009; Wells, 2003; Mazzoil et al., 2008a; Foley et al., 2010; Augusto et al., 2012;
Henderson et al., 2013). In contrast, dolphins inhabiting more open habitats, such as open
coastlines, are reported to occupy larger (home) ranges, and represent a larger variety of
residency (Wells et al., 1990; Ballance, 1992; Defran et al., 1999; Wells et al., 1999a; Silva et
al., 2008; O’Brien et al., 2009).
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Generally, comparisons of closed areas versus open (coastal) habitats have only taken
limited numbers of studies into account (e.g. Shane et al., 1986; Wells, 1991; Ballance, 1992;
Defran & Weller, 1999), with particular comparisons among earlier publications on
bottlenose dolphin mobility, some of which occurred in locations with established long-term
research programmes. Frequently, information on dolphin mobility reports the extremes of
the data. A 0.4km2 HR reported for an individual dolphin (based on just three sightings;
Caldwell, 1955), and the communal HR of approximately 125km2 of the Sarasota Bay
community (Wells, 2003), both representing sheltered habitats, are typically compared to
the 470km linear range of dolphins along the open coastline of California and Mexico
(Defran et al., 1999) and to the 2,050km and 4,200km travel distances of two telemetry
tagged ‘offshore’ dolphins (Wells et al., 1999a).
The socio-ecological mechanisms behind the above-mentioned habitat-group size
relationship relative to resource acquisition and predator avoidance strategies have also
been proposed to explain the apparent correlation between habitat openness and dolphin
ranging patterns (Wells et al., 1980 & 1999a; Defran & Weller, 1999; Connor, 2000; Gowans
et al., 2007).
In particular, and in line with both theoretical and empirical studies on terrestrial
(mammal) species, Gowans et al. (2007) proposed a conceptual framework for
understanding natural patterns of delphinid social structure in which the spatial and
temporal predictability of resources influences the ranging patterns of individuals and
communities:
Dolphin habitats generally contain patches of productivity, which differ physically and
biologically. Consequently, dolphins are expected to represent residency and mobility
patterns reflecting the spatio-temporal heterogeneity of the local environment (Ballance,
1992). To maximise the energy a dolphin is able to allocate to reproduction, animals aim to
minimise the energy expenditure required to search for food. It is therefore suggested that
dolphins occupying highly productive habitats, with increased temporally and spatially
predictable food resources and increased availability and species richness of potential prey,
should travel less far than individuals inhabiting less productive systems. In more open
environments, to acquire sufficient food, dolphins are predicted to need to travel larger
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distances between foraging patches, where the timing and locations of these patches are
considered to be relatively unpredictable. Increased patchiness and the formation of larger
groups in more open habitats, in turn increasing the total amount of food required for the
survival of all group members, further amplifying the ranging distances dolphins are required
to travel. Habitat openness is therefore considered a proxy for productivity and prey
presence in an environment, and consequently dolphin prey availability. Dolphins, in turn,
adapt their foraging tactics, social structure and movement patterns; where residency rates
and ranging patterns are considered proximate measures of resource availability and
predictability. Based on the fact that both the openness of the habitat and mobility patterns
are both related to resource availability, it may be reasoned that they should also be related
to each other (Gowans et al., 2007). Subsequently, it is hypothesised that (home) range sizes
of small cetacean species, including the bottlenose dolphin, should increase with increasing
openness of the habitat (Gowans et al., 2007).

3.2. AIMS OF THIS SYNTHESIS
Previous comparisons of bottlenose dolphins (Tursiops sp.) mobility in relation to habitat
type typically included a limited number of descriptive studies, which represented only a few
habitat types. However, these tentatively suggest a positive relationship between habitat
openness and bottlenose dolphin ranging patterns. To date, this has not been tested
empirically (Reeves & Read, 2003; Gowans et al., 2007), nor has this been quantitatively
tested for other cetacean species for which the proposed conceptual framework may apply
(Gowans et al., 2007).
This study aimed to provide an overview of information on bottlenose dolphin HRs and
travel distances, and to investigate whether broad conclusions can be made about ranging
patterns of dolphins occupying different habitats. To do this, movements in habitats
representing a gradient of ‘openness’ as proxy for local productivity were compared.
Moreover, this study is the first to quantitatively test whether a positive relationship
between bottlenose dolphin mobility and openness of the environment exists across
populations. Since the bottlenose dolphin is one of the best studied cetacean species with
research on populations inhabiting a wide range of habitat types, the species is considered
an ideal species for this synthesis.
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Furthermore, comparison of photo-ID data within and between research area catalogues
has increasingly revealed long-distance movements of bottlenose dolphins, where matches
have been made spanning up to decades (e.g. Urian et al., 1999; Robinson et al., 2012;
Hwang et al., 2014). As such, an additional goal was to map confirmed movements between
locations, and reported absences of matches within and between study sites, as described in
the literature, based on both photo-ID and telemetry tracking data.

3.3. METHODOLOGY
3.3.1. Quantitative bottlenose dolphin movement data
Collection of information
To test whether bottlenose dolphin ranges increase with increasing openness of the
environment, globally reported quantitative bottlenose dolphin movement data were
analysed in a synthesis. Mobility data included were collected from published articles, book
chapters, reports, theses, conference-proceedings and -abstracts before 2013, and were
obtained via photo-ID and telemetry methodologies. The literature search for publications
reporting on quantitative movement data was performed via four approaches:
1) Systematic searches were conducted in the scientific search engine ‘Web of Science’ using
various combinations of the following key words: Bottlenose dolphin, Tursiops, home
range, movement, mobility, pattern, ranging, size, core area, kernel, utilization
(utilisation), MCP, estimat*, travel and distance (asterisk represents wildcard characters);
2) Using the same key words, additional internet searches were performed in Google and
Google Scholar;
3) Publication texts and reference lists obtained via the first two approaches were crosschecked for additional information; and
4) Monthly announcements by Dr David Janiger, listing recent marine mammal publications,
via the MARMAM mailing list from August 2005 till December 2012, were checked with
initial inspection and selection of suitable publications based on titles (and abstracts).
When considered potentially useful, full articles were obtained and assessed.
Quantitative movement data included in this synthesis include (see also Box 3.1):
• Travel distance (in km);
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• Linear home range (linear HR) (in km);
• Minimum Convex Polygon (MCP) (in km2). This includes both 95% and 100% MCP as well
as other similar approaches;
• Kernel home range (KHR) (in km2). Home range studies have used both Fixed Kernel (FK)
and Adaptive Kernel (AK) smoothing approaches, and home range data presented
included both 90% and 95% KHR;
• Kernel core area (KCA) (in km2). In all studies calculated as 50% KHR.
Box 3.1. Overview of home range analysis methods, descriptions and abbreviations used in this chapter.
Home range (HR): refers to the two-dimensional home range of an individual or set of dolphins either
calculated by using the MCP or Adaptive/Fixed Kernel method.
- MCP home range (MCP): home range obtained using the MCP approach. The MCP (Mohr, 1947) is
calculated by connecting the outermost sighting locations, therefore representing the smallest polygon
containing all observations (100% MCP) (Worton, 1989; Harris et al., 1990; Powell, 2000). The 95% MCP is
calculated by discarding 5% to eliminate outliers (Mabry & Pinter-Wollman, 2010).
- Kernel home range (KHR): HR size attained via the Kernel method, represented by the 90/95% kernel
contour, and calculated using Adaptive Kernel (AK) or Fixed Kernel (FK) smoothing.
In contrast to MCPs, KHRs (Worton, 1987) represent the relative intensity of space use through calculation
of a utilisation distribution (Worton, 1989; Hooge et al., 1999). In KHR analysis, a bivariate kernel estimate
of a probability density function is constructed around each data point, where the functional shape and
width of the kernel is determined by the smoothing parameter (SP; also called bandwidth). FK analysis
uses the same SP for all locations, whereas in AK analysis the SP varies as a function of local point densities
(Kie, 2013).
- Kernel core area (KCA): core area obtained via the Kernel method, represented by the 50% kernel contour,
and calculated using either AKs or FKs;
Linear home range: specifically refers to the linear HR of an individual or set of dolphins. Commonly used for
areas where dolphins inhabit coastal areas along a relatively open shoreline (contrary to enclosed areas, or
areas complicated by the presence of atolls, barrier islands, or other topographic restrictions); generally
referring to a certain stretch of coastline without specification of an offshore component.

Habitat classification
Bottlenose dolphin HRs have been studied in a wide range of habitats. Following author
descriptions of the research areas, sites were classified as one of six broad habitat classes.
Occassionally, additional articles by the same author(s) or research groups were consulted.
The following habitats with increasing openness were included in the synthesis (Box 3.2;
Figure 3.1):
• Estuaries and closed embayments (ES + ES/CB + CB);
• Fjords (FJ);
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• Estuaries or closed bays in combination with an open coastline (ES/OC + CB/OC);
• Open coastal waters (OC);
• Waters surrounding oceanic islands or a combination between open coastal waters and
open offshore waters (OI + OC/OW);
• Open pelagic waters (OW).
Box 3.2. Description of bottlenose dolphin habitat classes used in this chapter.
Estuaries & closed bays: Inshore, typically shallow water habitats, which may be influenced by tidal cycles
and seasonal changes in water temperature and salinity (Gowans et al., 2007). There are barriers to both
horizontal (tidal banks, barrier islands) and vertical movements.
Estuary: includes both closed (“estuaries with waters protected from open-water winds and currents by a
parallel obstruction or bar along the coastline”) and open estuaries (“characterised by unbarred coastlines
exposed to direct weather conditions and by waters that connect directly to an open body of water”)
(Sumich, 1992 in Quintana-Rizzo & Wells, 2001).
Closed embayments: estuaries with waters protected from open-water winds and currents by a parallel
obstruction or bar along the coastline (Sumich, 1992 in Quintana-Rizzo & Wells, 2001), or protected by the
natural shape of the geographic landscape resulting in a restricted bay mouth.
Fjord system: semi-enclosed deep-water bodies, which provide relatively little restriction in vertical
movement.
Fjords: contain various key features including: being narrow, having steep sloped sides, presence of
submarine sills separating the deep inner basins from the outer water body at one end, pronounced
seasonal change in temperature, halocline depth and vertical mixing (Freeland et al., 1979; Mathews &
Heimdal, 1979; Stanton & Pickard, 1979). Characterised by the presence of a low-salinity surface layer
(river runoff) topping the marine stratum (Pickard & Stanton, 1979). Due to the marked seasonal changes
in climate and hydrography, productivity is highly variable in space and time (Mathews & Heimdal, 1979).
Estuary/open coastal water & closed bay/open coastal water: Dolphins occupying both estuaries or closed
bay, but also make use of open coastal waters. This category also includes non-open coastal, but large
water bodies partially protected and sheltered (i.e. large open-sea embayments) as Shark Bay (Australia),
Moray Firth (Scotland), and Gulf of California (U.S.A.). Open coastal waters: Coastal habitat consisting of an
open coastline, typically <100m in depth and relatively close to shore (within several kilometres), lacking
barrier islands, large protected bays or tidal marshes. More exposed to storm systems, but generally less
seasonal temperature and salinity variations (Gowans et al., 2007).
Waters surrounding oceanic islands & open coastal waters/open waters: Dolphins occupying open coastal
waters closer to shore, but also present in more offshore waters over the continental shelf, continental
slope or inhabiting the open ocean. This also includes waters surrounding oceanic islands. Little movement
restriction. Compared to the open ocean, increased predictable primary production (i.e. coastal upwelling,
island mass effect), and hence prey abundance (Perissinotto et al., 1992; Rogers, 1994; Fiedler, 2009).
Open waters: Offshore waters over the continental shelf and pelagic waters over the continental slope and
open ocean. Little seasonal variation in temperature and salinity and no barrier to movement (Gowans et
al., 2007). Resource distribution in the open ocean is considered patchy and highly variable.
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a

ES + ES/CB + CB

b

d

OC

e

FJ

OI + OC/OW

c

ES/OC + CB/OC

f

OW

Figure 3.1. Examples of the six habitat classes included in the bottlenose dolphin movement synthesis: a)
Estuaries and closed bays (ES + ES/CB + CB); b) Fjords (FJ); c) Estuary or closed bay combined with an open
coastline (ES/OC + CB/OC); d) Open coastal waters (OC); e) Open coastline combined with open water or
waters surrounding oceanic islands (OI + OC/OW); and f) Open offshore waters (OW). Maps from Google
Maps. Google Imagery © 2011 NASA TerraMetrix.

Especially for those studies reporting individual travel distances, routes between sighting
locations remain speculative. The allocation of habitat classes for travel distances followed
the habitat descriptions reported in the reviewed literature were possible. Occasionally,
supplementary publications were accessed to facilitate classification.
Travel distances have been reported for dolphins sighted in passes and enclosed bays
behind barrier islands off the Gulf of Mexico (GoM) (e.g. Maze & Würsig, 1999; Lynn &
Würsig, 2002; Fazioli et al., 2006), and along the U.S. Atlantic coast (e.g. Read et al., 1996).
For those matches between locations where it was possible to travel without entering the
GoM or the North Atlantic, the ES + ES/CB + CB habitat was assigned, despite an alternative
possibility for movements through coastal or offshore waters. In contrast, where it was
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unclear whether both sighting locations were made within the estuary/closed bay habitat, it
was assumed individuals traversed outwith this habitat. In these cases, movements may
have occurred in close vicinity to shore, or further offshore. Consultation of various Marine
Mammal Stock Assessment Reports for additional information on distribution patterns,
ranging behaviour and stock identification of dolphins occupying GoM and North Atlantic
waters, showed that coastal bottlenose dolphins typically move close to shore
(http://www.nmfs.noaa.gov/pr/sars/species.htm#dolphins). Consequently the habitat class
allocated to these matches was ES/OC + CB/OC, despite a narrower description (ES + ES/CB +
CB) used for the independent study area(s).
Data analyses
Quantitative bottlenose dolphin movement data was analysed separately for MCP, KHR,
KCA, linear HR and travel distances, calculated on an individual level, and on a communal
scale for each of the habitat types. Communal refers to a local community/population or a
subset of these, where the subset represents resident individuals (definitions of which
animals were considered resident differed per study) or those dolphins sighted at least a
certain number of times during the study (required number of sightings also varied between
studies). In most cases, information obtained through citations in other articles was
excluded from the analyses when the original source could not be accessed. A few
exceptions were made when a more comprehensive description of the referenced research
was provided.
Statistical analyses to test for mobility differences between habitats were performed in
SigmaPlot 12.0. A habitat class was only included when a minimum of five samples were
available. The data were tested for normality (Shapiro-Wilk test), which revealed that the
data did not conform to a normal distribution. Consequently, comparisons of dolphin
mobility between habitats were analysed using the non-parametric Kruskal-Wallis (KW) and
post-hoc pair-wise Mann-Whitney (MW) tests. The statistical significance threshold level was
set at P<0.05.
Considerations
Due to the regular lack of detailed species or ecotype identification and/or demographic
information and general low sample sizes, all Tursiops data were pooled together.
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Whilst the reasons for a solitary lifestyle are not fully understood (Goodwin et al., 2009),
the ranging behaviour of solitary dolphins may not be representative of the mobility
patterns exhibited by dolphins which are being part of a community, as (ranging) behaviour
may be affected by other factors (e.g. human social and feeding interactions) (Wilke et al.,
2005). As such, data on solitary dolphins were excluded from the HR and travel distance
synthesis.
3.3.2. Travel matches between locations
In a less systematic way, reported information (before July 2014; descriptively and/or
illustratively) on the presences and absences of travel between different sites obtained by
photographic matches within and between photo-ID catalogues, or by telemetry tracking,
were collected through:
1) Google web-based searches using the following search terms: bottlenose dolphin,
Tursiops, photo-ID, catalogue (catalog), match, distance, travel, re-sight, and move;
2) Assessment of the monthly new publication lists by Dr David Janiger via the MARMAM
mailing list;
3) Back-tracking of references, and;
4) Opportunistically obtained information.
Obtained matches, and lack of matches between locations were plotted using ArcMap
10.0 (©ESRI). Contrary to the protocol for the assessment of global bottlenose dolphin
mobility patterns described above, information on solitary dolphins was included in the
overview presenting the presences or absences of matches between locations.

3.4. RESULTS
A comprehensive description of the underlying quantitative movement data used in the
analyses is provided in the Supplementary Information 1 (digitally only). The HR information
is split over 3 tables, where Table SI1.1 summarises available HR data (both MCP and Kernel
estimates) on an individual level, Table SI1.2 provides HR data on a community level, and
Table SI1.3 presents linear HR estimates for both individual and community levels. These
tables provide information on the geographic locations of the studies, the allocated habitat
class, study area size, duration of study, data collection and analyses methods, and the
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authors of the incorporated studies. Where available, additional information on age and
gender of the dolphins, residency patterns and the criteria used to determine which
individuals to incorporate and to assess adequate sample size are also provided.
Additionally, Table SI1.4 provides an overview of the studies providing quantitative travel
distance information. For comprehensiveness, these tables also include opportunistic
information obtained since 2012.
Considering that the bottlenose dolphin is one of the most studied cetacean species
worldwide, surprisingly limited published data on quantitative movements were available
for this synthesis, in particular for the fjord system (FJ), open coastal water (OC), and open
water (OW) habitats (Table 3.1).

Table 3.1. Summary of mean quantitative bottlenose dolphin movements per habitat category. Habitat classes:
ES = estuary; CB = closed bay; FJ = fjord system; OC = open coastal waters; OW = open waters; OI = waters
surrounding oceanic islands. Movement estimates: HR = Home range; MCP = Minimum Convex Polygon; KHR =
Kernel home range (90/95% Kernel); and KCA = Kernel core area (50% Kernel). Standard deviations and sample
sizes provided between brackets. * Habitat class not included in statistical analyses.
Travel distance
(km)

2

MCP or similar KHR (km )
2
(km )
Mean by individual
ES + ES/CB + CB 90.4 (130.7, 21)
19.5 (25.2, 16) 55.6 (70.4, 88) 38.9 (41.2, 53)
FJ
ES/OC + CB/OC 228.9 (243.0, 114) 119.0 (92.4, 50) 74.5 (99.3, 7)
OC
289.1 (279.9, 30)
16.7 (22.5, 4) * 778.0 (N/A, 1)*
OI + OC/OW
114.5 (133.1, 29)
182.0 (130.8, 31) 429.2 (325.5, 31)
OW
3125.0 (1520.3, 2)* Mean for (subset of) community / population
ES + ES/CB + CB 97.9 (126.0, 2)*
42.7 (17.4, 12) 82.8 (76.7, 29) 138.1 (144.0, 16)
FJ
40.2 (0.2, 2)*
288.1 (158.6, 3)* ES/OC + CB/OC 48.3 (2.5, 2)*
293.8 (257.7, 5) 415.3 (952.6, 8) 125.8 (270.3, 18)
OC
155 (N/A, 1)*
980 (N/A, 1)*
28.7 (36.7, 3)* 248.5 (101.1, 2)*
OI + OC/OW
25.4 (N/A, 1)*
182.0 (N/A, 1)* 267.2 (271.5, 6)
OW
Habitat

Linear HR
(km)

2

KCA(km )

10.0 (14.0, 30)
7.4 (2.7, 3)*
86.0 (N/A, 1)*
91.1 (72.7, 31)
36.7 (44.8, 14)
202.4 (254.8, 2)*
1.7 (N/A, 1)*
53.6 (47.1, 5)
-

3.4.1. Home ranges
Quantitative linear and HR data were available from 35 locations, with most literature
describing ranging patterns in estuaries and closed bay systems (44.7%; ES + ES/CB + CB),
whereas over a quarter of studies were conducted in habitats with combined
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estuaries/closed bays with open coastal water (26.3%; ES/OC + CB/OC). No HR data were
available for bottlenose dolphins inhabiting the open water (OW) habitat (Figure 3.2).
In 94.4% of the study locations, movement data were obtained via photo-ID or other nontelemetry approaches including video-ID and continuous focal follows of individuals. These
studies made use of visual recognition both by natural markings and/or through freezebranding or usage of visual tags. Radio and satellite telemetry was used in 13.8% of the study
locations included in this synthesis, with few studies using both techniques.

0%

Habitat

8%

ES + ES/CB + CB

13%
45%

FJ
ES/OC + CB/OC
OC

26%

OI + OC/OW
OW (0%)

8%

Figure 3.2. Habitat distribution over the home range studies providing quantitative home range data.

Individual home ranges
In total, individual (linear) HR data were available for 20 study sites. Non-parametric
testing (KW test) revealed an overall significant difference in individual HRs between
habitats in two of the methods used to obtain quantitative movement information: MCP and
KHR (Table 3.2).
Pair-wise comparisons (MW tests) between the three habitat types included in the
comparison between HR sizes obtained through the MCP method (n≥5; ES + ES/CB + CB,
ES/OC + CB/OC and OI + OC/OW) showed a significant difference between all three habitats,
with larger home ranges with increasing openness of the habitat (Figure 3.3a).
Post-hoc testing for HR differences obtained by Kernel analyses, demonstrated a
significant difference between the two more closed habitats (ES + ES/CB + CB and ES/OC +
CB/OC) versus the more open (OI + OC/OW) habitat. Dolphins showed a wider ranging
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pattern in the more open habitat, but no significant difference in KHR size was present
between the two more restricted habitat types (Figure 3.3c).
Only two habitats (ES + ES/CB + CB and OI + OC/OW) contained sufficient sample sizes for
Kernel Core Area comparison. The pair-wise test revealed a significant difference in KCAs
between these two habitats, with larger KCAs in the more open (OI + OC/OW) habitat (Table
3.2; Figure 3.3e).
Insufficient data was available to compare linear HRs between habitats.

Table 3.2. Statistical results of home range size comparisons between habitats on individual and community
level. Non-significant results are presented in bold. Statistical tests: KW = Kruskal-Wallis test; MW = MannWhitney test. Home range estimates: MCP = Minimum Convex Polygon; KHR = Kernel home range (90/95%
Kernel); KCA = Kernel core area (50% Kernel); LHR = Linear home range. Habitat classes: ES = estuary; CB =
closed bay; OC = open coastal waters; OW = open waters; OI = waters surrounding oceanic islands.
Analyses level

Home range
analyses
MCP

Individual

KHR
KCA
MCP

Community /
population

KHR
KCA
LHR

Habitat type

n

1) ES + ES/CB + CB
2) ES/OC + CB/OC
3) OI + OC/OW
1) ES + ES/CB + CB
2) ES/OC + CB/OC
3) OI + OC/OW
1) ES + ES/CB + CB
2) OI + OC/OW
1) ES + ES/CB + CB
2) ES/OC + CB/OC
1) ES + ES/CB + CB
2) ES/OC + CB/OC
3) OI + OC/OW
1) ES + ES/CB + CB
2) OI + OC/OW
1) ES + ES/CB + CB
2) ES/OC + CB/OC

88
50
31
53
7
31
30
31
29
8
16
18
6
14
5
12
5
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KW (P)

< 0.001

< 0.001

MW (P)
1-2: < 0.001
1-3: < 0.001
2-3: < 0.001
1-2: = 0.167
1-3: < 0.001
2-3: < 0.001

N/A

1-2: < 0.001

N/A

1-2: = 0.231

= 0.494

N/A

= 0.963

N/A

N/A

1-2: =0.004
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Individual HR
a

(n=88)

*

e

(n=31)

**

(n=53)

(n=50)

* *

**

c

Community HR

(n=7)

(n=31)

*

*
*

(n=30)

(n=31)

*

*

b

d

f

(n=29)

(n=16)

(n=14)

(n=8)

(n=18)

(n=6)

(n=5)

Figure 3.3. Individual home range size per habitat (A, C & E) and Community home range size per habitat (B,
D & F). Individual home ranges may include several individuals from the same community/population. Data
presenting MCP home ranges (A & B), Kernel home ranges (C & D), and Kernel core areas (E & F). Showing
quartiles (grey boxes), 10 & 90 percentiles (whiskers), median (solid line), mean (dotted line) and outliers
(black dots). Sample size presented in brackets and * represents a significant difference. ES = estuary; CB =
closed bay; OC = open coastal waters; OW = open waters; OI = waters surrounding oceanic islands.
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A positive relationship was present between the size of the study area and individual MCP
and KHR sizes (all habitat classes combined) (Figure 3.4a&b; P<0.001). Conversely, a negative
relationship was present between the proportion of the research area included in the MCP
and KHR in relation to the size of the study site (Figure 3.4c&d; P<0.001).
In particular for the HRs obtained by calculation of the MCP, a substantial number of
individuals showed HRs close to the size of the study area, and in two occasions these were
even larger than the research area (i.e. proportion individual MCP divided by the study area
size >1 in Figure 3.4c&d).

MCP

KHR

a

R 2=0.277; n=138

b

R 2=0.448; n=83

c

R 2=0.548; n=138

d

R 2=0.385; n=83

Figure 3.4. Relationship between research area (log scale) and individual MCP home range size, and
individual Kernel home range size (A & B respectively). Relationship between research area (log scale) and
the proportion of the individual MCP home range area relative to total study are size, and proportion
individual Kernel home range area relative to the study area size (C & D).
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Community home range
On a communal scale, (linear) HR data were available for a total of 34 study sites.
Communal HR sizes were not significantly different between included habitats (ES + ES/CB +
CB, ES/OC + CB/OC and for the KHR also OI + OC/OW), independent of the method used to
acquire HR estimates (MCP, KHR or KCA) (Table 3.3; Figure 3.3b, d & f).
Despite the small number of studies reporting on communal linear HRs, sample sizes for
two habitats were sufficient to analyse differences in ranging patterns. Linear HRs of
dolphins occupying the more open (ES/OC + CB/OC) habitat were significantly larger than
the linear HR sizes in the more restricted (ES + ES/CB + CB) habitat (Table 3.2; Figure 3.5).

(n=12)

(n=5)

*

*

Figure 3.5. Community linear home range size per habitat. Showing quartiles (grey boxes) and median (solid
line). Sample size presented in brackets, and * represents a significant difference. ES = estuary; CB = closed
bay; OC = open coastal waters.

3.4.2. Travel distances
Comparison of individual travel distances between the four habitat types with sufficient
samples, revealed that travel distances were significantly shorter in the estuary/closed bay
(ES + ES/CB + CB) and in the open coastal/open water and waters surrounding oceanic
islands (OI + OC/OW) habitats, than in either of the estuary/closed bay combined with an
open coastline (ES/OC + CB/OC) or open coastline (OC) habitats. Individual travel distances
between the first two habitats were not significantly different, nor were the travel distances
between the last two habitats (Table 3.3; Figure 3.6). As individual linear HRs also represent
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a subset of travel distances undertaken by individuals, data were re-analysed using these
data combined, resulting in the presence of a significant difference between the ES + ES/CB
+ CB and ES/OC + CB/OC habitats (Table 3.3). Insufficient data were available to test for
differences in travel distances at a community level.

Table 3.3. Statistical results of travel distance comparisons between habitats on an individual level. Nonsignificant results are presented in bold. Statistical tests: KW = Kruskal-Wallis test; MW = Mann-Whitney test.
Habitat classes: ES = estuary; CB = closed bay; OC = open coastal waters; OW = open waters; OI = waters
surrounding oceanic islands. Results for analysis for combined travel distance and linear home range data
provided in brackets.
Analyses level

Individual

Movement

Habitat type

n

Travel distance

1) ES + ES/CB + CB
2) ES/OC + CB/OC
3) OC
4) OI + OC/OW

21 (37)
114
30
29

(n=112)

< 0.001

(n=30)

MW (P)
1-2: < 0.001
1-3: < 0.001
1-4: = 0.194 (=0.001)
2-3: = 0.205
2-4: = 0.010
3-4: = 0.001

(n=29)

**

* *

**

* *

(n=19)

KW (P)

Figure 3.6. Individual travel distance per habitat. Showing quartiles (grey boxes), 10 & 90 percentiles
(whiskers), median (solid line), mean (dotted line) and outliers (black dots). Sample size presented in
brackets, and * represent a significant difference. ES = estuary; CB = closed bay; OC = open coastal waters;
OW = open waters; OI = waters surrounding oceanic islands.
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3.4.3. Travel matches between locations
A detailed overview of the documented bottlenose dolphin matches, and lack of matches,
between locations, identified through comparison of photo-ID data (both within and
between catalogues) or obtained via telemetry, is provided the Supplementary Information
2; Table SI2.1 describes the matches, whereas reported lack of matches are provided in
Table SI2.2. For comprehensiveness, these tables also include opportunistic information
obtained after July 2014.
Both travel matches and absences of matches were reported throughout the
distributional range of the species (Figure 3.7), with the majority of matches made for
dolphins sighted in close vicinity to shore. Matches, as well as lack of matches were reported
over a range of spatial (tens to hundreds of kilometres) and temporal scales (days to over
two decades). In various cases, earlier reported absences of dolphin travel between sites
were ‘updated’ by later discovered matches as research continued in successive years,
and/or data became available from additional sources or from other locations.

Figure 3.7. Visual representation of reported presence of matches (green connections) and absence of travel
matches (red connections) between locations and/or study areas. As exact sighting locations were frequently
unavailable, these lines provide a general overview of the links between areas compared, and do not
represent the actual travel routes undertaken by individuals. Note: inconsistent scales used for the regional
overviews; however dot size is indicative of zoom as dot sizes increases with increased zoom. See
Supplementary Information 2 Tables SI2.1 & 2.2 for full overview and data sources.
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Bermudas
Hawaii

Central America

West coast USA

Northwest and Northeast Gulf of Mexico

East coast USA

East coast Latin America

Figure 3.7. Continued. Reported presence and absence between locations / (study) areas.
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Canary Islands (Spain)

Azores and Madeira
(Portugal)

South Africa

UK and Ireland

Northeast Atlantic

Northwest, Central-north and Northeast Mediterranean

New Caledinia

Japan

Black Sea

Solomon Islands

East Australia
Figure 3.7. Continued. Reported presence and absence between locations / (study) areas.
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New Zealand (incl. South Island and northwest North Island)
Figure 3.7. Continued. Reported presence and absence between locations / (study) areas.

3.5. DISCUSSION
3.5.1. Quantitative movement data
Despite increased technological telemetry device sophistication and methodological
development, description of movement patterns currently still rely heavily on photo-ID; the
vast majority of quantitative bottlenose dolphin movement studies assessed here used
photo-ID. Whereas some of the earlier studies made use of visual aided recognition via tags
or freeze branding (Irvine et al., 1981; Scott et al., 1990b; Würsig & Lynn, 1996), most recent
studies used a non-intrusive approach and identified individuals by their naturally occurring
marks. Despite its limitation for continued tracking of dolphins, photo-ID has significantly
contributed to our knowledge of bottlenose dolphin movement and residency patterns, and
has been widely used in coastal areas revealing various long-distance travel ranges (>500km;
Wood, 1998; O’Brien et al., 2009; Hwang, 2011; Robinson et al., 2012). Movement data
obtained via telemetry only contributed to 14% of the HR studies. However, telemetry
proved particularly valuable in obtaining long-distance travel information and to collect data
in more open and offshore areas (Tanaka, 1987; Mate et al., 1995; Wells et al., 1999a).
3.5.2. Mobility between habitats
Home ranges
Despite bottlenose dolphins being one the most intensely studied cetacean species, few
studies have quantified HRs. Consequently, statistical comparison of HR sizes between
habitats was limited in this study to three habitat classes: estuary/closed bay (ES + ES/CB +
CB), estuary or closed bay in combination with an open coastline (ES/OC + CB/OC) and open
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coastal/open waters and surrounding oceanic islands (OI + OC/OW), as insufficient data was
available for the other habitats.
Results showed that, on an individual level, HRs were largest in the most open habitat,
independent of the HR estimation method (MCP, KHR, or KCA); HRs of dolphins occupying
open coastal/open waters and waters near oceanic islands (OI + OC/OW) were larger than
those inhabiting estuary/closed bay (ES + ES/CB + CB) and estuary/closed bay in combination
with an open coastline (ES/OC + CB/OC) habitats. For the MCP method, ranges in ES/OC +
CB/OC were also significantly larger than in ES + ES/CB + CB habitat, a difference which was
not present when the HR was estimated based on the Kernel approach. On the community
level, MCPs and KHRs did not significantly differ in size between habitats, however the linear
HR was larger in habitats including an open coast (ES/OC + CB/OC) compared to the
estuary/closed bay habitat (ES + ES/CB + CB). As such, the results broadly support a positive
relationship between habitat openness and range size, although this relationship appears to
be non-linear.
The majority of HR studies were conducted on populations inhabiting coastal systems,
although only few studies were carried out near islands or in fjord habitats. With the
exception of very limited information on travel distances of a few tracked dolphins, the
ranging patterns of offshore populations are unknown (Wells et al., 1999b; Klatsky et al.,
2007). Large scale studies have revealed the presence of offshore populations in many ocean
basins, and studies have attempted to provide general distribution, seasonal abundance and
population estimates for these populations (Weir et al., 2001; Hammond, 2006; Louis et al.,
2014a). Although no HR sizes were mentioned, Rossbach & Herzing (1999) proved the
existence of a resident bottlenose dolphin community of the coastal ecotype which showed
long-term site-fidelity (up to 10 years) with repeated associations (up to 8 years) to inhabit
waters ≥27km offshore in the Bahamas. This indicates that individuals from offshore
populations potentially also maintain consistent HRs, although these animals may be
associated with a special benthic feature (e.g. banks) despite it not having a coastline.
Previous studies have shown different habitat-related ranging patterns to occur within
populations. For example, in Shark Bay (Western Australia), males inhabiting deep-water
areas had significantly larger HRs than males occupying shallow sand and sea grass flats
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(Randić, 2008). Likewise, HRs of males and females inhabiting the open coastline part of the
Bunbury study area (Western Australia) were larger than those in the more sheltered bay,
estuarine and riverine part of the research site (Smith, 2012; Sprogis et al., 2016). This
current study showed that HRs also broadly increased with habitat openness across
populations.
Travel distances
In contrast to the HR analysis, the statistical comparison of individual travel distances also
incorporated the open coast (OC) habitat. Results showed that movements in the
estuary/closed bay in combination with an open coastline (ES/OC + CB/OC) and open coastal
water (OC) habitats ranged significantly further than in estuaries and closed bays (ES + ES/CB
+ CB) and in open coastal/open water and near oceanic islands (OI + OC/OW) habitats, with
no significant difference between the first two classes, and between the last two categories.
Of the included habitats, ‘OI + OC/OW’ represents the most open habitat, providing the least
physical restriction (on the surface and bathymetry) limiting the horizontal and vertical
ranging of dolphins, prey and marine processes. Nevertheless, reported travel distances in
this habitat were relatively short, and may potentially reflect spatial research effort.
Additionally, whereas maximum travel distances were regularly documented, few studies
presented more typical distances by means of average travel distance, or frequency
distributions for various distance classes (but see Wood, 1998; Gnone et al., 2011; Hwang,
2011).
As for the HR studies (discussed below), travel distance calculation methods differed
widely between studies, and included straight-line displacement distances between the
most distant sighting locations (and is some studies while remaining a certain distance from
shore) and the geographical movement calculated through the reconstruction of the travel
route connection successive data points. Likewise, distances may be based on locational
data collected over a few hours or days, to up to several years, and may represent total
travel movements or daily movements. These differences may have biased the results of this
synthesis.
Bottlenose dolphins are clearly capable of ranging over large distances. Whereas some of
the distances were covered in relatively short time periods, others were traversed over the
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course of years. Substantial long-distance movements were reported for 2 offshore satellitetracked dolphins travelling 2,050 and 4,200km within 41 and 47 days respectively (Wells et
al., 1999b), the longest movement of any bottlenose dolphin reported to date. Although not
included in the analysis, the longest coastal movement reported was undertaken by
‘JeanFloc’h/Gaspar’, a solitary dolphin frequenting harbours along the coasts of France,
Spain and Portugal between 2002 and 2008, ranging an estimated travel distance of
between 3,000-4,000km (Wilke, 2005; Wilke & Guyomard, 2005; López et al., 2009).
Likewise, ‘George/Dony/Randy/Flipper’, another singleton sighted between 2001 and 2005
off the coasts of Ireland, the United Kingdom, the Netherlands, Belgium, and France (Day,
2005; Wilke, 2005; Wilke & Guyomard, 2005; van der Meij & Camphuysen, 2006; Simmonds
& Standfield, 2007; Goodwin & Dodds, 2008), travelled large distances between these
locations. Similarly, substantial distances were ranged by several dolphins photographically
identified in a period of approximately two decades by geographically isolated studies in
Ireland, western Scotland, eastern Scotland and southwest England (Robinson et al., 2012).
Migrating and transient individuals, per definition, are less site-faithful than residents. For
most studies, however, it was not specified whether these long-distance movements could
be considered occasional movements made by (seasonal) resident dolphins with strong
geographic fidelity, or whether these represented the more typical movements of more
wide-ranging migrating or transient dolphins. Nevertheless, these examples show that
dolphins occupying coastal waters are also able to move over substantial distances and
reveal the importance of integrating temporal aspects when studying spatial (home) ranges.
Relationship between home range and study area
Analysis of HR sizes in relation to the sizes of study areas revealed a positive relationship
between the HR and the research area, independent of the HR estimation method (MCP or
KHR). Based on this positive relationship, it is evident that reported HR sizes are likely to be
negatively biased and that most studies have underestimated true HRs (Watson, 2005; Silva
et al., 2008), as individual HRs will likely increase with increased effort exceeding current
study site boundaries. A similar positive relationship was previously reported by Watson
(2005), who assessed the MCPs of dolphins from ten locations around the world. For these
sites, two general trends became apparent: (1) the MCP increased with increases size of the
study area, and (2) MCP size was positively related to dolphin density. Furthermore, HR sizes
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at assessed locations were not related to water temperature, body length and area depth
(Watson, 2005).
Davis (1953) reported that it is very unlikely that the HR of an individual concurs with the
subjective limits of a study site. Most studies included in the current study acknowledged
the likelihood of animals moving beyond the boundaries of the study area (Caldwell, 1955;
Würsig & Würsig, 1979; Gruber, 1981; Ballance, 1990; Hansen, 1990; Wilson, 1995; Ingram &
Rogan, 2002; Constantine et al., 2003; Zolman, 2002; Stensland et al., 2006; Mazzoil et al.,
2008a; Randic, 2008; Silva et al., 2008; Fury, 2009; Merriman et al., 2009; Bearzi et al., 2011),
hence recognising the fact that the estimated HRs only include part of the animals’ HRs or
that the actual communal HRs are considered larger than the study area. Additionally,
various studies reported observations of animals leaving the research area or documented
absences of individuals from their research sites, where animals were observed back in the
study area at a later stage, or confirmed re-sightings were made elsewhere (Würsig &
Würsig, 1977, 1979; Würsig, 1978; Shane, 1980; Gruber, 1981; Odell & Asper, 1990; Wells et
al., 1990; Würsig & Harris, 1990; Ballance, 1992; Bearzi et al., 1997 & 2011; Connor et al.,
2000a). The fact that animals range beyond the limits of the study areas, indicate that
reported HR sizes should be considered conservative estimates. However, how conservative
they are remains unknown, and as such is a significant gap in our knowledge of the ecology
of bottlenose dolphins.
3.5.3. Factors that bias HR estimates
In addition to habitat-related differences in HR sizes, a variety of methodological factors
may bias HRs.
Analytical approach
A wide range of analytical approaches are available to investigate HRs, which are likely to
influence HR estimates (reviews by Worton, 1987; Harris et al., 1990; Powell, 2000;
Kernohan et al., 2001; Börger et al., 2008; Laver & Kelly, 2008; Kie et al., 2010; Marby &
Pinter-Wollman, 2010; Walter et al., 2011; Fieberg & Börger, 2012). For bottlenose dolphins,
almost all HR studies used the MCP method and/or some KHR analyses (except for Kiszka et
al. (2012), which was excluded from these analyses). Nevertheless, KHR estimates are highly
sensitive to the smoothing parameter used (Seaman et al., 1998). Both AK and FK smoothing
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methods were used, with identification of the optimal smoothing parameter setting based
on different methods (e.g. the reference method, least squares cross validation, and the ad
hoc method (Seaman et al., 1999; Kie, 2013)). Furthermore, KHR estimators were originally
developed to analyse movements of animals in a landscape free of barriers that physically
restrict movements (e.g. coastlines) (Knight et al., 2009), and hence kernels are smoothed
across barriers. Until recently (MacLeod, 2013), an approach to correct for unavailable areas
had not been developed; as such studies have generally clipped inaccessible habitat post hoc
(see table Annex A1.1). Although not included in the synthesis, Sprogis et al. (2016) were the
first to use this new approach to account for barriers to improve the accuracy of the
estimated HR. Finally, the analytical software used to conduct the analysis may also
influence HR estimates (Mitchell, 2006).
Scales
Two major issues for direct comparison of ranging data between individuals and
populations are differences in sampling techniques used, and the spatial and temporal scales
and resolution of the data collection (e.g. Wiens, 1989; Jackson & Fahrig, 2015). These
differences are important since data collected using different approaches will have
limitations and are likely to operate over different scales. Consequently, ranging behaviour
may emerge to be very different over varying temporal and spatial scales (Hooker & Baird,
2001). The HR size of the resident bottlenose dolphin community in Sarasota Bay has
remained stable for decades and only increased as a result of the incorporation of a section
of the Bay, previously not sampled (Wells, 2003). Research off California and Mexico
revealed increased dolphin ranges with increased study duration and subsequent increased
availability of photo-ID data (Defran et al., 1999; Hwang, 2011; Hwang et al., 2014). Hence,
due to the strong relationship with sample size, which in turn may be related to the study
duration, full intra- and inter-population comparison may be prohibited when datasets are
based on substantially different amounts of effort (Wiens, 1989; Hooker & Baird, 2001).
Between studies, data collection varied widely in both spatial and temporal scales (see
Annex 1; Tables A1.1 - A1.4). Research areas ranged from less than one hundred (Shane,
1980; Fury, 2009) to several thousand square kilometres (Wilson, 1995; Silva et al., 2008;
Martínez-Serrano et al., 2011). Likewise, travel distance data were collected over periods of
hours (Bearzi et al., 1996) and days (Corkeron & Martin, 2004; Klatsky et al., 2007), to
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studies incorporating data exceeding a decade (Gibson et al., 2011; Hwang, 2011; Robinson
et al., 2012). HRs were predominantly based on several years of data, with some studies
collecting data on a seasonal basis (Balmer, 2007), whereas others conducted year-round
data collection (Wilson, 1995; Fury, 2009). These differences in data collection protocols may
influence HR estimates. For instance, McHugh et al. (2011) showed that juvenile HRs were
larger in winter compared to summer. Obviously, not only the duration of the study, but also
the effort within this period (e.g. once per season versus weekly surveys), affects the
amount of data available for each study, in turn influencing HR estimations and travel
distances. However, for most studies, precise measures of effort were not reported.
Number of sightings included in HR analyses
Both sampling duration and sampling intensity (Fieberg & Börger, 2012), as well as
individual heterogeneity of sighting probability (resulting from spatial and/or temporal
presence relative to research effort) (Silva et al., 2009) may affect the amount of data
available for analyses. HR calculations are sensitive to the number of sightings included in
the estimation, and the relationship between the HR and sample size may vary among
individuals and populations, and between different HR estimation methods (e.g. Worton,
1987; Arthur & Swartz, 1999; Seaman & Powell, 1996; Seaman et al., 1999; Boyle et al.,
2009; Harless et al., 2010). Although a very basic measure of space use, a frequent
justification for the calculation of MCPs is that they provide a measure which is comparable
between studies (e.g. Urian et al., 2009). However, this argument could be invalid when
comparing MCPs based on different sample sizes.
Generally, HR studies of marine mammals and other marine species have lagged behind
those of terrestrial animals. This may partially be explained by the challenges of obtaining
adequate sample size due to logistical constraints and the mobility of individuals (Urian et
al., 2009). Consequently, this may have contributed to the very limited number of studies
investigating the relationship between sample size and HR size of animals occupying the
marine environment. Only a very limited number of cetacean studies explicitly assessed the
required sample size, and considered the effects of sample size on the HR estimation for
marine mammals; examples include narwhals (Monodon monoceros) (Heide-Jørgensen et
al., 2002) and Indo-Pacific humpback dolphins (Sousa chinensis) (Hung & Jefferson, 2004).
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Only a few bottlenose dolphin studies assessed the quantity of data required to
accurately determine the HR (Wells et al., 1980; Cândido & dos Santos, 2005; Silva et al.,
2008; Urian et al., 2009; McCallister, 2011; McCallister et al., 2011). For example, MCP sizes
of Sarasota dolphins reached an asymptote after 15 sightings (Wells et al., 1980), whereas in
the Azores, the MCP approached the asymptote at ten sightings (Silva et al., 2008). In
contrast, Patterson et al. (2009) concluded that at least 240 data points were required to
accurately determine MCPs in Shark Bay. In other studies, the MCP did not reach an
asymptote after inclusion of all available data (e.g. Watson, 2005; Smith, 2012). Urian et al.
(2009) conducted the most comprehensive assessment using the sighting histories of 20
Tampa Bay (Florida) dolphins (10 males and 10 females of various age classes, each observed
≥100 times between 1992 and 1997). Results showed that: (1) approximately 100 (MCP) and
150 (FK HR) sightings were required for the estimation of HRs for females; (2) despite the
long-term database available, the area-observation curve did not reach an asymptote for
males, and therefore, they argued that the ranges of some males were not captured entirely,
and concluded that these males were likely ranging beyond the study area; (3) overall, the
MCP and KHR revealed similar HR sizes for individuals with 100+ sightings; (4) MCPs
increased with increasing number of sightings until a plateau was reached, whereas KHRs
decreased with increasing number of observations before an asymptote was obtained; and
therefore (5) MCPs under-estimated the HR size when using few sightings, while the FK HR
over-estimated the range size; and (6) when only 15 sightings per individual were included,
the communal 95% KHR and 50% KCA reached asymptotes after inclusion of 5-8 individuals,
demonstrating that even with incomplete sampling of individual HRs, it was possible to
adequately describe the community range with relative small number of individuals
considered.
Most frequently, an arbitrary minimum number of sightings were defined upon which
bottlenose dolphin HR estimates were based (e.g. Corkeron, 1997; Gubbins, 2002; Balmer,
2007), or minimum number of sightings were based on recommendations provided by other
studies (e.g. Wilson, 1995; Owen et al., 2002). The arbitrary number appeared to be based
on the number of data points available across all individuals, so that only those individuals
with the highest number of sightings were included. Additionally, various studies took
residency patterns into account, where HRs were calculated only for those individuals
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considered local residents. However, residency definitions differed considerably between
the studies, with residents required to be sighted at least 6-100 times (see Annex 1; Tables
A1.1-A1.3).
With the exception of the afore-mentioned study by Urian et al. (2009), only two other
studies had comparable data (i.e. >100 sightings/individual). These studies were conducted
in Shark Bay (Australia) and in the Boca Ciega/Tampa Bay area (Florida) (Patterson et al.,
2009; McCallister, 2011), both areas with long-term studies spanning decades. Nevertheless,
1993-2010 data from the latter area revealed that only three individuals were sighted >100
times (McCallister, 2011). Whereas a longer study duration has the potential to provide
more observation locations per individual, which theoretically should decrease the size of
the KHR (Arthur & Schwartz, 1999; Urian et al., 2009), incorporating data collected over a
long time period may fail to identify any HR shifts or range expansion over time, both of
which may result in an increase of the HR. One way to solve this problem is to present HR
results with increasing sample size or duration of study, such that both short-term and longterm movement patterns can be assessed and the comparability between studies improves.
However, since most studies had to base their HR estimations on much fewer data points
(typically <50) per individual, this is currently not feasible.
3.5.4. Other factors influencing individual home range variation
The current synthesis included individual HR estimates from relatively few study sites,
which each site typically represented by several dolphins. Despite documented ecological
and distribution differences, no distinction was made between T. truncatus and T. aduncus,
or between dolphins belonging to coastal or offshore ecotypes. Combining quantitative
movement data from both species and ecotypes potentially complicated perspectives on the
variation in individual HR estimates reported across studies.
Animals require that home ranges must provide all their needs, so these will vary in size
based on prey, competition and the availability of mates. As the resource requirements of an
individual may change per season or reproductive state (Burt, 1943; Clutten-Brock & Harvey,
1978), and prey quality may vary depending upon the species, which presence may vary
seasonally (Evans, 1987), home ranges may expand, contract or shift accordingly, depending
on the temporal and spatial scales considered (Börger et al., 2006). Hence, previous studies
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have indicated that individual HR sizes are influenced by age, gender, reproductive status,
social structure and foraging strategy of individuals, and may vary between seasons (Wells et
al., 1980; Scott et al., 1990a; Chilvers & Corkeron, 2001; Owen et al., 2002; Balmer, 2007;
Randić, 2008; Powell, 2009; Martínez-Serrano et al., 2011; McHugh et al., 2011; Tsai &
Mann, 2013). However, the acknowledgement that dolphins likely range beyond the limits of
study areas, warrants caution in the interpretation of these results. Nevertheless, these
(demographic) factors may contribute to individual HR variation.
Individual HRs may not be independent between dolphins within a study region or
population (Frère et al., 2010a). Despite living in a fission-fusion society with continuously
changing group members, associations are non-random and dolphins do not associate
equally with present dolphins, and inherently social structure and association patterns
therefore influence the geographic location and range size of multiple dolphins (Chilvers &
Corkeron, 2001; Frère et al., 2010a; McHugh et al., 2011). Several studies used in this
assessment have calculated HRs for residents only (although various definitions were used to
describe residency), whereas others have estimated HRs for any dolphin sighted a certain
number of times, independent of residency pattern. These latter studies could have included
animals which might not be part of the local year-round resident community/population and
these dolphins may contain different association networks than the resident dolphins.
Consequently, their HRs could be more independent than the HRs among residents only,
both in geographical location and in size.
3.5.5. Habitat openness as proxy for resource availability
The hypothesis of increasing mobility with increasing habitat openness is based on the
underlying assumption that (food) resource availability and predictability increases with
habitat openness (Gowans et al., 2007). This pattern is frequently reported in the terrestrial
environment (e.g. McNab, 1963; Harestad & Bunnell, 1979; Sandell, 1989), and in a broad
sense also for the marine environment with coastal areas considered more productive than
ocean environments (Doty & Oguri, 1956). However, a gradient in productivity, from the
most restricted and complex coastal habitats being most productive, to open waters being
least (predictably) productive has not yet been established. Studies have shown patchy
distributions of resources in offshore habitats typically linked to oceanographic features (e.g.
Fauchauld et al., 2000; Palacios et al., 2006; Fiedler, 2009; Benoit-Bird et al., 2013), and in
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comparison, increased productivity and subsequent prey abundance near oceanic islands
(Doty & Oguri, 1956; Gilmartin & Revelante, 1974). Yet, productivity and prey abundance
comparisons between divergent coastal habitats appears more complex as various factors
may influence local productivity, and hence predictability of potential prey abundance (e.g.
size of the habitat, anthropogenic influences, climate, and river outflow) (Martínez-Serrano
et al., 2011). Consequently, large variation in (seasonal) productivity between sites both
within and between coastal habitat classes may occur (e.g. in tropical versus temperate
locations).
Moreover, whilst measures of general productivity and overall prey diversity and
abundance provide information on the local habitat occupied by dolphins, these do not
necessarily reflect bottlenose dolphin prey availability (e.g. Berens McCabe et al., 2010), as
dolphins typically predate on a few main species, where dominant prey species may differ
between individuals (within and between populations) and seasons (see Chapter I). It
therefore remains unclear whether a generalised pattern can be established in prey
availability for bottlenose dolphins among various coastal habitats globally. Finally, it proves
difficult to separate the influence of food availability from other resources (e.g. shelter,
predator avoidance) provided by the habitat (Sanderson, 1966).
3.5.6. Problems associated with current methodological approach
Researchers have calculated the communal HRs based on two main approaches. The first
follows the specification mentioned in Wells et al. (1999a) where a community HR is defined
as the collective HRs of a group of individuals in the same region. This method combines the
sighting locations of all individuals, and uses this combined dataset for HR estimation. Using
this approach, the communal range is likely to increase with increasing number of
individuals, since individual HRs rarely overlap completely. Alternatively, studies have
calculated the mean HR of the individuals in the community, which can be considered
indicative of the size an average dolphin requires to conform all its normal activities within
that study site. Since this method averages the range sizes, it does not take the communal
spatial distribution into account, and the communal range size does not necessarily increase
with additional individuals added to the analyses.
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3.5.7. Travel matches between locations
In many areas within the species’ global range, bottlenose dolphins inhabit coastal
habitats, where they are vulnerable to a broad range of anthropogenic activities (see
Chapter I). Contemporary research has therefore increasingly focused on data collection
beneficial for conservation and management, with the majority of research targeting more
accessible populations. In contrast, relatively little research has been carried out on
populations with lower densities, or populations that show great ranging patterns, or live in
more inaccessible or challenging locations (Cheney et al., 2013).
Despite increasing collaborations and the availability of longitudinal information on the
distribution, abundance, residency and site-fidelity of bottlenose dolphins, investigations
normally operate within relatively small study areas compared to the ranging capability of
the species. The assessment of reported travel between locations undertaken by dolphins
showed that substantial travel distances are reported for the species, many of which have
been obtained through comparison of photo-ID catalogues. This emphasises the importance
of collaborations and the contributions to sightings networks by members of the public (e.g.
Wood, 1998; Urian et al., 1999; O’Brien et al., 20009; Gnone et al., 2011; Robinson et al.,
2012; Hwang et al., 2014). However, as stated by Bearzi et al. (2011): “Insufficient
information on long-distance movements tends to result in higher emphasis on site-fidelity,
and less emphasis on roaming or use of alternative core habitats.” Assessment of sitefidelity, based on isolated studies, is therefore likely to result in an over-estimation of fidelity
(Koenig et al., 1996). As such, continued, and where possible, increased collaboration
between neighbouring studies not only contributes to increased insights into bottlenose
dolphin ‘mobility capabilities’, but may also decrease this site-fidelity over-estimation.
Nevertheless, it was evident that confirmed matches, as well as the apparent absence of
travel by dolphins were reported to occur over both short and long time periods and
distances. In various cases, more up-to-date information resulted in counter-evidence of
initial reported lack of matches as studies continued and more data became available, such
as in Belize (Kerr et al., 2005; Hancock, 2007), Greece (Bearzi et al., 2008b & 2011),
Brazil/Uruguay (Laporta et al., 2006 & 2008), and the UK (Thompson et al., 2011; Robinson
et al., 2012).
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In summary, despite established residency and site-fidelity by numerous populations, the
typically short-term duration of these studies (several years), in usually relatively small
research areas, provides a poor representation of distributions over longer time-scales and
reduces the chances of detecting movements over larger spatial scales. With increasing
spatial and temporal effort, and though increased collaborations, the presence of these
kinds of long-distance ecologically important, perhaps infrequent, excursions might be
discovered more often.
3.5.8. Mobility implications
Bottlenose dolphins demonstrate great plasticity in a variety of traits, including
behaviour, foraging specialisation, social structure, morphology and habitat preferences,
where dolphins adapt to local conditions (see Chapter I). Consequently, although some
general patterns occur, it proves difficult to make assumptions on the ecology of a local
population solely based on information from other populations (Hubard et al., 2004).
Additionally, conservation effort is complicated by the lack of detailed long-term data for
many bottlenose dolphin populations. Therefore, in the absence of local and/or recent
information, we are often forced to make comparisons and obtain data from other
populations in similar circumstances. This fact was already acknowledged by J. Hunter in
1787, whose quote was used to set the tone for this chapter.
Regardless of the previously discussed methodological and analytical issues and
complications, the exact size of an individual’s HR has limited direct meaning (Sanderson,
1966). However, animal movements are important for understanding many facets of an
individual’s life and ultimately for community/population survival. The biological importance
of movements is manifested in a multitude of processes including the transmission of genes,
diseases and behaviour, and influences the social structure (see Chapter II). Consequently, in
addition to knowledge on the ranging patterns, the interactions animals have while roaming
through their HRs are also important. Hence, the HR location relative to habitat and
conspecifics may reveal more about underlying ecological processes related to habitat use,
foraging and sociality (Knight et al., 2009).
In any case, results provided broad support for the hypothesis that dolphins occupy larger
HRs in more open habitats. Consequently, the HR sizes for the different habitat classes could
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provide a rough indication of the area minimally to be covered as study areas and for
conservation purposes; where larger areas should be taken into consideration when the area
is physically less restricted (and productive). This, in combination with the acknowledgement
that animals ranged outside research area boundaries and the presence of matches between
different locations, emphasises the importance of increasing effort over larger study areas
and the highlights the significance of research collaborations.
In comparison to their movement capabilities, the HRs of bottlenose dolphins were
relatively small. It is clear that area-restricted space use through high site-fidelity and being
familiar to a HR offers a range of benefits with respect to searching and acquiring food,
successful breeding, social associations, and other ecological processes (Giuggioli &
Bartumeus, 2012). The fact that bottlenose dolphins roam within definable HRs indicates
that, once these ranges are established and defined, continued monitoring can reveal
additional information on a range of issues with respect to climate and anthropogenic
impacts, social structuring and the occurrence of shifts throughout an animal’s life, as well as
comparison between studies of similar and different habitats (e.g. Shane et al., 1982; Wells,
2003; McHugh et al., 2011; Sprogis et al., 2016). Assessment of individual and community
ranging patterns within study areas, and comparisons between catalogues of various study
sites has contributed significantly to the understanding of fine-scale population structure
and the potential of bottlenose dolphin movement distances, which in combination with
other data (such as abundance, diet, behaviour and genetics) provides a more
comprehensive picture to inform conservation and management.

3.6. CONCLUSIONS
The availability of several longitudinal studies undertaken in a variety of habitats
distributed around the world, allowed for a quantitative assessment of bottlenose dolphin
mobility, and analyse relationships between dolphin ranging patterns and habitat openness.
Results of the current synthesis broadly provided support for the presence of larger
individual HRs (both MCPs and KHRs/KCAs) when comparing the open coast/offshore waters
and waters surrounding oceanic islands (OI + OC/OW) habitat to the more restricted
estuary/closed bay (ES + ES/CB + CB) and estuary/closed bay combined with open coastal
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water (ES/OC + CB/OC) habitats. Additionally, individual MCPs and communal linear HRs
were also larger for the more open (ES/OC + CB/OC) habitats compared to more restricted
(ES + ES/CB + CB) ones. However, comparisons of travel distances between habitats did not
reveal a pattern of increasing distance with increasing habitat openness. In fact, travel
distances were larger for dolphins occupying ES/OC + CB/OC and open coast (OC) habitats,
than by those traversing (ES + ES/CB + CB) and (OI + OC/OW) habitats.
The underlying assumption between the hypothesised habitat-mobility relationship is
that habitats with different degrees of openness, represent environments with different
availability of resources required for survival and reproduction, where resource availability
and stability increases and patchiness decreases in habitats with increasing physical
restriction to animal movements and ecological processes (Gowans et al., 2007). It is
plausible that the results obtained here represent a response to prey abundance, and the
patchiness and predictability of (food) resources. However, even between study sites
representing a similar habitat, prey availability is likely to vary. As such, without quantitative
data on local productivity, or preferably, prey availability and other habitat characteristics, it
remains speculative whether these factors are the driving forces behind observed pattern.
Moreover, in addition to habitat characteristics, many other ecological factors are related
to dolphin mobility, such as age, gender, reproductive status, foraging ecology, and social
structure. Additionally, several methodological conditions, including definitions, sample size,
spatial and temporal scales, analytical analyses and software, are likely to influence
estimates of movement. Despite similarities in the HR analyses approach by the studies
assessed here, all using the MCP method and/or some variant of Kernel analyses, direct
comparison between habitats is complicated, and impeded, by marked differences in the
underlying data due to different data collection methods, temporal and spatial scales of
studies, unequal sample sizes, and inconsistent (residency) definitions. As such, it is difficult
to disentangle the causal factors governing dolphin mobility.
The positive relationship between HR size and the size of the research area, in
combination with the fact that most studies recognise that dolphins range beyond the
boundaries of their study areas raises concerns and implies that reported HR estimates
should, in general, be considered conservative. Whereas the precise HR sizes have little
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significance in itself, this study provides a comprehensive overview of what ranges could be
expected for a certain habitat, which should facilitate future research design and areas
minimal required to be considered for conservation, in places where minimal research has
been carried out, but where protection is urgently required. The current study also highlights
the skewed research effort on communities/populations inhabiting certain coastal habitats,
with so far little directed research on mobility in fjord systems, and in offshore
environments.
The majority of quantitative movement studies used photo-ID, demonstrating its power
as a tool for travel and HR analyses, as well as for the assessment of residency and sitefidelity, with the ability to conduct long-term and broad-scale research. Typically, the
number of sightings included in HR analyses most often depended on the number of data
points available rather than on a study of what constituted an adequate sample size.
Movements between local sites or research areas have been obtained through both
telemetry and through photo-ID. Considering the importance of (large-scale) movements on
biological processes such as foraging, population structuring, survival and reproduction (see
Chapter II), continued collaborations with studies on neighbouring populations (and those
further afield) appear important. As a paucity of information on long-distance movements
tends

to

emphasise

local

site-fidelity,

rather

than

exploring

potential

inter-

community/population interactions, the increasing number of matches between study sites,
as well as the documented absences of matches between locations, underlines the benefits
of collaboration to increase our understanding of local dolphin mobility patterns.
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OCCURRENCE, DISTRIBUTION AND SITE-FIDELITY: INSIGHTS INTO
THE INNER HEBRIDES COMMUNITY FROM OPPORTUNISTIC DATA

“Western ocean, seas of foam
Carry me out and take me home…”

Skipinnish

From: Western Ocean

© N. van Geel / SAMS
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CHAPTER IV
OCCORRENCE, DISTRIBUTION AND SITE-FIDELITY: INSIGHTS INTO
THE INNER HEBRIDES COMMUNITY FROM OPPORTUNISTIC DATA
4.1. INTRODUCTION
Bottlenose dolphins are frequently sighted in Scottish coastal waters (Reid et al., 2003;
Thompson et al., 2011). However, research effort in the last three decades has mainly
focused on a population inhabiting the Moray Firth and adjacent east coast waters down to
the Firth of Forth. Studies included spatial and/or temporal distribution and habitat use
(Wilson et al., 1997a; Mendes et al., 2002; Hastie et al., 2003a; Sini et al., 2005; Stockin et
al., 2006; Culloch & Robinson, 2008; Weir et al., 2008b; Bailey et al., 2010b & 2013;
Thompson et al., 2015), population abundance (Hammond & Thompson, 1991; Wilson et al.,
1999a; Durban et al., 2005; Culloch & Robinson, 2008; Corkrey et al., 2008; Cheney et al.,
2013 & 2014), movements (Bailey & Thompson, 2006; Robinson et al., 2012), foraging
ecology (Hastie et al., 2004 & 2006; Bailey & Thompson, 2010; Pirotta et al., 2014), acoustic
behaviour (Janik, 2000a,b&c; Quick & Janik, 2012; King & Janik, 2013), social structure
(Eisfield & Robinson, 2004; Lusseau et al., 2006a), social behaviour and inter-specific
interactions (Ross & Wilson, 1996; Patterson et al., 1998; Grellier et al., 2003), genetics
(Parsons et al., 2002; Islas-Villanueva, 2009), health (Thompson & Hammond, 1992; Wells et
al., 1994; Wilson et al., 1997b, 1999b & 2000), disturbance (Janik & Thompson, 1996; Hastie
et al., 2003b; Bailey et al., 2010a; New et al., 2013; Pirotta et al., 2013 & 2015a), and
conservation management (Thompson et al., 2000; Hastie et al., 2003c; Wilson et al., 2004;
Bailey & Thompson, 2009; Cheney et al., 2014; Pirotta et al., 2015b).
In contrast, studies conducted on the species off western Scotland have been very
limited. Consequently, (scientific) literature on the west coast population is sparse (but see
Jeewoonarain et al., 2000; Shrimpton & Parsons, 2000a; Grellier & Wilson, 2003;
Mandleberg, 2006; Islas-Villanueva, 2009; Thompson et al., 2011; Robinson et al., 2012;
Cheney et al., 2013), and our knowledge of their spatio-temporal distribution, mobility,
abundance and population structure is very poor in comparison (see also Chapter I).
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Historic sightings indicate that bottlenose dolphins used to be widespread throughout the
region (Shrimpton & Parsons, 2000a). Bottlenose dolphin presence on the west coast dates
back to a documented shooting in the Clyde in 1878 (Watt, 1901 & 1911). Other early
historic records are available for the Outer Hebrides, along the Caithness coast, and off
Kintyre (Harvie-Brown & Buckley, 1887, 1888 & 1892 in Wilson, 1995). Off Kintyre, dolphins
were reported to be present during the herring season (Watt, 1901 & 1911).
Despite earlier records of their presence, it was not until 2006 that year-round residency
was suggested for bottlenose dolphins on the west coast based on monthly encounters and
photographic re-sightings (Mandleberg, 2006). Subsequent research has indicated the
presence of two small distinct parapatric communities on the west coast without any
photographic evidence of mixing between dolphins belonging to these communities to date
(Thompson et al., 2011; Cheney et al., 2013). In contrast to the ‘Barra community’, which
mainly occupies the waters around the Sound of Barra, the ‘Inner Hebrides community’
shows wide ranging movements throughout the Inner Hebrides and mainland coasts.
Analyses of photo-ID data 2006-2007 also suggested a slight degree of segregation within
the Inner Hebrides community, with two groups identified with different, but overlapping
ranging patterns. This indicated the presence of latitudinal partitioning, with a subdivision
between a northern and a southern ranging cluster (Thompson et al., 2011; Cheney et al.,
2013).
Research to inform and enhance effectiveness of conservation management initiatives
and minimise impacts of future developments are increasingly becoming a priority (e.g.
Thompson et al., 2000 & 2015; Chilvers et al., 2005; Embling et al., 2010; Silva et al., 2012;
Lauriano et al., 2014). Management directed towards species displaying great spatial and
temporal variation in their distribution is complex, and often protecting a species’ entire
range is not feasible (UNEP-MAP RAC/SPA, 2011). When anthropogenic activities occur over
restricted or defined time periods, such as the construction phases of wind/tidal turbine
placements, an alternative approach is time-area management (Dunn et al., 2011), when
activities are locally limited at times when target species are within impact distance. Such an
approach, however, requires insights into the spatio-temporal presence of animals.
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The wide-ranging nature of dolphins of the small Inner Hebrides community (Cheney et
al., 2013) through the substantial and geographically complex area is likely to impede
traditional transect and photo-ID surveys. Additionally, conducting dedicated research
surveys over the long-term requires a substantial investment of resources. However, data
collected opportunistically may provide an alternate source for accumulating long-term
information on the occurrence and distribution of low-density mobile marine species. For
example, Sea Watch Foundation maintains a national sightings network (initiated in 1973),
recording opportunistic marine mammal encounters as well as effort-related sightings made
by volunteers in UK and Irish waters (Evans et al., 1986 & 2003). Various other UK studies
have included data provided from a network of volunteer observers and dedicated citizen
science 1 watches to investigate bottlenose dolphin occurrence and distribution patterns (e.g.
Pierpoint et al., 2009; Embling et al., 2015). In south-west Britain, opportunistic sightings
data provided by a public sightings network have been utilised to track bottlenose dolphin
movements (Wood, 1998) and to investigate their spatial and temporal patterns (Pikesley et
al., 2012). Finally, off western Scotland, opportunistic sightings made by members of the
public were used to target spatial effort of dedicated bottlenose dolphin photo-ID surveys
(Thompson et al., 2011).
Sightings of bottlenose dolphins on the west coast of Scotland are characterised by
sporadic, apparently randomly distributed sightings near the coast, as groups of dolphins
move around the coastline (Mandleberg, 2006). However, the seemingly coastal distribution
may be affected by the origin of sightings information. Indeed, much of what is currently
known about the presence and distribution of bottlenose dolphins on the Scottish west
coast is obtained from public summer sightings (Jeewoonarain et al., 1999; Shrimpton &
Parsons, 2000a; Evans et al., 2003; Mandleberg, 2006). Opportunistic data may be collected
from land or from a suite of (mobile) sea-based platforms (e.g. ferry, fishing vessel, dive
boat, wildlife operator vessel, yacht, kayak). By their nature, opportunistic data will mainly
provide information of coastal areas, as many of these activities occur mainly within
relatively short distances from shore. This is also the case in the Hebrides, where a
substantial part of sightings have been reported from land, especially from areas frequently
visited by locals and tourists and other easy accessible areas; far fewer sightings have been
1

Defined here after Bruce et al. (2014) as the engagement of non-specialist volunteers in the collection of data
for scientific enquiry.
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reported for less populated and more remote areas. As such, relying on opportunistic data
may result in both spatial and temporal biases.
4.1.1. Aims of this study
The west coast of Scotland is characterised by a topographically and bathymetrically
diverse landscape and contains a large variety of different habitats including sheltered sea
lochs, bays, and channels, and the mainland coast is fringed by a large number of islands and
islets. This mosaic of islands with short inter-island and island-mainland distances provides
the opportunity for dolphins to move through the region without crossing large open areas.
Although bottlenose dolphins (coastal ecotype) are typically reported to occupy coastal
areas with limited offshore movements (Defran & Weller, 1999; Torres et al., 2003; Robinson
et al., 2007), the presence (or not) of a coastal distribution (i.e. movements through
nearshore waters), has significant influence on the effectiveness of a potential methodology
to study the local population, such as the usage of opportunistic community sightings.
Therefore, the first aim of this study was to explore whether bottlenose dolphins on the
Scottish west coast display a coastal distribution by analysing sightings data collected by the
Hebridean whale and Dolphin Trust (HWDT) during dedicated boat-based cetacean surveys.
This, in turn, provides information required to assess whether monitoring using
opportunistic sightings is biased (i.e. missing presence in more offshore areas).
The second aim was to examine the spatio-temporal presence and distribution patterns
of bottlenose dolphin using sightings reported by members of the public and from dedicated
surveys.
Finally, this study aimed to investigate long-term presence of identifiable dolphins and
their distribution within the area by analysing photographs collected during both dedicated
and opportunistic encounters.

4.2. METHODOLOGY
4.2.1. Study area - The Hebrides
The research area west of Scotland, also known as the Hebrides, comprises an
archipelago containing over 50 islands, and roughly extends from 55°00’N to 59°00’N and
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from 4°30’W to 9°00’W (Figure 4.1). The Scottish west coast is a highly dynamic coastal
marine environment which is influenced by a variety of physical and oceanographical
processes. The region is topographically highly complex and includes deep submarine
canyons and numerous channels, providing a diversity of environments and sea conditions in
terms of depth and slope, bottom substrate, habitat types, prey communities and exposure
to weather and sea conditions (Ellet & Edwards, 1983; OSPAR Commission, 2000; Baxter et
al., 2011). See Chapter I for a more comprehensive description of the study area.
4.2.2. Coastal distribution - HWDT survey data
The nearshore distribution of bottlenose dolphins inhabiting the waters off western
Scotland was investigated using dolphin sightings and visual survey effort data from
dedicated cetacean surveys (Mann, 1999) undertaken in the Hebrides between 2003 and
2012 by HWDT. Dolphin sightings and survey tracks were visualised with ArcMap (ArcGIS
10.0, ESRI Inc.) and plotted in a Transverse Mercator projection centred around a central
point within the study area (56.5°N, -6.5°W), and with a WGS 1984 map datum.
Since 2003, HWDT has been conducting annual visual and acoustic monitoring surveys on
the west coast of Scotland from RV Silurian, a 60 foot sailing vessel, to examine the
distribution and relative abundance of cetaceans and other marine species. Traditionally,
surveys have primarily focussed on the southern part of the study area (mainly Inner
Hebrides south of Skye), but, in recent years, effort has increasingly included more northerly
and westerly areas on the west coast of Scotland, including the North Minch and the Outer
Hebrides. Surveys have been conducted from the end of March till September inclusive, with
limited effort in October in some years.
Data collection protocols have remained relatively consistent over the years. In brief,
during visual effort, two observers were posted near the mast (eye height approximately
3m) surveying 90° arcs starting from the transect line (directly ahead) to the beam. These
arcs were continuously scanned using a combination of naked eye and 7x50 binoculars.
Visual observer watches rotated every hour to prevent observer fatigue. Monitoring effort,
sightings and environment data were logged in real-time using LOGGER2000/2010
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(International Fund for Animal Welfare 2). When bottlenose dolphins were encountered, the
details of the sighting, including species, group size, group composition (numbers of calves,
juveniles and adults) and behaviour were manually entered. The location, speed (typically
around 6 knots) and heading of the vessel were automatically and continually recorded from
the navigation instruments. Environmental conditions were recorded every 15 minutes or
when conditions changed, and included information on sea state, weather, visibility, and
swell height.
Surveys were designed to obtain broad-scale coverage across the region. While planning
monitoring trips, areas needing to be surveyed, expected weather and sea conditions, daily
achievable distances and locations of suitable anchorage places were taken into account.
Dependent on weather conditions and light availability at the time of year, surveying was
generally carried out for eight to ten hours per day. Most trips had their start and end in
Tobermory (Isle of Mull) and this resulted in an increased amount of effort dedicated to the
areas closer to Mull.
4.2.3. Spatio-temporal occurrence and distribution - Opportunistic sightings
Various organisations have collected dedicated and opportunistic cetacean data in the
study area, and previous studies have collated this information (e.g. Jeewoonarain et al.,
1999; Shrimpton & Parsons, 2000a; Weir et al., 2001; Evans et al., 2003; Reid et al., 2003;
Mandleberg, 2006). A Scottish Government (SG) funded national bottlenose dolphin
research project took place in 2006 and 2007 resulting in the creation of an integrated
sightings database (collaborators: University of Aberdeen Cromarty Lighthouse Field Station,
University of St Andrews Sea Mammal Research Unit, Scottish Association for Marine
Science, Scottish Agricultural Sciences Veterinary Services and HWDT). Data on west coast
dolphins up to the end of 2007 were incorporated into the study (Thompson et al., 2011).
This PhD study builds on the data collected during the SG project, and new (both post-2007
and pre-2007 previously not included) bottlenose dolphin sightings and photo-ID data
gathered from a wide variety of sources were added to the existing information. This
includes dedicated survey data, data provided by wildlife operators and data from members
of the public. Part of the opportunistic data was provided by HWDT who continued the
2

Currently available via: http://www.marineconservationresearch.co.uk/downloads/logger-2000-rainbowclicksoftware-downloads/
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project

(www.whaledolphintrust.co.uk/sightings.asp).
For each sighting, where available, information recorded included organisation/name of
the data provider, date and time of the sighting, sighting location, group size and
composition, availability of photo-ID images, confidence of correct species identification,
and other additional notes (e.g. duration of sighting, behaviour, direction of travel).
Confidence of correct species identification was not logged for all data. This was
particularly true for data from earlier years, when this was not a standard check.
Consequently, sightings of ‘Probable’ and ‘Possible’ confidence were excluded from
analyses, and only those records of ‘Definite’ and ‘Unknown’ confidence were incorporated.
To investigate the spatio-temporal presence and distribution of bottlenose dolphins on
the west coast, annual and monthly occurrence graphs and distribution maps, including both
opportunistic and dedicated sightings 1989-2014, were made in SigmaPlot (version 12;
Systat Software Inc. SigmaPlot for Windows) and ArcMap (ArcGIS 10.0, ESRI Inc.). Sightings
were plotted using the projection and datum as specified above.
4.2.4. Individual presence and distribution - photo-ID data
Photo-ID is a non-intrusive technique where distinctive (natural) markings, such as nicks,
scratches from tooth rakes, and scars from lesions are used to identify individual dolphins
within a population (Würsig & Würsig, 1977; Würsig & Jefferson, 1990). See Chapter II for
more details. The persistence of these marks varies; markings such as nicks and notches in
the dorsal fin are permanent and enable individuals to be identified repeatedly over many
years, although dorsal fin outlines can change over time through accumulation of additional
nicks. In comparison, tooth rakes, scars, pigmentation patterns, and lesions are not
permanent, but nevertheless allow identification of un-nicked individuals, or distinction
between similar nicked dolphins, over shorter periods (Lockyer & Morris, 1990; Wilson et al.,
1999b).
Photographs and ancillary information were obtained from various sources, including
dedicated (bottlenose dolphin) surveys by HWDT and during the SG project. The majority,
however, represented opportunistic data from (although not limited to) wildlife operators,
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professional photographers, divers, sailors, wildlife enthusiasts and local biodiversity
recording groups, and tourists. Whereas part of the opportunistic photo-ID data were
provided directly or were supplied via HWDT, collection of photographs and additional
sightings information for this PhD also included actively searching for pictures and video
footage on social media sites such as Facebook, Flickr, YouTube, company websites and
blogs. Data providers were subsequently contacted for full data access.
Photographs were analysed for the presence of identifiable dolphins using FastStone
Image Viewer (version 4.9; Copyright © 2013 FastStone Soft). Data from the Sound of Barra
were excluded here, and will be discussed in detail in Chapter VI. Although identification was
primarily based on the number, shape and location of nicks and scars on the dorsal fin,
individual recognition also took scars, lesions, tooth-rakes and pigmentation patterns
(including fetal fold characteristics) on other parts of the body into consideration (Würsig &
Jefferson, 1990; Karczmarski & Cockcroft, 1998; Wilson et al., 1999a). On occasion, images
were manipulated (brightness/contrast) to enhance the visibility of (subtle) features.
Possible matches were excluded from analyses. Photographs of all qualities were included in
the analyses (Urian et al., 2015), as a relatively limited number of animals was expected to
be present in the area based on previous studies (Mandleberg, 2006; Thompson et al., 2011;
Cheney et al., 2013) and various dolphins could be identified in pictures of low(er) quality as
their markings were very clear and distinctive. Moreover, limiting analyses to high quality
photographs or using permanent identification features (i.e. dorsal nicks) only, and thereby
excluding lower quality data would have resulted in the unconfirmed presence of various
individuals both within encounters, as well as within entire years. Therefore, all data were
included to establish the largest dataset possible for each dolphin’s sighting history.
Video footage was analysed for the presence of identifiable dolphins; however these data
were not included in the analyses of presence and distribution of individual dolphins.
Instead, footage taken either from above or below the water surface was used to create a
more comprehensive overview of the identifiable features of filmed individuals, such as on
the dorsal side during bow-riding events and ventrally during aerial display. This, in turn,
facilitated the identification of individuals from images where other body sections were
photographically captured.
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For each encounter, the best left and right picture of each dolphin were selected and
compared with the best photographs of identified dolphins, and non-identified dolphins (i.e.
those with a year-code; see below) of all previous years. These records were either logged as
a re-sighting of a known individual when a match was confirmed, or included as a new
identification when no match was made to individuals in the existing catalogue and the
pictures where of sufficient quality for future matching. Female-calf pairs identified from
2006 onwards were allocated a new catalogue ID number, whereas pre-2006 calves
obtained their mother’s ID number with a ‘-c’ extension (e.g. 5049-c). Other new individuals
obtained a catalogue ID number only if they were subsequently identified in any of the
following years (following the SG project protocols, west coast dolphins were given IDs in the
5000-series, e.g. 5063). If, however, they were identified during one year only (independent
of the number of re-sightings within that year), or markings/photographs were considered of
insufficient quality, the individuals obtained a year-code (2-digit year code, followed by an
alphabetic individual code, e.g. 09-F).
Individual gender was determined opportunistically from photographs of the genital area
during aerial behaviour, and dolphins were considered female when sighted with a calf.
Distribution maps for individual dolphins were created for all dolphins identified in at
least three years after becoming independent (which was considered to occur after a calf
had survived its first three years; year of first photographic record was assumed the birth
year). This means that the complete sighting history (including as dependant calf) was only
mapped if the calf could be tracked during, at least, the first six years of life.

4.3. RESULTS
4.3.1. Coastal distribution
HWDT visual survey effort increased substantially since surveys started in 2003 and, until
the end of 2012, visual monitoring was conducted over nearly 60,500km, of which almost
50,000km in sea states ≤3 (Table 4.1), covering both coastal and more open/offshore areas.
Transects surveyed by HWDT in the period 2003-2012 are presented in Figure 4.1, which also
shows the locations of bottlenose dolphin sightings collected during these visual surveys (on-
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effort sightings only). A total of 41 dolphin encounters were recorded across the research
area, with all sightings made in coastal waters close to shore (Table 4.1; Figure 4.1).

Table 4.1. Overview of HWDT annual visual effort (in km) and number of bottlenose dolphin sightings on the
west coast of Scotland 2003-2012.
Sea states ≤3
All sea states
Sightings

2003
3,133
4,026
7

2004
3,006
3,959
8

2005
4,858
5,625
3

2006
4,722
5,581
3

2007
5,563
7,119
4

2008
5,638
6,875
3

2009
6,826
8,329
4

2010
5,892
7,191
3

2011
6,120
7,136
2

2012
3,794
4,625
4

Total
49,553
60,467
41

Depth

Figure 4.1. HWDT dedicated cetacean surveys on the west coast of Scotland 2003-2012, showing tracks for
visual effort (actively looking for cetaceans) and all bottlenose dolphin sighting locations (red circles). Survey
sections presented in black were conducted in sea states ≤3, and those presented in yellow in sea states >3.
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4.3.2. Presence and spatio-temporal distribution
Annual sightings distribution
Between 1989 and 2014, a total of 2,998 bottlenose dolphin sightings were logged from
all sources for the Scottish west coast and off the north mainland coast, of which 2,627
encounters with ‘Definite’ or as ‘Unknown’ confidence in correct species identification. Of
these, 57 (2.2%) were lacking sighting date information (although sighting month was
available for 38), and 121 (4.6%) were missing (or contained incorrect) sighting coordinates.
The number of sightings recorded pre-2001 were low; however sighting records increased
substantially in 2001, and peaked during the years 2001-2003, 2006-2007, and 2011-2012
(Figure 4.2a). Lower numbers of sightings were collected in the years following these peakyears: 2004-2005, 2008-2009 and 2013-2014.

a

b

Figure 4.2. Annual (a) and monthly (b) number of bottlenose dolphin sighting records. Graphs present
bottlenose dolphin sightings with ‘Definite’ and ‘Unknown’ confidence in species identification only.

Annual bottlenose dolphin sighting distributions are presented in Figure 4.3. Dolphins
were sighted throughout the west coast, with additional limited sightings off the northern
mainland coast. Each year, higher numbers of sightings were recorded in the central part of
the study area, and in particularly around the Isle of Mull. Although the vast majority of
sightings were made close to shore, a few sightings were documented for offshore waters in
the north and west, as well as between the Inner and Outer Hebrides (Figure 4.3).
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2001 (175)

2002 (205)

2003 (280)

2004 (135)

2005 (125)

2006 (172)

2007 (237)

2008 (133)

2009 (126)

Figure 4.3. Annual bottlenose dolphin sightings 2001-2014 and total sightings 1989-2014. Number of
sightings between brackets. Graphs present all bottlenose dolphin sightings with ‘Definite’ and ‘Unknown’
confidence in species identification only.
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2010 (106)

2011 (228)

2012 (216)

2013 (150)

2014 (152)

1989-2014 (2512)

Figure 4.3. Continued. Annual bottlenose dolphin sightings 2001-2014 and total sighting 1989-2014.

Monthly sightings distribution
Pooled sightings data 1989-2014 revealed substantial variation in the number of dolphin
sightings through the year, with larger numbers recorded in summer, in particular during
June, July and August (Figure 4.2b). Although less often recorded in winter, bottlenose
dolphins were sighted throughout the year (Figures 4.2b & 4.4). During most months,
dolphins were sighted widely in nearshore waters across the west coast (Figure 4.4).
Nevertheless, sightings north of Skye were particularly rare between October and April, and
for most months, highest sighting numbers were centred in the Isle of Mull area.
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January (54)

February (41)

March (66)

April (198)

May (279)

June (503)

July (538)

August (445)

September (175)

Figure 4.4. Monthly bottlenose dolphin sightings 1989-2014. Number of sightings is included between
brackets. Graphs present all bottlenose dolphin sightings with ‘Definite’ and ‘Unknown’ confidence in species
identification only.
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November (43)

October (132)

December (32)

Figure 4.4. Continued. Monthly bottlenose dolphin sightings 1989-2014.

4.3.3. Individual presence and distribution
Photo-ID data
Photographs were available for 375 dolphin encounters between 2000 and 2014, 14.2%
of all ‘Definite’ and ‘Unknown’ bottlenose dolphin sightings recorded since 1989. A total of
15,439 pictures from 357 encounters related to Inner Hebridean dolphins (Table 4.2).
These photo-ID sightings were made in close vicinity to shore, and were roughly, albeit
heterogeneously, distributed along the entire western coastline of the mainland. Limited
photographic data were available for the mainland areas north of Skye, along the north
coast, in the south coast from the Clyde to the English Border, and for the Outer Hebrides
north of South Uist (Figure 4.5; Barra community data excluded resulting in a lack of
sightings plotted near Barra and South Uist).

Table 4.2. Overview of annual bottlenose dolphin photo-ID encounters and analysed number of photo-ID
pictures 2000-2014. Barra community data excluded.
Year
2000
2001
2002
2003
2004
2005
2006
2007

Encounters
2
10
10
4
11
4
30
49

Pictures
3
161
132
18
545
369
2,155
3,520

Year
2008
2009
2010
2011
2012
2013
2014
Total
130

Encounters
24
27
22
69
56
30
27
375

Pictures
2,433
1,215
284
2,023
707
712
1,270
15,551
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Figure 4.5. Locations of bottlenose dolphin sightings accompanied by photographs for photo-ID analyses
(location information unavailable for 54 records). Barra community data excluded.

Individual temporal presence
Since 2001, a limited number of individual dolphins were annually identified in Scottish
west coast waters (Table 4.3). This table includes dolphins from the catalogue, and those
with a year code (sighted within one year only and/or of insufficient quality to be included
with a new catalogue number) captured in high quality pictures and/or containing high
quality identification features. As such the table does not provide a list of all dolphins
present through the years.
Capture histories differed among dolphins. Twenty dolphins showed long-term sitefidelity to the area, being identified in at least eight years, with one individual (ID 5020)
identified each year since 2001 (Table 4.3). The remaining dolphins included in Table 4.3
were, on average, identified in 2 years (mean: 1.92; SD: 0.95; range: 1-5; n: 61) (ID 5001
excluded).
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Table 4.3. Annual overview of identified bottlenose dolphins off western Scotland 2001-2014. Dolphin identities are indicated by their ID number or year code (YC). Only those
individuals with a YC (sighted within one year only and/or of insufficient quality to be included with a new catalogue number) captured in high quality pictures and/or containing
A)
high quality identification features are included. Gender confirmed through previous collaboration, as reported in Robinson et al., 2010 & 2012. SoB = Sound of Barra; +C = with
calf; (+C) = possibly with calf; C = calf at time of first identification (not necessarily born in that year); LS = left side; RS = right side.
ID #
5001
5017
5018
5019
5020
5021
5022
5023
5024
5025
5026
5027
5028
5029
5030
5031
5032
5033
5034
5035
5037
5038
5039
5040
5043
5045
5046
5049

Gender 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Notes
♀
SoB SoB SoB SoB SoB SoB SoB
Sighted in the SoB 06-12 (no effort in the SoB in 05 & 13-14)
♂
♀
+C
+C
Calves: 5056 (08), 5090 (13)
♀
+C
+C
Calves: 5032 (05), 5075 (11)
♂
♂
LS only in 09
♂
A)
♂
♀
+C
+C
Calves: 5029 (06), 5071 (11)
♀
+C
(+C)
Calves: 5028 (06), possibly with calf (11)
♂
C
Calf of 5026
C
(+C) Calf of 5025; poss with calf (14)
♀
+C
+C
+C
RS only since 10; Calves: 5034 (06), 5057 (08), 5083 (12)
♀
+C
LS only in (RS possibly 5037). Calf: 5055 (08)
C
Calf of 5019
♀
+C
+C
RS only since 10; Calves: 5058 (08), 5082 (12)
C
x
x
x
x
x
x
x
x
Calf of 5030; Assumed dead
♂
RS only; Possibly RS of 5031
♂
RS only in 05
♂
♀
♀
♀

+C

+C

+C
C

+C
(+C)
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RS only in 05
Calves: 5063 (09), 5089 (13)
Calves: 5046 (07), poss with calf (11)
Calf of 5045
Calf: 5049-c

Table 4.3. Continued. Annual overview of identified bottlenose dolphins off western Scotland 2001-2014.
ID #
5049-c
YC 05-D
5050
5050-c
5051
5051-c
5052
5053
5053-c
5055
5056
5057
5058
5063
5064
5067
5069
5070
YC 10-E
5071
5073
5074
5075
YC 11-O
5077
5078
5079
5080
5081
5082
5083

Gender 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Notes
C
Calf of 5049
♀
♀
A)

♀
♀
♀

♀

+C
C
+C
C

Calf: 5050-c
Calf of 5050
Calf: 5051-c
Calf of 5051

+C
C

+C

Calf: 5053-c
Calf of 5053
Calf of 5031
RS only in 10; Calf of 5018
Calf of 5030
Calf of 5033
Calf of 5043
RS only; Calf: 5067
RS only; Calf of 5064
LS only
RS only in 10; Calf: 5080
RS only; Possibly RS of 5031
Calf of 5025
RS only; Calf: 5085

+C
C

Calf of 5019
LS only
RS only in 12; Calf: 5078
Calf of 5077

C

Calf of 5070

C
C

RS only; Calf of 5033
Calf of 5030

C
C
C
C

C
+C
C

♀

+C
C

♀

C
♀
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Table 4.3. Continued. Annual overview of identified bottlenose dolphins off western Scotland 2001-2014.
ID #
Gender 2001 2002 2003 2004 2005 2006 2007 2008 2009 2010 2011 2012 2013 2014 Notes
5084
+C
RS only; Calf: 5088
5085
C
RS only; Calf of 5073
5086
RS only
5087
LS only
YC 12-G
LS only
YH 12-H
LS only
YC 12-M
RS only; Possibly older calf of 5026
5088
C
Calf of 5084
5089
C
Calf of 5043
5090
C
Calf of 5018
♀
YC 13-B
+C
Older calf: YC 13-B-c (13)
YC 13-B-c
C
Older calf of YC 13-B
YC 13-C
LS only; Possibly LS of 5084
YC 13-E
RS only
YC 13-O
LS only
5091
YC 14-A
LS only; Possibly YC 13-E
YC 14-B
YC 14-C
Possibly YC 13-H
♀
YC 14-I
Solitary dolphin
♀
5092
+C
Calf: 5093
5093
C
Calf of 5092
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Throughout the study, new individuals were identified, including several calves (Table
4.3). Six females mothered multiple calves (IDs 5018, 5019, 5025, 5030, 5033 and 5043;
possible calves excluded). Assuming calves being born in the years they were first
photographed, inter-calf intervals ranged between 2-6 years. Available data were unsuitable
to assess calf survival, although calf 5034 was presumed dead as the mother was seen with a
new calf two years later.
Gender was established for the majority of the individuals showing long-term site-fidelity;
of the 20 dolphins identified in ≥8 years, nine were male, eight female and three were of
unknown gender. The females identified in fewer years were all (except ID 5001) assumed to
be female based on the presence of calves.
Many of the long-term present dolphins accumulated a large number of records in their
sighting histories over these years (Table 4.4). These dolphins were sighted during most
months of the year, with individuals 5029 and 5032 identified in each month during their
respective nine and ten year sighting histories. Only a small number of long-term individuals
were identified in March and December.
The remaining individuals were identified in substantially fewer sightings, and their
temporal presence was more variable between individuals. Most identifications of these
individuals were made between April and October.

Table 4.4. Monthly overview of identified bottlenose dolphins off western Scotland 2001-2014. Only those
individuals with a year code (sighted within one year only and/or of insufficient quality to be included with a
new catalogue number) captured in high quality pictures and/or containing high quality identification features
are included. ‘Sightings’ represent the number of records per individual for which sighting month is known.
Barra data excluded.
ID #
5001
5017
5018
5019
5020
5021
5022
5023
5024
5025
5026
5027

Jan

Feb

Mar

Apr

May

Jun
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Jul

Aug

Sep

Oct

Nov

Dec

Sightings
4
54
47
54
48
52
33
61
39
40
42
51
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Table 4.4. Continued. Monthly overview of identified bottlenose dolphins off western Scotland 2001-2014.
ID #
5028
5029
5030
5031
5032
5033
5034
5035
5037
5038
5039
5040
5043
5045
5046
5049
5049-c
YC 05-D
5050
5050-c
5051
5051-c
5052
5053
5053-c
5055
5056
5057
5058
5063
5064
5067
5068
5069
5070
YC 10-E
5071
5073
5074
5075
YC 11-O
5077
5078
5079
5080
5081
5082
5083
5084
5085
5086
5087
YC 12-G

Jan

Feb

Mar

Apr

May

Jun
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Jul

Aug

Sep

Oct

Nov

Dec

Sightings
51
61
31
16
60
28
3
42
2
74
28
55
54
5
1
7
1
1
7
6
7
3
4
5
3
5
12
7
6
16
4
1
2
2
8
3
7
3
5
6
1
9
3
18
8
10
3
7
4
6
2
3
3

Chapter IV - Occurrence, distribution and fidelity of the Inner Hebrides community
Table 4.4. Continued. Monthly overview of identified bottlenose dolphins off western Scotland 2001-2014.
ID #
YC 12-H
YC 12-M
5088
5089
5090
YC 13-B
YC 13-B-c
YC 13-C
YC 13-E
YC 13-O
5091
YC 14-A
YC 14-B
YC 14-C
YC 14-I
5092
5093

Jan

Feb

Mar

Apr

May

Jun

Jul

Aug

Sep

Oct

Nov

Dec

Sightings
2
1
2
4
5
4
3
3
1
3
5
5
6
4
1
5
4

Individual spatial distributions
A total of 30 individuals were identified in ≥3 years during which they were considered no
longer dependent on their mothers. Sighting histories of each of these dolphins contained
between 5-77 records (Table 4.5). Most dolphins ranged widely in coastal waters across the
Hebrides (Figure 4.6). Several dolphins showed a more restricted distribution, but sighting
distributions for these individuals were typically based on a low number of sighting records
(e.g. IDs 5070, 5077, 5079 and 5081). Again, most identifications were made in the central
region around the Isle of Mull, with very limited identifications in the Outer Hebrides, and
the northern and southern regions of the Scottish mainland (Figure 4.6), which reflects the
general lack of photo-ID data available for these areas (Figure 4.5).
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2007

2008

2009

2010

2011

2012

2013

2014

Total

1

1

2006

3
1

2005

7
8

2004

4

2003

2001

2017
2018
5019
5020
5021
5022
5023
5024
5025
5026
5027
5028
5029
5030
5031
5032
5033
5035
5038
5039
5040
5043
5045
5049
5050
5063
5070
5077
5079
5081

2002

ID #

Table 4.5. Annual number of sightings per bottlenose dolphin off western Scotland 2001-2014. Overview only
includes those dolphins identified during ≥3 years while considered independent from their mothers.

1
1
2
1
1

6
5
4
5
7
10
5
3
5
5
3
3
3
4
3
4
3
3
15
7
5

9
11
9
11
12
21
22
10
14
10
11
8
12
8
8
7
7
11
12
15
10
24
1

9
4
6
3
7
2
6
3
3
4
8
3
3
4
3
3
5
4
8
6
2
7

6
8
9
8
4
1
3
6
5
6
6
7
5
2
2
7
5
4
2

3
4
1
1

3
4
1
2
6

3
2
4
2
6

5
5
5
2
3

3

3
4
2
6

52
47
55
48
53
34
62
40
40
43
52
52
63
31
16
63
27
43
77
28
57
56
5
7
7
16
8
9
21
10

4
2

1
2

4

3

2

2

2
1
1
1

1
1

4
4

1
1

1

7
6
1
3
5
12
15
1

4
4
4
5
4
7
1

6
2
3
3
5
7
4
4

8
1
1
2
1
10
10
1

13

8
1
4
7

11

8
14

4
2
1
3

4
6

3
1

16
7
3

3
5
1

6
4

7
2

6

3
5
4
5
3

2
2
4
5
3

3

1
2

1
3
5
2
4
1
3
1
5

8
10

1
2
1
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5017 (50)

5018 (44)

5019 (54)

5020 (46)

5021 (49)

5022 (31)

5023 (59)

5024 (36)

5025 (39)

Figure 4.6. Individual sightings distributions 2001-2014. Overview only includes those dolphins identified
during ≥3 years while considered independent. Numbers of sightings plotted are included between brackets.
Individuals marked in bold showed long-term (8+ years) site-fidelity. Sighting histories within the Scottish
northern and western regions only (i.e. matches with east Scotland and Ireland as reported by Robinson et al.,
2012 not included).
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5026 (39)

5027 (47)

5028 (49)

5029 (57)

5030 (29)

5031 (15)

5032 (58)

5033 (27)

5035 (40)

Figure 4.6. Continued. Individual sighting distributions 2001-2014.
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5038 (73)

5039 (26)

5040 (52)

5043 (49)

5045 (5)

5049 (7)

5050 (7)

5063 (15)

5070 (8)

Figure 4.6. Continued. Individual sighting distributions 2001-2014.
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5077 (9)

5079 (17)

5081 (8)

Figure 4.6. Continued. Individual sighting distributions 2001-2014.

4.3.4. Notes on a few interesting observations
As previously reported (Thompson et al., 2011; Cheney et al., 2013), one particular female
(ID 5001) was sighted in the Inner Hebrides in 2004 (and possibly in 2003 and 2005). During
these encounters, she was never photographically captured with other dolphins. Annual
surveys in the Sound of Barra (SoB) area 2006-2012 revealed the subsequent presence of
this individual in the SoB (see Chapter VI).
The first observation for western Scotland of an aggressive inter-specific interaction
between bottlenose dolphins and a harbour porpoise was reported in 2014. Photographs
taken during this encounter (which proved fatal for the porpoise) revealed the presence of
several well-known individuals; two first identified in 2005 and the ‘newest’ individuals
present at least since 2012. No unknown dolphins were present in the photographs,
although some dolphins could not be identified due to quality issues.
In December 2014, a single dolphin was photographed in the Sound of Mull and identified
by HWDT staff as Clet, a solitary male previously identified in other European countries.
Finally, analyses of the photo-ID data revealed the presence of a dolphin with an atypical
short rostrum. In a surfacing sequence captured by three pictures, it was evident that this
dolphin was accompanied by a calf, which also showed this unusual trait (Figure 4.7).
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Figure 4.7. Surfacing sequence of a bottlenose dolphin with calf, both with atypical short rostra.
Photographs © Tony Marr.

4.4. DISCUSSION
4.4.1. Coastal distribution - HWDT survey data
Results from the dedicated cetacean surveys showed that, despite covering a substantial
amount of deeper and offshore waters during surveys (including in sea states ≤3), bottlenose
dolphins were sighted in close proximity to shore, indicating a nearshore distribution at least
during the summer months. A nearshore presence suggests that dolphins do not travel
randomly through the area, but follow the coastlines of the mainland and islands.
A coastal distribution by west coast bottlenose dolphins supports results from other
dedicated surveys. Between 1992 and 1998, Sea Watch Foundation undertook cetacean
surveys, mainly monitoring the open waters of the Minches and Sea of the Hebrides.
Although almost 20,000km was covered, bottlenose dolphins were not encountered (Evans
et al., 1993a&b; Boran et al., 1999). Likewise, Thompson et al. (2011) conducted dedicated
bottlenose dolphin photo-ID surveys in 2006-2007, and dolphins were only found close to
shore. In 2006, surveys covered more open waters and the percentage of surveys with
dolphin encounters was lower than in 2007, when surveys were done in close vicinity to
shore (18% versus 38% respectively).
Despite a lack of observations of bottlenose dolphins in the deeper and more open
waters of the Minches during the HWDT surveys, the presence of opportunistic sightings in
these areas, and the presence of photo-ID matches between the Inner Hebrides and the
Outer Hebrides indicate, however, that west coast dolphins are not solely confined to alongshore movements, and that Minch crossings do occur.
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The primarily coastal distribution is of importance with regard to potential methodologies
to investigate the Inner Hebrides community. Given that these dolphins were rarely
observed in the more open, deeper and offshore areas, studies on this community do not
depend on data collected from offshore vessels. Instead, dedicated monitoring effort may be
directed towards coastal areas to maximise encounter probability for photo-ID.
Furthermore, results from the HWDT surveys indicate that the incorporation of opportunistic
sightings made in nearshore areas results in relatively little bias of missing a substantial
amount of sightings in offshore locations.
In addition to boat- and land-based visual research, the coastal distribution demonstrated
by dolphins off western Scotland, also offers the opportunity to acoustically monitor their
mobility, as dolphins have to go through the various Sounds and channels, or around islands
when travelling through the region. The effectiveness of such an approach is investigated in
the next chapter.
4.4.2. Occurrence and spatio-temporal distribution - Opportunistic sightings
Temporal dolphin presence
Between 1989 and 2014 almost 3,000 bottlenose dolphin sightings were recorded, of
which over 2,600 of ‘Definite’ and ‘Unknown’ confidence in species identification. Due to the
opportunistic nature of data collection, results on dolphin presence and their spatiotemporal distribution may reflect real patterns, but may also be biased by the spatial and
temporal distribution of data collection effort. Although these may be difficult to
disentangle, the fluctuation in the number of sightings logged over the years appears largely
influenced by effort.
Pre-2001 sightings were obtained on a very opportunistic basis, and the numbers of
sightings recorded were limited. The three peaks in annual sighting numbers corresponded
with increased effort in collecting data. In 2001, a project was established to collect sightings
on the species, known as the Hebridean Bottlenose Dolphin Project (HBDP; based on Islay
and primarily focussing on the southern region of the Hebrides). The project ran until the
end of 2003, when the dolphins near Islay seemed to have moved (Richardson, 2004). In
2006-2007, a second increase in sightings resulted from the SG project, as effort in gathering
dolphin information increased, and a sightings hotline and an online submission form was
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established (Thompson et al., 2011). After the project, a steady, but lower number of
sightings were collected with a third peak reflecting increased effort during this PhD study
(and by HWDT). The increased number of sightings obtained during periods of increased
dedicated effort, emphasises that actively searching for opportunistic data is profitable, and
substantially increases the amount of information available for analyses.
Most of the current information about the west coast population is obtained from visual
surveys undertaken during summer months and from opportunistic sighting reports
provided by members of the public. The unpredictable and often difficult weather
conditions, together with reduced daylight hours in winter, has likely led to a bias in
available data towards summer months and resulted in comparatively little knowledge
about bottlenose dolphin winter occurrence in the area. With little scope to conduct visual
boat-based surveys in winter months, there is a (continued) reliance on opportunistic data
and/or acoustic monitoring to obtain data for this period. Although the current study
compiled limited information on bottlenose dolphins in winter, the collected opportunistic
data did reveal a year-round presence of bottlenose dolphins off western Scotland.
Nevertheless, most sightings were made in summer, when there is increased opportunistic
effort looking for dolphins (e.g. wildlife operators, sailing yachts, tourists watching from
shore), daylight hours are longer and weather and sea conditions are more favourable.
Whereas the increased number of dolphin sightings reported during the summer period
may be (partially) explained by increased observers effort, it was, however, not driven by the
years of increased dedicated data collection, as the temporal presence patterns were very
similar between 2001-2003 (HBDP), 2006-2007 (SG project), 2011-2012 (increased effort
during PhD), and periods of less dedicated effort (2004-2005, 2008-2010 and 2013-2014).
These latter periods included decreased sighting numbers, while a widespread temporal
distribution pattern was maintained (data not presented; pre-2001 excluded).
General spatial distribution
Sightings reported by members of the public clearly showed that bottlenose dolphins
occur widely throughout the Hebrides. As search effort is very likely to have differed (by an
unknown amount) between years, months and geographically, few definitive conclusions
can be drawn regarding annual or seasonal distribution shifts, or concerning favoured areas.
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The majority of bottlenose dolphin sightings were located in the central region of the
Hebrides, in particular in the area around the Isle of Mull, and this pattern was consistent
across all years and for most months. It is often assumed that areas with many sightings are
used more frequently than those with few. This however, might not always be the case, as a
cluster of encounters may be the result of higher observation effort (Horne et al., 2007b).
The latter is likely to be the cause of the high number of dolphin sightings in the central
region, reflecting the relatively high usage of the area and easy access to the coastline in
comparison to other areas. Therefore, without effort-related data, conclusions about a
preference for this area over other Hebridean areas appear to be biased. Potentially, the
inflated numbers of sightings may be explained by a combination of the two, where
increased local nearshore observation effort amplifies the already increased occurrence in a
favoured or necessary go-through area. In any case, the high numbers of sightings in the
Mull area demonstrates the area is frequently visited by dolphins.
In Sarasota (Florida), extended following of groups indicated the emphasis of certain
areas within the dolphin’s home range (Wells et al., 1980). A group would be present within
a particular section for several days, apparently engaged in localised foraging, before
relocating to another area. Such localised (within foraging patches) and directional (in search
of other foraging areas) movements as a foraging response to an unpredictable and patchy
prey abundance and distribution is also demonstrated along the eastern Pacific coast
(Hwang et al., 2014). In doing so, they may deplete the food supplies in the small foraging
areas, but by visiting these areas periodically, they allow their prey to replenish in the
interim (Evans, 1987; Defran et al., 1999). Whether such movement may explain the
frequent repeated presence in the central region here is not known. It is also possible that
this section offers an increased area of favourable habitats and sheltered areas. In areas
where deep waters are present, coastal bottlenose dolphins typically inhabit the shallow,
nearshore sections (Ross et al., 1987; Cubero-Pardo, 2007; Pereira et al., 2013; Robinson et
al., 2007; Tardin et al., 2013). Bathymetry in the northern region (north of Skye) is
characterised by a steep descent, so that there is only a narrow stretch of water along the
mainland and island coasts shallower than 50m. In the southern part, on the other hand,
increased areas remain within the 50m contour (Ellett & Edwards, 1983), potentially making
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the southern area, with its wide variety of different and sheltered habitats, more suitable for
dolphins and their prey.
Usage of sea lochs
Off western Scotland, sightings within the sea lochs were relatively rare, in contrast to
populations elsewhere, where they occupy similar habitats (New Zealand; Williams et al.,
1993; Lusseau, 2005; Currey et al., 2008) and inhabit fjord-like embayments (Costa Rica;
Cubero-Pardo, 2007) year-round, or regularly frequent fjord systems (Chile; Olavarría et al.,
2010). In New Zealand, the use of low-salinity fjords may reduce exposure to shark predation
(Lusseau, 2005). Although predation by sharks is unlikely off (western) Scotland (Wilson,
1995), mammal eating killer whales have been sighted in these waters (Foote et al., 2009,
2010 and 2012; Beck et al., 2014). Nevertheless, to date no evidence exists to confirm
predation on coastal bottlenose dolphins off western Scotland from strandings and postmortem analysis (SMASS, as per February 2014) and by analysis of the west coast photo-ID
pictures (current study). Thus, the relative scarcity of dolphin predators, in addition to the
lack of reports of dolphins bearing bite marks indicative of predation, suggests that local
predation risk may be small.
Spatio-temporal distribution
Spatio-temporal variation in observation effort makes it difficult to assess how the
distributions of dolphins may have changed over time. Nevertheless, previous research
reported the presence of a range shift within the area. As mentioned above, between 20012003 and 2006-2007, increased effort took place to gather community sightings. In the
former period, dolphins were frequently reported around Islay, whereas only very few
sightings were reported for these areas in the latter period, indicating that local dolphins
changed their distribution within the Hebrides (Thompson et al., 2011). A similar picture
emerged from data provided by the Dumfries & Galloway Environmental Resources Centre,
which contained sighting records for the Solway area from the Cumbria Biodiversity Data
Centre collected during the Shark Watch Project 2001-2003. Bottlenose dolphins were
recorded on various occasions along the North Channel/Solway area during those years, but
further sightings have only been recorded sporadically since. At present it is not clear how
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far south the range of the Inner Hebridean dolphin extends, and it is possible these sightings
represent Irish or Welsh dolphins.
Various studies have described long-term shifts in bottlenose dolphin distribution ranging
from fine-scale habitat use within a restricted home range, to large scale range extensions
(e.g. Wells et al., 1990; Wilson et al., 2004; Hartel et al., 2015). As such, the individual and
community ranges presented in the current study may provide a baseline against which to
compare future data.
4.4.3. Individual presence and distribution - Photo-ID data
From the photo-ID data it has become clear that a restricted group of dolphins not only
showed long-term site-fidelity, being identified in at least eight years, but were also
identified during most months of the year (with two individuals cumulatively sighted in all
months during their eight and ten year sighting histories). This, in combination with the
reported presence of the species throughout the year (as demonstrated from the
opportunistic sightings data), supports the suggestion of a year-round resident community
on the west coast.
A high degree of temporal residency, however, does not exclude the possibility of
occasional movements elsewhere, and the distribution range of the Inner Hebrides dolphins
may extend beyond the boundary of the defined research area. In fact, several individuals
first identified in the Outer Moray Firth (2001), were later sighted in the Hebrides (2002,
2004 and 2005; distance of ~520km), then in Ireland (2007-2008; another ~830km), after
which some were subsequently sighted again in Hebridean waters (Robinson et al., 2010 &
2012).
Additionally, effort in winter months was very limited and sighting histories of the
majority of dolphins ranged a much shorter time-span (on average 2 years, range 1-5 years),
and included a much reduced number of records upon which to base analysis of their
temporal presence. Therefore, the lack of evidence for presence of these dolphins during
winter (and non-identified summer) months does not necessarily indicate these individuals
only temporary inhabited the area (whether seasonally or occasionally). Continued photo-ID
effort, including winter data, are likely to give a better reflection of temporal presence
patterns of individual dolphins in the area.
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Various studies have reported seasonal influxes of dolphins on a regular basis (e.g.
Ballance, 1990; Hubard et al., 2004; Balmer et al., 2008), where migrants or offshore animals
join the local resident population. Off western Scotland, new individuals were identified
each year. It is not known whether these dolphins originated from elsewhere, as shown for
the east-west coast matches previously mentioned (Robinson et al., 2012). Dolphins
encountered in coastal waters around Ireland are highly mobile, with matches all along the
coastline (O’Brien et al., 2009), and dolphins from the Cardigan Bay population are known to
move northwards in winter (Pesante et al., 2008a; Feingold & Evans, 2014b). It is therefore
possible that these dolphins may have entered Hebridean waters. Additionally, individuals
from the offshore population(s) may have visited the area. Nevertheless, it seems likely that
some of these individuals might have already been present previously but were 1) not
encountered, 2) not photographed despite being present in encounters, or 3) not
identifiable from the pictures taken (either because they had acquired additional markings
so that matching with previous photographs could not be made, or pictures were of
insufficient quality) (Slooten et al., 1992; Irwin & Würsig, 2004). In particular, some of the
newly identified dolphins may represent calves/juveniles which had obtained new scars,
such that changes in their appearances prohibited matches with older ID-images. Some new
individuals, however, appeared much older, and several were accompanied by calves. This,
in turn, either suggests the presence of previously unidentified older animals, or may
indicate the (temporary) immigration of dolphins from elsewhere.
Several long-term individuals (5021, 5024 and 5035) were not identified in 2010, when
photo-ID data were particularly limited, but were seen again in 2011. The reduction of
photo-ID records may also have been responsible for the ‘loss’ of individual 5022, who was
sighted only once early 2009 and after a gap in 2010 might not be identifiable for IDmatching anymore from 2011 data.
Interestingly, despite a general transfer from analogue (and subsequently scanned
pictures) to digital photographs and consequent increases in the number of pictures per
encounter and generally improved picture quality, many of the dolphins identified in the
area pre-2006 have not been identified since. In addition to the afore-mentioned potential
factors why dolphins may not have been identified, these ‘missing’ may also have moved
away from the area (either temporarily or permanently), or may have died (Slooten et al.,
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1992; Irwin & Würsig, 2004). Although photographs of only a few bottlenose dolphin
strandings on the west coast were available for comparison, none of the missing dolphins in
this study could be matched with these strandings.
Each year several dolphins were photographed which could not be matched with previous
or following years. Frequently, these dolphins were repeatedly encountered within a field
season, and most commonly they were sighted together with well-known individuals.
Occasionally, small groups (or those individuals photographically captured or marked with
high enough quality to compare) consisted of unidentified dolphins. Locations of these
encounters occurred primarily in the northern (from Skye northwards) and southern sections
(e.g. Mull of Kintyre) of the research area. The quality of images from these regions were
occasionally of sufficient quality to confirm a lack of matches with the individuals more
frequently encountered over the years, but of insufficient quality to create new catalogue
numbers for these individuals, and to reliably match them to subsequent sightings.
Nevertheless, this suggests more animals may be present in the poorly monitored areas.
Spatio-temporal individual distribution
Spatial analyses of the photo-ID data demonstrated that a number of dolphins,
particularly those sighted on numerous occasions, ranged extensively along the coastline of
the Scottish west mainland and Inner Hebridean islands.
Locations where individuals are identified depend on various factors, including the actual
distribution of dolphins, spatio-temporal distribution of photo-ID effort relative to individual
dolphin presence, and the quality of both photo-ID pictures and identification features (e.g.
Wilson et al., 1999a). In the current study, most identifications were made in the Mull
region, and this corresponded well with the general distribution of sightings accompanied by
photo-ID images. Although various photo-ID encounters around Skye and further north
contained photographs of high quality, enabling the identification of several dolphins, other
encounters included pictures of low quality resulting in the identification of none, or only
few identifiable dolphins.
The data did not reveal a stratification pattern in dolphin ranges, where some individuals
maintained ranges distinct from other dolphins, or a series of overlapping ranges. Either
stratification pattern would be in contrast to a communal range where most/all dolphins
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range extensively throughout the west coast. The findings of this study, unlike previous
results based on 2006-2007 data (Thompson et al., 2011; Cheney et al. 2013), did not
provide support for a distinction between a northern group with a wide-ranging distribution
along the majority of the western coastline, and a southern cluster restricted to coastal
waters south of Skye. Instead, current results revealed that all except three (of the 31)
dolphins identified in ≥3 years ranged widely through Hebridean coastal waters and were
present both around, and south of Skye. Those individuals with a more restricted
distribution were typically identified on fewer occasions during a reduced number of years.
Furthermore, although photo-ID encounters of sufficient quality from northern and southern
sections were limited during the study, these were even rarer for the years in which these
individuals were encountered, further reducing the probability of individuals being identified
in these areas. Collectively, these results suggest, in contrast to previous findings, an
absence of obvious geographic structuring.
Ranging patterns of individuals is recognised to partially shape the social structure of
communities, as individuals need to overlap in distribution to be able to interact and
reproduce (e.g. Whitehead et al., 1998; Lusseau et al., 2006a; Cantor et al., 2012). Although
investigation into the associations and social structure was beyond the scope of this
research, and the majority of photo-ID data were of insufficient quality to address these
questions, the photo-ID analyses revealed that despite geographic overlap, one dolphin
(female 5001), who has been annually identified in the SoB since 2006, was never
photographed with other dolphins while encountered in the Inner Hebrides.
Photo-ID recommendations
It is recommended to continue photo-ID effort in order to keep monitoring the individual
presence of each dolphin, the occurrence of births, and (calf) survival to understand sitespecific demographic trends. These biological parameters are necessary information
required to assess changes in abundance and to predict the long-term persistence of this
community where both bottom-up and top-down effects on demographic parameters may
affect local population dynamics (Fruet et al., 2015). As reproductive and mortality rates
determine long-term population trends (Currey et al., 2009b; Augusto et al., 2012;
Henderson et al., 2014), it would be useful to increase effort to obtain this information for
the west coast. Furthermore, under the Habitats Directive, the UK is obligated to report the
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conservation status of bottlenose dolphins at 6-year intervals, including abundance
estimates (JNCC, 2007 & 2013), with the last estimate based on 2007 data (Cheney et al.,
2013; JNCC 2013).
In terms of recommendation for future photo-ID monitoring, the results of this study
indicate that effort should be directed towards nearshore areas. In particular the area
around Mull may prove profitable, as both long-term present dolphins, and those sighted
more infrequently have been identified in that area. Hence, a large part of the present
dolphins may be photographed with relatively limited effort, and advantage can be taken
from the high number of local sightings to direct photo-ID trips. Increased monitoring in
both northern (e.g. Lewis, Caithness coast), and southern sections (Mull of Kintyre, Clyde
and North Channel) is required to capture local/infrequent visitors in those areas and to
determine spatio-temporal ranging patterns. Although sightings in these areas may be
sporadic, both these regions do have various vessel operators (wildlife trips,
fishing/dive/sailing charters) present on the water, and effort should be directed to
capitalise on sightings made by these operators.
4.4.4. Dolphin mobility
It was hoped that sufficient data could be collected to track bottlenose dolphins as they
travelled through the research area. Public sightings information, especially when obtained
on a fine temporal scale and when accompanied by photo-ID data of sufficient quality, has
the potential to be analysed to investigate (individual) bottlenose dolphin mobility patterns
(e.g. Wood, 1998). As such, at the start of this current PhD research, two additional lines of
research were identified, which would make use of collated photo-ID data and link to the
general mobility theme of this PhD study.
It was the intention to investigate individual home ranges (HRs) and to assess how these
relate to each other, and in particular to identify the overlap with sites proposed for marine
renewables developments. However, the location data of individuals were considered
mainly influenced by photo-ID effort (both in terms of geographic acquisition of
photographs, as well as obtaining pictures of sufficiently quality to identify specific animals).
The vast majority of pictures were available from sightings made in the central part of the
research area, and of those from more northern and southern encounters, quality frequently
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limited the identification of most, if not all, individuals. Due to this immense spatial
heterogeneity in photo-ID effort and quality of photo-ID data, it was considered that HRs
(and core areas) obtained from such data would be biased, as they would primarily reflect
areas of increased effort and presence of high(er) quality photographs. As such, conclusions
drawn from these artificial utilisation distributions, and their spatial overlap with the
identified marine renewables search areas, would likely be biased. This, in turn, may have
important consequences for future impact assessment exercises and to inform
management. Consequently, it was decided to limit analyses to a presentation of the
sighting histories of individual dolphins by simply visualising the locations of their
encounters, and highlighting the caveats instead.
The second objective was to investigate transition probabilities between areas
(Whitehead, 2001 & 2009b; Stevick et al., 2006; Stevick, 2008). However, as search effort
was not systematic throughout the study area, the opportunistic data was not deemed
suitable to attempt such an approach. Increased high-quality photo-ID data in northern and
southern sections of the Hebrides may allow for future, meaningful analyses of HR and
transition probability analyses.
4.4.5. Interesting observations
In December 2014, Clet, a solitary dolphin, was identified by HWDT staff in the Sound of
Mull (HWDT, 2014a). This male has been sighted in various European countries since 2008
(Crozon, 2014; IWDG, 2014). Between 2008-2011, Clet was sighted along the French coast
(e.g. Bretagne and Normandy) before moving to UK waters (Dorset, Cornish and Welsh
coasts) in 2011-2013. In 2014, he was present at various locations along the Irish coast.
Following the sighting in the Hebrides, Clet has been repeatedly sighted of the English south
coast again (CWT, 2015).
Along the eastern Scottish and southwestern UK coasts, bottlenose dolphins are known
to attack and even kill harbour porpoises (Ross & Wilson, 1996; Jepson & Baker, 1998;
Wilson et al., 2004; Jepson, 2006). Whereas these occurrences have been reported for over
a decade at both these locations, this behaviour was not observed off western Scotland till
2014 (HWDT, 2014b). ‘Porpicide’ not only occurs in UK waters, but has also been reported
elsewhere, such as in the Bay of Biscay (Spitz et al., 2006), Ireland (IWDG, 2013) and off
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California (Cotter et al., 2012; Wilkin, 2012). As dolphins do not prey on porpoises (Jepson &
Baker, 1998), the reason(s) for this killing is not clear, and various suggestions have been
made (discussed in Ross & Wilson, 1996; Patterson et al., 1998; Spitz et al., 2006; Cotter et
al., 2012). Whatever the reason(s), it is unclear how this behaviour has entered the west
coast community. This may have been previously unnoticed innate behaviour or it may
represents an independent coincidental event. Alternatively, it may have been passed on
from other individuals who have previously been exposed to this behaviour, as social
interactions may have provided opportunities for cultural transmission and social learning
(Rendell & Whitehead, 2001). Furthermore, the photographs taken during the encounter
showed the presence of several well-known individuals, all of which have been identified in
the Hebrides for 3-10 years. No unknown dolphins were identified, although some
photographed dolphins could not be identified (captured in low qualitied photographs), and
the presence of dolphins from elsewhere can therefore not be excluded.
Photographs analysed in the current study revealed the presence of a female and calf,
both with an atypical short rostrum. It is possible this morphological feature may be an
inherited genetic anomaly. Alternatively, the female may be an intergeneric hybrid within
the Delphinidae family. In particular, hybridisation with a Risso’s dolphin (Grampus griseus)
appears possible, as the suspected presence of T. truncatus x G. griseus hybrids near the Isle
of Lewis have been reported previously (Hodgins et al., 2014), and there are documented
strandings of three such presumed hybrids in Ireland (Fraser, 1940). However, hybridism
with a white-beaked dolphin may also be possible, although no such documented case was
found in the literature. In Japan, 14 captive births of Tursiops (female) x G. griseus (male)
hybrids have been documented, of which eight were still-born, 4 calves died within a year,
and one calf died before the age of seven (Sylvestre & Tasaka, 1985), while the final one,
born in 1993 was still alive twenty years later (Hodgins et al., 2014). If the female
photographed off western Scotland was indeed a reproductive hybrid, her survival till sexual
maturity, and particularly the presence of a calf, may represent a very rare observation.
Additionally, this would indicate that wild intergeneric Delphinidae hybrids can be fertile and
successfully give birth to calves. This has previously been reported for a captive-born female
hybrid between T. truncatus (female) x Delphinus capensis (male long-beaked common
dolphin), who subsequently gave birth to a live-born backcross calf sired by a bottlenose
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dolphin (Zornetzer & Duffield, 2003). Likewise, a captive-born female hybrid between a
female T. truncatus x Pseudorca crassidens (male false killer whale) has given birth to three
backcross calves (Lee, 2005). Limited evidence for these events exists for free-ranging
dolphin populations, as it is llikely that many wild hybrids are not recognised as such
(Crossman et al., 2016). However, the sightings of two wild hybrids with calves (female Dall’s
porpoise - Phocoenoides dalli x male harbour porpoise) (Willis et al., 2004), supported by
recent genetic analyses (Crossman et al., 2014), suggest that free-ranging female
Phocoenidae hybrids are successfully reproductive.
4.4.6. Citizen science and opportunistic data
Systematic data collection on an annual basis, such as undertaken by HWDT, requires
substantial amounts of resources. This, in combination with the presence of a very small
bottlenose dolphin population with a wide-ranging nature, suggests that it is unlikely to be
beneficial (in both logistical and financial perspective) to organise systematic dolphin surveys
to investigate this low-density community (Thompson et al., 2011). The relatively
unpredictable nature of bottlenose dolphin sightings in the Hebrides (Mandleberg, 2006;
current study), combined with a large research area (with frequent rough sea conditions),
and the geographic complexity of the coastline, complicates the feasibility of monitoring.
However, the demonstrated coastal distribution of these dolphins increases the probability
of sightings by members of the general public, and therefore public involvement can be
useful in the collection of scientific data.
The use of citizen science in research projects is increasing (Silvertown, 2009; Tulloch et
al., 2013), including in monitoring marine megafauna species such as (whale) sharks (Davies
et al., 2013; Vianna et al., 2014), seabirds (Ward et al., 2015), turtles (Witt et al., 2007) and
whales (Bruce et al., 2014). Citizen science initiatives may provide a cost-effective means to
investigate abundance, spatial distribution and mobility, habitat use and temporal trends of
populations over large spatial and temporal scales (Pierpoint et al., 2009; Davies et al., 2013;
Tulloch et al., 2013; Newson et al., 2015). Furthermore, public involvement is considered an
integral part of public awareness, education and conservation (Wood, 1998; Dickenson et
al., 2012).
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From opportunistic data provided by members of the public, it was clear that bottlenose
dolphins have a broad distribution in Hebridean waters, and that the species is present in
the area year-round. On a number of occasions, multiple sightings were reported on the
same day in locations too far apart to be same dolphins, as the distance could not be
travelled within the timespan between sightings. Such data emphasises the usefulness of a
sightings network as this would be difficult (and expensive) to collect using multiple
simultaneous dedicated surveys. Furthermore, the number of sightings collated from
opportunistic sources was markedly higher than the sightings made during HWDT (and other
dedicated) surveys, indicating that public involvement not only complements and augments
traditional surveys, but that it can provide an effective contribution to research, in particular
in obtaining data on coastal low-density, wide ranging marine species, as demonstrated
here.
As described in the methodology section, internet searches were conducted to increase
the data available. In recent years, wildlife operators and charter companies increasingly
used social media. In total, 23 west coast companies, or their costumers, posted bottlenose
dolphin sighting information or photographs on Facebook. Following social media sites,
blogs and web-based sighting lists provided information that dolphins were seen, and
companies and/or their customers were approached for detailed sighting information or
photographs. Whereas these typically included a limited number of pictures per encounter,
and only a part of the individuals in the group could be identified, and they regularly lacked
precise location data, several of such obtained images proved very valuable. They allowed
individuals to be identified between sightings, which might otherwise possibly not have been
recognised as the same dolphin as appearances had changed or identification features on
different body sections were photographed. Moreover, on occasion, these photographs
contained the only evidence of presence (and thus survival) of individuals within a particular
year. No doubt, social media, and in particular Facebook and YouTube, may serve as a useful
tool in collating opportunistic sightings and photo-ID data. Interim contact with companies
also served as a reminder about the project, and reduced reliance on them to report
sightings.
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Data limitations
Due to the opportunistic nature of most of the photo-ID data in this study, typically,
relatively few pictures per encounter were provided, and the quality of these ranged from
excellent, in focus, and showing all nicks and scars present, to pictures which were just good
enough to confirm species identification. Whereas these poorer quality pictures were
generally unsuitable for identification of individual dolphins, they offered the opportunity to
verify the species identification made. Good quality pictures were generally provided by
people with more photographic experience (and perhaps better equipment) and knowledge
of the animal’s behaviour, such as tour operators, wildlife photographers and by researchers
during dedicated studies. These high quality pictures were particularly valuable, as they
provided a reference against which to compare lower quality images. A greater range of
photographs, including lower quality pictures and images capturing non-dorsal fin sections
of the body, can be used to confirm matches, whereas only a limited selection would be
suitable for the allocation of new IDs (Davies et al., 2013). Overall, the annual number of
sightings during which photographs were taken was low and these were typically clustered
in the summer months. As combined results of these disadvantages, only relatively few high
quality photographs were available on an annual basis for several individuals and time gaps
between sightings with high quality pictures were occasionally large (e.g. >1.5 years). These,
in turn, substantially complicated the matching process, and together with the lack of effort
data and heterogeneity in spatial and temporal observer effort, were considered the
greatest limitations of using opportunistically obtained sightings and photo-ID data to
investigate ranging patterns, and prevented mark-recapture analyses to obtain abundance
estimates.
Furthermore, it proved difficult to track various females and their calves, as it may take
several years before calves acquire marks suitable for identification (Urian et al., 2015), and
some mothers were only identifiable in higher quality pictures due to their subtle markings.
This reduced the availability/suitability of the current data to assess biological parameters
for this community.

157

Chapter IV - Occurrence, distribution and fidelity of the Inner Hebrides community

4.5. CONCLUSIONS
Traditional monitoring of low-density communities may be challenging as visual sightings
are expected to be rare throughout most of their range. This study showed that the analyses
of ten years of dedicated cetacean survey data confirmed a predominantly nearshore
distribution of bottlenose dolphins in the Hebridean region. Consequently, opportunistic
data provided by a volunteer sightings network, which often originated from nearshore
areas, served as a useful and efficient approach to collect long-term spatio-temporal
sightings and photo-ID data covering a wide geographic area.
The opportunistic data used here was likely to be spatially and temporally biased, with
increased observer effort in summer and high-use areas, a pattern previously acknowledged
for western Scotland (Mandleberg, 2006; Thompson et al., 2011). While mindful of these
caveats, the substantial amount of data sourced from the public and analysed here, revealed
a widespread presence of dolphins off western Scotland, both temporally and
geographically. Temporally, there was inter-annual variation in the number of sightings, with
high numbers of sightings coinciding with increased research effort on the species.
Nevertheless, the temporal distribution of sightings was similar between years, with most
sightings recorded in June, July and August. The distribution analyses undertaken here
demonstrated that bottlenose dolphins ranged throughout the coastal waters every year,
and throughout the year. Particularly high numbers of sightings were reported for the Mull
region.
This study substantiated the anecdotal suggestion of a year-round resident community.
Results from photo-ID, showed the presence of several dolphins which demonstrated longterm site-fidelity (20 individuals sighted during ≥8 years; longest record is 14 years). As these
dolphins were also identified in most (and in some cases in all) months across their sighting
histories, these results suggest that the Inner Hebrides community contains a year-round
resident component. Amongst these long-term present dolphins, an approximate equal
number of males (9x) and females (8x) were identified.
Additionally, the photo-ID analyses revealed the presence of a number of dolphins which
could not be matched with previous and/or following years. Whereas this may indicate a
changed appearance (e.g. calves who acquired markings) prohibiting matching, it is also
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possible these individuals originated from elsewhere and were only temporarily in the area
(from east coast, Ireland, Wales or offshore). Alternatively, they may represent
(behaviourally) cryptic individuals within the area or individuals too infrequent encountered
with good quality pictures to be repeatedly identified. These dolphins were encountered
throughout the west coast, and were frequently sighted with other well-known individuals.
Northern and southern regions more regularly revealed the presence of dolphins which
could not be matched, and it is possible that other individuals may be present in these (and
other) more remote and data-poor areas.
Previous studies showed the presence of the species throughout the west coast
(Mandleberg, 2006; Thompson et al., 2011); however, it was unclear whether this
distribution represented the presence of individuals ranging through the entire area, or the
occurrence of several localised sub-groups. The results presented in this chapter revealed
that, despite limited photographic data for northern and southern sections, many dolphins
demonstrated wide-ranging mobility across the region. Limited ranging patterns shown by
other individuals may be contributed to a limited sighting history rather than a reduced
mobility. Whereas the distribution of sightings of individual dolphins may not cover the
entire ranges of dolphins, and the repeat presence does not exclude temporal excursions
elsewhere, the sighting histories clearly showed that individuals of the Inner Hebrides
community are highly mobile.
Various calves were observed over the years (although it proved difficult to track these
temporally), and the calving intervals of six females ranged between 2-6 years. Photo-ID
images revealed the presence of a female and calf with atypical short rostra. This may be an
inherited genetic feature, although hybridisation with a white-beaked dolphin or in
particular a Risso’s dolphin appears a possibility. If indeed a hybrid, this would be the first
case of a successfully reproducing intergeneric Delphinidae in the wild.
Female 5001, sighted in the Inner Hebrides in 2004 (and possibly in 2003 and 2005), was
not sighted with other Inner Hebridean dolphins, and has been annually sighted in the Sound
of Barra since 2006. Future comparison with catalogues for other regions may reveal
additional matches beyond those already reported by Robinson et al. (2012).
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This study demonstrated that, due to the coastal distribution of dolphins in western
Scotland, research on this community substantially benefitted from incorporation of
opportunistic data, which provided highly valuable information. Moreover, using a volunteer
observer network resulted in a quantity of data, markedly higher than that collected during
dedicated surveys. Notwithstanding the various caveats associated opportunistic data, with
limited resources (both financial and logistically) available for research, the incorporation of
such data has many advantages. In particular, data can continuously (including during
winter) be collected over a large coastal area, the approach requires little monetary
investment, and data can be collected from multiple locations simultaneously. Indeed, using
a network of volunteers increased the opportunity to collect a substantial amount of (photoID) data on this low-density community to be incorporated in this longitudinal study, which
would not have been possible using standardised scientific surveys. Additionally, the citizen
science approach has also many conservation benefits with regards to public engagement,
raising awareness of conservation issues and education values.
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“Wandering from longitude to latitude lines …
you draw lines, curved by your body, to leave no trace or mark …”

© N. van Geel / SAMS

Pnina Gagnon
1977
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CHAPTER V
ACOUSTIC MONITORING IN GEOGRAPHIC BOTTLENECKS:
AN EFFECTIVE WAY OF TRACKING BOTTLENOSE
DOLPHIN MOVEMENTS?
5.1. INTRODUCTION
Bottlenose dolphins are one of the cetacean species inhabiting the waters off western
Scotland (Shrimpton & Parsons, 2000a; Reid et al., 2003). Simultaneously, this region
represents an area of development interest for the marine renewable, aquaculture and
other industries (Baxter et al., 2011). To mitigate the potential impacts that these, and other
anthropogenic activities may have on this conservation-priority species, information about
the spatio-temporal distribution of dolphins is required (Zeh et al., 2015). However, as
shown in Chapter IV, visual monitoring of a local low-density dolphin community may prove
challenging in terms of obtaining data of suitable spatial and temporal (i.e. year-round)
coverage. Therefore, the development of alternative cost-effective techniques that can be
used to produce appropriate data on cetacean occurrence is required (Bailey et al., 2010b).
This chapter focuses on a relatively new monitoring concept where passive acoustic
monitoring within a corridor (i.e. a narrow geographical constriction which effectively acts as
a movement bottleneck for animals) is tested as a tool to track bottlenose dolphin
movements.
5.1.1. Corridor monitoring to investigate animal movements
There are many examples of studies on animal movements in corridors in the terrestrial
environment, especially since corridors, like ecoducts and connectivity zones, form an
integrated part of the conservation management of species and general biodiversity (Hilty et
al., 2006). Terrestrial conservation corridors have been established to mitigate habitat loss
and population fragmentation and increase connectivity of suitable habitat, thereby
increasing the ability to move between regions in search of resources required for survival,
reducing genetic isolation, and decreasing the potential for stochastic extinction of a
community or population. Consequently, corridors are considered important tools for
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maintaining (genetic) biodiversity and retaining ecological processes at a variety of spatial
scales (Brinkerhoff et al., 2005; Douglas-Hamilton et al., 2005; Chetkiewicz et al., 2006;
LaPoint et al., 2013).
In contrast, the investigation of animal corridor movements is a relatively new concept in
marine research. In these studies, corridors have been used in various contexts, and defined
very broadly with definitions generally species-specific in terms of spatial scale and habitat
requirements. Examples include general presence and movement patterns (Flamm et al.,
2005); long-distance migration corridors (Block, 2005; Block et al., 2011), routes between
marine protected areas (Pendoley et al., 2014; Pittman et al., 2014); ontogenetic migration
(Mumby, 2006), and the influence of corridor habitats on animal abundance, survival,
dispersal and colonisation (Micheli & Peterson, 1999; Darcy & Eggleston, 2005).
Cetaceans make use of a variety of natural geographic bottlenecks on a range of temporal
and spatial scales. For instance, bottlenose and short-beaked common dolphins are known
to migrate through the Turkish Straits System, connecting the Aegean Sea to the Black Sea
via two natural corridors (the Bosphorus and Dardanelles) and the Marmara Sea (Öztürk &
Öztürk, 1996). In addition, various studies showed bottlenose dolphin movements through
other natural corridors such as found at the entrances of estuaries (Harzen, 1998; Rogan et
al., 2000; Hastie et al., 2003a; Bailey & Thompson, 2010; Ryan & Berrow, 2011), and through
channels between bay systems behind barrier islands along the Gulf of Mexico coastline,
where they also use the gaps in between barrier islands to move into the Gulf of Mexico
(Weigle, 1990; Waring et al., 2012b).
5.1.2. Odontocete sound production
Living in an aquatic habitat where most forms of energy, such as thermal,
electromagnetic and light attenuates rapidly, and other forms of communication (physical
contact, chemosensory) are restricted to short distances, most marine mammals rely
extensively on their auditory skills for survival (Herman & Travolga, 1980; Au, 1993; Au &
Hastings, 2008b). The comparatively good propagation of sound in water provides a means
for rapid signal transfer over long ranges. This has led to selection for adaptations in auditory
and vocal capabilities, including the evolution of echolocation in odontocetes (Wartzok &
Ketten, 1999; Dehnhardt, 2006; Tyack & Miller, 2006). Consequently, underwater acoustic
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signals are the principal mode of information transmission for odontocetes (Herzing, 2000;
Tyack, 2000; Dudzinski et al., 2009). Since the 1960’s, a wealth of studies have investigated
the properties, functions and perception of sounds and sound production in these species
(e.g. Busnel & Fish, 1980; Au, 1993; Thomas et al., 2004).
Odontocetes produce a wide variety of sounds (Herman & Travolga, 1980), and large
intra- and inter-specific variation occurs in the production and characteristics of these
sounds (Thomson & Richardson, 1995; May-Collado & Wartzok, 2008). In a broad sense
these sounds can be divided into two types: pulsed signals and narrow-band tonal sounds
also known as whistles (Herzing & dos Santos, 2004; Dudzinski et al., 2009). The pulsed
sounds can be divided into echolocation clicks, and other burst-pulsed signals (Herman &
Travolga, 1980; Wartzok & Ketten, 1999). Odontocetes generate these sounds for a variety
of purposes, and their characteristics (clicks and whistles are described in more detail below)
are tailored to these different functions. Echolocation signals are typically associated with
navigation, orientation, foraging and hazard avoidance, whereas whistles and burst-pulsed
sounds are generally considered for communication, social or otherwise (Tyack, 2000; Au &
Hastings, 2008a; Zimmer, 2011; Hodge et al., 2013). A strict division of sounds into these
functional categories (orientation/navigation/foraging versus communication) appears to be
limited however; there are increasing indications of the multi-functionality of certain sound
types (e.g. Jacobs et al., 1993, Connor & Smolker, 1996; Herzing, 1996; Janik, 2000c; Herzing
& dos Santos, 2004; Nowacek, 2005). Indeed, dolphin communication is both complex and
contextual, and linking specific sounds to behavioural contexts proves difficult. This is
generally complicated by limited observations of animal behaviour underwater, a lack of life
history, gender and relationship information, the large distances these signals may range,
and the frequently unknown sender and intended receiver of information (Herzing, 1996;
Janik, 2000b; Nowacek, 2005; Jensen et al., 2012).
Echolocation
Echolocation, sonar and biological sonar (or biosonar) are generally used interchangeably
to describe a specialised acoustic adaptation by animals that utilise this capability to actively
investigate their surrounding environment (Au, 2009). These terms refer to “the concept of
object (e.g. prey) detection, localisation, discrimination, recognition, target movement
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direction and speed, and orientation or navigation by animals emitting acoustic energy and
interpretation of receiving echoes” (Au, 1993). Echolocation involves the production of high
intensity and high frequency directional forward-projecting pulsed sounds, called clicks
(Thomson & Richardson, 1995). These clicks are usually transmitted as click trains, which are
a series of acoustic pulses repeated over time (Dudzinski et al., 2009). Dolphins can detect
ensonified objects at larger distances than they can typically see them, enabling them to
detect obstacles and prey further away, and in conditions of limited visibility such as in
murky water, at depth or at night (Tyack, 2000).
Duration of pulses, frequency bandwidth, peak spectrum (frequency at maximum
energy), source level, waveform types and repetition rates may vary substantially between
odontocete species and habitat types (Wartzok & Ketten, 1999; Au & Hastings, 2008b; Au,
2009; Dudzinski et al., 2009).
Tursiops echolocation characteristics
Most information on Tursiops echolocation is available from dolphins held in captivity,
with only a few studies describing echolocation signals of free-ranging dolphins (Au, 1993;
Jensen et al., 2009; Wahlberg et al., 2011). Due to potential differences in echolocation
usage between captive and free-ranging animals (Au, 1993), it remains unclear to what
extent results obtained from studies in captivity are representative of the echolocation
behaviour and biosonar performance of their wild unrestrained conspecifics (e.g. marked
differences in click characteristics described by Evans, 1973 in Au, 1993; Au, 1993; Wahlberg
et al., 2011).
Wild free-ranging or trained open-water environment dolphins produce broad-band
echolocation signals, which may be unimodal or exhibit a bimodal double peak in frequency,
with peak-to-peak source levels of 177-230dB re 1μPa at 1m, centroid frequencies of 33109kHz, peak frequencies between 52-135kHz and bandwidths of 21-60kHz. Clicks are of
short duration, typically ranging between 8-72µs, and consist of a few oscillation cycles with
the first cycle achieving maximum amplitude (oligocyclic waveform). Inter-click intervals
(ICIs) vary between 3-526ms (Au, 1993; Akamatsu et al., 1998; dos Santos & Almada, 2004;
Nakamura & Akamatsu, 2004; Au, 2009; Jensen et al., 2009; Wahlberg et al., 2011; Zimmer,
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2011; Finneran et al., 2014; Tellechea et al., 2014). Bottlenose dolphin clicks are highly
directional, particularly in the higher frequencies (Branstetter et al., 2012a).
Whistles
Whistles are narrow-band continuous tonal signals which are usually frequency
modulated (Wartzok & Ketten, 1999). A common feature to these tonal sounds is the
presence of harmonic signals, or overtones, which are various multiples of the main
frequency (Au & Hastings, 2008a). In whistles, the first harmonic, also called the
fundamental frequency, is the dominant frequency containing the highest energy, whereas
less energy is directed into the higher-frequency components of the signal (i.e. the higher
order harmonics) (Zimmer, 2011). Due to the lower frequencies, whistles travel further
distances than clicks and other high-frequency pulsed sounds. Whilst whistles are generally
omni-directional for the fundamental frequency (Evans et al., 1964 in Blomqvist & Amundin,
2004; Janik & Slater, 1998), higher-frequency harmonics appear to be increasingly
directional (Lammers & Au, 2003; Rasmussen et al., 2006; Branstetter et al., 2012a).
Tursiops whistle characteristics
Tursiops whistles range in dominant frequency contours (i.e. fundamental frequency)
roughly between 1-30kHz, and last maximal 5.4s (although <2s more typical) (Caldwell et al.,
1990; Schultz & Corkeron, 1994; Azevedo et al., 2007; May-Collado & Wartzok, 2008; Esch et
al., 2009; Díaz López, 2011). Source levels for free-ranging dolphins ranged between 114169dB, with mean levels of 147-158dB (both in dB re 1μPa at 1m) (Janik, 2000b; Jensen et
al., 2012; Frankel et al., 2014). Intra-specific variations in the acoustic parameters of
bottlenose dolphin whistles may be used to distinguish between populations (Ding et al.,
1995; Jones & Sayigh, 2002; Morisaka et al., 2005a; Hawkins, 2010; Papale et al., 2014).
5.1.3. Passive acoustic monitoring
Since odontocete cetaceans in particular are predictably vocal, passive acoustic
monitoring (PAM) methods have proved to be effective in their study (Gordon & Tyack,
2002). Consequently, PAM techniques are increasingly used to remotely monitor marine
mammal populations over a range of spatial and temporal scales (Mellinger et al., 2007;
Oswald et al., 2007; van Parijs et al., 2009; Leeney et al., 2011; Zimmer, 2011). PAM relies
solely on acoustic recorders that log underwater sound without sending signals into the
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environment from acoustic transmitters as occurs in active acoustic monitoring (Wood,
2010), and is therefore unlikely to affect the natural behaviour and sound production of
cetaceans.
In comparison to visual monitoring, passive acoustic surveying has various advantages
(Gordon & Tyack, 2002; Mellinger et al., 2007; Kimura et al., 2009; Dudzinski et al., 2011;
Rayment et al., 2011; Zimmer, 2011; Marques et al., 2013). In general, PAM methods are
considered non-invasive, relatively low-effort, cost-effective, and data can be collected for
long periods of time in conditions when visual data collection is impractical or impossible,
thereby providing a long-term continuous record of the presence of vocalising animals,
independent of weather, sea conditions or light levels. In particular, PAM has proved
particularly useful in monitoring low-density or cryptic and elusive species (Kimura et al.,
2009; Rayment et al., 2011), such as beaked whales (Yack et al., 2013). For various species,
PAM detection distances are larger than for visual surveys, number of detections exceed the
number of visual sightings and/or occurrence may be detected more reliably using PAM
compared to visual monitoring (Barlow & Taylor, 2005; Kimura et al., 2009; Clark et al.,
2010b). Additionally, PAM may provide sub-surface information in the form of underwater
behaviour of individuals (if sound signals are matched to behavioural context), and
environmental information such as ambient noise levels. Finally, a permanent record can be
made, and data can be collected and analysed using automated (quantitative) methods, and
re-analysed if required or improved methods become available. PAM also has limitations,
obviously animals need to be vocalising to be detected, and group size estimates, abundance
and species identity are frequently difficult to obtain.
PAM includes two main components: the detection and the classification of marine
mammal sounds, where detection refers to “the ability to recognise marine mammal
signals”, and classification refers to “the species-specific acoustic identification of those
signals” (Yack et al., 2009). The analyses of odontocete sounds obtained through PAM has
enabled investigations into the variety of inter- and intra-specific vocal repertoires, the
characterisation and parameterisation of produced sounds, the context-specific functions of
these sounds, and linkages to evolutionary adaptations, vocal learning and sociality. In
addition, vocalisation patterns may provide valuable insights into a variety of research, not
primarily acoustic in nature, ranging from questions of presence/absence, distribution,
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seasonality, behaviour, dive patterns to abundance, habitat usage, population structure and
movements (Deecke et al., 1999; Gordon & Tyack, 2002; Mellinger et al., 2007; Leeney et al.,
2011; Marques et al., 2013; Castellote et al., 2013). PAM is also used for mitigation prior to
and/or during high risk activities such as seismic surveys, as well as in assessments of
anthropogenic noise impacts (Gillespie et al., 2008; Dudzinski et al., 2011; Baumgartner et
al., 2013).
While PAM data may be collected through mobile sensors, such as towed hydrophones
and ocean gliders, the focus of the following section relates to static (i.e. fixed or moored)
PAM equipment. Depending on specific research questions and aims, a wide range of static
PAM instruments is available (reviews by Mellinger et al., 2007; Dudzinski et al., 2011;
Sousa-Lima et al., 2013; Merchant et al., 2015). Target species and sound type (determining
sampling frequency), spatial and temporal scale of monitoring (affecting number of sensors,
memory requirements and power capability), location and budget are important
considerations when determining which static acoustic devices to use (Dudzinski et al., 2011;
Sousa-Lima et al., 2013).
Fixed autonomous recorders may store data directly or incorporate signal processing
during data collection, and only store data useful in the detection of click trains (called
selective echolocation logging; Castellote et al., 2013). The latter method conserves power
and memory space and is therefore particularly well suited for autonomous long-term
monitoring. One such a selective data logger is the C-POD.
C-POD monitoring
Cetacean and POrpoise Detectors (C-PODs) (Chelonia Ltd, 2013; www.chelonia.co.uk) are
autonomous acoustic dataloggers used to monitor odontocete presence via the detection of
their echolocation click trains (Treganza et al., 2016). C-PODs are the most frequently used
device for static acoustic monitoring in European waters focusing primarily on harbour
porpoises (Dudzinski et al., 2011; Dähne et al., 2013b).
A major benefit of using C-PODs, as an alternative to most static broadband recorders
(sampling at similar frequency rates), is the increased ability for long-term data collection
due to storage of partially-processed files (Treganza et al., 2016). Additionally, C-PODs are
financially relatively inexpensive, offer limited user-defined settings, and data processing is
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an automated process, hence C-PODs provide a relatively simple cost-effective monitoring
tool for long-term odontocete monitoring in a variety of environments (Nuuttila et al.,
2013b; Roberts & Read, 2015).
Although most frequently used to monitor harbour porpoises (e.g. Verfuß et al., 2007;
Wilson et al., 2013), these recorders (and the T-POD, their analogue predecessor) have been
used for a variety of other echolocating species including the bottlenose dolphin (Philpott et
al., 2007; Bailey et al., 2010b; Elliott et al., 2011; Nuuttila et al., 2013a&b; Pirotta et al.,
2014), false killer whale (Hernandez-Milian et al., 2008), beluga (Castellote et al., 2013),
vaquita (Phocoena sinus) (Jaramillo-Legorreta & Rojas-Bracho, 2011), Indo-Pacific finless
porpoise (Neophocaena phocaenoides) (Jefferson et al., 2002), Heaviside’s dolphin
(Cephalorhynchus heavisidii) (Leeney et al., 2011), Cuvier’s beaked whale (Ziphius cavirostris)
(Ludwig et al., 2010) and Hector’s and Maui’s dolphin (Cephalorhynchus hectori and C. h.
maui) (Rayment et al., 2009b & 2011). Studies have focussed on cetacean occurrence (Bailey
et al., 2010b) and abundance (Tougaard, 2008; Kyhn et al., 2012), spatial and temporal
distribution patterns and habitat partitioning (Simon et al., 2010). C-PODs have also been
widely used to study anthropogenic impacts of a variety of activities, including the use of
acoustic deterrent devices (seal scarers, pingers) attached to fish farms or fishing gear
(Leeney et al., 2007; Northridge et al., 2010; Hardy et al., 2012), exploration and extraction
by the oil and gas industry (Todd et al., 2009; Thompson et al., 2013b), construction of
marine renewable energy devices (Teilmann & Carstensen, 2012), as well as to fulfil
statutory monitoring of protected species (Jaramillo-Legorreta & Rojas-Bracho, 2011), and in
relation to climate change (Castellote et al., 2013). Furthermore, C-PODs have been used to
study the behavioural context of produced sound signals (Carlström, 2005; Koschinski et al.,
2008).
In contrast to its predecessor the T-POD, the digital C-POD was developed to offer the
ability to monitor multiple odontocete species simultaneously. Fitted with an omnidirectional hydrophone, they continuously monitor the 20-160kHz frequency range for the
presence of echolocation clicks. The C-POD requires minimal user-defined settings as
incorporated custom-build algorithms are used during the signal scanning process to detect
pulsive signals. To be logged as potential cetacean clicks, signals have to pass various tests,
including tonality, duration and bandwidth (Treganza, 2011). For each positively identified
169

Chapter V - Acoustic monitoring in geographic bottlenecks: an effective way of tracking movements?

signal event, the start time, duration, dominant and end frequency, bandwidth, sound
pressure level and envelope measures are logged. Logged events may include cetacean
echolocation as well as signals from other sound sources (e.g. boat sonar and sediment
transport). Therefore, echolocation is filtered from non-cetacean sounds during automated
post-processing train detection and classification according to a custom-written algorithm
(Chelonia Ltd., 2012a). Additionally, C-PODs contain a temperature sensor and a tilt sensor,
and temperature (in °C) and tilt (deviation from vertical in a 1° resolution) are logged every
minute; the tilt sensor was designed to additionally serve as an on/off angle switch.
In the past, differences in inter-POD sensitivity proved to be substantial between different
T-PODs (Kyhn et al., 2008; Dähne et al., 2013b; O’Brien et al., 2013; Verfuß et al., 2010 &
2013), making it challenging to compare results within a multi-POD study, as well as
between studies. C-PODs are standardised and calibrated by the manufacturer, with a mean
sensitivity variation less than ±0.5dB at 130kHz (for details see http://www.chelonia.co.uk/).
Recent studies have shown little remaining sensitivity difference between individual C-PODs
(Verfuβ et al., 2010; Dähne et al., 2013b; O’Brien et al., 2013). Consequently, using C-PODs
should provide more compatible and comparable monitoring results.
Bottlenose dolphins emit intense echolocation click trains of frequencies which fall within
the monitoring frequency band of the C-POD, making them a suitable target species to be
monitored with this acoustic device. Various studies off eastern Scotland (Pirotta et al.,
2014), Ireland (O’Brien et al., 2013) and in the Sound of Barra (Chapter VII) have shown that
C-PODs can be used to investigate bottlenose dolphin presence. Furthermore, the usage of
T- and C-PODs to track movements of odontocetes has been previously shown by Castellote
et al. (2013), who linked visual movements of belugas to acoustic detections in Alaska (not a
corridor system). Visual observation confirmed the movement pattern obtained from the
acoustic detections over a distance of approximately 1,400m.
5.1.4. PAM in corridors to investigate cetacean movements
Analyses of data from multiple acoustic recorders may allow animal localisation, and a
detailed study of their movement patterns (van Parijs et al., 2009; Blumstein et al., 2011;
Zeh et al., 2015). However, few studies have actually made use of, or focused on, passive
acoustic monitoring (PAM) in geographic bottlenecks to monitor the presence of cetaceans
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and to track broader scale animal movements. Dede et al. (2014) conducted PAM for
harbour porpoises, bottlenose and common dolphins in the Bosphorus, to investigate their
distribution, including seasonal and daily movement patterns. The authors concluded that
the dolphins followed the migration of prey from the Marmara Sea into the Bosphorus in
spring, but potentially due to increased fishing activity, and therefore increased boat
presence, this pattern did not occur in autumn during the prey’s reverse migration.
Akamatsu et al. (2008) investigated movements of finless porpoises (formerly known as
Neophocoena phocaenoides) in the Kanmon Strait (Japan). As the last strongholds of one of
the few present populations appeared to reside on either side of the Kanmon Strait,
research aimed to monitor the movements between these two areas to investigate
population fragmentation. Results showed that the majority of finless porpoises travelled
along with the current through the Strait. Furthermore, as no foraging approach phases (i.e.
echolocation buzzes) were detected, it was suggested the finless porpoises passed through
the Strait without capturing prey, indicating the usage of this natural geographic bottleneck
as a travel corridor. Finally, long-term acoustic monitoring was undertaken in the Strait of
Gibraltar, the Mediterranean Sea and adjacent Atlantic waters, to investigate fin whale
(Balaenoptera physalus) movement patterns and population structure (Castellote et al.,
2010). Results indicated that fin whales migrated from the northeast North Atlantic Ocean
through the Strait of Gibraltar to winter in the Alboran Sea, where spatial and temporal
overlap may exist with the Mediterranean subpopulation.
5.1.5. Aim of this study
The west coast of Scotland is occupied by two seemingly isolated bottlenose dolphin
communities. Unlike the ‘Barra community’, which inhabits the Sound of Barra and probably
only the adjacent waters, the ‘Inner Hebrides community’ ranges widely throughout the
waters of the Inner Hebrides and mainland coast, where they are most frequently
encountered close to shore (Thompson et al., 2011; Cheney et al., 2013; Chapter IV).
Currently, little is known about their mobility in these complex and dynamic waters (but
see Chapter IV). With increased anthropogenic usage of the area, including development
interests from marine renewable and aquaculture industries, an increased understanding of
dolphin movement patterns is required (Zeh et al., 2015). However, as the number of
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individuals contributing to the Inner-Hebrides community is likely small, and the area
occupied substantial, it proves challenging to locate dolphins of this low-density community
and monitor their movement patterns. This is further complicated by the extensive and
complex coast, including various islands. Nevertheless, movement options are affected by
the presence of these numerous islands and by the species’ preference for a nearshore
distribution. Together, these circumstances significantly reduce the number of possible
routes through the area. Dolphins going north or south must either move through Sounds,
such as the Sound of Islay, Sound of Mull, Sound of Raasay, Sound of Iona or Kylerhea, or
move close to shore around the islands (Figure 5.1).

Figure 5.1. Examples of corridors used by bottlenose dolphins when moving through Scottish west coast
waters (red bars), and the location of the Sound of Mull (SoM) case study area. Blue bars represent the
boundaries of the wider SoM area (i.e. SoM including north and south entrances).

The presence of a discrete number of alternative routes, in combination with the small
number of animals present (and hence the present of a limited number of dolphin groups),
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may offer the opportunity for an effective way of tracking bottlenose dolphin movements
along the west coast of Scotland, using a network of strategically placed acoustic monitoring
devices (van Parijs et al., 2009; Blumstein et al., 2011; Zeh et al., 2015) possibly providing
information to minimise anthropogenic impacts (Zeh et al., 2015). Therefore, the primary
aim of this study is to test the concept of using an array of static PAM devices in a
geographical bottleneck as an effective way to track bottlenose dolphin movements.
As shown in Chapter IV, large numbers of bottlenose dolphin sightings occur near the Isle
of Mull, where the Sound of Mull represents a potentially important gateway connecting
different parts of the dolphins’ range in the Argyll area. Therefore, this chapter presents a
case study undertaken in the Sound of Mull (Figure 5.1). In order to assess the effectiveness
of using an array of static PAM devices (C-PODs) to track dolphin movements, acoustic data,
as well as opportunistic visual sightings were collected and compared. In particular, the
following questions regarding bottlenose dolphin corridor usage and the development of
methodology to investigate corridor movements were formulated:
• Are bottlenose dolphins reliably detected on static PAM devices in a potential
movement corridor?
• Is it possible to infer directions of bottlenose dolphin movements using an array of
PAM recorders along the Sound?

5.2. METHODOLOGY
5.2.1. Area description - The Sound of Mull
The Sound of Mull (hereafter also referred to as the Sound or SoM) is located between
the Morvern peninsula on the Scottish mainland and the Isle of Mull off the west coast of
Scotland (Figures 5.1 & 5.2). The Sound is approximately 37km long and between 1-2.5km
wide (SSMEI, 2010). The general orientation of the Sound is NW-SE. At the north entrance,
the Sound merges with Loch Sunart, where it opens out into a broad stretch of water. At the
southern end, it broadens widely into Loch Linnhe. The Sound comprises a diverse coastline,
including small bays and inlets, promontories, tidal mud flats, shingle beaches and sea cliffs,
and some small islands and rocky outcrops (SSMEI, 2010).
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Local bathymetry shows a deep, central channel, with depths ranging between 40 and
140m. The bathymetry in the areas between the shoreline and this central channel is highly
variable. The tidal flats and bays have gentle gradients, whereas depth increases rapidly in
locations with underwater cliffs, resulting in steep slopes. The seabed habitat mainly consists
of mud and rock (SSMEI, 2010). Sheltered from the prevailing North Atlantic swell by the Isle
of Mull, the maximum wave height is around 0.5-1.0m for 90% of the time, and peak tidal
flow speeds are between 0.75-1.25m/s (Foster-Smith, 2010).

BB

HW

FR
IB
FF

AR

Figure 5.2. Nautical chart of the Sound of Mull (SoM), marking the boundaries of the strict SoM research area
(as opposed to the wider SoM area including the north and south entrances to the Sound as shown in Figure
5.1). The test deployment location off Calve Island is marked by the black circle. Locations of the six acoustic
monitoring sites in the SoM are presented by the red circles: BB = Bogha Bhuilg, HW = Hispania Wreck, FR =
Fiunary Rocks, FF = Fish Farm, AR = Avon Rocks, IB = Innimore Bay. Source: EDINA Marine Digimap Service
(2013). © Crown Copyright/SeaZone Solutions Ltd. All rights reserved. Not for navigation.

The Sound acts as an important route for shipping from Argyll out to the Outer Hebrides
and the Atlantic. As such, the Sound is a locally busy waterway, utilised by a variety of
commercial/professional vessels (ferries, fishing vessels, aquaculture service boats, cargo
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vessels, the navy, coastguard, lifeboats). Additionally, the SoM is used by recreational and
leisure boats (sailing, fishing, touring, cruise liners) and wildlife and dive operators (SSMEI,
2010). Within the Sound, commercial fishing activities predominantly target Nephrops,
scallop, crab and lobster using trawling, dredging, diving and creeling methods. Several
aquaculture sites are located in the Sound, farming Atlantic salmon, blue mussels (Mytilus
edulis) and Pacific oysters (Crassostrea gigas) (SSMEI, 2010; Nautilus Consultants Ltd., 2014).
5.2.2. Acoustic data collection
Equipment deployment
Deployment of acoustic monitoring gear in areas where fishing activities take place has
the potential to lead to conflict, equipment damage/loss and fishing gear damage (Dudzinski
et al., 2011). To avoid this, the local coordinator for the Small Isles and Mull Inshore Fisheries
Group, the spokesman for the Mull Aquaculture & Fisheries Association and west coast sea
food distributors were contacted prior to the start of this study to inform them about
deployments of PAM devices in the SoM. In the correspondence, it was asked whether this
information could be distributed to their members, employers and contacts using this
particular area, and to get back in contact in case of any conflict or questions. As no contact
was made, an initial test deployment was conducted in the SoM near Calve Island (off
Tobermory, Isle of Mull; Figure 5.2), where one C-POD was deployed for over three weeks in
April-May 2011. During this test deployment, a ‘traditional’ deployment setup was used; a
main and secondary weight (50 and 25kg respectively), connected by a 65m ground line,
were deployed in 25m water depth at low tide. The C-POD was attached to the ground line
by a ~4.5m line and an additional safety line so that the hydrophone was oriented upwards
and positioned approximately 5m above the seafloor in between the weights. A surface line
of 35m was attached to the secondary weight, with a surface float and an additional pick-up
buoy attached on the surface end. This test deployment showed that acoustic monitoring
and the mooring design worked within the Sound. Whereas harbour porpoises were
detected on various occasions (data not presented here), no bottlenose dolphins were
detected during this trial period.
At the end of the test deployment, direct communication with a local fisherman indicated
that, despite previous correspondence, there could be a potential conflict with scallop

175

Chapter V - Acoustic monitoring in geographic bottlenecks: an effective way of tracking movements?

dredgers. The locations selected for C-POD deployment were intensively used for dredging,
in particular during periods of rough weather when fishermen make use of the sheltered
conditions in the Sound. Subsequently, further deployment of C-PODs was postponed.
However, various navigation buoys have been placed in the SoM by the Northern
Lighthouse Board (NLB 3) to mark the shipping lane. In addition, Scottish Sea Farms Ltd (SSF 4)
also deployed cautionary buoys to mark the fish farm areas. Permission was obtained from
the NLB and SSF to attach the C-PODs to their buoys. These provided deployment locations
in an ‘array configuration’, with a set of buoys on either side, near the top-end, roughly halfway along and near the southern-end of the Sound (Figure 5.2; Table 5.1).

Table 5.1. Specifications of the six C-POD deployment locations in the Sound of Mull. * = As obtained from the
RIB’s depth sounder (Lowrance® HDS-5) during C-POD changes near low tide).
Deployment site
Bogha Bhuilg
Hispania Wreck
Fiunary Rocks
Fish Farm
Avon Rocks
Innimore Bay

Abbreviation
BB
HW
FR
FF
AV
IB

Latitude (in °)
56.602
56.582
56.543
56.519
56.512
56.505

Longitude (in °)
-5.985
-5.985
-5.885
-5.838
-5.780
-5.723

Depth (in m) *
11
47
22
46
32
35

The attachment systems were developed by J. Elliott (SAMS), and designed so that
deployment, equipment change, and retrieval were achievable from a boat, without
personnel having to enter the water (Figures 5.3 & 5.4). The C-PODs were slotted into a
10mm home-made lead-weighted (to make them negatively buoyant) protective highdensity polyethylene (HDPE) housing which was attached to a sling. The sling, in turn was
spliced onto a ‘circular rope’ on the other end. The ‘circular rope’ contained a karabiner on
one end, so that one end of the circular rope could be fed through the lug underneath the
navigation buoy and clipped back onto a spliced loop on the other end, creating a closed
circular loop (Figure 5.3a). The deployment system was subsequently lowered into the
water, with the C-POD hydrophone facing downwards at roughly 4m depth. As the fish farm
buoy did not have lugs underneath, a slightly altered design was applied (Figure 5.3b).

3
4

Northern Lighthouse Board, 84 George Street, Edinburgh, EH2 3DA, Scotland.
Scottish Seas Farms Ltd, Laurel House, Laurelhill Business Park, Polmaise Road, Stirling, FK7 9JQ, Scotland.
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a

b

Figure 5.3. Schematic deployment designs for acoustic C-POD monitoring from the Northern Lighthouse
Board navigation buoys (a) and from a Scottish Sea Farms cautionary buoy (b) in the Sound of Mull.

Figure 5.4. C-POD deployment. Attachment of the C-POD setup onto a navigation buoy (left) with a C-POD
slotted into the black, weighted protective housing (yellow arrow). C-POD deployed from a navigation buoy
at 4m water depth and hydrophone facing downwards (right). Permission granted by the Northern
Lighthouse Board. Pictures © J. Elliott / SAMS.
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C-POD specifications
The C-PODs (Version 1) were set to monitor in all longitudinal orientations (i.e. the tilt
switch was inactivated). Other operational C-POD settings were set to log data continuously,
at a maximum rate of 4096 logged clicks per minute, a high pass filter of 20kHz was applied
and the individual C-POD-specific gain, as determined by the manufacturer upon calibration,
was used (Chelonia Ltd., 2012a). Data were stored on 4GB SD cards, as supplied by the
manufacturer (containing setup information and individual C-POD-specific gain information).
Typically, the C-PODs were serviced every 2-3 months.
5.2.3. Data analyses
Acoustic data
Data from the retrieved C-PODs were analysed using the manufacturer’s custom
developed software CPOD.exe version 2.033 (26-6-2012; Chelonia Ltd., 2012a). Since C-PODs
record large numbers of cetacean-like clicks, most of which are not actually produced by
cetaceans, the automated post-processing analyses involved the identification of coherent
click trains and subsequent differentiation into likely sound sources based on a variety of
characteristics.
At present, two classifiers are available to analyse the presence of dolphin click trains in
the acoustic data: the traditional KERNO classifier (hereafter referred to as Kerno) and the
recently available GENERAL ENCOUNTER classifier (hereafter specified as Genenc,
announced July 2012). These classifiers use proprietary algorithms to filter the data for the
presence of click trains, and to determine their origin. Most odontocete clicks are emitted in
trains, but trains may also be produced by boat sonar or arise from chance from other
sources such as rain, moving sand, propellers and shrimps. The software classifies the
detected click trains into the following five recognised sound sources: 1) Narrow-Banded
High-Frequency (NBHF) sounds - which are typical for harbour porpoises and some other,
typically non-whistling odontocetes (none of which were expected to occur in the SoM); 2)
Other cetaceans - trains of broadband clicks typical of those produced by most dolphin
species, including the bottlenose dolphin; 3) Boat sonar - regularly repeated pulses of sound
of a particular narrow-banded frequency; 4) Sediment transport; and 5) Undefined noise
source (Chelonia Ltd., 2012a).
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Files were automatically created from the downloaded data (.CP1 files), which in turn
formed the basis for the creation of processed files (.CP3 files) using both the Kerno and
Genenc classifiers, which identify cetacean echolocation click trains from the .CP1 file. The
Genenc classifier re-analyses the clicks trains classified by the Kerno classifier using an
alternative algorithm. Obtained output includes a level of classification confidence of
detections, as the software allocates a quality value to each identified click train, specified as
‘High’, ‘Moderate’, ‘Low’ and ‘Questionable’. Of interest to this study were those detections
classified as ‘Other cetacean’ echolocation click trains of High and Moderate quality (CetHi &
CetMod; i.e. those click trains classified as having a high or moderate probability of being of
a non-NBHF cetacean origin).
The Genenc classifier was developed to reduce the level of false negatives (i.e.
echolocation click trains that were not classified as dolphins) in dolphin data from the Irish
Sea (Chelonia Ltd., 2012b). In line with this, a preliminary comparison of all collected data
between both classifiers revealed a much higher number of detections by the Genenc
classifier (Kerno: dolphins identified in 689 minutes; Genenc: 3,534 minutes). However, the
automated analysis of the SoM data resulted in the detection of a large amount of false
positives by both classifiers. Consequently, all CetHi and CetMod click trains, as
automatically detected by the classifiers, were manually verified, where validation was
based on known bottlenose dolphin click characteristics, including click frequency, duration
of clicks and inter-click interval (Chelonia Ltd., 2012b). Most excluded non-bottlenose
dolphin detections represented misclassified boats, boat sonar, and noise which just passed
the 20kHz high pass filter. As the Genenc classifier resulted in a higher number of manually
verified bottlenose dolphin detections (after excluding 99.5% of the minutes where dolphins
were identified by this classifier), only data analysed using the Genenc classifier were used in
subsequent analysis of bottlenose dolphin movement in the SoM.
Remaining detections (i.e. manually verified detections) were exported as Dolphin
Positive Minutes (DPM) for the entire deployment, representing the absence (0) or presence
(1) of at least one dolphin click train within a monitored minute. Detections separated by
silent periods of >10 minutes were considered different encounters (Carlström, 2005;
Carstensen et al., 2006; Philpott et al., 2007; Todd et al., 2009; O’Brien et al., 2013).
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Occasionally, short-beaked common dolphins have been observed in the SoM. C-PODs are
incapable of distinguishing between the echolocation of common and bottlenose dolphins.
However, between 2004 and 2013, of 336 recorded ‘Definite’ common dolphin sightings on
the west coast of Scotland, only seven were encountered within the Sound of Mull, with a
further 22 in the wider SoM area (of which ~50% during a three week period in 2009)
(Hebridean Whale and Dolphin Trust (HWDT), unpublished community sightings data). As
such, all acoustic dolphin detections were considered to be bottlenose dolphins.
Visual data
Opportunistic visual bottlenose dolphin sightings by members of the public for the Sound
of Mull and surrounding area, reported either to HWDT (majority of visual data), or directly
to myself, were collected for the period the C-PODs were deployed. Dates and times of
acoustic detections were subsequently compared to the presence/absence of visual
sightings.
In addition, to understand how frequently bottlenose dolphins may typically use the SoM
on an annual basis, opportunistic sightings 2011-2013 were summed, and annual
frequencies were subsequently averaged across years. These data are not effort corrected
and the majority of sightings were made during daylight hours in the summer months.
Sighting records included in the analyses were classified either as ‘Definite’ or ‘Probable’
categories of confidence in correct species identification (categories specified by reporters
upon submission of dolphin sightings). Although records of ‘Probable’ confidence represent
a lower quality confidence level, the records of these encounters do indicate dolphin
presence, which may have been detected by the acoustic recorders. Additionally, visual
sightings were split between those within the SoM, referred to as SoM sightings (Figure 5.2),
and those in the SoM plus the extended areas of the north and south entrances of the
Sound, referred to as Sound of Mull area sightings (SoM area; Figure 5.1). The northern
entrance was bound by the line from the most western tip of Ardnamurchan on the Morvern
Peninsula (56.73°N, -6.23°W) to Caliach Point, north-west Mull (56.61°N, -6.33°W) in the
west, and restricted to the western section of Loch Sunart (west of -5.84°W). The southern
entrance covered the section of Loch Linnhe bounded in the south by the line between
south of the entrance of Loch Spelve, Mull (56.38°N, -5.69°W) and past the southern tip of
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the Isle of Kerrera (56.37°, -5.56°), and in the north by the line westward from the entrance
of Loch Creran, on the Scottish mainland (56.52°N, -5.44°W).

5.3. RESULTS
5.3.1. Acoustic monitoring effort
Between March 2012 and April 2013, C-PODs were deployed nearly continuously at the
six monitoring sites (a few days were missed due to delayed re-deployment), however
effective monitoring effort, specified as the days the recorders were actively logging data,
ranged between 162 and 368 days (Table 5.2). Recordings ended prematurely due to full
memory, low batteries or for unknown reasons. This was particularly evident at the Fish
Farm site, where the repetitive signals of acoustic deterrent devices (ADDs) from the farm
interfered with the data collection, resulting in much reduced logging.

Table 5.2. Acoustic C-POD effective monitoring effort at six deployment sites in the Sound of Mull 2012-2013.
Location
Bogha Bhuilg
Hispania Wreck
Fiunary Rocks
Fish Farm
Avon Rocks
Innimore Bay

Start effort
18-04-2012
18-04-2012
18-04-2012
20-04-2012
19-07-2012
04-10-2012
13-03-2012
20-04-2012
13-03-2012
20-04-2012

End effort
20-04-2013
01-12-2012
09-04-2013
12-07-2012
26-09-2012
11-10-2012
12-04-2012
15-10-2012
12-04-2012
15-10-2012

Effort (days)
368
228
357
162 (84+70+8)
210 (31+179)
210 (31+179)

5.3.2. Acoustic detections and visual sightings
During the monitoring period, the number of manually verified high and moderate quality
dolphin detections were very few, and of short duration, lasting only between 1-5 minutes
(Table 5.3). A total of eight detection events (i.e. where positive detections were separated
by >10 minutes) were made: four at Hispania Wreck (of which three were on the same day),
two at Bogha Bhuilg and one at the Innimore Bay and Fiunary Rocks sites each. With the
exception of detections at Fiunary Rocks and Hispania Wreck, which both occurred on 17-82012, none of the dolphin detections were made on the same day, or on successive days, at
different deployment locations.
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Table 5.3. Overview of acoustic bottlenose dolphin detections by C-PODs deployed in the Sound of Mull during
the period 13-3-2012 till 20-4-2013.
Location
Innimore Bay
Hispania wreck
Hispania wreck
Hispania wreck
Bogha Bhuilg
Bogha Bhuilg
Fiunary Rocks
Hispania Wreck

Date
25-03-2012
16-05-2012
16-05-2012
16-05-2012
13-06-2012
05-08-2012
17-08-2012
17-08-2012

Time (UTC)
04:38 & 04:39
04:40 & 04:42
04:57, 04:58, 05:00 & 05:01
06:35
15:27
10:04, 10:07 & 10:08
20:56
22:30

Duration (in min.)
2
3
5
1
1
5
1
1

During the acoustic monitoring period, only four visual observations were reported from
within the Sound, with an additional 13 sightings within the extended SoM area (Table 5.4).

Table 5.4. Overview of opportunistic visual bottlenose dolphin sightings in the Sound of Mull (SoM) and
extended area (SoM area) during the period 13-3-2012 till 20-4-2013. * represents opportunistic sighting of
‘Probable’ confidence in species identification. For general locations of sightings: see Figure 5.5.
Location
Glengorm
Langamull
Kilchoan
Kilchoan
Kilchoan
Loch Sunart
Loch Sunart
Tobermory
Tobermory
Croig
Craignure *
Ardnamurchan Point
Duart Castle
North of Tobermory
Glengorm
Tobermory
Glengorm

Date
25-03-2012
14-04-2012
06-05-2012
29-05-2012
29-05-2012
31-05-2012
13-06-2012
24-06-2012
27-06-2012
27-06-2012
04-07-2012
04-07-2012
19-07-2012
04-08-2012
04-08-2012
05-08-2012
23-08-2012

Time (UTC)
14:31
10:30
Unknown
08:55 & 10:00
10:00
13:00
11:20
17:00
05:00
15:10
08:00
17:30
am
16:30
pm
am
12:00

SoM / SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
SoM
SoM
SoM area
SoM
SoM area
SoM area
SoM area
SoM area
SoM
SoM area

On two days (13-6-2012 and 5-8-2012), visual sightings at Tobermory and Loch Sunart at
the north end of the Sound (Figure 5.5) occurred in close temporal proximity to acoustic
detections at Bogha Bhuilg (distances of ~5.5 and ~12.5km respectively) within a few hours
of each other. Dolphins were also visually encountered on 4-8-2012 off Tobermory, before
being detected at Bogha Bhuilg the next morning. In addition, on 25-3-2012, dolphins were
acoustically detected early in the morning near the south entrance of the Sound (Innimore
Bay), whereas a visual sighting was made >14 hours later off Glengorm, north Mull
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(~33.5km). None of the other visual sightings coincided with acoustic detections and vice
versa. On 4-7-2012, visual sightings were made near opposite entrances of the Sound
(Ardnamurchan in the north and Craignure in the south). No photographic evidence was
available to verify this represented the same individuals or whether these consisted of
different dolphins.

Figure 5.5. General locations for the opportunistic visual sightings referred to in this chapter.

Between 2011 and 2013, the annual number of opportunistic sightings within the Sound
of Mull ranged between four and 23 sightings. When including the north and south entrance
areas, these ranged between 18 and 37 encounters per year (Table 5.5).

Table 5.5. Overview of opportunistic visual bottlenose dolphin sightings per year, and annual average for the
Sound of Mull (SoM) and extended area (SoM area). Note: sightings not corrected for effort; majority of
sightings made during day light hours during the summer months.
2011
2012
2013
Average

Number of sightings within the SoM
10
4
23 (of which 5 on 20-7)
12.3
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Number of sightings in the wider SoM area
29
18
37
28.0
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5.4. PHASE II: VERIFICATION EXPERIMENTS
5.4.1. Rationale
As the results from the main experiment revealed a number of unexpected findings,
additional follow-up experiments were conducted to gain a better understanding of the
processes involved. Despite the confirmed visual presence of bottlenose dolphins within,
and in the direct vicinity of the SoM, dolphins were not visually or acoustically tracked
transiting the Sound. The limited congruence between visual sightings and acoustic
detections were a concern, and a reason for additional verification experiments.
Further, as presented above, the number of acoustic detections in the SoM were
relatively low and of short duration, and only few opportunistic sightings were reported
during the period of acoustic monitoring. These detection and sighting numbers were
unexpectedly low, especially considering the relatively regular reports of dolphins in the
wider SoM area, and the higher number of sightings reported in 2011 and 2013 for the SoM
and SoM area. This suggests that dolphins may have actually been present more frequently,
but had remained visually and acoustically undetected. Dolphins in other areas have been
shown capable of traversing the relatively short distance from the north to the south
entrance of the Sound within only a few hours (Harzen, 2002; Rohr et al., 2002). In addition,
although sightings in the SoM/SoM area in 2012 were low in comparison to 2011 and 2013,
the 2012 visual data revealed another 94 sightings made around the Isle of Mull and in the
Loch Linnhe area (Chapter IV). This shows a more frequent presence of dolphins immediately
outwith the SoM area, and dolphins may subsequently have entered the SoM area
undetected. As such, it was hypothesised that other processes, other than an actual sporadic
presence of dolphins, may also have contributed to the limited dolphin acoustic detections
during 2012. Suggested potential causes for these limited detections include:
• Deployment design
- Deployment depth & hydrophone orientation: the near-surface deployment used
with the hydrophone facing downwards contrary to the more conventional
deployment at near-bottom depth with the hydrophone facing upwards
- The presence of the protective C-POD housing shielding the hydrophone
• Monitoring equipment
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- Mechanical/software problems with the used C-PODs
- Reduced efficiency/capability of C-PODs to detect dolphin vocalisations (e.g.
masking/interference from other noise sources; sound characteristics might not be
recognised)
• Acoustic behaviour of dolphins
- Vocalisation abundance: Infrequent sound production or animals being silent for
extended time periods
- Orientation of sound production: narrow-beam echolocation clicks may not have
been directed towards the acoustic recorders.
To investigate whether some of these factors may have influenced detection results,
follow-up experiments were conducted, with the aim to test whether these factors might
have reduced or precluded the detection of dolphins by C-PODs. However, it is not feasible
to test for directionality of dolphin echolocation, and as the individual C-PODs used in the
SoM were also used successfully in the Sound of Barra (Chapter VII), the occurrence of faulty
C-PODs was also eliminated.
Whereas deployment depth has been demonstrated to affect harbour porpoise
detectability (Sotres Alonso & Nuuttila, 2013 & 2015), it was considered that the deployment
depth in combination with the hydrophone orientation did not cause dolphin echolocation
to become undetectable, based on several arguments. First, a previous study in Cardigan Bay
indicated the absence of a statistical difference in bottlenose dolphin detections between CPODs deployed near the sea floor and those closer to the surface (Sostres Alonso & Nuuttila,
2013 & 2015). In addition, Bailey et al. (2010b) deployed a pair of T-PODs in the Moray Firth,
and although the T-POD closer to the sea floor detected consistently more dolphin clicks
than the T-POD closer to the surface, similarity between both T-PODs (expressed as the
percentage of samples that showed the same results between both T-PODs - i.e. presence or
absence of dolphins within that hour) ranged between 83.4-99.7%. Secondly, harbour
porpoise echolocation signals are of higher directionality and of higher frequency, and hence
only detected at smaller ranges when emitted more or less directly towards the C-PODs.
Nevertheless, harbour porpoises were regularly present in the SoM data (data not presented
here). Therefore, although dolphin detectability may potentially be reduced when deployed
nearer the surface, the results indicated that C-PODs are able to detect cetaceans when
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positioned with the hydrophone orientated towards the bottom of the sea, and dolphins are
detected by shallow PODs. Consequently, this was not further investigated as a detectionpreventing factor.
5.4.2. Experiment I - Deployment design
As stated by Sousa-Lima et al. (2013), in PAM equipment, the hydrophone should not be
shielded with acoustically absorbing or reflecting materials, as this would impair sensitivity,
especially in the higher frequencies. It was deemed unlikely that the protective HDPE
housing would have inhibited the C-PODs’ ability to detect bottlenose dolphins click trains.
The fact that harbour porpoise echolocation and other sounds within range of bottlenose
dolphin echolocation frequencies were regularly detected in the SoM data support this idea.
Nonetheless, the possibility of a shielding effect was checked in the following experiment.
Methodology
To test whether the presence of the protective C-POD housing prevented the capability of
C-PODs to detect dolphins, two C-PODs were deployed at the Sutors in the Moray Firth at
the entrance to the Cromarty Firth (Figure 5.6), a location known to be frequently used by
bottlenose dolphins throughout the year, including for foraging (Wilson et al., 1997a; Hastie
et al., 2003a & 2004; Bailey & Thompson, 2010; Thompson et al., 2011; Pirotta et al., 2014 &
2015a), and where frequent echolocation detections were therefore expected.
The deployment design of one of these C-PODs was identical to the one used in the SoM.
The design was modified for the second C-POD; the protective housing was significantly
shortened so that it only covered the C-POD for a few centimetres on the lid (nonhydrophone) end, but it could still be used to attach the C-POD onto the sling (Figure 5.7).
With permission from the Northern Lighthouse Board and the Cromarty Firth Port
Authority 5, both deployment systems were attached to a navigation buoy, each system on
an individual lug on opposite ends of the same buoy (the Buss Bank Buoy; 57°68N, 3°99W).
As inter-POD variability in sensitivity has been reported previously (Verfuβ et al., 2010;
Dähne et al., 2013b; O’Brien et al., 2013), the individual C-PODs were swapped between the
two housing configurations during the deployment. Consequently, both C-PODs were
deployed with and without the protective housing.
5

Cromarty Firth Port Authority, Port Office, Shore Road, Invergordon, IV18 0HD, Scotland.
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Figure 5.6. Location of deployments from the Buss Bank Buoy at the Sutors, Moray Firth, east Scotland.

Figure 5.7. Acoustic monitoring setup in the Moray Firth. Schematic deployment design (left), with
hydrophone ends of all acoustic units facing downwards. C-POD without the protective housing (top right) and
slotted within the housing (bottom right); both C-PODs have been lead-weighted to make them negatively
buoyant. Note that the POD without the housing is in fact slightly covered by a small remnant of the pipe in
order to attach it to the deployment system. Pictures © N. van Geel / SAMS.
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Upon retrieval, the data were downloaded and processed with the custom CPOD.exe
software using both the Kerno and Genenc classifiers. Detections of ‘Moderate’ and ‘High’
quality were exported on a 1-minute and 10-minute resolution. As the data failed the test
for normality (Kolmogorov-Smirnov test), non-parametric Wilcoxon Signed Rank tests
(Wilcoxon paired-sample tests) (Zar, 1999 - pp 165) were performed in SigmaPlotTM (version
12.0; Systat®) to test for differences in the number of ‘Dolphin Positive 10 Minutes’ (DP10M;
i.e. the number of 10-minute sections in which dolphins were positively identified) between
the C-POD without and within the housing, using a significance level of P<0.05.
Results
The C-PODs were deployed between 12-9-2013 and 22-11-2013. While one C-POD
continued to collect data for the entire period, the other stopped on 6-11-2013. The C-PODs
were swapped on the 23rd September, resulting in pre-swap effort of 1,619 10-minute
sections, and 6,334 10-minute sections of post-swap effort. Dolphins were detected during
2.6-10.1% of the 10-minute sections (DP10M), although these represented only 0.7-3.2% of
all monitored minutes (Table 5.6).

Table 5.6. Dolphin click train detections as obtained by C-PODs with and without the protective housing on a
10-minute and 1-minute resolution. DP10M = dolphin positive 10 minutes (i.e. the number of 10-minute sections
in which at least one dolphin echolocation train was identified); DPM = dolphin positive minutes (i.e. the number
of minutes in which at least one dolphin echolocation click train was identified). Significant differences (DP10M
only) are presented in bold (see Table 5.7).

DP10M
DPM

Before C-POD swap
Kerno classifier
Genenc classifier
No
With
No
With
housing
housing
housing
housing
46
42
164
86
(2.8%)
(2.6%)
(10.1%)
(5.3%)
109
98
490
202
(0.7%)
(0.6%)
(3.0%)
(1.2%)

After C-POD swap
Kerno classifier
Genenc classifier
No
With
No
With
housing
housing
housing
housing
219
165
455
639
(3.5%)
(2.6%)
(7.2%)
(10.1%)
526
479
1,172
2,052
(0.8%)
(0.8%)
(1.9%)
(3.2%)

Before swapping the C-PODs, the C-POD without the housing detected dolphins during a
larger number of 10-minute sections, independent of the classifier used (Table 5.6), however
this difference was only significant for the data analysed using the Genenc classifier (Table
5.7). After swapping, dolphins were detected in a significantly higher number of DP10M by
the C-POD without the housing when data were analysed using the Kerno classifier. In
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contrast, using the Genenc classifier, the C-POD with the housing detected dolphins during
significantly more DP10Ms (Tables 5.6 & 5.7).

Table 5.7. Results of statistical comparisons in DP10M between the C-POD without the protective housing and
within the housing using the Wilcoxon Signed Rank test. Significant differences are presented in bold.
Period
Before swap
After swap

Classifier
Kerno
Genenc
Kerno
Genenc

n
1619
1619
6334
6334

Z
0.632
7.005
3.918
-8.812

P
0.532
<0.001
<0.001
<0.001

5.4.3. Experiment II - Acoustic equipment
As mentioned previously, bottlenose dolphins produce broadband clicks for which
characteristics change depending on the angle and distance they are received at by a
recorder (Au, 1993). Additionally, the C-POD is developed to detect various non-NBHF
odontocetes, where one single classifier is used to capture the wide range of echolocation
click trains produced by these different cetacean species. Therefore, while narrow-band high
frequency clicks (such as transmitted by harbour porpoises) are quite specific, and there are
few other sound sources producing click trains with similar properties, this is not the case for
broadband clicks, which due to the lower frequencies might also be more affected by
propagation effects. Due to these factors, it is not possible to develop a classifier which
detects and correctly identifies all echolocation clicks trains. Additionally, the high number of
false positive dolphin detections (99.5%), which did not occur when the same C-PODs were
used at different localities in Scotland, indicates that local noise conditions may affect C-POD
performance. Both these factors may result in a reduced capability by C-PODs to detect
bottlenose dolphins compared to the analysis of full broadband sound recordings, and this
possibility is investigated in the following section.
Methodology
To test whether C-PODs have a reduced capability to detect bottlenose dolphin presence,
C-PODs were deployed simultaneously with a Song Meter SM2M+ Ultrasonic submersible
marine recorder (Wildlife Acoustics, Inc.®; www.wildlifeacoustics.com) (henceforth referred
to as SM2M; hydrophone sensitivity: -165dB re 1V/µPa; frequency response: 2-196kHz
±1dB). Unlike the C-POD, which records partially-processed data and targets odontocete
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echolocation click trains, the SM2M collects raw acoustic data containing full waveform
data, which can subsequently be analysed for the presence of both clicks and whistles. The
C-POD data were compared to the presence of dolphin echolocation and whistles in the
SM2M sound files (See Table 5.8. for summary overview of the main differences between
the C-POD and SM2M).

Table 5.8. Overview of the main differences in acoustic data collection and analyses between the C-POD and
SM2M.
C-POD
Partially-processed data
20-160kHz

Acoustic data
Frequency range
Analyses

Presence of echolocation click
trains using Kerno and Genenc
classifiers in CPOD.exe

SM2M
Raw full bandwidth recordings
Sampling rate 96kHZ, providing an 1-48kHz
effective bandwidth for analysis
Presence of echolocation and whistles using ‘Click
Deterctor’ and ‘Whistle & Moan Detector’
in PAMGuard

As the presence of dolphins in the SoM appeared relatively unpredictable and short in
duration, the comparison between C-POD data and recorded SM2M sound files was
performed on data collected in the Moray Firth (Figure 5.6). For information on data
collection and analyses of the C-POD data, see section 5.4.2. Simultaneous with the C-POD
deployments, a SM2M was attached onto a separate lug underneath the Sutors Buss Bank
Buoy using a similar deployment system used for the C-PODs (Figure 5.7). Prior to
deployment, the SM2M was superficially modified to increase protection and facilitate
transport (Figure 5.8). The 16-bit digital acoustic monitoring device recorded sound files
onto four 128GB, SDXC cards (Wildlife Acoustics, Inc., 2013). Data were collected
continuously (daily from 00:01 till 23:59) on one channel at a sampling rate of 96kHz and a
12dB gain. A high-pass filter of 1kHz was used to discard ambient noise below 1kHz, yielding
an effective analysis bandwidth of 1-48kHz. Whilst peak frequencies of free-ranging
bottlenose echolocation clicks are reported to be higher than this effective bandwidth, the
recordings still capture the lower frequency component of echolocation signals, with clicks
of lower-limit frequencies well below 30kHz reported in various studies (Evans, 1973;
Caldwell et al., 1990; Au, 1993; Wahlberg et al., 2011; Li et al., 2012). Data were stored as
compressed .wac0 files (compressing ~60%), which after downloading were converted into
.wav files using the manufacturer’s custom software Kaleidoscope (Version 1.1.10) (Wildlife
Acoustics, Inc., 2013).
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Figure 5.8. External modification to the SM2M marine recorder. Picture © N. van Geel / SAMS.

Transformed .wav files were subsequently batch-processed in PAMGuard (Gillespie et al.,
2008; www.PAMGuard.org). The PAMGuard setup included the ‘Click Detector’ module and
the ‘Whistle & Moan Detector’ module, which respectively automatically detect, and log into
a Microsoft Access Database, dolphin echolocation clicks and their tonal whistles, based on
pre-defined classifier parameters.
For the click analyses, a Butterworth high-pass pre-filter at 1kHz, and a digital trigger filter
set as a Chebychev band filter with a high-pass at 1kHz and a low-pass cut off frequency at
48kHz were used. The PAMGuard software was set to automatically measure background
noise levels every five seconds, and compared detected signal levels to these noise levels.
Only those signals that exceeded the detection threshold of 8dB higher than the measured
background noise were sent to the Click Detector module. The settings used to identify
bottlenose dolphin clicks within the total set of detected clicks, were developed and
previously used to analyse bottlenose dolphin echolocation in the Moray Firth (Merchant et
al., 2014; Pirotta et al., 2015a). These classifier parameter settings were adjusted for the
frequency range used in the current study, and the trigger threshold was lowered from 10dB
to 8dB. Clicks were classified as dolphin clicks when they were shorter than 0.2ms (with a
threshold of 20dB below the maximum of the smoothed click analytic waveform) and the
energy in the 15-48kHZ frequency band was 18dB greater than the energy in the 1-5kHz
control band. Additionally, clicks required a mean frequency between 10-48kHz for the 148kHz integration range, and a maximum of 10 zero crossings was allowed.
Passive acoustic monitoring typically includes both the detection and the classification of
marine mammal sounds (Yack et al., 2009). As it was assumed that bottlenose dolphins
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would be the only dolphin species present in the recordings (Bailey et al., 2010b), only
whistle detection was performed here. Whistle detection is a multi-stage process: the
Whistle & Moan Detector first performs a series of noise suppression calculations on a
spectrogram of sound data in order to remove impulsive noises (e.g. echolocation clicks) and
constant noise tones (e.g. electrical interference). Then it identifies connected regions of
data rising above a pre-defined threshold, and obtained whistles are subsequently broken up
and re-joined. The output of the detector reveals the time-frequency contour of the whistle
in the spectrogram (Gillespie et al., 2013).
The settings used to detect whistles included ‘FFT (spectrogram) engine’ settings with
click suppression, Whistle & Moan Detector ‘Noise and Thresholding’ with FFT (Fast Fourier
Transformation) data going through all noise removal processes as mentioned above
(median filter, average subtraction, Gaussian kernel smoothing, threshold 7dB) (Gillespie et
al., 2013), and with the following FFT parameters: FFT length of 1024 bins, and FFT Hop of
512 bins (50%) and a Hanning window, resulting in a frequency resolution of 94Hz and a time
resolution of 10.67ms. For the detector, only the minimum frequency was modified from the
default settings to correspond with the high-pass filter at 1kHz during data collection.
Initial data inspection revealed that both classifiers provided false positives, where signals
from other sources, such as boats, echo sounders/fish finders, birds and the anchor chain
were incorrectly classified as bottlenose dolphin sounds. Therefore, the PAMGuard data
were subsequently reviewed in PAMGuard Viewer (PAMGuard’s component for offline data
analyses), where automatically identified clicks and whistles were manually checked, aided
by the inclusion of displays (i.e. waveform display, click spectrum display, Wigner plot and
spectogram) and links to the sound files, to visually and aurally verify the signals.
Data on the presence of dolphins detected by both C-PODs (echolocation analysed using
both Kerno and Genenc classifiers) and the SM2M (both click trains and whistles) were
subsequently summarised at 10-minute resolution. To test whether the best performing CPOD (with/without housing; Kerno/Genenc classifier – best performing defined as detecting
the highest number of DP10M), performed differently than the SM2M, a non-parametric
Wilcoxon Signed Rank tests was performed in SigmaPlotTM (version 12.0; Systat®).

192

Chapter V - Acoustic monitoring in geographic bottlenecks: an effective way of tracking movements?

Note: the purpose of this experiment was to verify the presence of dolphins, and acoustic
analysis was not aimed at developing the optimal PAMGuard detector/classifier settings to
identify bottlenose dolphin clicks and whistles for the particular deployment location.
Consequently, no attempt was made to fine-tune the parameter settings in order to improve
the PAMGuard detectors used in this experiment.
Results
Although data collection continued for a longer period of time (see section 5.4.2), for this
part of the study, only the first three days of acoustic data were analysed: 12-14 September
2013. This resulted in 378 and 379 10-minute sections available for the analyses of C-POD
data, and 380 sections for SM2M data, respectively (Table 5.9). Within this period, the
percentage of 10-minute sections in which dolphins where detected by the C-PODs ranged
between 2.9-10.3% depending on the presence/absence of the protective housing and on
the classifier used, with the highest DP10M detected by the C-POD without the housing and
data analysed using the Genenc classifier (Table 5.8). Detection of dolphin echolocation by
the SM2M was significantly higher (Z=8.856, n=379, P<0.001), with clicks being detected in
33.7% of the 10-minute sections within the analysed period, over three times the DP10M
detected by the best performing C-POD. The success rate (i.e. proportion of DP10M where
dolphin absence and presence was successfully matched between both acoustic units)
between the best performing C-POD and SM2M was 73.4%.

Table 5.9. Bottlenose dolphin presence detected by the C-PODs and SM2M at the Buss Bank Buoy (Sutors,
Moray Firth). Result of the best performing C-POD presented in bold.

Effort in 10minute sections
DP10M

C-POD
Kerno classifier
Genenc classifier
No
With
No
With
housing
housing
housing
housing
379
378
379
378
11
(2.9%)

12
(3.2%)

39
(10.3%)

27
(7.1%)

Clicks

SM2M
Whistles

380

380

380

128
(33.7%)

121
(31.8%)

180
(47.4%)

Clicks or
Whistles

For the SM2M data, no statistical difference (Z=-0.839, n=380, P=0.402) was present
between the click and whistle detections. Although the specific 10-minute sections in which
clicks and whistles were identified differed, they were present in an approximately equal
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number of 10-minute sections (Table 5.8). Overall, dolphins were detected in the SM2M
data through echolocation clicks and/or whistles in nearly half of all 10-minute sections.
5.4.4. Experiment III - Bottlenose dolphin acoustic behaviour
As shown in the previous experiment, the SM2M data revealed that the number of
DP10M sections in which dolphins were detected by their echolocation was not significantly
different to the number of sections where their presence was indicated based on the
detections of whistles. Currently, no information is available on the behaviour of dolphins in
the SoM, whether they strictly use it as a travel corridor, whether they forage in the Sound,
although socialising behaviour has been observed (personal observation). As the Sutors
represents a known foraging site, resulting in a frequent detection of echolocation, it might
be that the acoustic behaviour of dolphins at this site is not representative for their
behaviour in the SoM. The following experiment explores whether a lack of echolocation
vocalisation may have caused the restricted number of click detections in the SoM.
Methodology
In order to investigate whether the limited detections in the SoM could be attributed to
the acoustic behaviour of dolphins, in terms of the abundance of echolocation and whistling,
a C-POD (with protective housing) and a SM2M were simultaneously deployed at the Avon
Rocks deployment site in the Sound (Figure 5.2). Deployment methodology, acoustic and
opportunistic visual data collection and analyses followed those described in previous
sections, with a number of alterations (see below).
The acoustic monitoring equipment was deployed from 5-7-2013 till 16-8-2013. The
SM2M was retrieved (19-7-2013) and re-deployed (22-7-2013) while the C-POD remained
collecting data. During the first deployment, the SM2M was set to record from 00:01 till
22:59UTC each day, and during the second deployment until 23:59UTC. The gain used in the
SoM was 24dB.
To compare both acoustic recorders with each other and with the opportunistic visual
data (i.e. confirmation of dolphin presence), only limited days were selected for analyses.
These represented the days during which both the C-POD and the SM2M were deployed, in
combination with one of the following criteria: I) dolphins were opportunistically visually
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observed within the wider SoM area (i.e. including the entrance areas), or II) the presence of
dolphins was identified during initial preliminary manual visual and aural data exploration of
the acoustic SM2M data in Cool Edit Pro™ (Version 1.2, Syntrillium Software Corporation)
based on the presence of clicks, whistles and/or burst-pulsed sounds (Note: only a subset of
the available data were manually inspected).
SM2M data were analysed for the presence of both clicks and whistles in PAMGuard.
Although the manual data exploration indicated the presence of burst-pulsed sounds, these
were not detected by either the Click or Whistle Detector using current settings, and were
therefore excluded from analyses. However, the Click Detector output included sounds
incorrectly classified as dolphin clicks (false positives), and hence manual verification was
required. Furthermore, the deployment location was relatively close (~2.5km) to a fish farm
which used anti-deterrent devices (ADDs - Airmar type; Lepper et al., 2014). These ADDs
produced repetitive sounds, consisting of ~2.5s cycles with peak energy level at ~10kHz.
Multiple unsynchronised units were operational simultaneously, and depending on ambient
noise levels, 3-11 cycles were present in the acoustic SM2M data per minute. Frequently, the
starts of these cycles were identified as whistles when processing the entire frequency
spectrum for whistles at once. Consequently, the Whistle & Moan Detector was run twice, in
order to exclude the peak energy of ADD click trains, with the detector initially set to detect
whistles in the frequency band between 1-9kHz, after which it was re-run covering the 1148kHz frequency range.
Finally, the presence of click trains in the C-POD data, and echolocation and whistles in
the SM2M data, were exported on a 10-minute resolution and compared to each other and
to the reported opportunistic visual sightings.
Results
During 41 acoustic monitoring days (partial days included), dolphins were visually sighted
on 13 days within the wider SoM area. Dolphins were also found acoustically present on two
additional days during preliminary manual visual and aural data exploration of the SM2M
data, resulting in 14 days being comprehensively acoustically analysed for the presence of
dolphin clicks and whistles in SM2M data (Table 5.10; No SM2M data for 20-7-2013).
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Table 5.10. Overview of acoustic bottlenose dolphin detections at Avon Rocks and opportunistic sightings within
the wider Sound of Mull area. Acoustic detections based on three methods: detection of echolocation clicks by a
C-POD, and broadband SM2M recordings processed for presence of echolocation clicks and whistles. Acoustic
dolphin presence is represented by the start times of each 10-minute sections in which dolphins were detected.
#
$
= Equipment retrieved ~11:40. = For comprehensiveness only - excluded from analyses. * =
Times in UTC.
Represents sightings of ‘Probable’ confidence in correct species identification. For general locations of sightings:
see Figure 5.5.
Date

Acoustic
SM2M clicks
SM2M
whistles
13:30
-

06-07-2013
11-07-2013
12-07-2013
13-07-2013
14-07-2013

-

04:40-04:50

15-07-2013

-

07:10-07:20
19:00-19:10
22:40-22:50

16-07-2013

-

03:30-04:00

18-07-2013
20-07-2013

-

No data

04:50
06:50-07:10
07:40
13:50-14:00
14:20-15:40
16:00-16:10
16:40
17:00
18:00-18:10
18:40-19:10
22:00-22:50
03:00-03:10
03:30-03:50
04:20-04:50
No data

24-07-2013

-

-

-

31-07-2013
05-08-2013

-

-

-

06-08-2013

04:50
(1 min)
-

04:40-04:50

04:20-04:50

14:30 Caliach Point

-

-

1

15

50

13:00 Point
Ardnamurchan
11:30 Kilchoan *

14-08-2013
16-08-2013 #
Total
DP10M

08:10

00:10-00:20
08:00-08:10
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SM2M burst$
pulses

Visual
Time & location

C-POD
(duration)
-

11:50-12:10
14:30-14:50
15:30-15:40

15:59 Croig
19:00 Salen
22:56 Tobermory
18:00 Tobermory
19:20 Tobermory

SoM /
SoM area
SoM area
SoM
SoM
SoM
SoM

13:00 Craignure

SoM

-

-

13:15 Salen
14:00 Fishnish
16:00 Lochaline
13:15 Between Oban
& Lismore
15:00 Glengorm
09:07 Caliach Point *
15:45 Off Lismore *
16:00 Loch Spelve

SoM
SoM
SoM
SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
SoM area
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Combining all monitoring methods (C-POD, SM2M and visual), dolphins were present in
the SoM area during 15 days (Table 5.10). Dolphins were most frequently visually sighted (13
days, of which on 7 days within the stricter SoM boundary), followed by whistles (6 days),
and clicks recorded by the SM2M (5 days), whereas the C-POD only detected dolphins on a
single day. A similar pattern was present when looking at the number of acoustic DP10M
detections: dolphins were detected during 48 of the 10-minute sections based on their
whistles in the SM2M data, 15 times through clicks in the SM2M data, and only once by the
C-POD.
With the exception of echolocation detected in the SM2M data at 04:40-04:50 on 12-72012, at all other times when the SM2M data revealed click detections, dolphins were
simultaneously also detected by the presence of whistles (Table 5.9).
Although SM2M data were only analysed for selected days, C-POD data were processed
for the total duration of the deployment. In 43 days of monitoring, only one DP10M was
present, representing only one single DPM. Nevertheless, this C-POD detection coincided
with detected dolphin presence by the SM2M as both clicks and whistles were
simultaneously present in the SM2M data (Table 5.9).
Finally, comparison of the acoustic SM2M results with the opportunistic sightings
revealed that, for the dataset analysed, although the majority of acoustic detections
occurred on days dolphins were also visually sighted (either within the SoM or within the
wider SoM area), detections also occurred on days no sightings were reported (Table 5.9).

5.5. DISCUSSION
5.5.1. Effectiveness of corridor C-POD monitoring to assess movements
Based on the results of the principal experiment and subsequent verification
experiments, it can be concluded that acoustic monitoring in the SoM using C-PODs was not
an effective tool for investigating bottlenose dolphin movements in this natural geographical
bottleneck.
The results of the principal experiment showed that dolphins were both visually and
acoustically detected in the Sound. However, acoustic monitoring revealed a lower than
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expected number of dolphin detections in the SoM, each of very short duration, lasting up to
five minutes. Only once were dolphins detected at two different locations within one day
(Fiunary Rocks and Hispania Wreck), which might be indicative of animal movement. The
distance of ~7.5km between these locations could easily have been traversed by dolphins
within the 1.5 hours between these detections.
Within the period that acoustic monitoring took place, only relatively few dolphin
sightings were reported by the public in the wider SoM area. Two of these sightings (13-62012 and 5-8-2012) were matched by acoustic detections within a couple of hours by CPODs in relatively close geographic vicinity to the sighting locations. On 25-3-2012, dolphins
were acoustically detected at the southern end of the Sound (Innimore Bay) in the early
morning, while dolphins were observed near the northern tip of Mull (Glengorm) in the
afternoon. On 4-7-2012, dolphins were sighted near the northern and southern entrance of
the Sound. Whereas these might represent dolphin movement through the Sound, due the
lack of additional visual sightings and/or acoustic detections in between these locations, or
photo-ID evidence, it remains speculative whether these detections indicate the movement
of one group or represent the localised presence of two separate groups.
In any case, due to the general scarcity of detections and visual sightings, the rarity of
multiple detections at different locations on short temporal scales (i.e. within several hours),
and the limited congruence between acoustic and visual sightings, C-POD monitoring proved
of limited use to obtain accurate frequency estimates of dolphin presence, or to infer
movement occurrence or movement directionality. Additionally, these factors prohibited
investigating the effectiveness of acoustic monitoring, in terms of assessing the percentage
of visual sightings missed by acoustic monitoring, and vice versa.
On various occasions, bottlenose dolphins were acoustically detected and/or visually
sighted in localised areas within the Sound for several hours. The extended presence of
dolphins within the sound was particularly evident in the data collected for the third
experiment (acoustic behaviour), with dolphins primarily detected on the SM2M during
several DP10M per day on several occasions at the Avon Rocks monitoring site (detections of
both echolocation and whistles). The C-POD, however, did not detect this dolphin presence,
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with the exception of one single minute. The presence for several hours, however, indicates
that dolphins do not use the Sound purely as a travel corridor.
Opportunistic visual sightings during the acoustic monitoring period were low in
comparison to the years before and after. Although the low number of acoustic detections
coincided with these limited number of visual sightings simultaneously obtained for the SoM
and extended area, it is likely that dolphins had entered the Sound more often (e.g. at night),
but had remained visually and/or acoustically undetected. This hypothesis was supported by
the presence of dolphin detections within the SoM on days they were only visually sighted in
the wider SoM area (i.e. either in the southern or northern entrance areas). The opposite
situation also occurred, where dolphins were sighted but not acoustically detected.
Together, these results indicate that the absence of acoustic detections does not necessarily
reflect an absence of dolphins, and suggests that dolphin presence might have been more
frequent than obtained through combining the acoustic detections and opportunistic
sightings.
Follow-up experiments were conducted to investigate whether the deployment design,
the acoustic monitoring equipment used or the acoustic behaviour of the dolphins might
have contributed to the very low numbers of dolphin acoustic detections obtained in the
SoM in 2012.
5.5.2. Deployment design
The results of the first verification experiment revealed no clear pattern whether the
protective housing reduced the detectability of dolphins by the C-PODs. The number of
DP10M detected by the C-POD with and without the housing was predominantly affected by
the C-POD classifier used to analyse the data, with contradicting results between both
classifiers and whether the data before or after swapping the C-PODs were considered. The
latter was most likely due to sample size, as almost four times as much effort data were
available for the post-swap than for the pre-swap comparison. Consequently, based on the
results from this experiment it can be concluded that the effect of the additional housing
was less than the effect of the used post-processing classifier. Moreover, as both the C-POD
with and without the housing detected the presence of bottlenose dolphins, despite the
shallow deployment with the hydrophone pointing towards the seabed, the deployment
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configuration appears unlikely to be the over-riding factor preventing dolphin echolocation
detection.
5.5.3. Acoustic equipment: C-POD versus SM2M monitoring
The results of the second (acoustic equipment) and third (acoustic behaviour) follow-up
experiments showed that the C-POD detected bottlenose dolphin echolocation significantly
less frequently on a 10-minute scale than the SM2M did. Even at the Moray Firth location,
where the presence of echolocation was expected to occur on a regular basis as the site
represents a known foraging area, over three times as many DP10M were detected by the
SM2M than by the best performing C-POD. In the SoM, only one DP10M was detected
during 43 days of C-POD monitoring consisting of only one DPM, whereas echolocation was
recorded during 15 DP10M by the SM2M within the 14 days analysed. The single detection
by the C-POD coincided with dolphin presence in the SM2M recordings, but the C-POD failed
to detect the other 14 DP10M when echolocation was present.
It is clear that many factors may influence how effective C-PODs are in monitoring the
presence of cetaceans. Some of these are applicable to any PAM equipment, such as group
size, vocalisation behaviour (being silent, behaviour-related vocalisation rates), directionality
and intensity of produced sounds, site specific sound propagation, signal-to-noise ratios, sea
state and interferences by other sound sources (Au, 1993; Richardson et al., 1995; Mellinger
et al., 2007; Rankin et al., 2008; Yack et al., 2009).
The specific nature of the automated processing in C-PODs, i.e. the algorithms to detect
clicks and classify click trains, is currently not publically available. Despite the benefits of
post-processing analyses being an automated process, detailed analyses of raw data are not
possible using C-PODs. Consequently, the underlying reasons for the reduced capability
and/or efficiency of the C-PODs to detect bottlenose dolphins in this study are not well
understood.
A number of potential factors may independently, or in combination, explain the limited
detections by the C-PODs in this study in comparison to the SM2M. This includes the
absence of a species-specific classifier, as one general classifier is used to detect click trains
of various non-NBHF odontocetes. While echolocation of captive bottlenose dolphins have
been studied extensively, little is known about how they use echolocation in the wild (Au,
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1993). The fluctuation and active manipulation in echolocation signals and their repetition
rates (Au, 1993; Wahlberg et al., 2011) may result in a reduced detection of bottlenose
dolphins in the C-POD data as variability in click trains may not be captured by the current
algorithm. Additionally, it has been reported previously that C-PODs do not detect all clicks
emitted by dolphins (Read et al., 2012; Nuuttila et al., 2013b), and click trains logged by the
C-POD are generally only brief fragments of longer click trains made by the animal (Nuuttila
et al., 2013b), as only part of the clicks pass the criteria to be logged and/or classified as a
click (Philpott et al., 2007).
Alternatively, differences may be caused by discrepancy in hydrophone sensitivity at the
relevant dolphin frequencies, or C-PODs might be less sensitive in comparison to the settings
used to analyse the SM2M recordings. Since C-PODs have only relatively recently been
introduced (2009), and most studies using these devices have focussed on harbour
porpoises, only a few studies have described bottlenose dolphin detection distances by CPODs. In Cardigan Bay, maximum detection distances of six C-PODs ranged 1,272-1,779m
(mean maximum of 1,512m; median 563m) (Nuuttila et al., 2013a), maximal detection
distances were at least 809m and 933m for two sites in the New River (North Carolina)
(Roberts & Read, 2015). In the Shannon Estuary, maximum detection distance was 798m
(acoustic detection and visual sighting occurring within the same 10s period) (O’Brien et al.,
2013). The detection distances for the SM2M are unknown at present. Only one study has
assessed C-POD performance through comparison of C-POD output to bottlenose dolphin
presence in broadband recordings. C-POD data collected in North Carolina were groundtruthed against the presence of echolocation in DMON Digital Acoustic recordings at a 1minute resolution. The C-POD detected between 17-50% of the DPM identified in the DMON
recordings (Read et al., 2012; Roberts & Read, 2015). In the current study, the number of
DP10M was substantially higher in the SM2M data recorded both in the SoM and in the
Moray Firth compared to the C-PODs simultaneously deployed. Hence, the results obtained
in present study, support the findings of the previous study and reiterate that a better
estimate of dolphin presence can be obtained when using broadband recordings.
Other possibilities have been suggested by Nuuttila et al. (2013a) including potential
effects of train detection being impaired by reverberation in shallow water and overlapping
trains from multiple animals impeding the C-POD click detector to detect coherent trains.
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Finally, the fact that dolphins were only occasionally present in the SoM, with localised
occurrence lasting relatively short periods, the dolphins might just not have been present
long enough and/or close enough to the C-POD, to be detected. Previous studies have
reported increased probabilities of bottlenose dolphin groups being detected when in the
vicinity of PODs for a longer period of time (Gruden, 2009; Bailey et al., 2010b), and an
increased detectability when in closer vicinity to the acoustic recorder (Philpott et al., 2007;
O’Brien et al., 2013).
Tursiops monitoring through echolocation - equipment implications
PAM has become an important tool to determine the presence and distribution of
cetaceans, with several studies relying on echolocation clicks to detect odontocete presence
and identify species (Roch et al., 2011; Au et al., 2012). Whereas some species produce
stereotyped species-specific clicks (e.g. harbour porpoises) (Au, 1993) which are easily
tractable for automatic detection and classification, bottlenose dolphin echolocation clicks
are broadband and often highly distorted when detected at off-axis angles (Au, 1993; Au et
al., 2012). Despite the ability to record the lower omni-directional frequencies from any
position around a dolphin (Jones & Sayigh, 2002; Branstetter et al., 2012a), during PAM,
recorders will nevertheless mainly receive off-axis signal, which will be distorted especially in
the higher frequencies (Wahlberg et al., 2011; Au et al., 2012). Strong off-axis distortion
results in a lower frequency emphasis, lower amplitudes and a more complex signal,
including double pulses, compared to on-axis clicks (Au, 1993; Madsen & Wahlberg, 2007;
Au et al., 2012; Branstetter et al., 2012a; Finneran et al., 2014). The acoustic properties of
clicks with different off-axis angles and distances will vary, which in turn will likely influence
the detectability of individual clicks and hence the classification by autonomous detectors
which are focused on the coherence and distinct patterns of click trains.
Typical characterisation of bottlenose dolphin echolocation signals is further complicated
by the active modulation in various descriptive parameters (e.g. click amplitude, duration,
frequency, beamwidth and inter-click interval), with characteristics depending on the
echolocation task, target range, frequency of ambient noise and ambient noise levels (Au,
1993 & 2009; Moore et al., 2008; Jensen, 2009; Wahlberg et al., 2011; Zimmer, 2011;
Finneran et al., 2014). Consequently, the broadband acoustic output of bottlenose dolphin
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echolocation, in combination with the potential for substantial inter-click variation (including
off-axis click distortion), influences the effectiveness of any detection algorithms used to
detect and classify bottlenose dolphin click trains (whether used by autonomous data
loggers or in analyses of broadband recordings). Furthermore, a click detector processes only
those signals for which received sound level are higher than a certain absolute pre-defined
signal-to-noise ratio (Jensen et al., 2009). This means that if a transmitted click does not
exceed the signal-to-noise threshold (too low source level as compared to background noise;
sound produced at too large a distance), it cannot be classified as dolphin clicks.
Furthermore, background noise levels in the SoM changed constantly (e.g. due to boats,
tidal flow and weather). Therefore, for echolocation clicks to be identified as such, their
received noise levels changed continuously too (to exceed the fixed defined threshold over a
fluctuating background noise level). On several occasions, especially when boats were
passing by at very close range, the background noise levels may have reached such a degree
that transmitted clicks, if present, could have been masked. Therefore, some acoustic
bottlenose dolphin presence might have been undetected both in C-POD data, as well as in
the broadband recordings.
No detector is perfect for every situation (Wood, 2010). The C-POD allows for adjustment
of only few settings, increasing inter-POD comparability within and between studies. On the
other hand, this reduces the capability to optimise detection and classification for specific
species and local environmental conditions. The analysis of broadband recordings, on the
other hand, provides increased flexibility, where various settings can be adjusted to target
species and site-specific conditions, and data can be re-analysed using different settings.
Specification of Click and Whistle Detector parameter settings (e.g. pre- and trigger filters;
detection and signal-to-noise thresholds) affect detection efficiency and precision, as the
chosen settings influence the number of missed detections and the number of false
detections (Gillespie et al., 2013). The false detection rate in the SM2M data was, in part,
caused by the low detection thresholds applied. Whereas this resulted in high detection
efficiency (minimising missed detections), it also led to a lower precision, and hence the
presence of false positives necessitated manual validation to identify true click and whistle
occurrence.
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5.5.4. Acoustic behaviour: Echolocation rates
In addition to the various above-mentioned complications affecting the efficiency to
detect echolocation by PAM devices, vocalisation rates are of significance too. Although
bottlenose dolphins are capable of continuous echolocation, as demonstrated during a 15day experiment with a captive dolphin (Branstetter et al., 2012b), this does not mean they
will actually do this in the wild. The fact that echolocating species are frequently entangled
in nets and other fishing gear that they could easily detect when using their echolocation
abilities (Au & Jones, 1991), indicates that clicks are not transmitted continuously.
Gordon & Tyack (2002) argued that even in the most basic form of acoustic surveying,
where detections of emitted sound of a species is used as an indication of its presence or
absence, the target species need to be sufficiently vocal to be reliably detected if present in
the area, such that when vocalisations are not detected, this provides a fair indication of the
absence of the species. Our knowledge on how odontocetes use their vocal repertoire in the
wild is still very limited (Au, 1993), but it appears that bottlenose dolphin echolocation rates
are influenced by several factors, including behaviour, habitat and group size (e.g. Jones &
Sayigh, 2002; Nowacek, 2005; Quick & Janik, 2008).
No information is available on the vocal rates of bottlenose dolphins off western
Scotland. However, based on the principal experiment and follow-up experiments, it can be
concluded that within the Sound, the dolphins were not sufficiently vocal, in terms of
echolocation, to conclude that an absence of click detections constitutes an absence of
dolphins. Dolphins were sighted without the presence of acoustic detections in both the CPOD and SM2M data. An absence of acoustic detections, while bottlenose dolphins where
present in close vicinity to acoustic monitoring equipment, has previously been reported in
other studies (Bloom et al., 1995; dos Santos & Almada, 2004; Philpott et al., 2007; Gruden,
2009; Dede et al., 2014).
Despite a few sections with echolocation in the SM2M data, dolphins may have been
vocalising infrequently or could have been oriented away from the recorders, which in both
cases can result in limited click detections (Nowacek, 2005). The animals may have remained
predominantly silent, either because they used passive listening or because they are familiar
with the local surroundings and thus do not need to echolocate when they are not foraging.
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Even when foraging, bottlenose dolphins have proven capable of catching prey without
using their visual and echolocating abilities (Wood & Evans, 1980 in dos Santos & Almada,
2004), indicating that other modalities may be used. It has been suggested that dolphins
may use passive listening to track the sounds and pressure changes made by prey (Jones &
Sayigh, 2002; dos Santos & Almada, 2004). Furthermore, reduced echolocation may also be
obtained when dolphins share echolocation signals (Götz et al., 2006), a behaviour known as
‘echoic eavesdropping’ or ‘passive echolocation’, where an individual eavesdrops and
processes the echoes of clicks emitted by conspecifics, a capability proven for bottlenose
dolphins (reviewed in Gregg et al., 2007). These, and other studies focusing on passive
listening foraging strategies (e.g. Gannon et al., 2005), indicate that foraging using passive
acoustic cues, may be more important than previously considered (Herzing, 2004; Herzing &
dos Santos, 2004). Finally, based on the low echolocation rate by single animals while
travelling, Nowacek (2005) argued that the reliance on echolocation for navigation might be
less important than previously assumed.
In any case, it is possible that dolphins in the SoM might have used other cues to obtain
information on their surroundings. This raises questions on the potential impacts of
increased anthropogenic underwater noise, as this may potentially interfere with these cues.
Moreover, if dolphins indeed use alternative modalities, such as passive listening, this may
have important consequences on our ability to monitor odontocetes through echolocation.
An increased knowledge of the general behaviour and vocal behaviour of dolphins when
present in the Sound, and in other areas, would therefore be highly beneficial as it
contributes to the understanding of dolphin detectability through acoustic monitoring.
5.5.5. Whistle monitoring: Implications
Whistles were detected in the SM2M data more than three times as frequently than
echolocation. These results are undoubtedly influenced by the omni-directional and greater
propagation characteristics of whistles compared to echolocation clicks (Lammers & Au,
2003). Because of these qualities, dolphin whistles have been suggested to be more reliable
for detecting dolphins (Frankel et al., 2014).
The active space of bottlenose dolphin whistles, defined as “the volume around the
sound source in which the sound amplitude is high enough for a conspecific to perceive and
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recognise the sound”, can under favourable circumstances extend for several kilometres
(Janik, 2000b; Quintana-Rizzo et al., 2006; Jensen et al., 2012), where distance depends on
frequency and source level of the produced whistles, an animal’s frequency-dependent
critical signal-to-noise ratio and hearing thresholds, sea state, boat presence and other
factors affecting ambient noise levels. In addition, bathymetry, bottom type, currents, water
depth, temperature, salinity, aquatic vegetation and other factors affecting sound
propagation and transmission loss may effect propagation and detection of whistles (Au,
1993; Thomson & Richardson, 1995; Janik, 2000b; Quintana-Rizzo et al., 2006; Frankel et al.,
2014). For example, in the Moray Firth unmodulated whistles between 3.5-10kHz emitted at
a source level of 169dB re 1μPa in a habitat of 10m water depth in sea state 0 were
modelled to be detectable over 20-25km. For whistles of 12kHz this decreased to 4 and
1.5km for sea state 0 and 4 respectively (Janik, 2000b). This indicates that dolphins can
communicate, maintain group cohesion and organise behaviour over long distances (Janik,
2000b; Quintana-Rizzo et al., 2006), but also that acoustic monitoring through whistles
might be more suitable than monitoring using echolocation.
In agreement with Frankel et al. (2014), monitoring using whistles proved more effective
in the SoM, as whistles were more frequently recorded than clicks. While whistle rates of
west coast bottlenose dolphins are unknown, previous studies have indicated these may
differ between communities/populations both on a small spatial scale as well as between
geographic regions, between habitats, gender, group size, and behaviours (Sayigh et al.,
1995; Herzing, 1996; Jones & Sayigh, 2002; Acevedo-Gutiérrez & Stienessen, 2004; Cook et
al., 2004; dos Santos et al., 2005; Morisaka et al., 2005b; Nowacek, 2005; May-Collado &
Wartzok, 2008; Oswald et al., 2008; Quick & Janik, 2008 & 2012). Despite the potential for
uncertainty in the effective detection distance, the usage of whistles for acoustically
monitoring dolphins has various advantages including the ability to sample at a lower rate
(Rankin et al., 2008), thus decreasing the memory requirement per unit of time, and hence
increasing the potential monitoring duration.
Moreover, bottlenose dolphins produce signature whistles (Sayigh & Janik, 2009), a
distinct stereotyped, individual-specific whistle (initially reported by Caldwell & Caldwell,
1965 & 1968; and reviewed in Caldwell et al., 1990; Sayigh et al., 2007; Harley, 2008;
Nakahara & Miyazaki, 2011; Janik & Sayigh 2013). Its main function appears to be a contact
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call (Gridley et al., 2014), as it broadcasts the identity of the whistler (Janik & Sayigh, 2013),
thereby aiding in individual identification (Caldwell & Caldwell, 1968; Sayigh et al., 1999;
Janik et al., 2006) and group cohesion (Sayigh et al., 1990; Smolker et al., 1993; Janik &
Slater, 1998; King et al., 2013). With sufficient effort, the signature whistles of the limited
number of dolphins off western Scotland could be obtained, and as such, it may be possible
to track movements of individual dolphins through acoustic monitoring alone (Janik et al.,
2013).
Investigating animal movements by looking at the presence of signature whistles might
be more comparable to camera trap studies, as various parallels with such studies can be
identified. In camera trap studies, pictures or video are typically collected, when a fixed
(video) camera is triggered by an animal’s movement. This enables long-term remote
monitoring in difficult terrains and under unfavourable conditions, and this non-invasive
quantitative technique is particularly suitable for cryptic and nocturnal species (Rowcliffe et
al., 2008; McCallum, 2013; Trolliet et al., 2014; Burton et al., 2015).
In recent years, there have been accelerated developments in autonomous acoustic data
collection and automated analysis systems. Currently, all individual analytical and
technological developments are in place to allow tracking dolphin movements in real time
using signature whistles as the marine acoustic equivalent of terrestrial camera trap studies.
Janik et al. (2013) developed a method to extract signature whistles in recordings of freeranging dolphins which could be applied to the limited number of dolphins present on the
west coast. Based on the recorded signature whistles, individual-specific classifiers could be
created, capable of distinguishing between individuals. These can subsequently be used to
post-process and analyse recordings made in various geographic bottlenecks after retrieval
of archival acoustic recorders (i.e. after the occurrence of events). Although not yet fully
proven, new technology that carries out real-time detection of whistles and transmits data
to shore (e.g. PAMBuoy - http://www.pambuoy.co.uk/) may prove a real-time option for
monitoring corridors for the presence of dolphins. Using this approach, recordings could be
triggered by the detection of whistles by the individual-specific classifier (or a general
whistle classifier), providing real-time information on the presence of (specific) dolphins. As
such, the system offers the potential to serve as a real-time mitigation tool during marine
renewables construction and other development activities. Similar approaches (although on
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species instead of individual level) are currently being applied to mitigate baleen whale ship
strikes (van Parijs et al., 2009).
Whereas the tracking of individual dolphins is at present something to aspire to for the
future, post-processing of collected broadband recordings, where data can be analysed for
both clicks and whistles, might be optimal, and given the results in this chapter be preferred
over C-POD monitoring in geographic bottlenecks.
5.5.6. Methodology: C-POD false positives
A surprising result was the presence of a substantial amount of false positives in the CPOD data for the Sound of Mull. Out of the 3,534DPM identified by the Genenc classifier
(High and Moderate quality) for all deployment locations together, only 16 were likely to be
of dolphin origin (true DPM), and 3,518 minutes were manually omitted (false positives,
99.5%). As the vast majority of the false positives could be identified to originate from
sources as boats, sonar (depth sounders, fish finders) and sounds only just passing the 20kHz
high-pass threshold, it is unclear how these were identified by the C-POD software in the
first place. This extreme high percentage of incorrectly classified click trains was
independent of classifier (Kerno or Genenc), location or individual C-POD. The C-PODs used
in the SoM were also deployed in the Sound of Barra and the Moray Firth, and these
problems were not apparent at these other sites. For these sites, few detections were
excluded following manual validation (e.g. <0.01% for the Sound of Barra datasets).
For the C-POD, little information exists on false detection error rates in cetacean
monitoring. In Cardigan Bay, based on comparisons between acoustic detections and visual
observations, six click trains (out of 3,293) were detected in periods that no visual sightings
were made, resulting in a very low false positive rate of 0.18%. Visual inspection of 100
randomly selected click trains resulted in two trains considered as a false bottlenose dolphin
train, as they were believed to originate from a harbour porpoise (Nuuttila et al., 2013a).
False positive rates for C-PODs deployed in North Carolina ranged between 0.5-4.0% (Read
et al., 2012; Roberts & Read, 2015). Recently, Robbins et al. (2015), reported that 68% of
high-, moderate-, and low-quality KERNO dolphin detections were false positive (i.e. of the
4898 hours in which the software detected dolphins, manual verification confirmed their
presence during 1586 of these). Relatively low C-POD false positive detection rates have
208

Chapter V - Acoustic monitoring in geographic bottlenecks: an effective way of tracking movements?

been reported for harbour porpoises (e.g. Hardy et al., 2012; Wood et al., 2013), although
the presence of high false positive rates were reported by Simard et al. (2011) testing C-POD
efficiency in detecting and recognising beluga clicks.
It is known that due to the automated classification process, false positive detections do
occur. If these occur regularly without scrutiny, the presence of bottlenose dolphins could be
overestimated, which could have important implications for the development of
conservation and management strategies. This study illustrated the importance of manually
verifying the data extracted from C-PODs, in particular when dolphin presence is low and
background noise high.

5.6. CONCLUSIONS
As stated by Bailey et al. (2010b) “Efforts to minimise the impacts of coastal
developments [on bottlenose dolphins] require the development and validation of costeffective techniques that can be used to produce appropriate fine-scale data on cetacean
occurrence.”
Taking advantage of the acoustic behaviour of bottlenose dolphins, this study was
designed to test a relatively new monitoring concept where acoustic monitoring within a
geographical bottleneck by an array of acoustic devices (C-PODs) was tested as a way of
tracking bottlenose dolphin movements. This was carried out as a proof of concept study
which, if successful, has the potential to provide valuable insights into movements of
animals not only within one natural corridor, but on their mobility patterns within a larger
area. This, in turn, might be beneficial for conservation management, as knowledge of
spatial and temporal movement patterns might be used to mitigate potential anthropogenic
impacts, including the construction of marine renewable devices. In particular, such
monitoring may be applicable in complex habitats with low-density dolphin presence, where
suitable visual (boat-based) surveys would prove to be extremely costly.
The results of the current study showed that, although dolphins were both visually and
acoustically detected passing through the SoM corridor, acoustic C-POD detections were
relatively rare, and proved of limited use to infer movement occurrence or directionality.
Whilst these results might have been related to the deployment design such as the shallow
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deployment depth in combination with hydrophone orientation, and the C-POD being
inserted into a protective housing, it could also be that the dolphins’ acoustic behaviour was
generally unsuitable for reliable detection (e.g. infrequent dolphin vocalisations or animals
being silent, vocalisation not being directed towards the acoustic recorders, or their
vocalisation characteristics might not be recognised by the C-PODs), and that other acoustic
recorders (e.g. the SM2M) might be more suitable for the task. These scenarios were
explored during further experiments. These experiments revealed that: 1) the additional
housing did not prevent dolphin click detection by C-PODs; 2) C-PODs deployed at shallow
depths (i.e. 4m from the surface), with the hydrophone facing to the sea floor, were capable
of detecting bottlenose dolphin click trains; 3) an increased presence of bottlenose dolphins
was identified when investigating the echolocation clicks in the SM2M broadband recordings
in comparison to the C-POD click train data, indicating the C-PODs had a poorer ability to
detect bottlenose dolphins; and 4) identification of bottlenose dolphin presence was more
effective when monitoring whistles than through echolocation; however the most accurate
information on dolphin presence was obtained through the analyses of broadband
recordings for both clicks and whistles.
The number of opportunistic bottlenose dolphin sightings in the SoM and in the wider
area varied between years, but effort was not standardised. However, the combined
acoustic and visual information on the presence of dolphins indicated that dolphins did not
use the SoM purely as a travel corridor, but on occasion also remained for several hours
within localised areas within the Sound.
These results have implications for monitoring the presence and movements of dolphins
in coastal areas with comparable geographical corridors. Static PAM is frequently used to
study the environmental impacts of noise producing activities, such as from the oil and gas
industry, marine renewables, harbour construction and other coastal developments. In
particular, C-PODs are considered cost-effective PAM technology and are used globally,
where studies and environmental impact assessments have relied, and continue to rely, on
C-PODs as a monitoring tool to assess the (potential) impact of anthropogenic activities on
cetaceans (e.g. Berrow, 2012; Dähne et al., 2013a; Wood et al., 2013; Booth & Lacey, 2014).
However, the current study indicated that care should be taken when monitoring dolphin
presence using C-PODs (and potentially other autonomous data collection recorders with on
210

Chapter V - Acoustic monitoring in geographic bottlenecks: an effective way of tracking movements?

board processing). It also emphasised the importance of manual verification of results,
especially in low-density areas, and finally highlighted the importance of an increased
knowledge on the behaviour-specific vocalisation rates as these are important to assess
cetacean detectability.
In conclusion, monitoring in the SoM using an array of C-PODs did not prove to be an
effective tool for monitoring the movements of bottlenose dolphins in this geographical
bottleneck due to a combination of factors. These include the relative scarcity of dolphin
presence, their apparently limited echolocation behaviour when actually present in the area,
together with the limitations of C-PODs targeting echolocation only. Additionally, the
reduced capability to detect all dolphin click trains, likely due to the broadband
characteristics of dolphin clicks and distorted off-axis received clicks not being matched to
the parameters of the detection and classification algorithms, may have contributed too.
However, the acoustic monitoring of corridors still has the potential to be effective in
investigating dolphin movements in these kinds of heterogeneous environments, but not all
PAM equipment and/or acoustic analyses (i.e. clicks versus whistles) might be locally
suitable. Monitoring dolphin presence and movements in these geographic bottlenecks
through acoustic monitoring of their whistles using broadband recordings may prove a more
effective avenue of research to pursue.
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“On the edge of the Atlantic lies a world of rock and water.
Wind scoured and rugged yet full of grace and beauty. Exposed
to a restless ocean and Europe’s wildest weather, the animals of
the islands face challenge after challenge. Here on Scotland’s
wild west coast; here in the Hebrides.”

Maramedia and Otter Film Production for BBC Scotland

From: Hebrides – Islands on the Edge.

© B. Wilson / SAMS
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CHAPTER VI
LONG-TERM SITE-FIDELITY AND BIOLOGICAL PARAMETERS
OF THE SOUND OF BARRA COMMUNITY
6.1. INTRODUCTION
Previous studies have recorded the presence of bottlenose dolphins in the Sound of Barra
area (SoB) (Grellier & Wilson, 2003; Thompson et al., 2011). This chapter investigates the
size of the dolphin community occupying the SoB, assesses the long-term presence of
individually identifiable dolphins in the area, and examines various demographic and life
history parameters of this community.
6.1.1. Site-fidelity and residency
Importance of site-fidelity and residency studies
Knowledge about the temporal and spatial presence of individuals, population sizes,
population dynamics, movement patterns and gene flow provides fundamental information
required for the effective management of species, including cetaceans (Scott et al., 1990a;
Fazioli et al., 2006; Morteo et al., 2012). Photo-identification (photo-ID), a non-invasive
research method where individual animals are identified from their naturally-occurring
marks, has proven to be a useful tool to derive much of this information (Würsig & Würsig,
1977 & 1979; Hammond et al., 1990). Various studies have demonstrated the importance of
long-term photo-ID monitoring programs (e.g. Scott et al., 1990a; Wells, 1991), in providing
robust scientific information to inform conservation efforts (e.g. Wilson et al., 1999a & 2004;
Durban et al., 2000; Parra et al., 2006).
Temporal patterns in distribution obtained from repeated sightings of recognisable
animals contribute to the definition of community/population (and hence management)
units and aid in the assessment of individual site-fidelity and residency. Once population
units are identified, continued observations of members of a population over prolonged
periods enables the investigation into population dynamics (Wells & Scott, 1990). Likewise,
site-fidelity and residency patterns can be considered indicative of the ecology of a
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population, where evidence of repeated sightings can be used to establish individual and
population core ranges and to assess habitat usage (Ingram & Rogan, 2002; Kiszka et al.,
2012). Additionally, site-fidelity and residency patterns facilitate the understanding of
genetic population and social structuring and demographics (Lusseau et al., 2006a; Baird et
al., 2009; Kiszka et al., 2012), through insights into connectivity with other individuals
(Millspaugh et al., 2012). Furthermore, an increased understanding of the site-fidelity and
residency of individuals substantially contributes to the assessment of impacts of potential
pressures (both anthropogenic as well as natural) and health (Bjørge, 2001; Parra et al.,
2006), as they provide information regarding what part of the population (potentially in
number of individuals, and/or combined with demographic data as age, gender or
reproductive status) might be exposed to a certain threat, and for what period of time (Litz
et al., 2007).
Definitions and interpretations
In general ecological terms, fidelity refers to “the degree of limitation of a species to a
particular habitat” (Lawrence, 2000). Site-fidelity, in turn, may be defined as “the tendency
of an animal either to return to an area previously occupied or to remain within the same
area for an extended period of time” (White & Garrott, 1990). With regard to marine
mammals, Perrin et al. (2009) described site-fidelity as “the tendency to return to mate at
the same site repeatedly in different breeding seasons … if the animal’s original birth site is
not known”. The latter definition clearly refers to the migrating nature of the majority of
baleen whale species. Most mysticetes undertake regular, repeated and large-scale
movements between sites which serve a different purpose in an individual’s life history as
whales display both temporal and spatial segregation between breeding and feeding (Dingle,
1996; Lockyer & Brown, 1981; Hack & Rubenstein, 2001; Stern, 2009). In contrast, most
odontocete populations occupy areas suitable for a variety of different activities
simultaneously. As such, many odontocete studies have focussed on the second part of the
definition by White & Garrott (1990) and investigated site-faithful behaviour in terms of the
re-occurrence of an individual or group of individuals to a specific locality either over a
prolonged time period (spanning several years) or by demonstration of shorter seasonal sitefidelity. Predominantly using photo-ID methods and mark-recapture analyses, site-fidelity
has been reported for numerous odontocetes. Examples include killer whales (Foote et al.,
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2010), rough-toothed dolphins (Steno bredanensis) (Baird et al., 2008a), Guiana dolphins
(Sotalia guianensis) (Batista et al., 2014), pygmy killer whales (Feresa attenuata)
(McSweeney et al., 2009), Hector’s dolphins (Bräger et al., 2002), false killer whales (Baird et
al., 2008b), Cuvier’s (Ziphius cavirostris) and Blainville’s beaked whales (Mesoplodon
densirostris) (McSweeney et al., 2007), and bottlenose dolphins (Würsig & Harris, 1990;
Merriman et al., 2009).
While site-fidelity indicates the repeated occurrence of an individual within a specific
area, it does not necessarily imply a continuous presence, also referred to as ‘residency’;
animals may show both site-fidelity and residency, or they may only be site-faithful without
being resident. Regularly, cetacean photo-ID studies are conducted in day time during
discrete periods of fieldwork only, and hence are rarely undertaken during the entire diurnal
cycle and throughout the year. Consequently, data are suitable to establish the presence of
seasonal or intra-annual site-fidelity, and long-term site-fidelity, but usually do not provide
information on the continuous diurnal presence or year-round residency of individuals.
Although the definition of residency is usually based on the amount of time spent in a
predefined area (e.g. Wells & Scott, 1990), there are several methods to evaluate patterns of
residency for species occupying coastal habitats. Ballance (1990) proposed the usage of
three parameters to assess individual residency: 1) animal occurrence: the number of
sightings of an individual within a certain time period, 2) duration of presence: determined
by the time interval between the first sighting and the last re-sighting of an individual, and 3)
recurrence: the average number of days between successive sightings of a particular animal.
Although each of these parameters can be biased, it has been argued that the combination
of these three assessments can provide useful information on the degree of residency of
individual dolphins (Ballance, 1990). Since then, many bottlenose dolphin studies have
included at least one of the variables suggested by Ballance (e.g. Simões-Lopes & Fabian,
1999; Möller et al., 2002; Balmer et al., 2008; Berghan et al., 2008).
Whilst these parameters may aid in establishing the residency patterns within the
populations under study, to date they have not facilitated inter-population comparisons of
these patterns. In particular, among the bottlenose dolphin literature, the criteria to define
which animals are considered local residents vary widely. For example, Gubbins (2002) for
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her study on dolphins in Calibogue Sound (South Carolina) between 1994 and 1998, defined
residents as those dolphins which were seen year round in all four seasons. Ballance (1990)
defined resident dolphins as those individuals sighted more than once in Kino Bay (Mexico)
during a one year study; a definition also used by Hawkins & Gartside (2008) studying
dolphins in Byron Bay (Australia) during a multi-year study between 2003 and 2006. On the
other hand, resident dolphins in the Azores (Portugal), were required to be sighted ≥ four
out of the six survey years with mean monthly sighting rate >0.2 and showing strong
geographic fidelity (i.e. never encountered near islands not belonging to the central island
group, or offshore) (Silva et al., 2008). Möller et al. (2002) defined residency of individual
dolphins in Port Stephens Bay and Jervis Bay (Australia) based on sighting frequency and
presence across seasons, where residents were defined as individuals sighted in ≥10% of the
surveys and in multiple seasons. Alternative definitions have been used in other studies (e.g.
Zolman et al., 2002; Irwin & Würsig, 2004; Fury & Harrison, 2008; Vermeulen & Cammareri,
2009a; Elliser & Herzing, 2011; Martinez-Serrano et al., 2011; Fearnbach et al., 2012a). Thus,
comparisons between populations are complicated by differences in definitions and
assessment parameters, the spatial coverage of research areas, the temporal extent of the
studies, seasonal distribution in survey effort, the total number of surveys undertaken in
addition to differences in analyses and the probability of encountering an animal if it were
present.
Another major factor contributing to these differences in residency definitions is the great
variety in mobility demonstrated by bottlenose dolphins, both within and between
populations. Bottlenose dolphin populations show great plasticity in movement patterns,
ranging from restricted movements with high site-fidelity and small home ranges, to long
distance movements, with low site-fidelity and large home ranges (Shane et al., 1986;
Gowans et al., 2007).
These problems were also recently addressed during a workshop discussing stock
assessments of Bay, Sound and Estuary (BSE) bottlenose dolphin populations along the east
coast of the U.S. and the Gulf of Mexico (GoM) (Rosel et al., 2011). A total of nine Atlantic
and 31 GoM resident BSE stocks are currently recognised (Waring et al., 2015); however, it
proves difficult to obtain abundance estimates in these topographically complex
environments. This is further complicated by the fact that most of these populations
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experience influx from ‘non-residents’ on a seasonal or occasional basis, impeding the ability
to assess population size of just the resident stock, as required to appropriately and
consistently implement the Marine Mammal Protection Act of 1972 (Rosel et al., 2011).
Acknowledging the absence of a uniform definition of residency, a standardised definition
for the assessments of these BSE stocks was accepted as: “residents are those individuals
that spend greater than 50% of their time in a given year within a given sanctuary” (Rosel et
al., 2011).
From a socioecological perspective, the interplay between the availability of food
resources, the degree of predation, and the physical characteristics of the local environment
are considered important ecological pressures shaping social structure and movement
patterns of populations (Wells et al., 1980; Shane et al., 1986; Connor, 2000; McHugh et al.,
2011). A conceptual ecological framework, in which the spatial and temporal predictability
of resources influences the ranging patterns of individuals, was proposed by Gowans et al.
(2007). With regard to ranging patterns, in turn affecting site-fidelity and residency, the
framework predicts that when resources are spatially and temporally predictable, as is
frequently the case in complex inshore environments, dolphins should remain resident in
relatively small areas. In contrast, when resources are more variable, as is commonly the
case in more ‘open’ coastal and offshore habitats, individuals must range further to find the
necessary resources (Gowans et al., 2007; see also Chapter III). As investigated in Chapter III,
this concept is broadly supported by empirical data, as home ranges and travel distances
were generally smaller in the inshore habitats. In addition, many studies of site-fidelity and
residency patterns of bottlenose dolphin populations, conducted in various geographic areas
worldwide, fit this framework. Dolphins inhabiting (semi-)open water habitats commonly
range over larger areas and show lower levels of site-fidelity and residency, as has been
reported for dolphins off California (Wells et al., 1990; Defran et al., 1999), Mexico (Ballance,
1990 & 1992), Argentina (Würsig & Würsig, 1979), and in western North Atlantic coastal
waters (Wells et al., 1999b; Waring et al., 2013 and references therein). In contrast, dolphins
occupying relatively sheltered inshore environments (e.g. bays, sounds, lagoons, estuaries)
generally show comparatively restricted movement patterns, resulting in stronger sitefidelity and a higher degree of residency (including multi-decadal, multi-generational
residency). Examples include the eastern U.S. and GoM BSE areas (Waring et al., 2013 and
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references therein), Brazil (Simões-Lopes & Fabian, 1999), Portugal (Augusto et al., 2012),
Ireland (Mirimin et al., 2011), Scotland (Wilson et al., 1997a), Greece (Bearzi et al., 2008b),
and New Zealand (Currey et al., 2009b; Henderson et al., 2013). Nevertheless, long-term
site-fidelity may also occur further from shore, as demonstrated by bottlenose dolphins off
the Bahamas (Rossbach & Herzing, 1999). However, even within populations where dolphins
display a generally high degree of residency, variation in the degree of residency may be
present between individuals, where they may be present year-round, seasonally present,
occasional visitors, or infrequently sighted (Curry & Smith, 1997).
6.1.2. Biological parameters: demographics and life history
To successfully monitor, manage and conserve populations, it is necessary to understand
the population’s demographics and life history (Goss-Custard & Sutherland, 1997; Reynolds
III et al., 2000). These terms have been defined as: “Demographics: population
characteristics such as population growth rate and age structure”; “Demography: birth and
death rates that determine a population’s dynamics”, and “Life history: significant features
of the life cycle of an organism, particularly the strategies influencing reproduction and
survival” (Perrin et al., 2009). As the latter definition is relatively broad and ambiguous,
Reynolds III et al. (2000) proposed a more specific and practical definition: “life history might
be those traits (i.e. adaptations) for which variation directly influences fecundity (the rate at
which individuals produce offspring), survival of individuals, and population growth”. As can
be obtained from these definitions, demographics and life history are inter-linked.
Therefore, in the current study, the biological parameters sought were a combination of
both demographic information and life history attributes.
As life history characteristics are traits influencing an individual’s investment and resource
allocation (time, effort, energy expenditure) in growth, reproduction and survival, life history
research concerns the phenotypical variation, genetic diversity, adaptations and constraints
animals face and display to maximise their fitness (Boness et al., 2002). The temporal
distribution of particular life events (e.g. birth, weaning, sexual maturity, pregnancy,
lactation and senescence) affects an individual’s contribution to the next generation’s gene
pool, and choice of strategies influence the relative investment into different aspects (Daan
& Tinbergen, 1997), as it balances the trade-off between the energetic costs for growth,
maintenance and reproduction, taking into account the ecological situation such as
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resources and predation pressures (Boness et al., 2002). Therefore, these studies not only
include timing and intensity of reproduction, but also include the processes generating the
inter- and intra-specific variation in life history parameters, such as life span, age and size at
maturity, number and size of offspring, gender ratio of offspring, birth seasonality, degree of
parental investment and survival (including for both gender and various age/reproductive
stages) (Daan & Tinbergen, 1997; Bowen & Siniff, 1999).
Demographic and life history attributes are currently challenging to acquire in long-lived
and wide-ranging aquatic mammals, requiring dedicated long-term studies (Wells & Scott,
1990). Until recently, the vast majority of our knowledge of demographic and life history
parameters of bottlenose dolphins were obtained from captive animals, or from populations
under pressure from anthropogenic threats such as from fisheries. Consequently, little
demographic data were available from unexploited bottlenose dolphin populations in the
wild (Haase & Schneider, 2001). In the last few decades, however, with a rise in the number
of longitudinal studies, increased demographic and life history information has become
available for several populations from around the world occupying a variety of different
habitats and subject to a gradient of anthropogenic and natural pressures (e.g. overviews in
Wells & Scott, 1999; Reynolds III et al., 2000; see also Chapter I).
In general, bottlenose dolphins have adapted a life history strategy that is characterised
by a suite of attributes: long life spans, delayed sexual maturity, slow rates of offspring
development, production of few offspring per cycle but a large parental investment in each,
resulting in relatively long reproductive cycles (Bowen & Siniff, 1999; Reynolds III et al., 2000
and references therein; Keith, 2001; Boness et al., 2002). Therefore, despite being long-lived,
lifetime reproductive output of females is relatively low. Due to the combination of these
attributes, species exhibiting these adaptations are typically considered more vulnerable to
anthropogenic and natural threats and less resilient to increased adult mortality and
decreased reproductive success (Reynolds III et al., 2000; Isaac, 2009).
Although the above mentioned life history strategy appears true for all bottlenose
dolphins, inter-individual and inter-population variation in demographics and life history
traits does exist. Traits can be population specific as they are related to various factors
including population densities, age and gender structure, predictability of the temporal
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environment, and local food resources (Daan & Tinbergen, 1997; Boyd et al., 1999; Boness et
al., 2002). Whether the variation in demographics and life history traits observed within and
between bottlenose dolphin populations is indicative of phenotypic plasticity in relation to
different environmental conditions, or represents genetic diversity, or indeed a combination
of both environmental and genetic diversity is unknown (Daan & Tinbergen, 1997).
In any case, the presence of variation emphasises the need to understand the local basic
processes, as these attributes are important in population dynamics and shaping population
structure (Hewitt & Butlin, 1997). Furthermore, as this information constitutes a key
component in conservation and management strategies (Goss-Custard & Sutherland, 1997),
it is important to have accurate demographic and life history estimates for the target
population. Especially for small communities/populations, viability is highly related to
reproductive performance and animal survival, and for effective management it is necessary
to understand how external factors may influence these (Boyd et al., 1999; Stolen & Barlow,
2003; Currey et al., 2011b). This was demonstrated for a population of bottlenose dolphins
in Doubtful Sound, New Zealand, were high calf mortality and decreased recruitment into
the adult population were identified as the main demographic causes for the decrease in
population abundance (Currey et al., 2011b). As such, investigation of the biological
parameters allows for an understanding whether a very small, seemingly isolated, group of
long-lived, slow breeding, mammals is sustainable in the long term.
6.1.3. Bottlenose dolphins in the Sound of Barra
As mentioned in Chapter I, knowledge of the bottlenose dolphin community inhabiting
the SoB is limited. The earliest documented bottlenose dolphin reports in the Outer
Hebrides date back to the late 19th century (Harvie-Brown & Buckley, 1888 in Wilson, 1995).
Despite earlier reports of the presence of bottlenose dolphin in the area (Thompson, 1992),
the initial existence of a local site-faithful group was first documented by Grellier & Wilson
(2003). Informed by repeated anecdotal sightings reported for the area since 1993, the
authors conducted dedicated photo-ID surveys in the SoB in September 1995 and June 1998
in order to investigate the number, and site-fidelity of bottlenose dolphins to this location
(Grellier & Wilson, 2003). During 42 hours of boat-based search effort, bottlenose dolphins
were sighted on two out of the nine survey days in 1995 and once during two days of effort
in 1998. In 1995, group sizes estimated during the survey were 7-10 and 6-8 individuals;
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however, analyses of the photographs taken during both encounters revealed the presence
of at least 6-7 dolphins individually recognisable through their unique markings. The
estimated group size of the 1998 encounter was five animals, all of which were
photographically captured and identified. A two-sample Petersen mark-recapture analyses,
based on demographic closure, of the photographic data for both years resulted in a left and
right-side dorsal fin estimate of 8-9 individuals, with 95% log normal confidence intervals
ranging between 6-15 individuals. Four individuals present in the SoB in 1995 were resighted in 1998, indicating some degree of site-fidelity based on the repeat identification of
these individuals. This, in combination with the absence of matches with the, at the time,
nearest known neighbouring community on the east coast of Scotland, suggested that these
dolphins were either repeatedly present in the SoB, or could potentially be local residents
(Grellier & Wilson, 2003).
Continued research effort to understand the presence, demographics, and site-fidelity of
this community was undertaken in the SoB in 2006 and 2007, as part of a study investigating
the distribution, abundance and population structure of bottlenose dolphins in Scottish
waters (Thompson et al, 2011; Cheney et al., 2013). Dedicated boat-based photo-ID surveys
were carried out in both years during summer months. To maximise the information
available for analyses, additional information was obtained through collaborations and
agreements with partners and other research institutes and organisations, and by the
assemblage of opportunistic data from other sources (Thompson et al., 2011; Cheney et al.,
2013; see also Chapter IV). Results indicated the presence of 13-15 dolphins using the SoB
area, of which four animals had also been sighted in 1995 and 1998 by Grellier & Wilson
(2003). No photographic evidence existed to indicate mixing between the SoB community
and other bottlenose dolphins occupying the waters elsewhere on the west coast of
Scotland, suggesting the presence of two discrete communities (Thompson et al., 2011;
Cheney et al., 2013). In 2006, one young-of-year (calf born in the year of the survey) was
identified in the SoB, but this dolphin was not observed again in 2007 (Thompson et al.,
2011).
As part of her PhD on the genetic structure of east coast bottlenose dolphins, IslasVillanueva (2009) included genetic biopsy samples from seven of the Barra individuals and
compared these to samples from dolphins stranded elsewhere on the Scottish west coast
221

Chapter VI - Long-term site-fidelity and biological parameters of the Sound of Barra community

and genetic samples from other UK locations. Analyses revealed a genetic division in the
west coast dolphin population, where the Barra community formed a separate subunit from
the rest of the west coast dolphins, a result in agreement with the suggestion by Thompson
et al. (2011) of two separate communities obtained from the photo-ID data. Samples from
two strandings from the Outer Hebrides (both on South Uist) and one from the Isle of Mull
showed the same haplotype as found in the mitochondrial DNA of all seven biopsy samples
from SoB dolphins, indicating a shared genetic origin. Furthermore, relatedness between the
Barra individuals showed relatedness values typical of parent-offspring or full-siblings.
Together, these results suggested these animals were all part of one matriline and very
closely related. Additionally, the results indicated that most of the individuals from Barra
belonged to a genetic cluster that has a historic connection with dolphins from Wales, but
sample sizes were too small to assess contemporary migration rates. Finally, of the seven
biopsied individuals, six were females and one was a male. Though numbers were small, this
gender ratio was in contradiction to the results for the eastern Scotland population, where
the majority of samples came from males (Islas-Villanueva, 2009).
Coastal populations of bottlenose dolphins have been reported to show varying degrees
of site-fidelity and residency patterns. Nevertheless, long-term residency has been described
for many areas, either in the form of site-fidelity with repeated occurrence in a certain area
over many years, or by being year-round resident within a relatively permanent home range
(Shane et al., 1986; Wells & Scott, 1990, 1999 & 2009; Curry & Smith, 1997; Connor et al.,
2000a; Irwin & Würsig, 2004; Shane, 2004; Waring et al., 2013 and references therein). Little
data exist about the temporal presence of the small bottlenose dolphin community residing
in the SoB and adjacent waters. The small numbers of individuals contributing to the Barra
community, in combination with their apparent geographic isolation from other west coast
bottlenose dolphins, are of concern regarding the future viability of this community.
Furthermore, the dolphin community inhabiting the SoB area also offers an unusual
opportunity to study biological parameters of a relatively isolated community in an
environment close to the northernmost latitudinal limit for resident coastal bottlenose
dolphin populations. These dolphins occupy a relatively remote, sparsely human-populated
area, with relatively low disturbance from tourism, commercial fisheries or other activities
(Harris et al., 2007; Baxter et al., 2011; Scottish Natural Heritage, 2012), and to date no
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known evidence exists of incidental bottlenose dolphin mortality associated with fishing or
other anthropogenic causes. Consequently, obtaining demographic parameters of the Barra
community may provide a more comprehensive understanding of the vulnerability of this
community, and it may aid monitoring and assessing the potential impacts of demographic
pressures, including cumulative impacts of multiple stressors, affecting the community (Boyd
et al., 1999; Currey et al., 2011b).
6.1.4. Aims of this study
The aims of this research were to collect photo-ID pictures through dedicated photo-ID
surveys and opportunistic data of the bottlenose dolphins of the Barra community, and to
analyse these photographs to determine the identity and gender of the dolphins
photographically captured in order to:
• Conduct an annual photographic census of bottlenose dolphins present in the SoB;
• Assess local long-term site-fidelity by dolphins in the SoB;
• Obtain demographic (gender, calving rate and survival) and life history (inter-birth
interval) information for bottlenose dolphins in the SoB.
While this chapter focuses on the long-term site-fidelity in terms of annual summer
presence, year-round residency by the Barra community is investigated in Chapter VII.

6.2. METHODOLOGY
6.2.1. Study area
The SoB is a topographically complex marine area (Harris et al., 2007) located at the
southern end of the Outer Hebrides, an island archipelago located 50-70km west of the
Scottish mainland (Figure 6.1). The coastline is characterised by rocky shores interspersed
with small inlets and larger sandy bays (Bates et al., 2004). The main axis of the Sound itself
is approximately three kilometres wide and runs roughly northwest to southeast between
the islands of South Uist in the north, and Barra in the south (Harris et al., 2007). The eastern
entrance of the SoB opens out into the Minch, whereas a passage on the western side links
the Sound to the North Atlantic. Reaching approximately 10km at its widest east to west
point, the SoB is characterised by shallow waters, typically less than 10m in depth, with a
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steep drop on the eastern Minch side, and a gentler sloping seafloor on the western North
Atlantic side (UK Hydrographic Office, 1987).

SOUTH UIST
North
Atlantic

Minch
BARRA
Figure 6.1. Map of the west coast of Scotland with an expanded detailed view of the Sound of Barra. Sound
of Barra map from Google Earth: Image © 2014 Getmapping pic, and © 2014 DigitalGlobe; Data: SIO, NOAA,
U.S. Navy, NGA, GEBCO.

The area experiences some of the strongest winds and wave action in the UK, with
prevailing westerly weather conditions, and much of the sea bed is exposed to moderate or
strong tidal currents (Bates et al., 2004). Dominant physical conditions in terms of exposure
to wave action, tidal flow and scouring by sediments vary considerably across the Sound
(Harris et al., 2007; SNH, 2012). Twice-daily tidal cycles are present with tidal amplitudes of
approximately 3.3m during spring tide and 1.5m at neaps (Harrald et al., 2010). Local water
temperatures vary throughout the day (partially influenced by the tides) and on a seasonal
basis. Calculated from daily average temperatures for the nearest long-term sea surface
temperature monitoring station near Loch Maddy (North Uist, Outer Hebrides) 2003-2009
and 2012, mean monthly temperatures ranges between 7.8°C in March and 13.5°C in August
(Marine Scotland Science, 2013).
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The SoB encompasses a mixture of islands, skerries, extensive rocky reefs, kelp and mearl
beds, sandbanks and shallow channels (UK Hydrographic Office, 1987; SNH, 2012), and is
distinguished for a wide variety of marine habitats and associated infaunal communities
(Bates et al., 2004; Harris et al., 2007). The high species diversity associated with these
biotopes is a reflection of the variation in wave exposure and tidal flow, sediment types and
the varied bathymetry and salinity. As such, the area is reported to “constitute an important
reservoir of biodiversity and to obtain productive and diverse habitats that provides shelter
and food for a wide variety of marine species” (Bates et al., 2004; Harris et al., 2007).
The area experiences little industrial development although some relatively small scale
commercial fisheries (including localised traditional shellfish creeling and scallop diving, and
limited scallop dredging on the eastern edge of the SoB), shipping, and recreation activities
occur (Harris et al., 2007; Baxter et al., 2011; SNH, 2012).
6.2.2. Photo-ID data collection
Since 1995, photo-ID pictures were collected during dedicated photo-identification
surveys (in 1995, 1998, 2006-2013) in collaboration between the Scottish Association for
Marine Science (SAMS), the University of Aberdeen Lighthouse Field Station (AULFS),
University of St Andrews’ Sea Mammal Research Unit (SMRU), and the Hebridean Whale and
Dolphin Trust (HWDT). This dedicated effort was undertaken from a variety of platforms,
including a passenger ferry, sailing vessels, a fishing vessel and RIBs. Overall, effort was
restricted to summer months only (May-September 2006-2007; June-August 2008-2013),
mainly on days with no precipitation and with sea state conditions ≤3 Beaufort. Typically,
this resulted in a limited amount of survey days per fieldwork period.
No a priori survey transects were defined; instead, searches for dolphins were generally
opportunistic in nature and occasionally limited by weather and sea state conditions. In
particular, during the latter years, searches tended to start by heading to areas dolphins
were previously encountered and thought to visit regularly. Once dolphins were sighted,
effort was made to photograph all individuals present, both from their left and right sides,
while the survey vessel was carefully maneuvered at slow speed in the vicinity of dolphins to
minimise disturbance. In 1995 and 1998, photographs were taken using analogue autofocus
cameras and colour slide films, and during 2006-2007 using Canon EOS 10D, 20D and 30D
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digital SLR cameras fitted with 200mm (zoom)lenses. Between 2008-2013 photographs were
taken using Canon EOS 7D, 20D, 30D and 350D cameras equipped with 200-300mm
(zoom)lenses. The main aim was to obtain photo-ID pictures of sufficient quality for markrecapture analyses (perpendicular in-focus views of the complete dorsal fin). However,
additional pictures containing other sections of the body were taken to aid in identifying
individuals based on alternative features (see below), sexing the animals and to facilitate
matching left and right side photographs. Encounters lasted until all individuals were
photographed or when dolphins moved away. In the case of the former, the boat would
either move away, but stay within visible distance, so that previously encountered dolphins
were used to guide the crew towards new individuals, or the dolphins would be abandoned
and continued search effort would start.
Dedicated surveys were undertaken in Maritime and Coastguard Agency certified vessels,
using qualified skippers. At least one researcher was named on the Animal Scientific License
permitting photo-ID activities and granted by Scottish Natural Heritage (SNH) to AULFS,
HWDT and/or SAMS. More detailed information on survey protocols are described in Grellier
& Wilson (2003) and Thompson et al. (2011) for data collected 1995-2007. Finally,
opportunistic dolphin photographs taken by members of the public were also collected.
6.2.3. Data analyses
The current study extended the research started during the Scottish Bottlenose Dolphin
Project (Thompson et al., 2011; see also Chapter IV), and consequently the majority of the
2006-2007 data available for the current study were previously analysed. However, since the
objectives of the present study were different than in previous research (i.e. not aiming to
perform mark-recapture analyses), additional photo-ID pictures for these, and following
years were analysed using a slightly different protocol.
Photographs were analysed using the software FastStone Image Viewer version 4.9
(Copyright © 2013 FastStone Soft) to individually identify the dolphins present at each
encounter and if ventral pictures showing the genital area were available to determine their
gender. Identified dolphins from all encounters within a year were pooled to create an
inventory of the annual presence for each individual. Due to the limited number of dolphins
present in this community, many of which showed distinctive markings (Thompson et al.,
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2011), pictures of all qualities (see Chapter IV) were included in the analyses since certain
individuals could still be identified in pictures of lower quality.
Most photo-ID studies, in particular those conducting mark-recapture modelling, follow a
matching protocol where matches are solely based on the appearance of the dorsal fin in
terms of shape and the presence of nicks and robust scars. As a result, a section of present
individuals, typically the calves and (younger) juveniles, are excluded as they have not
obtained these marks yet. In the present study, these lesser-marked individuals could be reidentified (partially due to the small number of individuals present) based on other
markings, including more superficial (and hence shorter-term) features. Additionally, in
contrast to calves born in more tropical regions, fetal folds of calves born in Scottish waters
remain present for over a year (Wilson, 1995) and may be visible up to three years
(unpublished data current study). Therefore, dissimilar to many other studies, matches were
permitted to be made using both long-term and shorter-term features, including finer scars,
blaze characteristics, blood vessel pattern in the dorsal fin and other pigmentation (including
fetal fold) patterns anywhere on the entire body. When using these features, inter-annual
matches were made using a combination of these characteristics on both the left and right
side of the body to ensure correct matching.
To draw conclusions on individual presence, censuses by counts of recognisable
individuals and obtained demographic information, strict confirmation of the identification
of the animals is required (Würsig & Jefferson, 1990; Wells, 1991). Therefore, a second
researcher, experienced with photo-ID analyses (Prof B. Wilson) confirmed the identification
of present dolphins by comparison of annual left side photographs of the dorsal fins, or
other identifiable features as described above. In addition, left and right side matches were
checked by the second scientist for the years 2006 and/or 2007 and for the latest year high
quality photographs were available for each individual, in order to check no error was made
tracking the right side of the dorsal fin over the years.
Gender was opportunistically determined from photographs of the genital area of
identified dolphins and/or by the presence of dependent calves in close proximity to the
dolphin (Elliser & Herzing, 2011). Gender bias was statistically tested by the means of a onetailed binomial test on the gender ratio obtained from the photo-ID data and one- and two-
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tailed tests on the biopsy (Zar, 1999), as the gender ratio’s obtained through these two
methodologies were considered independent. See Annex 1 for further details.
Various studies have used different definitions to describe calves. Although it is
demonstrated that bottlenose dolphin calves may remain closely associated to their mothers
to up to a decade (Wells, 1991; Grellier et al., 2003), and weaning of calves aged eight and
11 years have been documented (Connor et al., 2000a; Mann et al., 2000), nursing typically
occurs up to the age of three to five years old (Connor et al., 2000a; Mann et al., 2000). In
Shark Bay, Australia, females appeared to wean during their next pregnancy (Mann et al.,
2000). Typically, calving intervals range between two to six years (Wells & Scott, 1999;
Connor et al., 1996; Mann et al., 2000; Haase & Schneider, 2001). Considering these
previous reported findings, in combination with a lack of local reproductive parameters and
following Mann et al. (2000) and Grellier & Wilson (2003), for the purpose of this study, a
calf was defined as an animal up to three years of age.
As dedicated surveys, contributing to the majority of individual sighting histories, were
usually conducted once a year, exact timings of calf births were unknown. However, based
on size and behaviour of calves when first encountered, calves less than 12 months were
identified as ‘young-of-year’ (i.e. born in the calendar year of data collection), or ‘older
calves’ believed to be born within a few months after the field season in previous calendar
year. For the older calves, the previous calendar year was subsequently used as assumed
birth year (Figure 6.2). As a consequence, this meant that when an ‘older calf’ was
encountered for the first time, it was considered to already have survived its first year, even
though in reality the animal was not 12 months old yet.

Figure 6.2. Schematic overview of the dedicated photo-ID data collection in relation to the bottlenose dolphin
reproduction cycle. In the Moray Firth (east Scotland), births predominantly occur between June and
November (Wilson, 1995).
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Minimum annual crude calving rates were calculated as the percentage of births in a
specific year in relation to the community size for that year (Perrin & Reilly, 1984). In
contrast to the total number of dolphins present each year based on the photographic
census, the size of the community used to calculate the birth rates consisted of all
individuals photographically captured, plus the older calves considered to be born that year.
Finally, calf survival was calculated as the percentage of calves surviving into the
corresponding following year (up to 4 years of age), and ‘total calf survival’ as the
percentage of all calves which survived into the juvenile stage (i.e. four years of age).

6.3. RESULTS
6.3.1. Photo-ID effort
Since 2006, photo-ID pictures were successfully taken of the bottlenose dolphins in the
SoB on an annual basis. For the period 2006-2013, a total of 13,834 pictures were taken in
summer months during encounters while conducting dedicated photo-ID surveys, and during
opportunistic sightings by members of the public (Table 6.1). Additional pictures of dolphins
from this community taken in 1995 and 1998 were provided by Grellier & Wilson (2003).

Table 6.1. Number of pictures taken during dedicated and opportunistic bottlenose dolphin encounters in the
Sound of Barra 2006-2013.
2006

2007

2008

2009

2010

2011

2012

2013

Number of pictures taken during
bottlenose dolphin encounters

801

1,595

3,381

1,574

1,111

2,671

1,137

1,564

Dedicated data contribution

AULFS, SAMS,
SMRU, HWDT

SAMS,
SMRU,
HWDT

SAMS, HWDT

SAMS

6.3.2. Community size and long-term site-fidelity
Results show the annual presence of 12-15 bottlenose dolphins in the SoB area between
2006 and 2013 (Table 6.2). During this period, a total of 18 individual dolphins were
identified, although individuals contributing to the community changed over the years.
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A)

Table 6.2. Long-term annual summer presence of bottlenose dolphins in the Sound of Barra (SoB) 2006-2013. Four individuals, sighted in the area since 2006 were previously
B)
C)
D)
already locally identified by Grellier & Wilson (2003). No effort in the Sound of Barra in 2004. Gender information provided by V. Islas-Villanueva. SAC M reference number. C =
calf; +C = associated with calf; YoY = young-of-year. +YoY = associated with young-of-year. X = not identified. † = YoY found dead.
ID #
5001
5002
5003
5004
5005
5006
5007
5008
5009
5012
5013
5014
5016
5059
5060
5061
5062
D)
M142/08
Total

Gender
C)
♀

1995

A)

1998

A)

2004
IH

B)

2006

♀
C)
♂
♀

+C

♀
♀
♀
♂
♀
♀

C
+C
+YoY

♂
♀

C
YoY

2007

2009

2010

2011

2012

2013

X
X

X
X

X

X

Notes
Identified in the Inner Hebrides

+C

+C
+C

X

♀
13

2008

12

X
C
C

†
1)
15

X

X

X
X

Calf of 5008, believed to be born in 2005

+C

X

X

X

X
C
C
13
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13

14

14

13

Calf of 5003, believed to be born in 2005
Calf of 5009, born in 2006
Calf of 5009, believed to be born in 2007
Calf of 5008, believed to be born in 2007
Calf of 5003, believed to be born in 2010
Calf of 5009, believed to be born in 2010
Stranded dead neonatal calf
1)
Dead YoY included
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The current study continued the photo-ID research on SoB bottlenose dolphins conducted
during the Scottish Bottlenose Dolphin Project 2006-2007 (Thompson et al., 2011; Cheney et
al., 2013). The previous study recorded the presence of two individuals for which
photographs of only one side were confirmed for both 2006 and 2007 (ID 5007 left side only;
ID 5010 right side only). Due to access to additional sighting pictures previously not
analysed, it was confirmed that these were of the same individual (continued ID 5007).
Additionally, pictures of ID 5047, considered to be a ‘new’ dolphin in the previous study in
2007, was matched with photographs of other dolphins, and hence this animal was removed
from the catalogue. The left side was matched to 5007 and the right side to individual 5014.
Consequently, ID 5047 was discontinued in consecutive years.
Dolphins belonging to the SoB community showed long-term summer site-fidelity for the
area: of the 13 dolphins identified in 2006, ten were encountered in 2013. Four of these
were first sighted in the area in 1995, demonstrating a local summer presence over almost
two decades (Table 6.2).
One dolphin was photographically identified outside the SoB area (see also Chapter IV).
Female 5001 was identified as singleton off the islands of Coll and Tiree in 2004 previous to
being annually sighted in the SoB since 2006.
6.3.3. Demographic and life history information
Gender
Of the 18 identified dolphins, gender was determined from photographs of the genital
area and the presence of calves for eleven individuals; nine females, and two males (Table
6.2). Additional gender data from biopsied individuals (Islas-Villanueva, 2009) provided
further information on another two individuals (IDs 5001 & 5004), and confirmed the gender
identification of other dolphins as determined from the photographs (IDs 5005, 5009, 5013,
5014 and a stranded newborn). When combined, this resulted in the known gender for a
total of 13 out of the 18 individuals, of which three were male and ten were female.
The gender ratio of the 11 individuals for which gender was identified from the photo-ID
data revealed a 9:2 female-to-male ratio. The probability of obtaining such a ratio is very low
when assuming equal probability to sample a male or a female: P = 0.013. The one-tailed
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binomial test showed that there was a higher chance of sampling a female (i.e. female
probability >0.5), suggesting a female dominance in the community (see Annex 1).
Gender information obtained from seven biopsy samples showed the presence of six
females and one male (Islas-Villanueva, 2009). Contrary to the results obtained from the
photo-ID data, the results from the genetic data did not, or did not have sufficient power to
support the presence of a gender bias towards either gender (see Annex 1).
Non-calf survival
Of the 13 dolphins with sighting histories spanning five or more years, and hence survived
their first years as calves, only one dolphin (ID 5006) was not photographically captured
during the last three years, and this animal is therefore assumed to have disappeared from
the community. In addition, dolphin 5060 was not recognisably photographed in 2013.
Calving rate and interval
During the period 2006-2013, at least eight calves were born into the community (Table
6.3 & 6.4). In 2006, the Barra community included 2 ‘older calves’ (ID 5007, calf of 5008, and
ID 5014, calf of 5003), both of which were believed to be born in 2005, and one young-ofyear (ID 5016, calf of 5009). As this young-of-year was born to a community of 13 individuals,
the minimum birth rate for 2006 was 7.7% (Table 6.3). The two older calves were re-sighted
the following year, but the young-of-year was not encountered again in 2007. Whereas one
of these older calves (ID 5014) survived the following years and was still present in 2013,
dolphin 5007 was not sighted again since 2009 (Table 6.4).

Table 6.3. Annual minimum crude birth rates 2006-2013. Community size calculated as the number of
individuals from the photo-ID census plus the number of ‘older calves’.
Year
2006
2007
2008
2009
2010
2011
2012
2013
Average

Number of calves
1 (ID 5016)
2 (IDs 5059 & 5060)
1 (ID M142/08)
0
2 (IDs 5061 & 5062)
0
0
0

Community size
13
14
15
13
15
14
14
13
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Minimum birth rate (%)
7.7
14.3
6.7
0
13.3
0
0
0
5.3
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Table 6.4. Overview of the births, ages and survival of calves from the Sound of Barra community during the
study period. B = birth year (young-of-year). B* = assumed birth year of ‘older calf’ despite not actually been
photographically captured in that year.
Calf ID
5007
5014
5016
5059
5060
M142/08
5061
5062

2005
B*
B*

2006
1
1
B

2007
2
2
B*
B*

2008
3
3
1
1
B

2009
4
2
2
-

2010
5
3
3
B*
B*

2011
6
4
4
1
1

2012
7
5
5
2
2

2013
8
6
3
3

In 2008, two new calves were present in the community (ID 5059, calf of 5009; the female
with the young-of-year in 2006, and ID 5060, calf of 5003). As both these calves were
identified as ‘older calves’, these were considered to be born in 2007, when the community
consisted of a total of 14 individuals (12 individuals from the photographic census plus these
two calves born after the photo-ID effort), resulting in a minimum crude birth rate of 14.3%
for 2007 (Table 6.3). Both calves survived into the juvenile stage. However, dolphin 5060,
after a five year presence, was not photographically captured in 2013 (Table 6.4).
Furthermore, a dead young-of-year was found stranded northwest Barra in 2008 (Figure
6.3). Genetic analysis conformed this neonatal belonged to the SoB community (IslasVillanueva, 2009). As the total community consisted of 15 animals (including the stranded
young-of-year), the minimum birth rate in 2008 was 6.7% (Table 6.3).

Figure 6.3. Young-of-year stranded in 2008. Picture © B. Wilson / SAMS.
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Finally, photographs of two new ‘older calves’ were obtained in 2011 (ID 5061, calf of
5003, and ID 5062, calf of 5009). As the total community in 2010 consisted of 15 individuals
(including these two calves), the resulting minimum birth rate for 2010 was 13.3% (Table
6.3). Both these calves survived till 2013, when they were three years of age (Table 6.4).
Average minimum crude population birth rate over the entire period 2006-2013 was 5.3%
(Table 6.3).
Seven of the eight known calves were born to three of the females; IDs 5003, 5008 and
5009, and calving intervals for these females were five, two, and one plus three years
respectively (Table 6.2). Since the stranded dead newborn was not sighted alive, it is not
known which of the females gave birth to this dolphin.
Calf survival
Of the eight known calves born, six survived until at least the age of three (Table 6.5).
Since dolphin 5061 and 5062 were only considered to be three years of age in 2013,
insufficient data was available to assess survival for these two dolphins from their third into
their fourth year of age. Of the remaining four calves, 75% survived and were re-sighted
again as four year old juveniles. In total, of the six calves for which datasets of five successive
years were available, 50% survived to become juveniles (Table 6.5).

Table 6.5. Calf survival rates.
2013.

A)

Excluding both calves born in 2010 as they were considered three years old in

From birth year to 1 year old calf
From 1 to 2 year old calf
From 2 to 3 year old calf
From 3 year old calf to 4 year old juvenile
From birth year to 4 year old juvenile

Total number of calves
8
6
6
A)
4
6

Surviving calves
6
6
6
3
3

Survival rate (%)
75
100
100
75
50

6.4. DISCUSSION
6.4.1. Community size
Identification pictures from 2006-2013 revealed that a total of 18 different dolphins were
identified in the SoB and surrounding waters. However, on an annual basis, the local
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community consisted of between 12 to 15 individuals. Similar low total numbers of
individuals in this community were reported by Grellier & Wilson (2003), who estimated the
community size as 8-9 dolphins (6-15 95% CI) for 1995-1998, and by Thompson et al. (2011),
who estimated the annual number of dolphins for 2006-2007 to be 13-15 based on a
photographic census. The results of the long-term (1995-2013) monitoring undertaken in
this chapter showed the enduring presence of a very small community. Furthermore, both
births and losses (either by death or emigration) occurred, resulting in an apparent stable
community size throughout these years.
6.4.2. Long-term site-fidelity
The results presented here confirm the long-term summer site-fidelity of bottlenose
dolphins in the SoB area, with repeated annual summer presence of ten individuals between
2006 and 2013. At least four of these dolphins have shown to be site-faithful to this location
for almost two decades, since photo-ID research began in 1995. There is no information on
the timing when this community first started to occupy the area, but sightings have been
recorded since 1993 (Grellier & Wilson, 2003), although local dolphin presence was already
reported before then (Thompson, 1992).
Long-term site-fidelity and residency has been reported for various bottlenose dolphin
populations, particularly those occupying complex inshore environments. Theory predicts
that, as these habitats generally offer a more stable and predictable food supply, dolphins
should demonstrate increased residency for a smaller area. In contrast, dolphins inhabiting
(semi-)open water and offshore environments, with less predictable and patchy food
resources, should range more widely (Gowans et al., 2007), and hence exhibit a lower
degree of site-fidelity and residency. Despite remaining uncertainty in the spatial extent of
their ranges, it appears that environmental conditions in the SoB area are sufficient to fulfil
the requirements of this small community, at least on a seasonal basis, as demonstrated by
the long-term summer presence of these dolphins. Small, but productive, geographical areas
are known to be able to support small numbers of dolphins. For example, a group of
approximately 20 dolphins near Île de Sein, and 35 individuals at the Molène archipelago
(Brittany, France) were found to inhabit very small areas year-round (~6km2 and ~40km2)
(Liret et al., 2006). Similarly, between 1989 and the early 2000’s a resident group of six
individuals inhabited Arcachon lagoon, on the French Atlantic Bay of Biscay coast (Ferrey et
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al., 1998; Evans et al., 2009). Direct linkages with present food availability and productivity
were beyond the scope of this research. Nevertheless, the increased knowledge on the
temporal presence of these dolphins presented here highlights the importance of the region
for the sustainability of this community.
Dolphin 5001 was initially photographed on several occasions outwith the SoB. In 2004,
this dolphin was sighted off Coll and Tiree (min. 65km; match previously reported by
Thompson et al., 2011). She may also have been present off Islay in 2003 and off Coll in
2005, but the quality of these pictures was insufficient to match with certainty. On all
occasions, this dolphin was encountered on its own, and there is no evidence, despite a
geographical overlap, for associations with dolphins from the Inner Hebridean community
(Thompson et al., 2011; Chapter IV). Since 2006, this dolphin was sighted annually in the
SoB. Within the SoB, she was regularly encountered together with other dolphins from the
Barra community, but also on her own. Separate sightings occurred both within the SoB, as
in the wider area; on two successive days in 2010, dolphin 5001 was encountered in
Castlebay, south-east Barra. Based solely on photo-ID data, the origin of this female was
unknown; she could have shifted from the Inner to the Outer Hebrides, it could reflect a
return to the birth area, or a potential immigration from elsewhere. However, by matching
the biopsy data analysed by Islas-Villanueva (2009) to the photo-ID data analysed here, the
current study established that a sample from female 5001 was incorporated in the
population structure study. As the genetic analyses revealed that all individuals were closely
related (i.e. parent-offspring or full siblings; Islas-Villanueva, 2009), this female must have
been born from members of the SoB community. As such, this dolphin represents the only
individual from the Barra community ever being sighted outside the wider SoB area. This
finding highlights the importance of the integration of multiple data sources.
6.4.3. Biological parameters
Gender
Analyses of photographs showing the genital area of identified individuals resulted in the
gender determination of 11 dolphins; nine females and two males. Three of these females
were also identified as female due to close associations with calves. Another male and
female were confirmed from biopsy samples (V. Islas-Villanueva, personal communication).
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Together, this resulted in the confirmed presence of ten females and three males out of the
18 dolphins identified in the area since 2006. Of the remaining five individuals of unknown
gender, three were still alive in 2013, and future encounters may reveal information on their
gender.
Interestingly, comparing the gender results of 2006 with 2013, the distribution of the
number of females, males and animals of unknown gender was very similar. Of the 13
individuals forming the community in both these years, 7-8 were female, 2-3 male and three
of undetermined gender.
Whether this high percentage of identified females (77% of individuals for which gender
was identified) versus males (23%) (i.e. a 10:3 female-to-male ratio) is characteristic over the
long term for this community cannot be determined using the available information. For
example, when considering all five dolphins of unknown gender to be male, an almost equal
number of males and females could have been present in this community. In contrast, a
heavily skewed female dominated picture emerges when all five are assumed to be female,
or when the female-male ratio of the known individuals is applied to these five unknown
individuals.
There are various potential (methodological) biases involved in using photographs to
determine gender, and which may have contributed to the emerged picture of an apparently
female dominance in the photo-ID data. For example, females could be identified both by
pictures of the genital area and by the presence of calves, whereas males could only be
identified by the former method, potentially resulting in a bias in capture probability
favouring females (Currey & Rowe, 2008). Additionally, behaviour differences may have
been present, as it is plausible females might have been more involved in aerial display or
they may have showed this behaviour in closer vicinity to the camera. Furthermore, the
gender could not be identified from all pictures, as various photographs showing dolphins
leaping out of the water were unusable as they were not showing the genital area clearly
(e.g. not in focus, area not visible at all). This indicates that frequency and orientation of
jumps, as well as distance to the camera, and photographer experience all contribute to the
ability to get gender information from pictures.
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The biopsy data also showed a higher female presence, but could not confirm a statistical
gender bias for the SoB community. This assumes, however, an equal capture (i.e. sampling)
probability between both genders. Yet, in addition to actual skewed gender ratios in the
natural population, various other factors may influence the gender ratio of biopsy samples
(Quérouil et al., 2010; Kellar et al., 2013), and consequently sample ratio may not
adequately reflect the population gender ratio (Quérouil et al., 2010). For example, gender
differences in biopsy sampling may be the result of heterogeneity in capture probability due
to selectivity of the biopsy collector (i.e. avoiding females with calves) or due to local
differences in age, gender and reproductive state related behaviour. In particular,
attraction/avoidance of boats, defence behaviour by males and presence of calves may
influence the opportunity to take biopsy samples of individuals. Therefore, a lack of
statistical support for a gender-biased community, does not necessarily exclude the
possibility of an actual difference in social structure. For instance, if males were to represent
‘easier’ targets, in effect increasing the probability of sampling a male, and deflating the
chance of sampling a female, the probability of six female samples out of seven biopsies
would be lower than expected under equal capture probability.
The binomial statistical analyses on the gender ratio obtained from the photo-ID data
revealed the presence of a female bias. This bias was, however, not supported by the results
from the seven biopsy samples (but see above). Consequently, due to these potentially
inconclusive results, the presence of a female-dominated structure remains unsure.
Nevertheless, the presence of a female-dominated structure seems to be supported by 2
lines of evidence provided by the photo-ID results of current study, as well as by the marked
difference between the majority male samples for the east coast of Scotland versus mainly
female samples in the SoB samples (Islas-Valentina, 2009).
In any case, together, the results of the current study, and genetic results obtained by
Islas-Valentina (2009) suggest that the Barra dolphins appear to belong to a single matriline
where animals are strongly genetically related to each other, and that these dolphins may
maintain a community predominantly formed by related females and their offspring,
together with the presence of relatively few males.
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At present, there are only three descriptions of female biased groups/communities. The
first comes from a resident group of six individuals who were sighted in the Arcachon lagoon
off the French coast between 1989 and the early 2000’s (Ferrey et al., 1993 & 1998; Evans et
al., 2009). This highly isolated group was composed of one reproductive female with her
female calf, two other adult females, a sub-adult female and one adult of undetermined
gender. It was hypothesised this group might have been a remnant of the declining
populations along the French coast, where it may have become isolated due to both
historical and geographical factors (Ferrey et al., 1998). The second is reported in Perrin &
Reilly (1984), who reviewed gender ratios for bottlenose dolphins of data obtained from
drive fisheries and live captures. The only referenced study reporting to have twice as many
females than males was by Townsend (1914). However, since temporary gender segregation
is a commonly reported feature among bottlenose dolphins, estimates based on catch data
are considered to represent an inaccurate presentation of the situation for the entire
population (Perrin & Reilly, 1984). Finally, Fruet et al. (2015) reported an observed 2:1 adult
female-to-male ratio for the bottlenose dolphin community inhabiting the Patos Lagoon
Estuary (Brazil). These authors suggested this might be explained by the higher survival rates
for adult females compared to adult males as obtained by mark-recapture analyses of photoID data collected between 2005-2012. However, this observed female bias might not be
representative for the total population as demonstrated by Wells et al. (1987). These
authors also found the adult section of the Sarasota community to be skewed towards
females, but reported the sub-adult section to be male-biased. The majority of studies, on
the other hand, report an approximate equal number of males and females or a (slight)
positive male bias (Perrin & Reilly, 1984; Hersh et al., 1990; Scott et al., 1990a; Currey &
Rowe, 2008; Mann & Sargeant, 2003; Islas-Villanueva, 2009; Tezanos-Pinto, 2009; Fruet et
al., 2010; Quérouil et al., 2010; Möller, 2012 and references therein). Nevertheless, gender
segregation, gender-biased dispersal patterns, or age, gender and reproductive state related
behaviour in reaction to sampling may have influenced these results as they may affect
which individuals are more vulnerable to be by-caught and subsequently strand, to be
biopsied or to be photographed (Fruet et al., 2010; Quérouil et al., 2010).
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Community composition
In contrast to many other studies, in particular those conducted in areas where
bottlenose dolphins show a large variety in residency patterns (e.g. along the U.S. east coast
and Gulf of Mexico (Urian et al., 1999; Rosel et al., 2011), the presence of a small community
coupled with intense directed photo-ID effort, resulted in a detailed insight into the
complete sighting histories of all living individuals contributing to this community since 2006.
Results indicated that since 2006, a total of 18 individuals were part of the Barra community,
although the assemblage of individuals being part of the community at any one year
changed due to births of new calves and disappearances of animals (death or emigration).
With the substantial number of pictures available for individual recognition, it can be argued
that (potentially with the exception of ID 5060 in 2013 - see below), all individuals not
identified in certain years were likely to be absent from the community.
Of the 13 individuals present in 2006, three were calves (IDs 5007, 5014 and 5016) and
five were considered adults either due to their established presence since 1995 (IDs 5002,
5003, 5004 and 5008) and/or because they were sighted with calves (IDs 5003, 5008 and
5009). For the remaining five dolphins, their age class could not be determined with
confidence. However, since they showed relatively little natural marking, but did not show
the suckling behaviour of dependent infants, it is assumed these were either juveniles or
young adults.
In 2013, all except the two 2011 calves, were sighted during six or more years. Although
age at sexual maturity varies by region, male bottlenose dolphins generally become
reproductive at ages between 8-14 years old, whereas females become sexually mature
aged 5-15 (Wells et al., 1987; Wells & Scott, 1999 & 2009; Mann et al., 2000). This suggests
that most of the individuals of this community will be able to reproduce in the next couple of
years. Considering the few animals contributing to this community, the increased presence
of sexually mature animals, when reproducing successfully, is important for the continued
presence of this community.
Non-calf survival
Of the 13 dolphins with sighting histories spanning five or more years, and hence survived
their first years as calves, only one adult of unknown gender (ID 5006) was not
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photographically captured during the last three years in succession, and is likely to have
either died or emigrated. Further investigation into the stranding data from the Scottish
Marine Animal Stranding Scheme (SMASS, 2014), revealed a reported bottlenose dolphin
stranding on South Uist in September 2010. Unfortunately, the SMASS database did not
contain any pictures of this stranding, and consequently it could not be determined whether
this stranding was dolphin 5006. Furthermore, two additional carcasses were found on
South Uist early 2011 ahead of the 2011 fieldwork. The pictures of these stranded animals
did not match the missing adult. Although dolphin 5006 has not been identified in the Inner
Hebrides in these later years, the potential of dispersal cannot be ruled out.
Likewise, a female juvenile born in 2008 (ID 5060) was not photographed in 2013, and her
continued presence within the community is uncertain. It is possible that this dolphin was
present, but was not captured in the photographs (as there were also few pictures of one
other particular dolphin), or she may not have been identifiable in the pictures taken.
However, considering the large amount of pictures taken, including a large proportion of
high quality pictures, in combination with the presence of various distinctive features usable
for identification in the previous year and the absence of unidentified dolphins in the
pictures, this is considered unlikely. Alternatively, the individual may not have been present
on the days the photo-identification surveys took place, for the animal may either have been
elsewhere, or dead. None of the Scottish bottlenose dolphin stranding reports for the Outer
Hebrides matched the timeframe when this juvenile went missing, nor was this dolphin
identified in the 2013 or 2014 pictures taken elsewhere on the west coast. Continued photoID effort will provide more information regarding the continued presence, or absence, of this
animal within the Barra community.
Finally, the SMASS database also held a record of the presence of a reported stranded
bottlenose dolphin in November 2013 on South Uist, after the last field season was finished.
Effort was made to check whether pictures of this stranded animal could be matched with
pictures of the individuals of the Barra community taken during previous summer. No match
could be confirmed.
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Table 6.6. Overview of demographic information for other bottlenose dolphin populations. * Based on strandings data (in contrast to photo-ID data).
Species

Calving rate
(in %)
4.6-6.0

Calving interval
(in years)
5.2 (mean)

First year calf survival
(in %)

T. truncatus

5.6 (mean 19951997); 13.8
(1999)

3 (mean; range 2-5)

T. truncatus

6.3

T. truncatus
T. truncatus
T. truncatus
T. truncatus
T. truncatus

4.9
5.5
9.7
10.0 (mean)
9 (mean; range
6-11)

4.3 (mean; range
2.2-6.8)

80 (1994-1999)
86 (1994-2001)
38 (2002-2008)
67 (1995-2011)
48-64

T. truncatus

T. truncatus

3-6

T. truncatus

Tursiops sp.

4.1 (median; range
3.0-6.2)

T. aduncus

7.1 (mean)

T. aduncus

6.4 (mean)

T. aduncus

Population

Study

Moray Firth, Scotland

40

Doubtful Sound, New Zealand

Sanders-Reed et al., 1999;
Wilson et al., 1999a
Haase & Schneider, 2001;
Currey et al., 2009b;
Henderson et al., 2014

Bay of Island, New Zealand
Kvarnerić, Northern Adriatic Sea
Sarasota Bay, Florida
Tampa Bay, Florida
Virginia Beach, Virginia
Patos Lagoon Estuary, Brazil

81

3 (mean)
2-3; 3.5 (mean;
range 2-5)

T. truncatus

Calf survival to
age three (in %)
62

3.4 (mean; range
1-6)
3.8

Bahía San Antonia, Argentina
75
89
84 (overall) *
87 (females) *
82 (males) *
71-72 (overall)
44 (calves of provisioned females)
76 (calves of non-provisioned
females)
87
70

3
242

63

56

Charleston Estuary, South
Carolina
Indian/Banana River System,
Florida

Tezanos-Pinto, 2009; TezanosPinto et al., 2015
Bearzi et al., 1997
Wells & Scott, 1990
Weigle, 1990
Barco et al., 1999
Fruet et al., 2015
Vermeulen & Cammareri, 2009a;
Vermeulen & Bräger, 2015
Speakman et al., 2010
Hersch et al., 1990; Stolen &
Barlow, 2003

Shark Bay, Australia

Mann et al., 2000; Krzyszczyk,
2013

Japan

Kogi et al., 2004

Port River Estuary, South
Australia
Natal, South Africa

Steiner & Bossley, 2008
Cockcroft & Ross, 1990b
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Calving rate
During this study, a total of eight calves were known to be born in the Barra community:
two in 2005, one in 2006, two in 2007, one in 2008 and two in 2010. The average minimum
crude population birth rate for the period 2006-2013 for the SoB community was therefore
5.3%. This mean crude birth rate falls in the range of calving rates reported for other
populations, independent of latitudinal location of the population under study (Table 6.6).
In most years, dedicated surveys (contributing to the majority of data used in this study)
were undertaken during one fieldwork period only, mainly in June or July. Therefore, it
should be noted that calving rates represent conservative rates as additional births could
have been missed if other calves were born after the field season in the previous year and
subsequently have died before the next summer’s field season. Photographs obtained from
opportunistic sightings did not reveal the presence of additional calves beyond those also
identified from the dedicated surveys, although it must be stressed that opportunistic data
were very limited and generally of poorer quality.
Maternity and paternity
Of the known eight calves born since 2006, the mothers were identified for seven
individuals. These seven calves were the offspring of only three females (IDs 5003, 5008 and
5009). However, in 2013, at the end of this study, the community contained an additional
three females present since 2006 (IDs 5005, 5013 and 5014; all three older than dependant
calves at the time), and one female first sighted in the Inner Hebrides in 2004 (ID 5001). In
addition, another individual of unknown gender was present since 2006 (ID 5002). As
females are reported to become sexually mature between 5-15 years old (Wells et al., 1987;
Wells & Scott, 1999 & 2009; Mann et al., 2000), it is possible these four, or perhaps even
five, females may start to reproduce in the next couple of years.
At present, it is not known whether the calves were sired by any of the males from within
this community, or by dolphins from elsewhere such as the adjacent Inner Hebridean
community, the highly mobile Irish coastal population (O’Brien et al., 2009; Robinson et al.,
2012), from offshore groups (Hammond, 2006; CODA, 2009), or from Cardigan Bay (Wales)
some of which have been reported to travel northwards in winter at least to near the Isle of
Man (Veneruso & Evans, 2012; Veneruso et al., 2012).
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As discussed in Chapter II, there are various reasons for animals to disperse from their
natal group or site, including avoiding inbreeding (Greenwood, 1980; Dobson, 1982; Dobson
& Jones, 1985). Bottlenose dolphins show great variation in their dispersal patterns, and
using photo-ID and genetic approaches, studies have revealed bisexual philopatry (Cândido
& dos Santos, 2005; Natoli et al., 2005; Quérouil et al., 2007; Silva et al., 2008; McHugh et
al., 2011; Tsai & Mann, 2013), greater dispersal in males than in females (Krützen et al., 2004
Möller & Beherengaray, 2004), and female mediated gene flow (Parsons et al., 2006;
Caballero et al., 2012; Gaspari et al., 2015). This suggests that, despite natal philopatry of
both males and females being generally reported (Connor et al., 2000a; Reeves & Read,
2003; Wells, 2003) there is a potential for the presence of intra-specific differences in
gender-biased dispersal (Quérouil et al., 2007). Taking into account this variability between
populations, the strong genetic relations between the Barra individuals, and the presence of
a high female percentage, it is conceivable that males from this apparently isolated
community leave their natal site and group in order to avoid inbreeding. The presence of
male dispersal is, at present, not supported by the data, as two of the three disappearing
dolphins were female and the third of unknown gender (both young-of-year calves
excluded). Also, these disappearances might not have been emigrations, but may
alternatively have been caused by death. Additionally, the only dolphin from the Barra
community to have been photographed away from the SoB was a female (ID 5001).
However, if the Barra group is reproductively isolated, resulting in males from within the
community fathering the calves, this would raise concerns not only for the sustainable
conservation of a genetically distinct group, but also with regards to potential consequences
of inbreeding. As such, a complete genetic profile of all present individuals, including gender
determination, genetic relatedness both within and between communities and paternity
tests would be very useful future research.
Calving interval
Only three females gave birth to seven of the eight known calves born into this
community. Dolphin 5003 was accompanied by a dependent calf in 2006 (ID 5014, believed
to be born in 2005), and five years later she was sighted with a new calf (ID 5061, believed to
be born in 2010). Female 5008 was associated with a calf in 2006 (ID 5007, believed to be
born in 2005), and was encountered again with a different calf (ID 5060, believed to be born
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in 2007) two years later in 2008. The last mother (ID 5009) was sighted with three different
calves. In 2006, she was with a young-of-year (ID 5016), in 2008 with an older calf
considered to be born in 2007 (ID 5059), and in 2011 she was again accompanied by an older
calf assumed to be born in 2010 (ID 5062), resulting in inter-birth intervals of one and three
years respectively between these calves. The identity of the female that gave birth to the
eighth calf is unknown as the neonatal individual was never sighted alive. However, since the
calf was collected for post-mortem, samples are available for potential future analysis. These
calving intervals are in agreement with reported inter-birth intervals elsewhere (Table 6.6).
The shortest calving interval was observed for female 5009, who gave birth to a new calf
only one year after her previous calf was born (first calf born early 2006 and the second late
2007). The absence of the previous calf in the following year, in combination with the short
time until the birth of a new calf, suggests the first calf may have died. Similar short intervals
have been reported for females losing neonates (e.g. Bearzi et al., 1997; Haase & Schneider,
2001; Kogi et al., 2004; Steiner & Bossley, 2008; Fruet et al., 2015).
Calving seasonality
Data included in this study were collected during a limited number of encounters in the
summer, and consequently precise timing of calf births are unknown. Based on size and
behaviour of calves when first encountered it could be determined whether these were
young-of-year (n=2; born in the calendar year of the data collection), or ‘older calves’
believed to be born within a few months after the field season of previous calendar year
(n=6). The 2006 young-of-year was first sighted during a survey on the 4th August, and
although pictures of the mother were obtained from members of the public from earlier in
the year, these did not confirm the presence of a calf. The stranded 2008 young-of-year was
found on the 5th July. Both older calves encountered in 2008, were born after the last survey
on the 10th August 2007. Likewise, the older calves photographed in 2011 were born after
the last survey on the 6th August 2010.
Although bottlenose dolphins are capable of giving birth throughout the year, it is
generally believed that bottlenose dolphins are seasonally polyestrous (Robeck et al., 1994 &
2001). Typically, births in low latitude areas may, despite frequently reported uni-modal or
bi-modal peaks in calving rates, occur year-round (Wells et al., 1987; Cockcroft & Ross,
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1990b; Urian et al., 1996; McFee et al., 2006 & 2014). Calving in more temperate regions
closer to the extreme limits of the species’ distribution, on the other hand, are reported to
be more seasonal (Wilson, 1995; Haase & Schneider, 2001; Henderson et al., 2014). In the
Moray Firth, births occur between June and November, with a peak in August and
September (Wilson, 1995). Located at a comparable latitude, it is reasonable to assume a
similar calving period occurs on the west coast, however the SoB data are insufficient to
conclude this postulation is supported by the findings of current study.
Bottlenose dolphin calving seasonality is generally considered to be directly and/or
indirectly influenced by various factors; in particular increased water temperatures (Wells et
al., 1987; Wilson, 1995; Urian et al., 1996; Bearzi et al., 1997; Haase & Schneider, 2001),
increased resource availability (Urian et al., 1996; Mann et al., 2000), and the presence of
predators (Urian et al., 1996; Mann et al., 2000; Fearnbach et al., 2012b). Coinciding calf
birth with timings of higher water temperatures is considered thermally more efficient for
both mother and calf (Mann et al., 2000). Calves born in warmer periods are less likely to
suffer from increased thermal stress or energy expenditure. As nursing females also
experience these higher temperatures, a smaller proportion of energy is required to be
invested into thermoregulation to maintain appropriate body temperatures. Consequently,
more energy may be allocated towards milk production. Bottlenose dolphins in Scottish
waters are located at the northern limit of the species’ coastal range, being the most
northerly coastal year-round resident populations (Wilson et al., 1997a). On the west coast
of Scotland, water temperatures fluctuate seasonally. Year-round residency exposes west
coast dolphins to average monthly sea surface temperatures of 7-14°C; temperatures are
lowest in March, and continue to increase during the summer months till they reach a
maximum in August, July till October being the four warmest months (Marine Scotland
Science, 2013).
Additionally, timing of birth should theoretically reflect optimal conditions including
optimal levels of food resources. As the nutrient requirements of females are highest during
late gestation and early lactation (Urian et al., 1996; Whitehead & Mann, 2000; Kastelein et
al., 2002), it is beneficial to give birth during those periods with increased food availability.
Little is known about the diet of Scottish bottlenose dolphins, but local (off the Outer
Hebrides) fishing season for various bottlenose dolphin prey species (Santos et al., 2001;
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Rogan & Hernandez-Milian, 2010; Hernandez-Milian & Rogan, 2011; Hernandez-Milian et al.,
2011 & 2012) continues from summer till winter (typically June-February, with some interspecies variability) (Barratlantic Ltd; http://www.barratlantic.co.uk/species). With increased
prey availability and predictability, foraging by females could be more energetically efficient,
which consequently may lead to a higher amount of maternal resources going into milk
production.
Calf survival
Of the eight known calves born between 2006 and 2013, two died within their first year
(ID 5016 and stranded young-of-year M142/08), representing a minimum first year mortality
of 25%. One of these (ID 5016) had a minor tailstock deformation considered insufficiently
severe to affect survival. The SMASS strandings database did not include a report of a youngof-year which could be linked to this disappeared calf, and cause of death is hence
undetermined. Since the female that gave birth to this calf gave birth the following year, it
can be assumed the calf was really deceased. Post-mortem research was conducted on the
stranded newborn (Figure 6.3), which revealed the animal died due to maternal
separation/starvation (SMASS, 2014). The remaining six identified dolphins all survived into
their third years. Since dolphin 5061 and 5062 were only considered to be three years of age
in 2013, insufficient data was available to assess survival for these two dolphins from three
year old calves into the juvenile stage. Calf 5007 was assumed to have died aged three;
although the strandings database contained a record of a stranding on South Uist in
February 2009, no post mortem was conducted and no pictures were available to determine
whether this dolphin was 5007.
The maximum first year survival rate of 75% obtained for the Barra community relates
well to rates published for other communities and populations globally (Table 6.6). As none
of the calves died during their second or third year, calf survival to age three remained 75%,
which is higher than reported for other areas (Table 6.6). In the Indian River Lagoon
(Florida), 56% of calves survived to the age of four (Stolen & Barlow, 2003), which is in line
with the 50% survival rate till age four for calves in the SoB based on the survival of three of
the six calves for which survival till this age was possible. As survival till the age of four could
not be confirmed for both calves born in 2011, the survival rate till this age may change
when additional data on the presence of these calves becomes available.
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6.4.4. Methodology
Photo-ID is a useful non-intrusive research tool to obtain a multitude of information on
cetaceans from individual to population level, including insights into patterns of presence,
residency, site-fidelity, movement, social structure, behaviour and habitat usage, as well as
abundance estimates, and population and life history parameters (Hammond et al., 1990
and references therein). As described in the methodology section, compared to many other
recent bottlenose dolphin photo-ID studies, particularly those conducting mark-recapture
populations estimation, a different approach was used in current study. As a photographic
census, in contrast to a mark-recapture abundance estimate was the aim here, identification
in this study was not only restricted to dorsal fin shape and other long-term identification
features (i.e. presence of nicks and scars on the dorsal fin), but matching was also aided by
combinations of alternative identifiable features located anywhere on the body.
Furthermore, in contrast to many other studies which generally only incorporate high quality
data (e.g. Wilson et al., 1999a; Rosel et al., 2011; Silva et al., 2012; Cribb et al., 2013; Urian
et al., 2015). Due to the low number of animals in this community, of which a substantial
proportion have highly distinctive markings, lower quality pictures were occasionally used to
confirm the presence of a particular individual in a certain year (see review by Urian et al.,
2015). During the collection of the dorsal fin photo-ID pictures, supplementary emphasis was
directed to acquiring full body pictures to gain information on body scars and pigmentation
patterns across the body, as recommended by Lockyer & Morris (1990). Regularly, dolphins
were bow riding the survey vessel, which facilitated taking pictures from a top perspective
(both above and below the surface) and from behind, both of which in turn aided the
confirmation of right and left side matches, as both sides of the dolphins were captured
within one frame. These pictures were also very useful for the identification of dolphins
captured in photographs from opportunistic encounters by members of the public, since
these were regularly taken from above or behind when dolphins were bow-riding yachts and
motor vessels.
With the exception of 2006 and 2007, dedicated surveys were undertaken once a year
only, which occasionally meant that there were substantial changes in appearances of
dolphins between years, in particular for the younger animals. In these cases, the
methodological approach proved highly beneficial, since matching would not have been
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possible based on traditional long-term features only. The small number of individuals
present in this community, in combination with the high number of available high-quality
pictures made the current used approach possible. For research on populations with
substantially more individuals, including full body comparisons would prove overly time
consuming. Nevertheless, this method could be used in combination with the more
conventional methods, to confirm disputable matches initially made using dorsal fin
characteristics.
In addition to the dedicated surveys, effort was directed into obtaining sighting pictures
from members of the public. In general, these were of much lower quality and quantity
compared to those obtained from the dedicated photo-ID surveys. Nevertheless, these
opportunistically obtained photographs contributed to the knowledge on this community in
various ways. Firstly, all of the individuals identified from encounters by members of the
public were also identified during the dedicated surveys, indicating that it is unlikely
individuals were missed during the dedicated surveys. Secondly, they contributed to the
sighting histories of animals, increasing the data available on the temporal presence of
individuals throughout the season. Thirdly, having access to additional photographs (taken
on other dates than the dedicated surveys), aided in tracking the identifiable features
through time. Since dedicated survey were generally a year apart, having additional, albeit
limited, pictures of these animals was helpful on a few occasions.
The financial, and logistical resources required to conduct multi-seasonal or year-round
photographic monitoring are substantial. This study demonstrated that it is possible to
successfully conduct annual censuses, to assess long-term summer site-fidelity and obtain
demographic information of the Barra community based on limited effort (usually only few
suitable-weather survey days within a roughly two fieldwork period; one fieldwork session a
year), making this approach an efficient and cost-effective way to continue monitoring this
community. Obviously, the fact that the bottlenose dolphin community in the SoB is
extremely small, contributed to this success. As it would be highly challenging to
continuously monitor this community, it is possible that the presence of other dolphins,
occasionally visiting the area, were missed using the current approach. Nevertheless, future
photo-ID data collected in a similar manner will permit the continued investigation into
various ecological aspects of this community.
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Frequently, demographic population information is obtained based on mark-recapture
analyses/modelling (Lebreton et al., 1992; Currey et al., 2009b & 2011b; Silva et al., 2009;
Speakman et al., 2010; Fearnbach et al., 2012a; Mansur et al., 2012; Nicholson et al., 2012;
Daura-Jorge et al., 2013; Tezanos-Pinto et al., 2013 & 2015; Pusineri et al., 2014; Fruet et al.,
2015; Vermeulen & Bräger, 2015). However, using these methods regularly creates
uncertainties due to violation of various assumptions of traditional approaches (Lebreton et
al., 1992; Fearnbach et al., 2012a; Krzyszczyk, 2013). For example, movements of individuals
often range beyond the relatively small study areas, resulting in differentiation in individual
site-fidelity as dolphins vary in ranging patterns and degree of temporal presence, and hence
vary in capture heterogeneity (Fearnbach et al., 2012a). Alternatively, in some circumstances
(particularly if populations are small and a high proportion of animals contain clear
identifiable features for individual identification), demographic inferences can directly be
obtained through long-term studies incorporating complete annual censuses (e.g. Wells &
Scott, 1990; Ford et al., 2010; Fruet et al., 2011). The ability to obtain full multi-year sighting
histories of all the 18 individuals present between 2006 and 2013 allowed for the annual
assessment of births into, and disappearances from, this seemingly very localised community
based on annual photographic censuses.
Whereas the relatively long time series on the presence of Barra individuals currently
available (1995-2013), coupled with an annual interval of data (2006-2013), enabled an
increased understanding of this community beyond the knowledge obtained during the SG
bottlenose dolphin project (2006-2007; Thompson et al., 2011), the continuation of
dedicated effort in collecting annual photo-ID data to add to the current time series is crucial
in our understanding and monitoring of this apparent isolated community and its viability. As
it appeared that the majority of calves were born after the dedicated photo-ID surveys midsummer, it may be beneficial to collect these data later in the year, so that both young-ofyear calves as well as those calves born nearer the end of the calving season could be
identified.

6.5. CONCLUSIONS
In the present study, eight years (2006-2013) of photo-ID pictures of bottlenose dolphins
inhabiting the SoB and surrounding waters were examined to investigate long-term site250
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fidelity and community biological parameters. Specifically, photographs were analysed to
determine the identity and gender of the dolphins photographically captured in order to 1)
conduct an annual photographic census of the bottlenose dolphins present in the SoB, 2)
assess their continued long-term site-fidelity, and 3) obtain demographic and life history
information including gender, survival, calving rate, calving interval and calf survival.
The results confirmed that individuals of this community showed long-term summer sitefidelity to the SoB area, with continued annual summer presence of individuals since 2006.
Of the total of 18 individuals identified as part of the Barra community over the course of
this study, four dolphins were first encountered in 1995, and therefore showed a long-term
site-fidelity of almost two decades. Since 2006, the size of the Barra community has
remained relatively stable, consisting of 15 or less animals. However, the composition of this
community changed with some dolphins disappearing, while new calves were born into the
group. Non-calf survival was high with most individuals sighted in 2006 still present in 2013.
Through linking photo-ID data with genetic information on the individuals from the Barra
community, it was established that at least one individual had temporally left the natal
group in the past. It is not known whether any social interactions occurred with dolphins
from other communities during the period of absence from the SoB, but in each of the
encounters of this female outside the Sound, she was sighted as a singleton.
Interestingly, it appears this community may be dominated by females, a result which
cannot be attributed to dispersal by males or higher male mortality. The genetic results
obtained by Islas-Villanueva (2009) revealing strong genetic relations between the Barra
individuals, in combination with the results obtained in the current study, suggests that the
Barra dolphins may maintain a community predominantly formed by related females and
their offspring, together with the presence of only few males.
Eight known calves were born between 2006 and 2013. A rough indication of the timing
of birth was available for six of these calves. The two young-of-year calves were born before
the 5th July and 4th August, and the other four calves were born after the 6th August.
Obtained demographic and life history results (calving rate, calf survival and inter-birth
intervals), although limited in sample size, are in agreement with previously reported values

251

Chapter VI - Long-term site-fidelity and biological parameters of the Sound of Barra community

for this species inhabiting coastal areas. Nevertheless, only half of the calves did not survive
till the juvenile stage at the age of four.
Furthermore, the approach used in the current study, proved effective in monitoring this
small community. Despite that typically only one dedicated photo-ID expedition was
undertaken per year (consisting of few fieldwork days only), it was possible to follow the
present dolphins over a timeframe of over eight years. This was possible, in particular, due
to the small community size resulting in few dolphins to match between, due to the fact that
most individuals were clearly marked and addition identification features were incorporated
to make these matches.
The Barra community has been present locally for at least two decades despite the small
number of individuals contributing to the community during this period. As described in
Chapter I, small isolated groups of bottlenose dolphins with high site-fidelity do exist within
Europe. However, only very few are as small as this community, and several (small) groups
have disappeared in the past. Although it is possible this community represents an
embryonic group with potential to grow, it is also plausible this community represents a
remnant of a previously larger group which has declined. In any case, given the stochastic
effects on small populations and potential Allee effects (see Chapter VIII), the current
presence of only few reproducing females, a 50% calf survival, in combination with their
geographic and social isolation (Thomson et al., 2011; Chapter VI), and their genetic isolation
(Islas-Villanueva, 2009) from other west coast bottlenose dolphins, the future viability and
existence of this community is of conservation concern.
Therefore, it is recommended to continue photo-ID effort on this small community to
monitor the size and composition of the community, individual presence, reproductive
success and (calf) survival. As effects on demographic parameters may affect local
population dynamics (Fruet et al., 2015), up-to-date insights into local population processes
can provide accurate robust scientific information to inform conservation effort, in case
management strategies are considered expedient. Due to the general limited power to
detect declining trends in population abundances, it can be difficult to accurately monitor
population sizes (Taylor & Gerrodette, 1993; Wilson et al., 1999a; Taylor et al., 2007). In
contrast, because of its very small size, estimates of the SoB community can relatively easily
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be obtained from annual summer censuses, thereby offering a unique opportunity to
monitor the future status of this community. Finally, increased effort into analyses of
dolphin strandings, and genetics in relation to Inner Hebridean, offshore, Irish and Welsh
populations would be very beneficial to establish inter-community/population connectivity
and to substantially increase our knowledge on the ecology of this community.
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“Our knowledge is a little island in a great ocean of
nonknowledge.”

Isaac Bashevis Singer

From: Isaac Bashevis Singer’s Universe
(New York Times Magazine 3 December 1978: 38-40)

© B. Wilson / SAMS

254

CHAPTER VII
TEMPORAL PRESENCE OF BOTTLENOSE DOLPHINS
IN THE SOUND OF BARRA
7.1. INTRODUCTION
Across European waters, coastal bottlenose dolphin populations have become
increasingly fragmented (see Chapter I), various localised populations have disappeared (e.g.
dos Santos & Almada, 2004; Nichols et al., 2007), and consequently, the species is listed on
Annex II of the Habitats Directive (Directive 92/43/CEE). This European legislation obligates
Member States to monitor the conservation status of species of community interest,
including bottlenose dolphins in UK waters (EC, 1992).
The presence of bottlenose dolphins on the west coast of Scotland has historically been
reported to be widespread (Shrimpton & Parsons, 2000a), and in some areas locally
predictable in relation to the herring distribution (Watt, 1901 & 1911) (herring stocks
collapsed in the 1970s, Thurstan & Roberts, 2010). However, despite this, relatively little is
known about the west coast bottlenose dolphin population, including a community of less
than 15 dolphins living in and around the Sound of Barra in the Outer Hebrides (Chapter VI).
Photo-ID research on this community highlighted the long-term presence of dolphins in
the Sound, and the repeated annual summer presence of several dolphins suggested a longterm site-fidelity to this area. Several dolphins, initially photographically captured in 1995
and 1998, were still present in 2007 (Grellier & Wilson, 2003; Thompson et al., 2011; Cheney
et al., 2013) and most dolphins identified in 2006/2007 were still present in 2013 (Chapter
VI). Whereas these results indicate an established presence during the summer months, to
date no study has been conducted on their year-round occurrence, temporal and spatial
distribution, ranging patterns or behaviour. Consequently very little information exists on
the key habitat drivers influencing the local presence of this community.
The relationships between environmental conditions and the spatial and temporal
distribution of cetacean populations are complex (Evans, 1987), and studies have used
different analytical methods to investigate these relationships (e.g. Guisan & Zimmermann,
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2000; Redfern et al., 2006). In general, prey availability, distribution and abundance are
considered primary factors influencing cetacean distributions (Evans, 1987; Friedlaender et
al., 2006), including bottlenose dolphin presence and abundance (Wells et al., 1980; Scott et
al., 1990a; Shane, 1990a & 2004; Shane et al., 1986). However, due to the difficulty of
obtaining prey information, particularly at appropriate temporal and spatial scales, relatively
few studies have directly integrated prey data in assessing bottlenose dolphin presence or
habitat use (but see Barco et al., 1999; Acevedo-Gutiérrez & Parker, 2000; Allen et al., 2001;
Heithaus & Dill, 2002; Torres et al., 2008; McCluskey et al., 2011). Apart from prey
availability, cetacean presence and distributions are influenced by other factors including
predation risk, competition, reproductive needs and behavioural state (see Chapters I & II).
Many of the factors affecting cetacean presence are challenging to measure directly, and
consequently studies have frequently used other, easier to obtain, indirect environmental
information to serve as proxies for drivers such as prey availability, oceanic processes and
other direct factors (Redfern et al., 2006; Torres et al., 2008). This has resulted in reported
relationships between cetacean spatio-temporal presence and a wide range of proxies
including sea floor substrate (Embling et al., 2010; Goetz et al., 2012), oceanographic
conditions (sea surface temperature, currents, fronts, eddies, thermoclines, salinity, oxygen
saturation, stratification) (Davis et al., 2002; Griffin & Griffin, 2003; Littaye et al., 2004;
Johnston et al., 2005b; Tynan et al., 2005; Ballance et al., 2006; Ferguson et al., 2006; Bearzi
et al., 2008c; Scott et al., 2010; Gilles et al., 2011), bathymetry (seabed depth, slope
gradient, seamounts) (Baumgartner, 1997; Hooker et al., 1999; Cañadas et al., 2002 & 2005;
Yen et al., 2004; Panigada et al., 2008), biological variables (chlorophyll a, primary
production) (Davis et al., 2002; Griffin & Griffin, 2003; Littaye et al., 2004; Ferguson et al.,
2006; Scott et al., 2010), lunar patterns (tides, lunar phase) (Philpott et al., 2007; Benoit-Bird
et al., 2009; Embling et al., 2010; Doniol-Valcroze et al., 2012; Jones et al., 2014) and other
temporal variables (diurnal, diel, monthly, seasonal and yearly cycles) (Hooker et al., 1999;
Hastie et al., 2005; Soldevilla et al., 2010a; Booth et al., 2013).
Ecological patterns operate in a complex way; environmental variability may occur interannually (diel, seasonal), and intra-annually (as a consequence of long-term trends or cyclical
multi-annual patterns). For a given area, local variation in cetacean presence may result
from the interplay between these temporal cycles (Griffin & Griffin, 2004). Whereas several
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of the above-mentioned spatial proxies represent static conditions which will not change
over time (e.g. bottom substrate), others fluctuate temporally or follow predictable cyclic
patterns, and hence these dynamic variables may be linked to temporal variability in
cetacean occurrence (Bearzi et al., 2008c; Salvadeo et al., 2009; de Boer et al., 2014).
Presence and local abundance of coastal bottlenose dolphin (Tursiops sp.) populations
have been related to a wide range of environmental factors including water temperature
(Kenney, 1990; Wells et al., 1990; Barco et al., 1999; Bristow, 2004; Elliott et al., 2011),
bathymetry (Wilson et al., 1997a; Ingram & Rogan, 2002; Blasi & Boitani, 2012), water depth
(Baumgartner et al., 2001; Davis et al., 2002; Hastie et al., 2003a; Torres et al., 2005),
distance from shore (Torres et al., 2005; Fazioli et al., 2006), salinity (Torres et al., 2008;
Miller & Baltz, 2010), turbidity, pH and dissolved oxygen (Fury & Harrison, 2011), tides
(Shane, 1990a; Gregory & Rowden, 2001; Mendes et al., 2002), oceanographic features
(Mendes et al., 2002; Bailey & Thompson, 2010), diel cycles (Bailey et al., 2013; O’Brien et
al., 2013), habitat (Grigg & Markowitz, 1997; Vázquez Castán et al., 2007; Torres et al., 2008)
and chlorophyll concentration (Vázquez Castán et al., 2007). Yet, the role and importance of
these factors are difficult to quantify, and may vary locally.
Similarities have been revealed across studies, such as the preference to coastal areas
with relatively shallow water depth, and (foraging) association to locations with particular
topographic and oceanic features such as deep narrow channels associated with strong tidal
currents, fronts, estuarine complexes or other physical barriers which are believed to
increase prey densities through mechanisms such as concentration of nutrients, increased
primary production, and the aggregation of biomass due to convergence of water masses
(Shane et al., 1986; Berrow et al., 1996; Wilson et al., 1997a; Acevedo & Burkhart, 1998;
Cañadas et al., 2002; Davis et al., 2002; Mendes et al., 2002; Bailey & Thompson, 2010).
However, their relationships with other environmental conditions have varied widely, and
have regularly been contradictory. Relationships may vary seasonally (Bearzi et al., 2008c;
Pitchford et al., 2016), and among populations (Fury & Harrison, 2011; Blasi & Boitani, 2012);
whereas similar relationships to certain environmental variables may be reported between
locations, relationships with these variables may appear non-significant in other areas, or
reveal opposite patterns. For example, various studies investigated bottlenose dolphin
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presence in relation to tidal and diurnal/diel patterns. However, results obtained by these
studies are disparate and indicate the absence of a generalised pattern of (foraging)
behaviour, occurrence, or movements in relation to these temporal cycles (e.g. Hoese, 1971;
Irvine & Wells, 1972; Saayman et al., 1973; Würsig & Würsig, 1979; Shane, 1980 & 1990a&b;
Gruber, 1981; Irvine et al., 1981; Scott et al., 1990a; Acevedo, 1991; Acevedo & Würsig,
1991; Felix, 1994; Berrow et al., 1996; Harzen, 1998; Mendes et al., 2002; Philpott et al.,
2007; Fury, 2009; Fury & Harrison, 2011; Bailey et al., 2013; O’Brien et al., 2013).
Considering the wide-spread distribution of the species, it is not surprising that
relationships with environmental conditions vary between locations since local populations
adapt their behaviour to make optimal use of the local environment (Griffin & Griffin, 2004;
Steiner, 2012). Differences in local conditions (temperature, prey abundance and stability,
predator presence, water depth, salinity, present biotopes etc.) may vary considerably
between regions. Furthermore, the dynamic nature of cetacean habitats, where physical,
oceanographic and biological processes operate over a range of spatial and temporal scales
(Levin, 1992; Jaquet, 1996; Griffin & Griffin, 2004; Redfern et al., 2006), may contribute to
the observed differences. Different results may thus also partially be explained by the
temporal and spatial scales at which research is conducted. Therefore, despite reported
similarities for several environmental conditions between bottlenose dolphin populations
worldwide, extrapolation of results based on studies from a particular area to other localities
would be overly simplistic (Guisan & Zimmermann, 2000), highlighting the necessity for sitespecific research.
Relationships with environmental proxies not only describe spatial and temporal patterns
of animal presence, but are also commonly used to provide information on habitat usage
and preferences. These insights are key to the identification of the presence and locations of
hotspots and/or ‘critical habitats’, and fundamental for assessing the impacts of natural and
human-caused environmental changes. This, in turn may aid conservation and management
of cetaceans and their environments (Redfern et al., 2006; Miller & Baltz, 2010; Gregr et al.,
2013). As such, an understanding of the key drivers affecting the local bottlenose dolphin
presence may provide valuable to guide conservation efforts to ensure a favourable
conservation status of the species in Scottish waters is maintained (Anonymous, 2013).
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Passive acoustic monitoring (PAM) is widely used to investigate cetacean presence
(Chapters II & V). Automated detection and classification algorithms are generally applied
during acoustic processing, and detection results can be majorly influenced by their
performance (Gillespie et al., 2013; Lin et al., 2013; Roch et al., 2013). The choice of detector
and classifier can therefore heavily impact conclusions regarding the spatio-temporal
distributions and habitat associations of detected cetaceans. The C-POD, one of the available
PAM devices, makes use of proprietary algorithms to detect and classify odontocete
presence (Chelonia Ltd., 2012a&b). At present, two classifiers are available to analyse the
presence of bottlenose dolphin echolocation click trains in C-POD data: the traditional
KERNO (Kerno) and the GENERAL ENCOUNTER (Genenc) classifier. The Kerno classifier may
fail to classify a large fraction of dolphin trains as they resemble other noise sources. The
Genenc classifier was recently developed to reduce this level of false negatives (i.e.
echolocation click trains that were not classified as dolphins) (Chelonia Ltd., 2012a&b). No
comparison between both classifiers has been published to date, but results presented in
Chapter V showed that data analysed using these classifiers may lead to different results.
7.1.1. Aims of this study
The aim of the current study was to investigate the environmental drivers and their
temporal variability that underlie bottlenose dolphin presence in the Sound of Barra (SoB).
Using static passive acoustic C-POD monitoring, this study focused on four main topics:
• Do bottlenose dolphins in the SoB show year-round residency in the area and is there a
seasonal pattern in dolphin presence;
• Investigate bottlenose dolphin presence in relation to habitat by examination of the
fine-scale temporal presence of dolphins in the SoB with respect to environmental and
temporal variables;
• Investigate how dolphin occurrence, and their relationship with environmental
conditions, may be affected by differences in C-POD classifier (Kerno versus Genenc)
used during acoustic processing;
• Investigate the influence of dolphin presence and site specific behaviour on the
detection by C-PODs.
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7.2. METHODOLOGY
7.2.1. Data collection
Study area
The Outer Hebrides are an archipelago located 50-70km off the west mainland coast of
Scotland. The Sound of Barra (SoB) complex encompasses a mixture of islands, skerries,
extensive rocky reefs, sandbanks and shallow channels, and is located between the northern
shores of Barra and the south coast of South Uist at the southern end of the Outer Hebrides
(Figures 7.1 & 7.2; SNH, 2012 & 2014a). It is approximately 10km in length and broadly
characterised by shallow waters (typically less than 10m deep) with a steep drop at the
eastern end, and a more gradual slope at the western end (Figure 7.1). See also Chapter VI.

Depth
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Figure 7.1. Locations of C-POD deployments (red dots), and observation locations (vantage points, VP) for
land-based monitoring (green dots) in the Sound of Barra, off western Scotland. Bathymetry data provided by
the Maritime and Coastguard Agency © Crown copyright.

260

Figure 7.2. Main habitat types in the Sound of Barra within the proposed candidate Special Area of Conservation boundaries. Source: SNH, 2014b.
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The SoB has been proposed as a candidate Special Area of Conservation (cSAC) for the
presence of sandbanks, reefs and harbour seals (Phoca vitulina), and has been accepted by
the European Commission as a Site of Community Importance (SNH, 2012 & 2014a&b).
Within the proposed cSAC, 15 subtidal sandbank habitats and 19 reef biotopes were
identified (SNH, 2012), which support a high infaunal diversity (Bates et al., 2004; Harris et
al., 2007). Prevailing physical conditions in terms of exposure to wave action, tidal flow and
scouring by sediments vary considerably across the Sound, and the various habitats reflect
these local conditions. Generally, the area is highly exposed to wave action in the west, is
subject to tidal currents in the mid-channel, and is deeper and more sheltered in the east
and the south respectively (SNH, 2012). The area experiences semi-diurnal tides, with tidal
ranges of roughly 3.3m during springs and 1.5m at neaps (Harrald et al., 2010). The general
water flow is eastwards during the ebb tide, and in opposite direction during flood.
Acoustic monitoring
To collect data on the presence of bottlenose dolphins, C-PODs (Version 1; Chelonia Ltd.
UK) were deployed in the SoB. As described in Chapter V, C-PODs are autonomous data
loggers used to acoustically monitor odontocete presence through the detection of their
echolocation click trains. Sound signals detected by C-PODs are pre-processed from which
the device identifies and extracts signals resembling cetacean click trains, for which
detections it saves the timing and several other parameters rather than full acoustic files.
The pre-processing procedure reduces data volumes, which in turn enables long-term data
collection (Chelonia Ltd., 2013).
C-PODs were deployed at two locations: one C-POD was placed near Drover Rocks (DR:
57.06822°N, -7.39418°W), just north of the island of Fuideigh which lies off the north-east
coast of Barra; the second C-POD was laid near the skerries west of Orasaigh (OR:
57.12883°N, -7.41922°W), a tidal island on the south-west coast of South Uist (Figure 7.1).
Both locations were approximately 6-7m deep at low tide, and consisted of a sandy
substrate. These locations were chosen based on previous photo-ID effort in the area
indicating a presence of dolphins at these sites in summer. Additional anecdotal information
from local residents confirmed that bottlenose dolphins are frequently sighted at both these
locations.
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The mooring design consisted of a 25kg weight (clumped anchor chain) with a 3m ground
line of anchor chain and a 6kg CQR anchor. Additionally, a 15m surface line was attached to
the weight, onto which the C-POD was attached at a distance of 2m from the weight. The
other end of the vertical line was attached to a surface float and a 1.5m float line attached it
to a second float (Figure 7.3). When available, a second C-POD was attached to the vertical
line at a distance of 1.5m above the first C-POD. This design resulted in a maximal distance
of 3.5m between the hydrophone of the primary bottom C-POD and the seabed, and 5m for
the additional top C-POD.

Figure 7.3. Sound of Barra acoustic monitoring deployment design.

The C-PODs were programmed to record continuously (i.e. the tilt trigger was switched
off), and the maximum number of recorded clicks per minute was set to 4,096. Due to this
limitation on the maximum number of clicks per minute, during high ambient noise periods
(in particular at times with increased tidal transport or short-term boat presence), the buffer
frequently filled within the 60s-segments, and consequently sections of certain minutes
were not fully monitored. All minutes which were monitored for less than 90% were
excluded from further analyses (except for an assessment of general dolphin presence). No
changes were made to the default input filter settings.
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Initial deployments were planned to take place over the summer/autumn 2011. However,
with assistance of local fishermen, interim retrieval and deployments of C-PODs made it
possible to collect data over several seasons and multiple years. Due to differences in levels
of wave exposure, the two sites were monitored for different periods. At OR, adverse sea
conditions over the winter meant there was a high risk of equipment loss; it was therefore
decided not to monitor during winter at OR. Monitoring at DR was more continuous.
Environmental data
Environmental data were collected to be included as explanatory variables in order to
model local bottlenose dolphin presence (see below). Water temperature data were
collected by the individual C-PODs; using the C-POD software (see below), the Temperature
(in °C) was extracted for each monitored minute. Additional information for model
covariates was obtained from external sources. Predicted tidal height for nearby North Bay
on Barra was obtained from POLTIPS (Version 3.4.0.3/10; Proudman Oceanographic
Laboratory). The tidal data also served as the source from which the lunar cycles (springneap) were calculated (see below). Predicted sunrise/sunset data and astronomical twilight
data for Portree, Skye 2010-2013 were acquired from the HM Nautical Almanac Office, UK
Hydrographic Office (© Crown copyright).
Land-based presence and behavioural data
Preliminary exploration of data collected during summer 2011 indicated differences in
dolphin detection rates and durations between OR and DR. To investigate whether these
might be explained by differences in dolphin presence, by different detection probabilities
between the locations, or as a result of behaviourally mediated click rates, land-based
observations were made from two viewpoints overlooking the deployment sites in June
2012 (Figure 7.2). The intentions of these observations were fourfold; first, to monitor local
presence of dolphins at both locations in order to compare dolphin presence between these
locations. Second, to relate the presence/absence of acoustic detections to visually obtained
dolphin distances to the C-PODs to create site-specific detection functions, and to obtain
information regarding maximum detection distances. Third, to obtain information about the
proportion of dolphin groups present (visual observations) within the detection distance of
the C-PODs which were not acoustically detected. Fourth, as the behaviour of dolphins can
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vary over small spatial scales, observations were made to collect behavioural data
(behavioural budgets, surface display, group cohesion, surface interval) to assess whether
differences in detections between both locations could be explained by different site-specific
behaviour.
Permission was granted by Stòras Uibhist to conduct observations from Orasaigh
(57.12883°N, -7.41992°W) and by the Eolaigearraidh Community to monitor from Fuideigh
(57.06822°N, -7.39418°W) (Figure 7.2). Both vantage points were of a similar height; 35m
and 34m above mean sea level, as obtained from a handheld GPS (GARMIN eTrex H) for
Orasaigh and Fuideigh respectively. Visual observations were carried out for up to 8 hours
per day between 06:45 to 21:30 GMT, depending on weather, light and tidal conditions.
When possible, effort was directed to encompass various phases of the tide, as well as
different times of day. During the land-based monitoring, reciprocal scans for the presence
of dolphins were undertaken every 20 minutes by two observers using 7x50 binoculars
(Bynolyt Searanger II and Bynolyt Seabird) and by naked eye. Each 5-minute scan consisted
of a left-to-right and right-to-left scan with observers starting at opposite sides of the area.
During each scan, the following information was recorded: date, start and end time, dolphin
presence (Y/N), encounter number, group size, wind speed (Beaufort scale), wind direction,
sea state (Beaufort scale), and any additional notes such as the initial position of dolphins
and their travel direction, the number and types of vessels within approximately 1km of
dolphins, weather-related conditions and the section of research area affected by these (e.g.
glare, rain or particularly worse sea state compared to overall average).
When dolphins were sighted (either during a scan, or opportunistically in between scans),
the date, time and bearing relative to the C-POD deployment location were recorded.
Dolphin surface behaviour was filmed by one observer using a tripod-mounted Canon Legria
HF R38 camera with up to 32x optical zoom, recording in AVCHD format. The second
observer tracked the dolphin movements, and attempted to obtain a picture with associated
relative bearing for each (group) surfacing using a tripod-mounted Canon EOS D7 digital SLR
camera and angle board (calibrated against a reference point). During dolphin encounters,
subsequent scans were suspended until the focal group (or individual) were lost, out of sight
or considered too far away for acoustic detection (~2km), after which regular scans were
resumed. While tracking the focal group, both observers kept looking for the presence of
265

Chapter VII - Temporal bottlenose dolphin presence in the Sound of Barra

dolphins elsewhere, particularly for their presence closer to the deployed C-PODs. On
occasions when dolphins were sighted at multiple locations (or groups split), the dolphin(s)
closest to the C-POD deployment location were tracked.
7.2.2. Data processing
Acoustic data
Once C-PODs were recovered, the data were downloaded using the C-POD software (CPOD.exe; Chelonia Ltd., 2012a). Version 2.033 of the software was used to analyse the data
and to extract ‘High’ and ‘Moderate’ quality dolphin presence data inferred from clicks on a
minute resolution using both the traditional KERNO classifier (hereafter referred to as
Kerno), and the GENERAL ENCOUNTER classifier (referred to as Genenc). For those
deployments during which two C-PODs were deployed simultaneously at the same location,
data from the C-POD with the longest monitoring period were used. Using various acoustic
characteristics, including click frequency, duration of clicks and inter-click interval (ICIs), the
processed data were manually assessed for false positives (Chelonia Ltd., 2012b). Only a
small number of misclassifications were present (affecting <10min at DR and <20min at OR)
and these false positives, caused by the research vessel that was used for concurrent photoID studies, were excluded.
Additional data, collected by the C-PODs, were exported on a minute resolution, and
included: Temperature (in °C) and Time Lost (due to the 60s buffer filling). Finally, to
compare foraging activity between locations, ICIs between successive clicks for each ‘High’
and ‘Moderate’ quality click train were also exported, after which the ICIs were subsequently
averaged per click train.
Environmental data
Explanatory variables used in the analyses included: ‘Temperature’, ‘Day-Night Cycle’,
‘Tidal Index’, ‘Spring-Neap Cycle’, ‘Dark/Light’, ‘Month’ and ‘Year’ (summarised in Table 7.1).
The inclusion of the position in the daily day-night cycle, tidal cycle and lunar spring-neap
cycle was used to investigate (smaller-scale) temporal influences on bottlenose dolphin
presence. These covariates were incorporated in the analyses as cyclical indices between 0
and 1. The values for the environmental and temporal variables were calculated and linked
to each minute-record using Access and Excel (Microsoft Office 2010).
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Table 7.1. Candidate covariates used in the statistical modelling. LW = low water; HW = high water; NT = neap
tide; ST = spring tide; SR = sunrise; SS = sunset. UKHO = UK Hydrographic Office.
Data
Description
Response variable
Presence
The presence or absence of dolphin
detections of High and/or Moderate
quality on a minute resolution.
Environmental variables
Temperature
Temperature (in °C) as recorded by the
deployed C-PODs per minute and
subsequently averaged over 9 minutes.
Tidal Index
Position in the tidal cycle on a minute
resolution.
Spring-Neap
Position in the spring-neap cycle on a
Cycle
minute resolution.
Dark/Light
Using astronomical twilight information,
each minute is either light or dark. NB:
No dark periods during summer months.
Temporal variables
Day-Night
Position in the day-night cycle on a
Cycle
minute resolution.
Month
Month for each minute record.
Year

Year for each minute record.

Values

Source

Modelled

0: absent
1: present

In situ

Response

DR: 1.11-16.53
OR: 6.97-16.97

In situ

Linear;
B-spline

0-1 (0&1=LW;
0.5=HW)
0-1 (0&1=NT;
0.5=ST)
0: light
1: dark

POLTIPS

Linear;
Cyclic smooth
Linear;
Cyclic smooth
As factor

0-1 (0&1=SR;
0.5=SS)
DR: 1-12
OR: 5-9
DR: 2010-‘13
OR: 2010-‘12

In situ

POLTIPS
UKHO

In situ

Linear;
Cyclic smooth
As factor

In situ

As factor

Water temperature data were directly recorded by the C-PODs. Since these values
regularly varied several degrees between successive minutes, the average temperature over
nine minutes was calculated for each 1-minute record. This time period was chosen as
averaging over a larger period provided very similar averages, whereas averaging over
shorter sections still resulted in large variations.
Astronomical twilight data were used to assign one of two categories to each monitored
minute, with 0 (Light) or 1 (Dark) being the two options. As a result of the high latitude of
the research area, darkness did not occur during the peak summer months.
A Day-Night Cycle index value, representing the position in the daily cycle for each
minute, was calculated based on the sunrise/sunset data. Values of 0 & 1 corresponded with
the time of sunrise, while an index of 0.5 coincided with sunset. Due to unequal intervals
between sunrise - sunset (day) and sunset - sunrise (night), the Day-Night Cycle index value
was calculated for the day (Equation 1) and night (Equation 2) separately. As the timings of
sunset and sunrise fluctuate substantially through the year, an increase of one unit in the
Day-Night Cycle index value is not associated with a fixed absolute number of minutes.
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(1)
(2)

The Tidal Index was calculated using a similar approach as used to calculate the values for
the Day-Night Cycle covariate. Index values of 0 & 1 were allocated to low water, whereas
0.5 represented high water. Tidal Index values for each monitored minute were calculated
using Equation 3 for timings corresponding with the flood tide, and using Equation 4 for
those during the ebb tide.
�
�
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(3)
(4)

The tide around the UK coastline is dominated by the synodic spring-neap cycle (UK
Hydrographic Office, 2013), which results in a spring tide every 14.77 days (Kvale, 2012).
Therefore, contrary to the two previous variables, a constant time interval of 14.77 days
(21,269 minutes) in between successive neap tides (or spring tides) was applied here. Index
values of 0 & 1 coincided with neaps, whereas a value of 0.5 represented spring tide.
Consequently, the ‘Spring-Neap Cycle’ index value was calculated as the time passed since
the last neap tide (in minutes) divided by 21,269.
Multiple C-PODs were used in this study, and previous research has shown that sensitivity
between individual C-PODs may vary (Dähne et al., 2013b; O’Brien et al., 2013; Roberts &
Read, 2015). To account for inter-POD sensitivity variability, C-POD ID number was included
as a covariate during initial data exploration. However, as collinearity existed between ‘CPOD ID number’ and ‘Month’ (see section 7.2.3), ‘C-POD ID number’ was excluded as a
covariate from analyses.
Land-based presence and behavioural data
In total, 100 hours of monitoring were completed over a period of 16 days between 2nd
and 28th June, of which 12 survey days were realised at Orasaigh and 4 days at Fuideigh. Due
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to frequent unfavourable observation conditions (e.g. rain, sea state) and boat availability
issues, limited time was spent monitoring at Fuideigh. This, in combination with relatively
few and short encounters at both observation locations, resulted in insufficient data for
direct presence and behaviour comparisons between the two sites. Similarly, dolphin
observations in the vicinity of the C-POD locations were insufficient to construct local
detection functions, to assess maximum detection distances or to assess what proportion of
groups within detection distance are acoustically missed. Consequently, land-based data
were not analysed in detail and are not comprehensively integrated in this chapter. Their
inclusion here is primarily to record that this effort took place and to inform others
attempting a similar exercise.
Inferences of foraging behaviour
Previous studies investigating cetacean sound production in relation to their behaviour
have described several context-specific sound types (e.g. Weilgart & Whitehead, 1993;
Herzing, 1996; Janik, 2000c; Simon et al., 2006). Many odontocetes produce ‘foraging
buzzes’ (e.g. Miller et al., 1995; Johnson et al., 2004 & 2006; Miller et al., 2004; Carlström,
2005; Aguilar Soto et al., 2008; Verfuß et al., 2009; Leeney et al., 2011; Madsen et al., 2013;
Wisniewska et al., 2014). Buzzes are echolocation click trains characterised by short ICIs and
occur when odontocetes increase their echolocation rates at the final stage of their hunt
(Au, 1993), where they have been related to (the attempt of) capturing prey (DeRuiter et al.,
2009). Buzzes were therefore used here to infer foraging behaviour by bottlenose dolphins
and to assess relative differences in foraging between both locations in the SoB.
Various ICI thresholds below which bottlenose dolphins are assumed to be foraging have
been used in previous studies; some not only consider ICIs, but also incorporate a specified
minimum number of required clicks within a click train (e.g. Elliott et al., 2011; ICI <18ms and
click trains comprising of ≥20 clicks). Herzing (1996) described three types of foraging related
echolocation click trains produced by bottlenose dolphins in the Bahamas, ranging in
repetition rate between 8-500 clicks/s, resulting in ICIs of 2-125ms. ICIs as low as 3, 7 and
43ms have been reported for different populations by Wahlberg et al. (2011), and Zimmer
(2011) described a buzz with an ICI of 1.3ms. Similar to other odontocetes, bottlenose
dolphin ICIs have been reported to differ with distance to the target (Richardson et al., 1995;
Jensen et al., 2009; Wisniewska et al., 2014). However, as buzzes are related to the final
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stage of capturing prey, targets are likely to be in very close vicinity to dolphins, and
consequently ICIs reported for targets further than a few meters away might not represent
buzz ICIs. Based on a decrease in the source levels of echolocation clicks with an ICI <30ms,
Jensen et al. (2009) suggested the possibility that this may represent the region when
dolphins may change from regular clicking to buzz clicks. Most frequently, a minimal or
mean ICI threshold of 10ms is applied to indicate foraging buzzes by bottlenose dolphins
(e.g. Read et al., 2012; Nuuttila et al., 2013b; O’Brien et al., 2013), although Wisniewska et
al. (2014) applied a 16ms threshold. Pirotta et al. (2014), specifically identified bottlenose
dolphin buzzes from an extensive acoustic dataset, and found that 95% of the ICIs assumed
to be related to foraging activities ranged between 1.5-9.4ms (Pirotta et al., 2014). This
relates well to the 2-9ms measured between buzz signal transmissions by Indo-Pacific
bottlenose dolphins (Ferguson, 2010).
In line with the most commonly used ICI threshold, and the results obtained by Pirotta et
al. (2014) and Ferguson (2010), it was assumed that click trains with an average ICI of less
than 10ms were foraging buzzes. The relative importance of foraging buzzes at each location
was determined by calculating the percentage of buzz click trains in relation to the total
number of detected echolocation click trains, for which trains with a mean ICI >450ms were
excluded (Nuuttila et al., 2013b). A limitation of this approach is that it assumes that all click
trains with ICIs <10ms represent foraging buzzes, despite the reported presence of fast
echolocation production in social contexts (Herzing, 2004). Furthermore, it should be
highlighted that the logged click trains by C-PODs are often only parts of the actual click
trains produced by dolphins. Consequently, the average ICIs represent the value for a certain
fragment, and not of the total click train actually transmitted.
7.2.3. Statistical analyses
Tests for statistical differences in bottlenose dolphin presence and encounter duration
between Drover Rocks and Orasaigh and between months were conducted in SigmaPlot
(version 12.0; Systat Software Inc. SigmaPlot for Windows). As the data failed to meet the
assumption of normality (Kolmgorov-Smirnov test), Mann-Whitney U tests (MW) or KruskalWallis tests (KW) were performed, and a significance level of P=0.05 was applied. Likewise,
KW and MW tests were conducted to test for differences in foraging activity between
different tidal phases, phases of the day-night cycle and between months.
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Modelling fine-scale temporal presence
The presence of dolphins in relation to temporal and spatial covariates was analysed
using a series of steps. Initial data exploration (Zuur et al., 2009; Zuur et al., 2010) included
visual inspection of covariate distributions to determine whether transformations of the
candidate variables were required or whether it was necessary to remove any outliers. Both
were considered not required. However, the data exploration revealed various potential
issues with the data which would lead to the violation of assumptions of multiple regression
analyses relating dolphin presence to a variety of explanatory variables. These issues
included the absence of a normal distribution for the covariates, but more importantly, a
lack of homogeneity (Figure 7.4) and a lack of independence between observations (i.e. the
data were temporally autocorrelated) due to the nature of the data collection process.

Figure 7.4. Heterogeneity present in covariates: an example of Temperature data. Box plot based on the
Drover Rocks dataset.

Because of these issues, the usage of Generalised Additive Models (GAMs) within a
Generalised Estimating Equations (GEEs) framework were considered the most appropriate
modelling technique, as GAMs in a GEE structure do not assume the response variable and
predictor variables to be normally distributed, or the presence of homogeneity in variances,
nor do they assume linearity between the predictors and the raw values of the dependent
variables. Furthermore, GEEs account for the independence assumption by explicitly
modelling the correlation between residuals, and as such temporal autocorrelation can be
accounted for (Hastie & Tibshirani, 1986; Pirotta et al., 2011; Garson, 2013).
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Modelling approach: GAMs coupled with GEEs - a method overview
Generalised Additive Models (GAMs) (Hastie & Tibshirani, 1986; Wood, 2006) are
powerful tools for non-parametric regression modelling since they combine the ability to
model data from distributions in the exponential family as in Generalised Linear Models
(GLMs; Nelder & Wedderburn, 1972) with the ability to explore nonlinear relationships
through additive modelling (Stone, 1985). GLMs consider the dependence of the mean of
the response variable on a linear combination of covariates through a nonlinear link function
specified by the distribution member in the exponential family (Faraway, 2006). In additive
modelling, a nonlinear smoothing function (i.e. a nonparametric smoothing spline) is used
for the predictors in the regression models (Zuur et al., 2009). Therefore, through the
integration of both these approaches in GAMs, they provide a flexible method for identifying
nonlinear predictor effects (Hastie & Tibshirani, 1986; Wood, 2006).
GAMs have been very useful in modelling cetacean presence, abundance and
distributions (Hastie et al., 2005; Embling et al., 2010; Pierce et al., 2010; Forney et al.,
2012), and have previously been successfully applied to bottlenose dolphin data (Torres et
al., 2008; Tardin et al., 2013). However, GAM regression assumes independence of
observations in space and time, and consequently, the model errors to be independent.
Violating these assumptions by falsely assuming independence may significantly affect
model-based estimates of precision such as standard error, confidence intervals and Pvalues, and therefore influence model conclusions. In the presence of unidentified (and
uncorrected) autocorrelation, P-values have a tendency to be too small, and unimportant
covariates may be incorrectly included in the models and the relation between response and
predictor variables may even show opposite patterns (Dormann et al., 2007; Panigada et al.,
2008; Pirotta et al., 2011; Booth et al., 2013). Commonly used approaches to avoid violating
the temporal independence assumption are randomly sub-sampling data, or defining a time
interval in which observation are considered to be independent and only using one
observation per time interval (e.g. first observation per day) (Fieberg et al., 2010). The latter
approach is commonly applied for land and boat-based surveys were reciprocal scans
(Mann, 1999) or transect lines are interrupted to conduct focal group sampling (Altmann,
1974) or photo-identification. However, both approaches significantly reduce the amount of
data available for analyses. Therefore, for this study, in order to account for autocorrelation
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in the data, without compromising the availability of data for analyses, the GAM models
were extended with Generalized Estimating Equations (GEEs), which is appropriate when
interested in population level effects and particularly suitable for binomial distributions (in
contrast to animal-specific response patterns, e.g. GAMMs) (Fieberg et al., 2009 & 2010).
GEEs are an extension of GLMs and were first introduced for the regression analyses of
non-Gaussian longitudinal data (Liang & Zeger, 1986; Zeger & Liang, 1986). GEEs can be used
to account for autocorrelation (temporal and/or spatial) in the data, since they replace the
independence assumption with a defined correlation structure (i.e. the GEE approach takes
non-independency within clusters of sampling units into account using a parameterised
correlation matrix) (Dormann et al., 2007). Consequently, the robust GEE standard errors are
adjusted for the autocorrelation observed in model residuals, resulting in more reliable
model estimates (Panigada et al., 2008; Zuur et al., 2009). The data are split into clusters,
here referred to as ‘panels’, and model errors are allowed to be correlated within these
panels, but are considered to be independent between panels (Garson, 2013). Panel size can
be specified based on data collection methodology and effort (e.g. per transect line,
sampling day or per monthly survey block), or can be statistically tested for (Fieberg et al.,
2010 and references therein). Although GEEs are an extension of GLMs, it is possible to
incorporate additive smooth functions on the predictive variables, resulting in the GAM-GEE
approach used here.
Various studies have used GEEs in combination with GLMs or GAMs to model cetacean
presence or distribution (Panigada et al., 2008; Pirotta et al., 2011; Wong, 2012; Bailey et al.,
2013; Booth et al., 2013; Pirotta et al., 2014). Additionally, the GEE construct has been
applied to investigate the impact of anthropogenic influences on cetaceans, such as in
relation to whale watching (Williams et al., 2011; Christiansen et al., 2013), dredging (Pirotta
et al., 2013), aquaculture (Bonizzoni et al., 2014), sonar exposure (Miller et al., 2012), or for
assessing population trends (Schaffner et al., 1994). GEEs have also been used in marine
mammal studies analysing other data with significant spatial and temporal autocorrelation
such as dive profiles (Simpkins et al., 2005).
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Detailed model analyses
GAMS in a GEE construct were used to model the acoustic presence of bottlenose
dolphins (as obtained through acoustic data processing using the Kerno and Genenc
classifiers) at the DR and OR sites in relation to the environmental and temporal predictor
covariates described above. Dolphin presence/absence was modelled in binomial-based
GAMs with an independent correlation structure and a logit link function. The logit link
function converts the probability of dolphin presence to the natural logarithm of the odds,
which in turn can be modelled as a linear function of the covariates (Zuur et al., 2009), the
latter being one of the assumptions of a GEE (Garson, 2013). Statistical analyses were
performed in R (version 3.0.2; R Core Team, 2013a) using RStudio (version 0.97.551; RStudio,
2013). A significance level of P=0.05 was used for all modelling analyses.
‘Independence’ working correlation structure
An independent working correlation structure assumes, in the case of longitudinal data,
the absence of time dependency, resulting in a correlation matrix where signifying variables
within the identified autocorrelation panels are correlated with themselves, but are
considered independent from measures at times belonging to other panels (i.e. no
correlation between panels) (Garson, 2013). Whereas testing for the most appropriate
working correlation structure can be integrated in the model selection procedure, GEE
models are reported to provide consistent parameter estimates which are robust against
misspecification of the working correlation matrix (Liang & Zeger, 1986; Pan & Connett,
2002; Cui, 2007; Ziegler, 2011). Hence, the independence working structure was applied in
this study, as advised by Pan (2001) when unsure about the underlying structure, and by
Fieberg et al. (2010) when analysing binary data. The model structure specified here
provided identical model coefficients as would be obtained from a standard GAM approach,
however due to the GEE integration, standard errors differed, which in turn influenced
model selection and resulted in more conservative final models (Panigada et al., 2008).
Collinearity
An important step in data exploration is testing for collinearity between covariates (Zuur
et al., 2009), which is particularly relevant when the aim of the research is to investigate
which covariates are driving the response variable (Zuur et al., 2010). Collinearity refers to
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the non-independence of covariates, where two or more predictor variables in a statistical
model are linearly related (Dormann et al., 2013). The inclusion of explanatory variables
which are highly related could result in inaccurate parameter estimates, standard errors and
P-values, and therefore collinearity affects variable omission and may consequently lead to
incorrect model selection and hence interpretation of ecological consequences of the results
(Bonate, 1999; Mela & Kopalle, 2002; Dormann et al. 2013).
To test for collinearity between candidate covariates, Generalised Variance Inflation
Factors (GVIFs; Fox & Monette, 1992) were obtained via the VIF function in the ‘car’ package
(Fox & Weisberg, 2011 & 2013), which automatically calculates the GVIF scores if any terms
included in the model have more than 1 degree of freedom (df). Since it was not possible to
model the cyclic variables in their cyclic smoother form when using this function, they were
included in a regular GLM as a cubic B-spline with 4df (to avoid over-fitting). In general, large
GVIF values indicate collinearity; however there is no uniform agreement of the threshold
value to be applied (Zuur et al., 2009), although values >5 are regularly considered to be high
(Zuur et al., 2007). Consequently, a threshold of GVIF=5 was employed here. In case GVIF
scores larger than five were obtained, the covariate with the highest score was omitted from
the model, and the GVIF scores for all remaining covariates were obtained again. This
process was repeated till all GVIF scores were below five.
Integration of the GEE construct
To test whether the additional complexity of a GEE approach was required, runs test for
randomness (Wald-Wolfowitz runs test) (Zar, 1999) were conducted using the ‘lawstat’
package (Gastwirth et al., 2013). This test is a non-parametric test which can be used to test
for data independence. In all cases, runs test results revealed the presence of highly
significant positive temporal autocorrelation in model residuals (results not shown here),
further confirming the requirement of GEE integration.
Since GEEs are specifically designed to incorporate autocorrelation, the size of the panels
in which correlation is permitted and in between independence is assumed, should be
specified correctly. Here, determination of the autocorrelation panel size of each dataset
was based on the results of created empirical autocorrelation function plots (ACF plots;
Venables & Ripley, 2002) using the ‘nlme’ package (Pinheiro et al., 2013). The lag time where
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autocorrelation was not significant anymore, was used as the panel size (as demonstrated in
Figure 7.5), and a panel column with the appropriate panel size was subsequently inserted in
the data.

Figure 7.5. Illustrative empirical autocorrelation function (ACF) plot for the DR Genenc dataset (i.e.
presence/absence of dolphins at Drover Rocks for each monitored minute; acoustic data analysed using the
Genenc classifier). As underlying data is on a minute resolution, 1 lag unit here represents 1 minute. Blue
dotted lines represent confidence limits for zero correlation. Correlation decays to independence for data
approximately 60mins apart, with a secondary significant correlation between data roughly 165mins
separated. Based on the absence of significant autocorrelation for data 180mins apart (extending the lag did
not reveal any additional autocorrelation periods), a panel size of 180 minutes was applied.

Model selection
GAMs allow for the inclusion of environmental covariates in a more flexible way by the
incorporation of a smooth function for the explanatory variables. Smoothing techniques
require the specification of the level of smoothness, which can be achieved by specifying the
number and location of ‘knots’ and/or by fixing the smoothness parameter by constraining
the degrees of freedom allowed to be used for the smoother function. In this study, the
smoother parameter was fixed and the dimension of the smoothing basis was set to k=6,
which results in a smoother with 4df. ‘Dark/Light’, ‘Month’ and ‘Year’ were included in the
model as factorial covariates. ‘Temperature’ was allowed to be included in the model either
as a continuous linear term, or as a 1-dimensional smooth term (with 4df), modelled as a
cubic B-spline with a singular knot at the average value. ‘Tidal Index’, ‘Spring-Neap Cycle’
and ‘Day-Night Cycle’ were considered in linear form and as 1-dimensional cyclic smoothed
terms (using a cyclic cubic regression spline with 4df), in order to emphasize the cyclic nature
of these variables.
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Whereas the ‘geepack’ package (Yan, 2002; Yan & Fine, 2004; Højsgaard et al., 2006; Yan
et al., 2012) was used to fit the binomial-based GAM-GEE models with an independence
correlation structure and a logit link function, due to the absence of directly obtainable
goodness of fit criteria in this package, a substantial part of the model selection process was
conducted using the ‘yags’ package (Carey, 2004).
After testing for collinearity (and if required exclusion of covariates as described above)
and incorporation of an appropriate autocorrelation panel size, cyclic spline matrices were
created using the ‘splines’ library (Bates & Venables, 2013) and ‘mgcv’ package (Wood, 2006
& 2013). Subsequently, covariates were tested for their incorporation either as linear terms
or in their additive form (for the cyclic variables and ‘Temperature’ only). Selection of the
most appropriate form (linear or smoothed) was based on an approximation of the quasilikelihood under independence criterion (QIC; also called the quasi-Akaike Information
Criterion; Pan, 2001) provided by the ‘yags’ library. The QIC goodness of fit coefficient is an
AIC-type criterion which takes into account that GEEs are based on a quasi-likelihood
approach, and that no assumption is made about the distribution of the response variable
(Zeger & Liang, 1986; Pan, 2001; Cui, 2007). The approximation of the QIC, known as QIC u,
can be used for stepwise model selection, with the lowest QIC u value representing the best
fitting model (Pan, 2001).
Once the most suitable forms for the explanatory variables were determined, a full model
was fitted which included all candidate covariates in their correct form, after which a manual
backward selection was conducted to identify the best subset of covariates to retain in the
model (Zuur et al., 2009). During this stepwise selection process, the QIC u value was used to
compare the full model to a series of alternative models, each containing all terms but one.
The model with the lowest QIC u score was subsequently considered as the new full model
against which to compare following reduced model alternatives. This procedure was
repeated till the ‘full’ model had the best fit (i.e. lowest QIC u); removal of additional
variables would increase the QIC u, and not improve the model.
Following the backward selection procedure, the GAM-GEE model was fitted in ‘geepack’,
where the remaining covariates were included in the model in order of importance. The
variable which, if removed from the final model of the stepwise procedure, would result in
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the largest increase in QIC u, was added first. Wald’s tests were performed on the fitted
model (anova function in ‘geepack’), and the GEE-based P-values were used to exclude nonsignificant covariates one at a time.
Finally, partial residual plots were created using the ‘graphics’ package (R Core Team,
2013b) to visualise the relationships between bottlenose dolphin presence and each
individual explanatory variable included in the final model. Model outputs were plotted on a
probability response scale using the inv.logit function in the ‘boot’ package (Davison &
Hinkley, 1997; Canty & Ripley, 2013). The confidence intervals were based on the GEE
standard errors, and required a bootstrapping procedure which was performed using the
‘mvtnorm’ package (Genz & Bretz, 2009; Genz et al., 2013).
Model performance
The performance of the final models was evaluated by creating confusion matrices (i.e.
contingency tables) and by calculation of the Area Under the Curve (AUC) scores. Confusion
matrices can be used to evaluate species-habitat models by assessing the obtained
predictions from the applied selected final model. Through comparison of the binary
predictions (presence/absence as predicted by the model) against the observed values in the
actual data (true presence/absence) they summarise the goodness of fit of a model (Fielding
& Bell, 1997; Fawcett, 2006). Confusion matrices were created using the ‘ROCR’ library (Sing
et al., 2005 & 2013) and the ‘PresenceAbsence’ package (Freeman & Moisen, 2008;
Freeman, 2012).
Various modelling techniques used to obtain predicted presences/absences provide
results that represent a probability of presence (i.e. results varying between 0 & 1), as was
also the case here. To transform these probabilities into a binary (0 or 1) classification
requires the identification of a threshold value (or cut-off probability) beyond which
predictions are specified as a presence (Fawcett, 2006; Freeman & Moisen, 2008). To
determine the optimal cut-off probability value, Receiver Operating Characteristic (ROC)
curves were created. ROC curves plot the ratio of correctly classified presences (‘sensitivity’;
i.e. true positives fraction) against the proportion of incorrectly predicted presences (false
positives rate = 1-‘specifity’ (=correctly classified absence)) for a binary response under
changing cut-off probabilities (Figure 7.6) (e.g. Zweig & Campbell, 1993; Fawcett, 2006).
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There are various methods to obtain the ‘best’ cut-off value depending on different criteria
(e.g. whether sensitivity or specificity is more important) (Freeman & Moisen, 2008; Kumar
& Indrayan, 2011). Here, equal importance was given to sensitivity (predicting true
presence) as to specificity (predicting true absence), and the optimal threshold value was
obtained by calculation of the maximal perpendicular distance between the intercept (x,y)
on the ROC curve to the no-discrimination line (i.e. the 45° diagonal line connecting (0,0) to
(1,1)) (Pirotta et al., 2011).
Finally, the area under the ROC curve (AUC) was obtained using the above mentioned
ROCR package. The AUC value is a single index for measuring model performance providing a
measure for a model’s discriminatory power between the true and false positive rates across
all possible ranges of thresholds (Freeman & Moisen, 2008; Nemes & Hartel, 2010). The
closer this value is to 1 (i.e. the ROC curve increases steeply towards the upper left corner
and then levels off quickly), the better the performance. A model that is no better than
random assignment will have a ROC curve identical to the no-discrimination line, with an
AUC of 0.5, and can be considered as a poor model with no predictive power (Figure 7.6).

Figure 7.6. Theoretical ROC curve. The cut-off probability related to position (x,y) represents the optimal
threshold value for the creation of the confusion matrix. The grey area represents the AUC. Adapted from Zou
et al. (2007) and Kumar & Indrayan (2011).

7.3. RESULTS
7.3.1. Year-round presence and seasonal pattern
C-PODs were deployed in August 2010 at both sites, and from June 2011 till June 2013 at
DR and May/June till September 2011-2012 at OR (Table 7.2).
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Table 7.2. C-POD deployment effort for the acoustic presence of bottlenose dolphins at Drover Rocks (DR) and
Orasaigh (OR) in the Sound of Barra 2010-2013.
Deployment
number
1
2
3
4
5
6
7
8
9
10
Total

Deployment
2-8-2010
12-6-2011
28-7-2011
7-11-2011
15-2-2012
28-4-2012
17-6-2012
27-6-2012
4-10-2012
22-2-2013

DR
Retrieval
6-8-2010
28-7-2011
4-11-2011
10-2-2012
24-4-2012
17-6-2012
27-6-2012
1-10-2012
8-2-2013
16-6-2013

Days
5
47
99
96
70
51
10
96
128
115
717

Deployment
2-8-2010
12-6-2011
28-7-2011
30-5-2012
2-6-2012
27-6-2012

OR
Retrieval
6-8-2010
28-7-2011
5-9-2011
2-6-2012
27-6-2012
22-9-2012

Days
5
47
39
4
25
87

207

Acoustic C-POD monitoring was successfully conducted during the majority of the
deployment days. Specifically, the general presence of bottlenose dolphins in the SoB was
based on 807,409 minutes of successful acoustic monitoring effort (over 567 days) at DR,
and 293,612 minutes (over 207 days) at OR (Tables 7.3 & 7.4). Acoustic monitoring effort
varied between months and years (Table 7.3).

Table 7.3. Temporal overview of acoustic C-POD monitoring effort (in days) at Drover Rocks (DR) and Orasaigh
(OR) in the Sound of Barra 2010-2013.
Month
1
2
3
4
5
6
7
8
9
10
11
12
Total

2010

2011

DR
2012

2013

OR

5
5

19
4
31
30
31
28
31
174

3
15
21
3
31
30
31
31
16
28
30
31
270

5
7
31
30
31
14
118

Total
effort
8
22
52
33
62
63
35
67
46
59
58
62
567

2010

2011

2012

5
5

19
31
31
5

2
30
31
31
22

86

116

Total
effort
0
0
0
0
2
49
62
67
27
0
0
0
207

Dolphins were detected at both monitoring locations using both classifiers (Table 7.4). At
DR, on a one-minute resolution, echolocation was detected during 739 minutes using the
Kerno classifier and during 1,406 minutes using the Genenc classifier. At OR, detections were
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recorded during 1,743 minutes and 2,449 minutes for each classifier respectively. As such,
dolphins were acoustically present between 0.92-8.34‰ of monitored time. Assessed on a
daily basis, dolphins were detected 31.7% and 42.3% of monitored days at DR, and on 64.7%
and 68.6% at OR (Table 7.4). When data for both locations were combined, Kerno data
revealed an overall acoustic presence during 261 of the 591 days monitored (44.2%),
whereas dolphin presence was detected during 314 days (53.1%) in the Genenc data.
To aid comparison of echolocation presence between both locations, the percentages
dolphin positive days (DPD) were also calculated for the well-monitored period June till
August, referred to as summer presence. Summer presence at DR differed between both
classifiers, with dolphins detected on 41.8% and 59.3% of monitored days for the Kerno and
Genenc classifier respectively. Summer presence at OR was higher, and revealed DPDs of
over 70% independent of acoustic classifier (Table 7.4).

Table 7.4. Acoustic monitoring effort and detected dolphin presence used to assess general dolphin presence in
the Sound of Barra: Drover Rocks (DR) and Orasaigh (OR). Summer data represents June-August. DPM: dolphin
positive minutes; DPD: dolphin positive days.

Total effort (min)
DPM (‰)
Effort (days)
DPD (%)
Summer effort (days)
Summer DPD (%)
Mean DPM/day (for days
dolphins were detected)

DR
OR
Kerno
Genenc
Kerno
Genenc
807,409
807,409
293,612
293,612
739 (0.92)
1,406 (1.74)
1,743 (5.94)
2,449 (8.34)
567
567
207
207
180 (31.7)
240 (42.3)
134 (64.7)
142 (68.6)
165
165
178
178
69 (41.8)
99 (59.3)
126 (70.8)
130 (73.0)
4.0 (SD=5.1, range 1 5.9 (SD=6.6, range
13.0 (SD=16.5,
17.2 (SD=20.1,
40, n=180)
1-30, n=240)
range 1-78, n=134) range 1-91, n=142)

On days when dolphins were acoustically detected at DR, mean presence was 4.0 minutes
(SD=5.1, n=180; Kerno) and 5.9 minutes (SD=6.6, n=240; Genenc) per day. At OR, dolphins
were, on average, detected during 13.0 minutes (SD=16.5, n=134; Kerno) and 17.2 minutes
(SD=20.1, n=142; Genenc) per day (Table 7.4). The differences in number of dolphin positive
minutes (DPM) per day between both locations were highly significant for the Kerno data
(U=6619, P<0.001), as well as for the Genenc data (U=9,583, P<0.001).
Acoustic results revealed a year-round echolocation presence in the DR area throughout
the research period (Figure 7.7). In general, their occurrence was higher in the summer and
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autumn, and lower during the winter months. This pattern was evident for both acoustic
classifiers. In addition to an apparent seasonal cycle in echolocation, there was evidence for
inter-annual variability. In particular, echolocation detection in September-November 2012
was higher than during the same months in 2011. Similarly, detections in April-June 2013
were lower compared to the previous year (although only few days were monitored in April
2012).

a

2010

2011

2012

2013

b

Figure 7.7. Bottlenose dolphin presence at Drover Rocks (DR) (a) throughout the research period (20102013), and (b) summarised per month. DPD = Dolphin positive days. Numbers of days monitored per month
are provided in brackets. The "x" on the x-as represents a gap in the time series, also presented by a grey box.

The percentages of DPDs per month for the Kerno classifier were generally lower than,
and for some months similar to those for the Genenc classifier. However, during June 2013,
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the Genenc classifier detected dolphins in nearly 60% of the monitored days, in contrast to
the Kerno classifier which did not detect any dolphin presence (Figure 7.7).
At OR, acoustic presence was higher during the summer months and reduced in
September, and this pattern was prevalent during both years and for both classifiers (Figure
7.8). Little difference was obtained in the (cumulative) effort corrected percentage DPMs per
month between both classifiers.

a
2010

2011

2012

b

Figure 7.8. Bottlenose dolphin presence at Orasaigh (OR) (a) throughout the research period (2010-2012),
and (b) summarised per month. DPD = Dolphin positive days. Numbers of days monitored per month are
provided in brackets. The "x" on the x-as of the top graph represents a gap in the time series, also
represented by the grey box. ND = No data, which is also indicated by the grey box.
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Encounter duration
Overall, encounter duration (defined as the number of successive DPMs, where
detections ≤10minutes from each other were considered to be part of the same encounter),
was short at both locations, with 84.8% (Kerno) and 80.4% (Genenc) of encounters at DR
lasting 1-5 minutes, and 59.9% (Kerno) and 55.5% (Genenc) at OR (Figure 7.9). The longest
encounters lasted 70 and 73 minutes at DR and 88 and 115 minutes at OR for the Kerno and
Genenc classifiers respectively (Tables 7.5 & 7.6).

a

b

DR

OR

Figure 7.9. Histograms of dolphin encounter duration (a) at Drover Rocks (DR), and (b) at Orasaigh (OR).
Note: unequal frequency scales.

Table 7.5. Bottlenose dolphin encounter duration at Drover Rocks (DR) based on Kerno and Genenc data.
Summer data marked by grey background.
Month
1
2
3
4
5
6
7
8
9
10
11
12
Total 6-8
Total

n
1
2
7
4
37
32
33
50
32
30
42
19
115
289

Kerno
Mean
1.00
1.00
2.29
2.75
2.89
2.22
1.64
2.70
3.06
7.33
5.45
3.00
2.26
3.46

SD
0.00
1.80
2.06
4.32
1.75
1.03
3.64
3.52
13.42
7.11
2.91
2.65
5.94

Range
1-1
1-1
1-6
1-5
1-26
1-7
1-6
1-18
1-14
1-70
1-32
1-10
1-18
1-70
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n
1
1
12
5
39
58
44
100
57
52
62
29
202
460

Mean
8.00
2.00
2.25
5.00
3.90
3.50
2.95
3.01
4.82
6.52
5.65
3.41
3.14
4.15

Genenc

SD
0.00
1.66
4.42
4.75
3.25
2.20
3.51
5.92
11.91
6.49
3.42
3.19
5.88

Range
8-8
2-2
1-6
1-11
1-26
1-22
1-8
1-22
1-29
1-73
1-32
1-14
1-22
1-73
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Table 7.6. Bottlenose dolphin encounter duration at Orasaigh (OR) based on Kerno and Genenc data. Summer
data marked by grey background.
Kerno
Month
5
6
7
8
9
Total 6-8
Total

n
2
75
99
106
7
278
287

Mean
4.00
9.44
8.40
8.71
4.71
8.80
8.67

Genenc
SD
0.00
13.58
11.80
12.33
3.55
12.46
12.29

Range
4-4
1-72
1-88
1-65
1-10
1-88
1-88

n
2
81
112
122
13
315
330

Mean
4.50
10.83
9.95
9.98
5.08
10.19
9.95

SD
0.71
15.29
14.24
13.06
4.86
14.04
13.79

Range
4-5
1-93
1-115
1-57
1-18
1-115
1-115

Encounter duration differed significantly between both locations when comparing all data
available per site (Kerno: U=26,394, P<0.001; Genenc: U=29,229, P<0.01). Encounters lasted
on average 3.46 (SD=5.94, n=289; Kerno) and 4.15 minutes (SD=5.88, n=460; Genenc) at DR,
whereas at OR they averaged 8.67 minutes (SD=12.29, n=287; Kerno) and 9.95 minutes
(SD=13.79, n=330; Genenc) (Tables 7.5 & 7.6).
During the summer months (June-August), encounters were significantly longer at OR
than at DR (Kerno: U=8,541, P<0.001; Genenc: U=17,682, P<0.001). Summer encounters at
DR lasted on average 2.26 (SD=2.65, n=115; Kerno) and 3.14 minutes (SD=3.19, n=202;
Genenc), whereas at OR average encounter duration was 8.80 (SD=12.46, n=278; Kerno) and
10.19 (SD=14.04, n=315; Genenc) minutes (Tables 7.5 & 7.6).
Encounter duration varied by month (Figure 7.10), but durations did not significantly
differ between months for either location as intra-month variation was high (DR Kerno:
H=17.159, df=11, P=0.103; DR Genenc: H=17.031, df=11, P=0.107; OR Kerno: H=0.349, df=4,
P=0.986; OR Genenc: H=2.637, df=4, P=0.620).
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a

b

Figure 7.10. Mean monthly encounter duration for (a) Drover Rocks (DR), and (b) Orasaigh (OR). Error bars
represent standard deviation. Grey boxes indicate absence of data. See Tables 7.5 & 7.6 for associated
sample sizes.

7.3.2. Fine-scale temporal presence models
An overview of the effective acoustic monitoring and acoustic bottlenose dolphin
presence data included in the modelling is summarised in Table 7.7. Substantial differences
in effective effort (after exclusion of minutes insufficiently monitored; i.e. <90%) between
years, months and both monitoring locations were present, with substantially less effort
during the winter months (complete lack of winter data for OR). Likewise, the number of
dolphin positive minutes (DPM) varied between years, months, location and acoustic
classifier.
In total, 691,616 minutes were effectively monitored at DR, of which dolphins were
detected during 647, and 1,252 minutes using the Kerno and Genenc classifiers respectively.
At OR, effort was undertaken during 266,786 minutes, including 1,294 minutes with a
positive dolphin presence (Kerno classifier), and 1,909 minutes using the Genenc classifier
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(Table 7.7). A comprehensive overview of the data used for the GAM-GEE modelling,
presenting daily information on effective effort and the number of dolphin positive minutes,
is included in the Supplementary Information 3 (digitally only).

Table 7.7. Overview of effective monitoring effort (in minutes) and number of minutes with dolphin presence
(DPM: dolphin positive minutes), as detected by the Kerno classifier (Kerno) and the General Encounter classifier
(Genenc). Permillage of DPM in relation to effort is provided between brackets.

Year
Month
2010
8
2010 Total
2011
6
7
8
9
10
11
12
2011 Total
2012
1
2
3
4
5
6
7
8
9
10
11
12
2012 TOTAL
2013
1
2
3
4
5
6
2013 Total
Grand Total

Effort
(min)
5,901
5,901
16,522
3,285
33,738
28,570
24,812
33,715
31,295
171,937
2,115
11,551
17,614
3,909
43,995
42,519
43,386
42,595
19,744
38,848
40,934
38,970
346,180
6,646
9,435
44,603
43,009
44,489
19,416
167,898
691,616

DR
Kerno
DPM (‰)
13 (0.79)
7 (2.13)
60 (1.78)
20 (0.70)
2 (0.08)
8 (0.24)
8 (0.26)
118 (0.69)
1 (0.09)
8 (0.45)
6 (1.53)
63 (1.43)
35 (0.82)
42 (0.97)
37 (0.87)
41 (2.08)
119 (3.06)
111 (2.71)
31 (0.80)
494 (1.43)
1 (0.15)
1 (0.11)
6 (0.13)
4 (0.09)
18 (0.40)
5 (0.26)
35 (0.21)
647 (0.94)

Genenc
DPM (‰)
60 (3.63)
7 (2.13)
134 (3.97)
71 (2.49)
19 (0.77)
25 (0.74)
20 (0.64)
336 (1.95)
1 (0.09)
11 (0.62)
7 (1.79)
77 (1.75)
71 (1.67)
88 (2.03)
76 (1.78)
89 (4.51)
186 (4.79)
188 (4.59)
47 (1.21)
841 (2.43)
5 (0.75)
12 (0.27)
8 (0.19)
29 (0.65)
21 (1.08)
75 (0.45)
1,252 (1.81)
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Effort
(min)
5,358
5,358
24,129
42,764
40,890
4,717
112,500
2,448
42,624
41,982
43,031
18,843
148,928
266,786

OR
Kerno
DPM (‰)
63 (11.76)
63 (11.76)
141 (5.84)
280 (6.55)
265 (6.48)
1 (0.21)
687 (6.11)
6 (2.45)
235 (5.51)
170 (4.05)
117 (2.72)
16 (0.85)
544 (3.65)
1,294 (4.85)

Genenc
DPM (‰)
95 (17.73)
95 (17.73)
189 (7.83)
397 (9.28)
391 (9.56)
3 (0.64)
980 (8.71)
7 (2.86)
333 (7.81)
279 (6.65)
174 (4.04)
41 (2.18)
834 (5.60)
1,909 (7.16)

Chapter VII - Temporal bottlenose dolphin presence in the Sound of Barra

Dolphin presence GAM-GEE models
As detailed in the methodology section, data were analysed for each of the monitoring
locations separately using all data available per location, both for data acoustically processed
using the Kerno classifier, and the Genenc classifier. Additionally, to aid direct comparison
between the two sites, analyses were repeated for the summer months only (June-August).
All data
Drover Rocks (DR)
The final DR Kerno and Genenc models consisted of ‘Month’, ‘Day-Night Cycle’, ‘Tidal
Index’ and ‘Dark/Light’ (Table 7.8; Figures 7.11 & 7.12). The relative importance of ‘DayNight Cycle’ and ‘Tidal index’ changed places between both models, but the effects of each
covariate were very similar. The effect of ‘Month’ followed a general cyclic annual pattern;
echolocation presence was lowest in February, and gradually increased to a peak in October
after which it declined again. Increased levels of echolocation were detected around sunset,
with a peak at sunset, and a general lower presence around sunrise, despite an increase at
sunrise itself. With respect to the tidal cycle, increased echolocation was detected during the
flood tide, and peaked roughly halfway during this tidal phase. Finally, the models indicated
a higher acoustic dolphin presence at DR during dark periods, after accounting for previous
mentioned covariates (Figures 7.11 & 7.12).

Table 7.8. Summary overview of the final fitted models for Drover Rocks (DR). Order of importance of each
selected covariate is provided between brackets, with (1) being included in the model first. S(Covariate)
indicates the cyclic smoother of that explanatory variable. Due to collinearity, ‘Temperature’ was excluded from
model selection.
Covariate
Temperature
S(Tidal Index)
S(Spring-Neap Cycle)
Dark/Light
S(Day-Night Cycle)
Month
Year

Kerno
Χ2
17.4 (3)

NS

11.1 (4)
36.0 (2)
61.7 (1)

All data

P
0.0016
<0.001
<0.001
<0.001

NS

Genenc

Χ2
19.7 (2)
NS
6.8 (4)
26.7 (3)
74.0 (1)
NS
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P
<0.001
0.0090
<0.001
<0.001

Summer (June-August)
Kerno
Genenc
Χ2
P
Χ2
P
12.1
0.0136
20.5
<0.001
NS
NS
NS
NS
NS
NS
NS
NS
NS
NS
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Figure 7.11. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Drover Rocks
(DR) using the Kerno classifier, modelled as a function of (a) month, (b) day-night cycle, (c) tidal cycle, and (d)
light or dark. Covariates are presented in order of importance (i.e. a-d). The y-axis represents the partial fit of
each covariate, considering the inclusion of previous explanatory variables in the model. Grey shaded areas
and vertical segments represent the 95% GEE-based pointwise confidence intervals. Rug plots are included
for non-factorial covariates.
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Figure 7.12. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Drover Rocks
(DR) using the Genenc classifier, modelled as a function of (a) month, (b) tidal cycle, (c) day-night cycle, and
(d) light or dark. Covariates are presented in order of importance (i.e. a-d). The y-axis represents the partial
fit of each covariate, considering the inclusion of previous explanatory variables in the model. Grey shaded
areas and vertical segments represent the 95% GEE-based pointwise confidence intervals. Rug plots are
included for non-factorial covariates.

The confusion matrix for the Kerno model correctly predicted the presence of
echolocation for 72.8% of the time, however the model performed less well in correctly
predicting their absences, with only 56.4% correctly identified. The Genenc model correctly
predicted actual acoustic presence 65.4% of the time, but had an increased performance
predicting observed click train absences, which it correctly predicted 66.0% of the time
(Table 7.9). The AUC values for both models were almost identical: 0.713 for the Kerno
model and 0.718 for the Genenc model.

Table 7.9. Confusion matrix in percentages (real values in brackets) for the final Drover Rocks (DR) models.
Kerno Observed
Predicted

1
0

1
72.8 (471)
27.2 (176)

0
43.6 (301,114)
56.4 (389,855)
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Genenc Observed
1
65.4 (819)
34.6 (433)

0
34.0 (234,938)
66.0 (455,426)
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Orasaigh (OR)
As with the DR models, the OR Kerno and Genenc models selected the same subset of
variables in their final models, although the relative importance (order of inclusion) of the
predictive variables differed between the models. At OR, the covariates affecting the
presence of dolphin echolocation were: ‘Day-Night Cycle’, ‘Year’, ‘Month’, ‘Tidal Cycle’ and
‘Spring-Neap Cycle’ (Table 7.10; Figures 7.13 & 7.14).
Both classifiers revealed broadly similar patterns of the contribution of each of the
selected covariates on dolphin echolocation presence. The likelihood of detecting dolphins
decreased with year, and was substantially lower in September compared to other
monitored months. Similar to DR, results for OR indicated an increased acoustic presence
around sunset. However, echolocation presence at OR revealed a more clearly defined
bimodal pattern with a more pronounced secondary peak around sunrise and two distinct
troughs in between the sunrise and sunset times. In contrast to DR, dolphin echolocation at
OR was more frequently detected during the ebb tide, and particularly relatively short after
high tide. Finally, acoustic presence was also related to the spring-neap cycle, with an
increased echolocation occurrence during periods of diminishing tidal ranges (period from
spring tide towards neaps) (Figures 7.13 & 7.14).

Table 7.10. Summary overview of the final fitted models for Orasaigh (OR). Order of importance of each
selected covariate is provided between brackets, with (1) being included in the model first. S(Covariate)
indicates the cyclic smoother of that explanatory variable. NS = Not selected.
All data

Covariate
Χ2
Temperature
S(Tidal Index)
S(Spring-Neap Cycle)
Dark/Light
S(Day-Night Cycle)
Month
Year

Kerno

10.7 (4)
12.6 (5)
95.0 (1)
17.8 (3)
21.4 (2)

NS

NS

P

0.0296
0.0132
<0.001
0.0013
<0.001

Χ2

Genenc

16.9 (2)
12.0 (4)

NS

P

0.0020
0.0172

NS
121.0 (1) <0.001
13.4 (5)
0.0097
20.3 (3)
<0.001
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Summer (June-August)
Kerno
Genenc
Χ2
P
Χ2
P
NS
NS
9.9 (3)
0.0422
13.8 (3) 0.0079
12.3 (4) 0.0153
12.7 (4) 0.0131
NS
NS
76.6 (1) <0.001
94.1 (1) <0.001
NS
NS
15.7 (2) <0.001
14.0 (2) <0.001
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Figure 7.13. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Orasaigh (OR)
using the Kerno classifier, modelled as a function of (a) day-night cycle, (b) year, (c) month (d) tidal cycle, and
(e) spring-neap cycle. Covariates are presented in order of importance (i.e. a-e). The y-axis represents the
partial fit of each covariate, considering the inclusion of previous explanatory variables in the model. Grey
shaded areas and vertical segments represent the 95% GEE-based pointwise confidence intervals. Rug plots
are included for non-factorial covariates.
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Figure 7.14. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Orasaigh (OR)
using the Genenc classifier, modelled as a function of (a) day-night cycle, (b) tidal cycle, (c) year, (d) springneap cycle, and (e) month. Covariates are presented in order of importance (i.e. a-e). The y-axis represents
the partial fit of each covariate, considering the inclusion of previous explanatory variables in the model.
Grey shaded areas and vertical segments represent the 95% GEE-based pointwise confidence intervals. Rug
plots are included for non-factorial covariates.

The resulting confusion matrix for the final Kerno model revealed that the model
correctly predicted 73.2% of the acoustic presences and 67.6% of the absences. The
performance of the final Genenc model was very similar, with a correct prediction of actual
echolocation presence of 72.1%, and 67.8% for their absences (Table 7.11). The area under
the ROC curve (AUC) was 0.755 (Kerno), and 0.758 (Genenc).
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Table 7.11. Confusion matrix in percentages (real values between brackets) for the final Orasaigh (OR) models.

Predicted

Kerno Observed
1
0
73.2 (947)
32.4 (86,048)
26.8 (347)
67.6 (179,409)

1
0

Genenc Observed
1
0
72.1 (1,376)
32.2 (85,400)
27.9 (533)
67.8 (179,422)

Summer data
Drover Rocks (DR)
Modelling the acoustic presence of dolphins at DR for the summer months only (June August), independent of classifier, resulted in final models which retained ‘Tidal Index’ as the
only significant covariate (Table 7.8; Figure 7.15). Although the relationship between the
tidal cycle and echolocation presence (i.e. the shape of the curves in the graphs below)
differed slightly between the Kerno and Genenc models, they both showed a similar general
pattern. Echolocation was more frequently detected during the rising than during the falling
tide. The times in the cycle with highest and lowest detected echolocation was more equally
spread through the cycle for the Kerno model, with a relatively smooth increase and
decrease. In contrast, the Genenc model fitted a relationship with highest echolocation
detections relatively near to high tide, followed by a rapid drop till it reached a minimum
shortly after high water, after which it gradually increased again.

Kerno

Genenc

Figure 7.15. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Drover Rocks
(DR) during the summer (June-August) modelled as a function of tidal cycle, using (a) the Kerno classifier, and
(b) the Genenc classifier. The y-axis represents the partial fit of the covariate. Grey shaded areas represent
the 95% GEE-based pointwise confidence intervals. Rug plots are included at the bottom of the graphs.
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As only one covariate was included in the final models, the constructed confusion
matrices showed that these models performed less well than those obtained for the full
dataset, in particular for correctly predicting the real observed absences. The Kerno model
correctly predicted dolphin echolocation presence for 60.8%, whereas correct prediction of
absences in detected echolocation only occurred in 54.5% of the time. The Genenc model
performed better in correctly predicting actual acoustic presence, with a correct assignment
of presence 73.3%. However, the model performed poorly in predicting detection absences
with a correct prediction rate of only 47.9% (Table 7.12). Likewise, the AUC scores were
lower than those for all models reported earlier; 0.603 (Kerno) and 0.627 (Genenc).

Table 7.12. Confusion matrix in percentages (real values in brackets) for the final Drover Rocks (DR) summer
month models.
Kerno Observed
Predicted

1
0

1
60.8 (121)
39.2 (78)

0
45.5 (94,221)
54.5 (112,942)

Genenc Observed
1
73.3 (335)
26.7 (122)

0
52.1 (107,773)
47.9 (99,1312)

Orasaigh (OR)
Both the OR Kerno and Genenc summer models selected the three cyclic variables (‘DayNight Cycle’, ‘Tidal Index’ and ‘Spring-Neap Cycle’) and ‘Year’ in their final models, without
any discrepancy in the order of the incorporated covariates (Table 7.10; Figures 7.16 & 7.17).
With some minor differences in the shape of the functions, the relationships between
echolocation presence and each covariate were similar between the models, and described
similar patterns as found for the full OR dataset.
Acoustic dolphin presence varied during the day-night cycle, with highest presence at
times of both sunrise and sunset, and lowest occurrence at times midway between sunrise sunset and vice versa. The detected presence of echolocation differed per year, with
presence decreasing over successive years. Echolocation detection was highest shortly after
high water, and was higher during the ebb than during the flood tide. Finally, the modelled
relationship between dolphin presence and the tidal cycle suggests that increased
echolocation detection occurred after spring tide, after which their detections dropped
relatively quickly to a minimum at neap tide.
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Figure 7.16. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Orasaigh (OR)
during the summer (June-August) using the Kerno classifier, modelled as a function of (a) day-night cycle, (b)
year, (c) tidal cycle, and (d) spring-neap cycle. Covariates are presented in order of importance (i.e. a-d). The
y-axis represents the partial fit of each covariate, considering the inclusion of previous explanatory variables
in the model. Grey shaded areas and vertical segments represent the 95% GEE-based pointwise confidence
intervals. Rug plots are included for non-factorial covariates.
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Figure 7.17. Fitted relationships of the presence of acoustic bottlenose dolphin detections at Orasaigh (OR
during the summer months (June-August) using the Genenc classifier, modelled as a function of (a) daynight cycle, (b) year, (c) tidal cycle, and (d) spring-neap cycle. Covariates are presented in order of importance
(i.e. a-d). The y-axis represents the partial fit of each covariate, considering the inclusion of previous
explanatory variables in the model. Grey shaded areas and vertical segments represent the 95% GEE-based
pointwise confidence intervals. Rug plots are included for non-factorial covariates.

Both models were relatively good at predicting actual echolocation detections, with the
highest values obtained of any of the models: 73.9% and 75.7% for Kerno and Genenc
correspondingly. Correct prediction of absences occurred in 65.2% of the records for the
Kerno model and 64.0% using the model for the Genenc data (Table 7.13). These models had
the highest AUC scores of all models; 0.742 and 0.752 for Kerno and Genenc respectively.

Table 7.13. Confusion matrix in percentages (real values in brackets) for the final Orasaigh (OR) summer month
models.

Predicted

1
0

Kerno Observed
1
0
73.9 (939)
34.8 (83,412)
26.1 (332)
65.2 (156,069)
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Genenc Observed
1
0
75.7 (1400)
36.0 (86,043)
24.3 (458)
64.0 (152,851)
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7.3.3. Foraging behaviour
Of the 5,137 ‘High’ and ‘Moderate’ quality click trains detected at DR by the Kerno
classifier, 2,094 (40.8%) were considered buzz click trains (i.e. foraging buzzes). Despite the
detection of almost double the total number of click trains by the Genenc classifier (9,655
trains), the relative number of foraging buzzes was similar (3,565 foraging buzzes; 36.9%)
(Table 7.14). Notwithstanding the reduced monitoring period at OR, a far larger number of
total click trains were detected at this site: 11,214 (Kerno) and 19,891 click trains (Genenc).
Nevertheless, the relative importance of foraging buzzes was lower, with a total of 1,578
(Kerno) and 4,172 (Genenc) buzzes, representing 14.1% and 21.0% for each of the classifiers
respectively (Table 7.14).
Likewise, higher ‘buzz rates’, defined as the proportion of minutes in which foraging
buzzes were detected (‘buzz minutes’) compared to the total number of minutes with
detected click trains (‘echolocation minutes’), were present at DR (40,5% and 45.1%)
compared to OR (25.1% and 33.3%), for the Kerno and Genenc classifiers respectively (Table
7.14). As monitoring effort at DR was 807,409 minutes, foraging activity was detected during
0.04% (Kerno) and 0.08% (Genenc) of monitored time. At OR, foraging buzzes were detected
during 0.1% (Kerno) and 0.3% (Genenc) of the 293,612 minutes acoustic monitoring effort.
Together, this indicates that foraging using detectable echolocation appeared to be an
infrequent occurrence at both locations, but when dolphins were acoustically detected,
there was a higher probability of dolphins being engaged in foraging at DR compared to OR.

Table 7.14. Detected foraging echolocation click trains (buzzes; average inter-click interval <10ms) in relation to
total of detected ‘High’ and ‘Moderate’ quality click trains at Drover Rocks (DR) and Orasaigh (OR).

Total number of click trains
Number of buzz click trains
Percentage of foraging buzzes
Number of echolocation minutes
Number of minutes with foraging buzzes
Buzz rate

Kerno
5,137
2,094
40.8
733
297
40.5

DR

Genenc
9,655
3,565
36.9
1,400
631
45.1

Kerno
11,214
1,578
14.1
1,723
432
25.1

OR

Genenc
19,891
4,172
21.0
2,425
808
33.3

Despite a similar pattern in the frequency distribution of detected echolocation click
trains for both classifiers at DR as well as at OR, as shown in Figure 7.18, for both locations
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the Genenc classifier detected a higher number of click trains. Especially with regards to
detecting buzz click trains (0-5 and 5-10ms), the Genenc classifier detected more than
double the amount of foraging buzzes than the Kerno classifier.

a

DR - Kerno

b

OR - Kerno

c

DR - Genenc

d

OR - Genenc

Figure 7.18. Mean inter-click interval (ICI) distributions for Drover Rocks (DR) (a & c) and Orasaigh (OR) (b &
d). Kerno data is presented on the top (a & b), and Genenc data on the bottom (c & d). Due to very low
frequencies of ICIs over 200ms (in total representing <3% independent of location and classifier), graphs only
show frequencies for ICIs up to 200ms.

As absolute foraging buzz frequencies were closely related to echolocation presence,
foraging activity is presented here as the ‘proportion of buzzes’, representing the percentage
of foraging buzzes relative to the total number of detected echolocation click trains
calculated for each tidal period (i.e. low water till next low water) or diel period (i.e. sunrise
till next sunrise).
Foraging buzzes were produced throughout the tidal cycle, and the relative presence of
buzzes remained fairly consistent across the tidal cycle at both locations, although large
variation was present within each Tidal Index category (Figure 7.19). No statistical
differences were present between the proportion of buzzes detected at various phases of
the tidal cycle, independent of location or classifier (DR Kerno: H=11.638, df=9, P=0.235; DR
Genenc: H=5.755, df=9, P=0.764; OR Kerno: H=4.775, df=9, P=0.853; OR Genenc: H=10.662,
df=9, P=0.300).
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a

b

DR

OR

Figure 7.19. Presence of detected foraging buzzes across the tidal cycle. Mean proportion of foraging buzzes
for (a) Drover Rocks (DR), and (b) and Orasaigh (OR). Error bars represent standard deviation.

Foraging buzzes were detected throughout the diel cycle at both locations (Figure 7.20).
At DR, statistical differences in buzz presences were found between sections of the day-night
cycle (Kerno: H=18.586, df=9, P=0.029; Genenc: H=38.248, df=9, P<0.001). The data showed
a broad diurnal pattern, with an increased presence of foraging buzzes for times
corresponding to indexes 0.2-0.6, roughly representing late morning till just after sunset (see
Annex 2 for post-hoc pairwise MW-tests; Figure 7.20a). At OR, on the contrary, no clear
pattern was present in the relative presence of foraging buzzes across the diel cycle, and the
proportion of foraging buzzes did not significantly vary between sections for either classifier
(Kerno: H=10.112, df=9, P=0.342; Genenc: H=8.791, df=9, P=0.457; Figure 7.20b).

a

b

DR

OR

Figure 7.20. Presence of detected foraging buzzes across the day-night cycle. Mean proportion of foraging
buzzes for (a) Drover Rocks (DR), and (b) Orasaigh (OR). Error bars represent standard deviation.

At DR, results showed a possible bimodal pattern in mean buzz rate through the year,
with apparent peaks in February/March and in November/December (Kerno) or SeptemberDecember (Genenc) (Figure 7.21a). For OR, the buzz rate was lowest in May and highest in
September, with very similar rates for June to August (Genenc), whereas the results for data
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analysed using the Kerno classifier revealed overall low buzz rates throughout the monitored
months (Figure 7.21b). However, due to high variation between years and small sample
sizes, no significant differences in buzz rates were found between months for both locations
and both classifiers (DR Kerno: H=13.361, df=11, P=0.270; DR Genenc: H=11.536, df=11,
P=0.400; OR Kerno: H=2.053, df=4, P=0.726; OR Genenc: H=5.952, df=4, P=0.201).

a

b

DR

OR

Figure 7.21. Monthly detected foraging buzzes. Mean monthly buzz rates (calculated as the proportion of
minutes in which foraging buzzes were detected in comparison to the total number of minutes in which
echolocation was present) for (a) Drover Rocks (DR), and (b) and Orasaigh (OR). ND = No data, also
represented by the grey boxes. Error bars represent standard deviation.

7.4. DISCUSSION
7.4.1. Year-round presence
This study is the first to show year-round presence of bottlenose dolphins in the Sound of
Barra, suggesting a degree of residency of at least some, if not all individuals in the area
(although acoustic detection of dolphins from other communities cannot be excluded). In
general, dolphin presence on a one-minute resolution revealed that dolphins spent less than
1% of the monitored time producing detectable echolocation at the monitoring sites.
Considering the limited C-POD detection distance for bottlenose dolphins (typically <1,000m,
Nuuttila et al., 2013a; O’Brien et al., 2013; Roberts & Read, 2015, but assumingly less in
these shallow conditions which negatively impact sound propagation) and the small number
of individuals present in the area (Chapter VI), it is not surprising that the actual number of
DPM is low. Nevertheless, these results were very similar to those obtained by acoustic
monitoring within the Shannon Estuary cSAC (Ireland), designated as an important habitat
for the resident bottlenose dolphin population, and where dolphins were detected by CPODs during 0.1-0.4% of all monitored minutes (O’Brien et al., 2013), and previously by TPODs on average during 0.6% of time monitored (Leeney et al., 2007).
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The overall importance of the SoB area appears to be higher. Dolphin presence was
acoustically detected during 32-42% (DR) and 65-69% (OR) of monitored days when
considering all data available for the Kerno and Genenc classifiers respectively. During
summer only (June-August), echolocation presence was higher, with dolphins detected
during 42% (Kerno) & 59% (Genenc) of monitored days at DR and over 70% (both classifiers)
of the monitored days at OR. Not only were dolphins detected more frequently at OR, when
present, they were acoustically detected for longer periods of time, and consequently, the
mean number of minutes that dolphins were detected per day were significantly higher.
The daily occurrence rates obtained for the SoB are within the ranges reported for the
dolphin hotspot areas in the Moray Firth during the summers of 2008-2010 (Inner Moray
Firth, especially near the Sutors, Chanonry and Kessock, and along the south coast of the
Firth from Nairn to Macduff) (Thompson et al., 2011; Moray Offshore Renewables Ltd.,
2012). Despite a total population estimate of 195 individuals (Cheney et al., 2013), an annual
presence of 43-134 individuals within the SAC (Cheney et al., 2012 & 2014) and a
stratification pattern (Wilson et al., 1997a & 2004) indicates not all dolphins contribute to
the detected acoustic presence in the SAC and at the southern coastline. Results of the
current study were also similar to those reported for two Shannon Estuary cSAC sites, where
dolphins were detected on 73% of the 641 monitored days, and on 41% of the 591
monitored days (O’Brien et al., 2013). Considering that the Barra population only consisted
of less than 15 dolphins during the period that acoustic monitoring occurred (Chapter VI),
compared to 195 on the east coast, and 107 in the Lower River Shannon cSAC (Berrow et al.,
2012), and the fact that actual dolphin occurrence is higher than acoustically detected, the
high observed daily presences here, albeit short in duration, indicate the area is important
for this community and suggest a high degree of site-fidelity.
Whereas the results indicate a high importance of the area to the dolphins throughout
the year, when present, dolphins spent relatively short periods echolocation at either
location, with average echolocation detections of 5.1-6.5 DPM (range 1-40) at DR and 16.520.1 DPM (range 1-91) at OR. These values are not comparable to the daily usage of the
Moray Firth SAC, where dolphins are detected for several hours each day from May to
September (Cheney et al., 2012; Merchant et al., 2014). However, the results for the SoB
represented detections at two locations only, and overall dolphin presence in the entire SoB
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complex could not be assessed here, as C-PODs can provide fine-scale temporal dolphin
presence data, but have a limited and variable (but here unquantified) spatial coverage.
Nevertheless, photo-ID and land-based observations revealed dolphin presence for several
hours in the general area (data not presented here), but outwith the detection distance of
the acoustic devices, as well as undetected presence close to the C-PODs. Since little is
known about the percentage of time dolphins spend echolocating, dolphins being silent (or
only whistling) may explain this. For these reasons, local bottlenose dolphin presence
obtained through acoustic monitoring should be considered as conservative estimates.
Increasing the spatial coverage of acoustic monitoring, by deploying a larger number of
acoustic recorders in the area would potentially reveal a more accurate estimate of the
usage of the area by dolphins, both on a temporal and a spatial scale. Furthermore, acoustic
monitoring of whistles could provide an alternative, which would increase range of detection
and probability of detection manifold.
Seasonal variation
Whilst dolphins were detected in the SoB by C-PODs throughout the year, results showed
an increased acoustic presence during the summer months at both sites and at DR also
during autumn, with some inter-annual variability. Whereas some months received high
monitoring effort, for other months (particularly winter months and early spring) much
reduced data were available (mainly due to logistical difficulties and equipment failures),
and hence these results should be treated with caution. Especially for those months with
less effort, dolphin presence presented as percentage DPD of all days monitored, may
change considerably with increased effort.
Numerous studies have reported seasonal variation in bottlenose dolphin presence,
abundance, habitat usage or distribution (e.g. Wilson et al., 1997a; Barco et al., 1999;
Hubard et al., 2004; Torres et al., 2005; Toth et al., 2011). Frequently, these variations are
attributed to a few main factors. In particular, the availability of prey, calving/nursing
requirements and predator avoidance are commonly suggested as being important. In
addition, water temperature is frequently suggested as being directly and/or indirectly
related to seasonal dolphin presence due to thermoregulatory needs of the dolphins
themselves, and via the temperature tolerances of prey (Toth et al., 2011).
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As mentioned previously (Chapter IV), it is unlikely that the Barra dolphin community is
affected by the presence of predators. Rather, it seems more likely that prey availability and
reproduction, perhaps also directly and/or indirectly affected by water temperature, are key
drivers behind the seasonal fluctuations observed in the SoB area. Bottlenose dolphins are
selective opportunistic predators foraging on a variety of locally abundant prey, although
diets are often dominated by a small number of species (Chapter I). Previous studies on
Scottish bottlenose dolphins showed cod, saithe, whiting, salmon, haddock, sea trout (Salmo
trutta) and cephalopods all contributing to the species’ diet (Wilson et al., 1997a; Janik,
2000c; Santos et al., 2001; Bailey & Thompson, 2006). Anecdotal information obtained from
local people suggests that SoB dolphins parallel the west coast of South Uist in the
summer/autumn period, during which they frequently visit entrances of local salmon rivers.
Increased presence during these months may therefore be related to increased prey
availability during this period. As shown in Chapter VI, for the last eight years since 2006, the
area has annually been home to dependant calves. The reported calving period for the
dolphin population in the Moray Firth is June till November, and is correlated with water
temperature (Wilson, 1995). The SoB contains a range of habitats, including shallow, warmer
and sheltered areas favourable for rearing offspring (Scott et al., 1990a). As such, it is
possible that both prey availability and the presence of suitably sheltered nursing and
resting areas may contribute to the observed seasonal presence pattern.
In addition, echolocation rates of odontocetes, including bottlenose dolphins are known
to vary with season, between habitats, throughout the diel cycle, group size, and behaviour
(see Chapter V). There is, however, still a lack of knowledge of how vocalisation rates change
in relation to these factors, but this indicates that the detection patterns not necessarily
equate to dolphin presence. Therefore, echolocation activity rather than dolphin presence
may perhaps be increased during the summer and autumn months. Also, sound propagation
conditions change with the seasonally fluctuating temperature and salinity (Au & Hastings,
2008c), which may have contributed to observed seasonal pattern too.
Detections were few and short in the winter period, and in particularly for the months
January till April. A decreased presence in winter months in the SoB reflects a pattern
reported for other bottlenose dolphin populations in UK waters (Moray Firth and Cardigan
Bay) based on both acoustic and visual monitoring (Wilson et al., 1997a; Bristow & Rees,
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2001; Bristow, 2004; Simon et al., 2010; Bailey et al., 2013). There are various potential
reasons which might explain a reduced presence in winter. The DR site is relatively sheltered
from predominantly south-westerly winds, storms and associated increased wave action. If
dolphins were to use the area to shelter for unfavourable weather and sea conditions, one
could expect an increased presence during winter months. However, it can be argued that
other sections of the Sound, or along the eastern coastlines of Barra and the Uists, may offer
superior shelter compared to DR. Additionally, it is also possible for dolphins to go further
offshore in bad weather (e.g. to reduce the possibility of stranding). Hence, dolphins may
have moved to these sites more frequently in winter months, where they would have been
beyond the C-POD detection range. Recently, photo-ID pictures of several dolphins from the
Cardigan Bay population have been matched with winter sightings around the Isle of Man
(~200km) (Veneruso et al., 2012). This showed that during the winter, when fewer animals
were sighted in Cardigan Bay, at least part of the population roamed relatively widely. As
detections in the SoB were more sporadic during the winter (see Supplementary Information
3), dolphins had the opportunity to temporarily relocate to other areas. Furthermore, as the
abundance of many potential prey species decrease during the winter period (Barratlantic
Ltd; http://www.barratlantic.co.uk/species), dolphins may have to range wider to obtain the
required consumption to meet their energy needs (Gowans et al., 2007). It is also possible
that dolphins predate on different main prey species during the winter period, as shown in
other areas (Irvine et al., 1981). In conjunction with a switch in main prey, dolphins may alter
their vocalisation patterns including echolocation rates and orientation (i.e. bottom feeding
versus hunting in open water), which in turn would affect their detectability by C-PODs.
Therefore, whether the reduced detection rate in winter represents a genuine absence of
dolphins from the entire SoB area, reflects a change in prey or behaviour related
echolocation rate, or perhaps signifies a presence in more suitable areas within the Soundcomplex itself, remains unknown.
Finally, current research provided year-round information for only one of the two
monitoring sites as monitoring at OR was discontinued during the winter period. Whereas
this was not feasible in the current study, supplementary effort outside the boundaries of
the Sound, such as along the Barra and North and South Uist coastlines and in areas further
offshore, in addition to increased effort at various locations within the Sound, would provide
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further information regarding the extent of dolphin spatio-temporal distribution, offshore
foraging, and may provide increased insights into their winter distribution.
7.4.2. Fine-scale temporal modelling
Bottlenose dolphin acoustic presence was modelled to investigate which local fine-scale
factors were linked to dolphin presence at two sites in the SoB: Drover Rocks (DR) and
Orasaigh (OR). Results of this modelling indicated that dolphin presence in this small, coastal
area was significantly related to ‘Month’, ‘Day-Night Cycle’, ‘Tidal Cycle’ and ‘Light/Dark’
when analysing all data for DR. Although the relative importance of these variables differed
between the Kerno and Genenc datasets, both selected the same relevant covariates to be
included in the final models, and revealed very similar relationships between echolocation
presence and each explanatory variable. In general, increased echolocation was detected
during the summer months, around the time of sunset and sunrise, during the flood tide,
and during darkness. When analyses were limited to the summer months (June till August),
dolphin acoustic presence was only significantly influenced by the tidal cycle showing a very
similar pattern as found when analysing all data.
At OR, where monitoring was only conducted during the months April till September, the
final models for both classifiers selected the same subset of variables; echolocation presence
was significantly affected by ‘Day-Night Cycle’, ‘Year’, ‘Month’, ‘Tidal Cycle’ and ‘Spring-Neap
Cycle’. The obtained relationships between detected click trains and each covariate were
very similar for the Kerno and Genenc classifier; the probability of detecting dolphins peaked
at sunset and sunrise. Both ‘Year’ and ‘Month’ significantly influenced acoustic presence,
with decreasing presence with increasing year, and higher occurrence during June till August
compared to September. In contrast to DR, echolocation detections at OR were higher
during the ebb tide, and peaked halfway through the falling tide. Finally, dolphins were more
frequently detected during the period with decreasing tidal range (i.e. the period going from
spring tide towards neaps), with a peak halfway in between this transition. Analyses for the
summer months only, revealed that a subset of above-mentioned variables were key factors
affecting echolocation presence during this period. Independent of classifier, dolphin
detections were affected by ‘Day-Night Cycle’, ‘Year’, ‘Tidal Cycle’ and ‘Spring-Neap Cycle’,
and, in general, the relationships between acoustic presence and each covariate were very
similar as described for the total dataset.
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Tidal cycle
The tidal cycle showed to be an important factor influencing the acoustic presence of
dolphins in the SoB. This covariate was included in all models independent of location,
classifier and temporal dataset (all data versus summer data only). However, its relation with
echolocation presence differed between both locations; echolocation was increased during
the flood tide at DR, in contrast to a higher occurrence during the ebb tide at OR. At both
sites, detections peaked approximately at ⅓-½ into the particular tidal phase. During the
flood tide, the water flow in the Sound is from east to west, and in opposite direction during
the falling tide. It is possible that dolphins make use of the localised tidal movements and
associated water level variation (perhaps in combination with local geographic
characteristics), as tides are known to influence prey availability (e.g. Gibson et al., 1996;
Gibson, 2003). In any case, these results indicate that, despite the short distance between
both locations (almost 7km), conditions at both locations differed with tidal phase and
apparently favourable conditions for dolphins alternated.
Minutes which were monitored for <90% were excluded from the modelling. For DR, this
resulted in the omission of data predominantly collected during those periods of the tide
with increased currents (i.e. in between high and low water slack tides), as shown by the
bimodal distribution in Figure 7.22a. For OR, on the other hand, fewest records were
excluded around the time of low water, with a peak of eliminated records around high tide
(Figure 7.22b). This suggests that the predicted increased in presence at specific tidal phases
were not an artefact of the omission of records. Furthermore, this indicates that sound
profiles and local characteristics of both locations differ throughout the tidal cycle. This
becomes even clearer when plotting the frequency distribution of records for which the CPOD angles were close to vertical (indicating very little or absence of water flow) throughout
the tidal cycle (Figure 7.23).
These graphs show that conditions at the DR site were primarily influenced by the tidal
flux, with corresponding near vertical C-POD positions at times of slack tide (i.e. around low
and high water). Consequently, the emitted records correspond with periods of increased
flow and related tidal transport noise. Considering the location of this site in the ‘middle’ of
the Sound where water from the Atlantic is periodically pushed through into the Sea of the
Hebrides (and vice versa), the major influence of this cyclic water force is not surprising, with
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mean spring tidal peak flow of up to 1.75m/s reported for this location (Harrald et al., 2010).
Conditions at the OR site, on the contrary, appeared to be predominantly affected by the
water level. Despite the presence of vertically orientated C-PODs during all phases of the
tide, a slight increased frequency was found around low tide. This indicates that, in addition
to tidal-flow related noises, other sound sources (in particular during periods of higher water
levels), were responsible for saturating the buffer. A reduced tidal flow effect was expected
for this location, as water is not forced through a narrow corridor, resulting in lower mean
annual spring tidal peak flow which ranges between 0.76-1.00m/s (Harrald et al., 2010).

a

b

DR

OR

Figure 7.22. Frequency distribution of eliminated records (i.e. those minutes monitored for <90%) throughout
the tidal cycle for (a) Drover Rocks (DR), and (b) Orasaigh (OR). Note: unequal frequency scales.

a

b

DR

OR

Figure 7.23. Frequency distribution of records with C-POD angles ≤3° for (a) Drover Rocks (DR), and (b)
Orasaigh (OR). Note: unequal frequency scales.

It remains unclear what caused the increased background noise recorded at OR. Perhaps
the more complex and less sheltered environment, in combination with the close proximity
of beaches and (subtidal) rocks and skerries may have caused these increased sounds, which
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in turn may have propagated better in an increased water column. Regardless, it can be
concluded that the soundscapes of both sites differ.
Diel pattern
The diel cycle was included in the majority of the models. The effect of this was very
similar for both locations and showed a crepuscular pattern, with highest dolphin
echolocation detected at sunset and a secondary peak at sunrise. A similar pattern was
reported by Elliott et al. (2011) who monitored bottlenose dolphin presence using T-PODs in
Doubtful Sound, New Zealand. In this fjord, mean DPM/hour were higher at dawn and dusk
compared to day and night phases. The reason(s) for the crepuscular cycle revealed in the
current study is not clear. Due to the high latitudinal location of the research area, during
the majority of summer nights, it remains light throughout the night (based on predicted
twilight data), despite a predicted sunset a few hours before midnight, and sunrise a few
hours after midnight. This indicates that increased dolphin presence during sunrise and
sunset periods was not directly related to light levels. Considering that dolphin behaviour
and presence are assumed predominantly affected by their prey, it is likely that increased
dolphin presence during these particular phases may be related to the diel periodicity of
their prey (Hanson & Defran, 1993; Todd et al., 2009). Specifically, diurnal and diel cycles
have frequently been considered important time scales when assessing cetacean
movements and activity patterns, as various prey species show activity, distribution patterns
and vertical/horizontal migrations which coincide with these cycles (Rountree & Able, 1993;
Pessanha et al. 2003; Locascio & Mann, 2008). For example, higher fish catches in terms of
species diversity, number of individuals and biomass, were made off a beach on the western
Scottish mainland during night than during daytime (Gibson et al., 1996). Their results
indicated an onshore movement of species, especially gadoids, at dusk, followed by an
offshore migration at dawn. Prey activity, availability and/or abundance might therefore be
increased around time of sunset and sunrise, and with prey transiting between nocturnal
and diurnal habitats, they might have been more accessible and susceptible to capture by
dolphins (Hanson & Defran, 1993).
Interestingly, the models revealed marked decreased detection rates during the night for
both sites. It was not possible to determine whether this reduced presence during the night
was caused by an absence of dolphins, as dolphins might have relocated (potentially further
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offshore perhaps foraging on vertically or horizontally migrating prey). Alternatively, the
reduced night detections could have been caused by a diel pattern in vocalisation rate.
Based on visual monitoring, diel and diurnal behaviour cycles have been reported for several
bottlenose dolphin populations, although no consistent pattern emerged across locations
(e.g. Saayman et al., 1973; Würsig & Würsig, 1979; Shane, 1990a&b; Bräger, 1993; Hanson &
Defran, 1993; Allen et al., 2001; Bristow & Rees, 2001; Miller et al., 2010; Steiner, 2012). In
addition, echolocation rates may vary with behaviour (e.g. Au, 1993; Jones & Sayigh, 2002;
dos Santos & Almada, 2004; Nowacek, 2005). Little is known about the variation in
odontocete echolocation production, but diel/diurnal patterns in bottlenose dolphin
biosonar activity have been reported by various acoustic studies. Results, however, did not
reveal coherent echolocation patterns, as differences were present within and between
populations (e.g. Philpott et al., 2007; Branstetter et al., 2012b; James et al., 2012; Bailey et
al., 2013; O’Brien et al., 2013). Therefore, without additional data, such as full sound
recordings or night-time visual observations, it remains unclear whether site-specific
distribution or behaviour might affect reduced night-time detection. Nonetheless, an
increased presence around sunset and sunrise is interesting in light with visual shore-based
observation studies which by nature typically occur during daylight hours.
Model performance
The model performance assessment revealed that all models performed better in
predicting acoustic dolphin presence when dolphins were actually detected (true presence),
than in predicting their absence when no echolocation was detected (true absence). Correct
classification of acoustic presence ranged between 60.8-73.3% for DR and between 72.175.7% for OR, whereas correct prediction of a lack of detections ranged 47.9-66.0% for DR
and 64.0-67.8% for OR, depending on the analysed dataset and acoustic classifier used. This
is a common feature in species modelling (Lobo et al., 2008), since absences have a higher
degree of uncertainty than presences as absences in the collected data may be due to
decreased detectability. For instance, animals may have been present but not detected due
to being silent, high background noise levels or vocalisation directed away from the C-PODs.
The AUC values ranged between 0.60-0.72 for DR, and between 0.74-0.76 for OR. In
ecological modelling, models with an AUC >0.7 are generally considered ‘useful’ (Swets,
1988; Manel et al., 2001; Boyce, et al., 2002; Nemes & Hartel, 2010; Morelli et al., 2014).
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This indicates that the majority of models were of reasonable accuracy and performed
sufficiently well to be considered useful. The exceptions were the models for the DR
Summer datasets (AUC values <0.63), which only included the ‘Tidal Cycle’ as an explanatory
covariate. However, despite the relatively low accuracy of these two models, the
conservative model selection approach provided robust significant results in the final models
which only incorporated genuinely important predictors of acoustic bottlenose dolphin
presence (Pirotta et al., 2011).
Predictive models, such as the GAM-GEE used here, ultimately depend on the quality,
quantity and variety of data included in the model. Testing for patterns in model residuals
after fitting the final models (Chang, 2000) revealed that not all correlation in the data was
accounted for by the covariates selected and the integration of the GEE approach. One
potential solution could be to include interaction terms between the explanatory variables.
Although their inclusion may increase model performance, it also complicates ecological
interpretation. Here, modelling acoustic dolphin presence aimed to investigate which
temporal and environmental variables were key factors influencing dolphin presence. As
such, ecological interpretation (Gregr et al., 2013) was considered a higher priority over
increasing the performance of the model by the means of more complicated models.
A likely alternative for the observed residual patterns in model errors is missing covariates
(Zuur et al., 2009), such as water depth, local current speed, dolphin behaviour, group size,
background noise levels, and boat presence, or these may simply be caused by random
variation in dolphin behaviour. However, an appropriate set of predictor variables at suitable
spatial and temporal scales should be included in the modelling (Redfern, 2006; Bearzi et al.,
2008c). Due to the fine temporal resolution of this study (analysis on minute resolution and
spatial scale of only few kilometres between both deployment sites), other potential
covariates were not available on the required spatial and temporal scales. One notable
exception is the angle of the C-POD, a variable occasionally used in other studies (Tollit et al.,
2011; Castellote et al., 2013; Booth & Sparling, 2013; Booth & Lacey, 2014). C-PODs log the
tilt angles in which they are positioned during deployments (as deviates from vertical once
every minute with a one-degree resolution). Since C-PODs are positively buoyant, they
position themselves vertically in the water column in the absence of any water flow. With
increasing currents, C-PODs increasingly tilt. Therefore, C-POD angle may be included in the
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modelling as a proxy for relative current speed (Castellote et al., 2013). However, increased
flow may cause an increase in sediment transport and other water flow related noises. This,
in turn may mask dolphin echolocation, or cause the buffer to fill up, both resulting in
altered dolphin detectability. Additionally, despite the fit of an omnidirectional hydrophone,
detection probabilities may vary by C-POD angle. Therefore, the effect of current speed (by
its proxy C-POD angle) could not be separated from its potential interaction with
detectability, and consequently C-POD angle was not included in the modelling as a potential
covariate.
As is likely to occur in all similar statistical modelling (Guisan & Zimmermann, 2000), the
presented models undoubtedly over-simplify the dynamic and complex interactions
between the presence of dolphins and their environment. It is highly probable that other
environmental factors, not used in this study, influence dolphin presence. Furthermore,
these variables may not act in an isolated, but rather in a synergetic manner. Increased
knowledge on prey species of west coast dolphins, coupled with direct local prey abundance,
and information on the behaviour of dolphins using the area would most likely facilitate and
improve the understanding of the relationship between local fine-scale bottlenose dolphin
presence and the surrounding environment.
7.4.3. Usage of Kerno and Genenc classifiers
Relatively recently, the Genenc classifier has become available to analyse C-POD data for
the presence of odontocetes with broadband clicks. According to the C-POD developer, this
classifier is useful when monitoring species producing such clicks, since the classifier reduces
false negatives that were previously unclassified trains, and subsequently increases the
number of detections available for analyses (Chelonia Ltd., 2012a&b). It is therefore not
surprising that an increased total number echolocation click trains (data not presented here)
and a subsequent higher number of DPMs were detected by the Genenc classifier (DR:
Genenc 1,406 versus Kerno 739; OR: Genenc 2,449 versus Kerno 1,743). This resulted in an
increased average detection of dolphin presence per day (DR: Genenc 5.9 versus Kerno 4.0
DPMs/day; OR: 17.2 versus Kerno 13.0 DPMs/day).
Based on the less stringent dolphin classification by the Genenc classifier resulting in an
increased number of dolphin detections the general presence obtained via the Genenc
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classifier was considered to more accurately present (after manual verification) the temporal
presence of bottlenose dolphins in the SoB, in particular on small time scales (minutes,
hours).
On a broader temporal scale, using long-term data, both classifiers revealed very similar
patterns in the echolocation presence (expressed as the effort corrected percentage DPDs
per month), as they showed comparable seasonal patterns in acoustic dolphin presence
through the years. Additionally, despite these increased detections by the Genenc classifier,
the fine-scale modelling revealed very little differences between models created using either
of the classifiers. Models based on data from each classifier included the same final subset of
covariates, and the obtained relationships between detected dolphin presence and the
included variables were almost identical between both classifiers. This indicates that, for this
location and based on long-term monitoring, each of the classifiers may be used to robustly
model acoustic dolphin presence in relation to environmental and temporal variables.
The Genenc classifier not only detected more echolocation click trains in general, but
proved particularly better in detecting click trains with shorter (<10ms) ICIs. Since C-PODs
have only been recently introduced, and with the majority of studies focussing on harbour
porpoises, the first assessments of their usage in bottlenose dolphin monitoring in terms of
performance tests, sensitivity analyses, detection distances and detection functions are only
becoming available now (Nuuttila et al., 2013a; O’Brien et al., 2013; Roberts & Read, 2015).
It is therefore unknown, whether the increased performance in detecting click trains with
shorter ICIs, as reported here, represents a general characteristic of the Genenc classifier.
Nevertheless, this may have implications for studies focussing on monitoring foraging
activity through detection of foraging buzzes using C-PODs.
7.4.4. Behaviour and presence near C-PODs
Initial data exploration of the 2011 data revealed differences in detected echolocation
presence between both monitoring locations. Overall higher numbers of click trains were
detected at OR despite a much reduced monitoring period. Land-based observations were
undertaken in 2012 to assess whether these may be attributed to differences in site-specific
presence and/or behaviour patterns, as it is known that dolphins may use certain
parts/habitats within their ranges when involved in specific behaviour (Hastie et al., 2004;
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Lusseau & Higham, 2004; Eierman & Connor, 2014). Furthermore, it was hoped that
sufficient data could be collected during the land-based observations to assess what
proportion of dolphin encounters within detection distance of the C-PODs was acoustically
‘missed’, and to examine the influence of dolphin behaviour on detection probability, to get
an indication of a more realistic year-round importance of the area. However, the landbased monitoring resulted in insufficient behaviour and presence data to test whether
obtained differences in occurrences and encounter durations between both deployment
sites could be caused by presence and/or behaviour differences as dolphins spent
insufficient time within detection distance to compare visual and acoustic data. Based on the
C-POD acoustic data alone, it was not possible to assess behavioural differences, as with the
exception of foraging buzzes, no other behaviour-related vocalisations (e.g. bray calls; Janik,
2000c) are recognised by C-PODs.
7.4.5. Foraging behaviour
Foraging buzzes were detected at both locations, throughout the year, the daily cycle and
the tidal cycle. For both sites, the number of minutes with detected buzzes represented less
than 0.5% of all minutes monitored, indicating an infrequent occurrence of foraging within
the limited detection distances around the C-PODs.
Bottlenose dolphin foraging behaviour differed between the DR and OR monitoring sites.
The number of foraging buzzes detected at OR was 2-3 times (depending on classifier) the
number of buzz click trains detected at DR, despite much reduced monitoring at OR,
indicating increased foraging at OR. Despite higher frequencies of foraging buzzes detected
at OR, foraging buzzes represented a higher proportion of the total amount of detected
echolocation click trains at DR (Genenc: 37%, Kerno: 41%) than at OR (Genenc: 14%, Kerno:
21%). This tentatively suggests that dolphins, when acoustically present at DR, are more
likely to be engaged in foraging than when detected at OR. Nevertheless, these percentages
were higher than those reported for two sites within the Shannon cSAC (7.0% and 9.4%)
(O’Brien et al., 2013), despite foraging buzzes in the current study being defined by a mean
ICI<10ms instead of a minimum ICI <10ms as applied in the Irish study.
No statistical differences were found in the relative presences of foraging buzzes through
the tidal cycle, the diel cycle and through the year. In part, this lack of more pronounced
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patterns in foraging activity may be explained by the large variation in buzz proportions and
resulting large standard deviations. In particular, large variation in the proportion of foraging
buzzes were present for tidal/diel sections and months during which a limited total number
of click trains were detected, and for which the proportions of trains considered foraging
buzzes subsequently frequently varied between 0% and 100%.
The only exception to the lack of statistical differences reported above was found for DR;
here, despite large variation, both Kerno and Genenc results suggested that foraging activity
was associated with particular phases of the diel cycle, namely indexes 0.2-0.6 (where 0 and
1 represent sunrise and 0.5 coincides with sunset). Various visual monitoring studies have
reported peaks in foraging activity in the late afternoon/evening (e.g. Saayman et al., 1973;
Shane, 1990a&b; Bräger, 1993; Hanson & Defran, 1993; Bristow & Rees, 2001), often with an
additional peak in foraging behaviour in the morning. However, some studies indicated
foraging predominantly in the (early) morning only (e.g. Allen et al., 2001; Liret, 2001; Miller
et al., 2010; Steiner, 2012).
Previous research has indicated an increased echolocation rate (Jones & Sayigh, 2002;
Nowacek, 2005), and an increased dolphin detectability by C-POD (Nuuttila et al., 2013a)
during foraging behaviour, as the creation of a more detailed soundscape of their
surrounding and prey location improves foraging success. During foraging, buzzes represent
the final phase of prey capturing, however echolocation click trains with ICIs >10ms are also
produced during the initial detection and approach phases. As such, an unknown proportion
of the non-buzz click trains also represent foraging effort. It is therefore not surprising that
during periods with increased buzz frequencies, the total number of detected echolocation
click trains were higher as well (data not shown here). As the total number of detected
echolocation clicks appeared to roughly proportionally increase with the number of foraging
buzzes (except at OR around low tide (index values 0.8-0.2)) (data not presented), an
increase in detected buzzes did generally not result in an increased buzzes ratio.
The results suggest that it is possible that the obtained increased dolphin presence at OR
may be partially attributed to site-specific behaviour differences, as dolphin detectability at
OR may be increased due to the production of a larger amount of foraging buzzes, which in
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turn were distributed over a larger number of ‘buzz minutes’, in combination with a
simultaneous increase in the transmission of non-buzz clicks trains.
7.4.6. Other odontocete presence
Many dolphin species, produce broadband echolocation clicks which may vary
considerably in their characteristics (e.g. Au, 1993; Houser et al., 1999; Soldevilla et al.,
2008), and dolphins may alter these characteristics depending on behaviour (Dawson, 1991;
Jones & Sayigh, 2002; Madsen et al., 2005) or environment (Au, 1993; Simard et al., 2010).
Although it is increasingly possible to separate echolocation clicks of different species in
sound files (e.g. Roch et al., 2011), the substantial variation in click characteristics within
species, and considerable overlap or similarities between species makes classification of
clicks a complicated process (Gillespie & Caillat, 2008). C-PODs have a reduced capability to
discriminate between bottlenose dolphins and various other odontocetes. Other potentially
locally present species include the white-beaked dolphin, short-beaked common dolphin,
Atlantic white-sided dolphin (Lagenorhynchus acutus), Risso’s dolphin, harbour porpoise and
killer whale (Evans et al., 1993a&b; Boran et al., 1999; Evans, 1999 & 2000; Pollock et al.,
2000; Shrimpton & Parsons, 2000a; Reid et al., 2003; Embling et al., 2005, Hammond, 2006;
MacLeod et al., 2007; Booth et al., 2013; Beck et al., 2014; HWDT, unpublished data).
Based on echolocation characteristics of these species (Wood & Evans, 1980 in Aroyan et
al., 1992; Au, 1993; Barrett-Lennard et al., 1996; Rasmussen & Miller, 2002; Au et al., 2004;
Madsen et al., 2004; Morisaka & Connor, 2007; Simon et al., 2007; Atem et al., 2009;
Soldevilla et al., 2010b; Tubbert Clausen et al., 2010), with the exception of the harbour
porpoise, these species would, if detected by C-PODs, be classified in the same ‘species’
category as the bottlenose dolphin. It is therefore possible that some of the detected click
trains may be from non-bottlenose dolphin origin; common dolphins being the most likely
alternative. Although this species is commonly sighted in deep water east of the Sound
(personal observations; HWDT unpublished data), off the east coast of South Uist (Evans,
1999 & 2000) and west of the Outer Hebrides (Embling et al., 2005), common dolphins are
reported to only occasionally enter the eastern section of the Sound (personal
communication with local users of the area including fishermen and ferry personnel).
Although the possibility exists that these other species were detected, due to the infrequent
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reported occurrence of these (in particular in the vicinity of the monitoring sites), the
probability of this was considered very low, and unlikely to influence obtained results.
7.4.7. Local distribution and ranging pattern
Results obtained here indicate that the acoustic presence of dolphins at both deployment
locations in the SoB is a frequent occurrence. However, to date, no study has investigated
the distributional range of this dolphin community. Thompson et al. (2011) reported that “it
appeared that these dolphins had a very small range and they were encountered during
every visit to the area.” Although this highlights the repeated presence of dolphins in the
area, this statement referred to a limited number of monitoring trips undertaken in the
summer months 2006 and 2007. Even during the summer months, dolphins are not always
encountered in the Sound (Grellier & Wilson, 2003; personal observation; HWDT
unpublished data), and sightings of dolphins have been reported from along the Barra and
South Uist western coastlines and from Castlebay and Lochboisdale on the east coasts of
these islands (Evans, 1999 & 2000; current study; HWDT unpublished data; Chapter IV;
Figure 7.24). Off Spain, for example, stomach content analysis suggested that resident
coastal dolphins undertake offshore foraging trip (Santos et al., 2007).

Figure 7.24. Bottlenose dolphins at a fishfarm near Lochboisdale (South Uist, Outer Hebrides), June 2013. ©
N. van Geel / SAMS.

However, the frequency of the ranging behaviour beyond the strict boundaries of the
Sound, and the extent of these trips along the coasts or into more offshore waters is
unknown. In particular, the temporal gaps of approximately seven days between successive
C-POD detections in winter raise questions about dolphin distribution during this time.
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Furthermore, insights into their ranging behaviour may contribute in assessing dolphin
exposure to potential threats elsewhere, and investigating the potential for social (including
reproductive) encounters with dolphins from neighbouring communities from around the UK
and Ireland, or offshore population(s). In particular with regards to maintaining genetic
diversity, and the prevention of inbreeding, the occurrences of such interactions could be
valuable, but remain hypothetical at present.

7.5. CONCLUSIONS
The SoB and adjacent waters are occupied by a small and seemingly isolated bottlenose
dolphin community (Chapter VI, Thompson et al., 2011, Cheney et al., 2013). Whereas longterm summer presence and site-fidelity was established for this community, little is known
about their occurrence throughout the year, and what ecological conditions are driving their
local presence.
7.5.1. Year-round presence and seasonal pattern
Temporal bottlenose dolphin presence was acoustically inferred by the detection of
echolocation clicks obtained by C-PODs deployed at Drover Rocks and Orasaigh in the SoB
between 2010-2013. The results provided the first evidence for year-round community
residency in the SoB. Increased occurrence was found during the summer and autumn
months, and lowest presence was detected between January and April inclusive.
Although dolphins were detected during less than 1% of the total amount of monitored
minutes at either location, and encounter durations were typically short, dolphins were
acoustically present during 42% and 69% of monitored days at DR and OR respectively.
These daily percentages represent minimum occurrence estimates, as detection distance is
limited and animals may remain undetected even when present. These results indicate a
regular and year-round presence of dolphins in the SoB and highlight the importance of the
area to this community.
Furthermore, this study showed that C-PODs can serve as an effective tool to collect longterm data on the presence of bottlenose dolphin in the SoB (in contrast to the Sound of
Mull; Chapter V), providing baseline information on their local year-round occurrence.
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Despite the fact that C-PODs do not detect all echolocation clicks transmitted by dolphins,
they offer the potential for long-term, continuous monitoring which is generally impossible
by means of other monitoring techniques.
7.5.2. Fine-scale temporal presence
In the current study, acoustic presence of dolphins was modelled in relation to various
temporal and environmental variables. The GAM-GEE modelling provided a flexible,
comprehensive and robust approach to investigate some of the key environmental and
temporal drivers influencing local bottlenose dolphin presence, with ‘Month’, ‘Year’,
‘Light/Dark’, ‘Spring-Neap Cycle’, and particularlythe captured in ‘Day-Night Cycle’ and the
‘Tidal Cycle’ important factors influencing acoustic dolphin presence. With exception of
‘Tidal Cycle’, the relationships between dolphin presence and the selected covariates
revealed very similar patterns between models. Results from the modelling revealed that
small scale differences in dolphin presence between the two monitoring sites, geographically
separated by approximately 7km, was mainly affected by the local tide-related differences,
as dolphins showed distinct site-specific occurrence during opposite tidal phases. A
consistent diel pattern was established at both locations, suggesting that the influence of the
diel cycle may affect dolphin presence in a more uniform way over a larger spatial scale than
the tidal cycle. Combined, differences in dolphin acoustic occurrence, encounter duration,
foraging activity, and site-specific important factors affecting bottlenose dolphin presence,
indicate that dolphins use these two locations differently.
7.5.3. Effects of C-POD classifier
Current study is the first to investigate how acoustic C-POD data processed using the two
available classifiers to analyse non-NBHF echolocation (Kerno and Genenc classifiers) affects
broad scale dolphin echolocation occurrence and the relationships with environmental
variables. The Genenc classifier detected an overall increased number of echolocation click
trains (which it was specifically developed to do), and consequently dolphin presence was
detected during a higher total number of DPMs and an increased number of DPMs per day.
Nevertheless, both classifiers revealed very similar patterns in monthly acoustic presence
and when modelling detected echolocation in relation to environmental and temporal
variables. This indicates that analyses for this location, using a long-term dataset, may be
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performed using either of the classifiers. Nevertheless, the Genenc classifier may be better
suited for monitoring when data is required on fine temporal scales or, due to its increased
ability to detect click trains with short (<10ms) ICIs, when focussing on foraging buzzes.
7.5.4. Dolphin presence and behaviour in relation to C-POD detectability
Little is known about how small-scale dolphin distributions may change over time.
Especially when presence is inferred through acoustic monitoring, differences in detected
acoustic activity between locations, and variation within a site, may reflect changes in
behaviour-related

vocalisation

rates,

time-specific

habitat

preferences

or

differences/fluctuation in site-specific characters affecting dolphin detectability by acoustic
recorders. Consequently additional information is required to disentangle these different
possibilities.
Overall, insufficient data were available to investigate the aims as outlined earlier in the
chapter. Nevertheless, local behavioural differences could be assessed for foraging activity,
by the means of acoustically detected foraging buzzes. Results showed that although
foraging buzzes were detected relatively infrequently within the C-POD’s detection distance
at both sites, the frequencies of foraging buzzes were higher at OR than at DR. However,
when acoustically detected, dolphins were more likely to be engaged in foraging behaviour
at DR compared to OR. At both sites, foraging occurred across the tidal and diel cycles, and
during all monitored months. Nevertheless, a statistical difference was found in the
proportion of foraging buzzes during the day-night cycle only at DR, with increased foraging
activity from late morning till just after sunset.
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GENERAL CONCLUSIONS AND IMPLICATIONS

“The important thing is not to stop questioning…
It is enough if one tries merely to comprehend a little
of this mystery each day”

Albert Einstein

From: Death of a genius:
His fourth dimension, time, overtakes Einstein.
(Life Magazine 2 May 1955: 61-64)

© B. Wilson / SAMS
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GENERAL CONCLUSIONS AND IMPLICATIONS
8.1. GENERAL INTRODUCTION
The west of Scotland is inhabited by a small and understudied common bottlenose
dolphin population. Significant knowledge gaps pertain to their current population size,
social structure, and demographic parameters (reproduction and mortality rates, gender
ratio, age structure), as well as their geographic range, habitat use, diet, behaviour (including
foraging strategies), individual residency and ranging patterns, interaction with other
populations, genetic identity and population structuring, health and perceived threats, and
thus, their general conservation status. As such, our ability to assess the impacts of natural
and anthropogenic events on this local population, and the implementation of effective
conservation/mitigation management, suffers from a general lack of baseline information.
This study aimed to address some of the knowledge gaps surrounding the ecology and
status of bottlenose dolphins on the west coast of Scotland as a whole and particularly
focussed on dolphin mobility by analysing empirical data on spatio-temporal occurrence,
distribution and site-fidelity patterns. Mobility information has been highlighted as one of
the data requirements to support the regulation of coastal (e.g. marine renewable)
developments through appropriate conservation measures (Evans & Hammond, 2004; van
Parijs et al., 2009; Macleod et al., 2011; ICES WGMME, 2012; Thompson et al., 2015). An
increased understanding of the ranging patterns of locally present dolphins, and information
on a population’s range boundaries and how individuals use these areas, in turn, facilitate
the monitoring, development and implications of management and conservation policies.
Furthermore, understanding spatio-temporal movements and distribution patterns may
provide information essential for the development of management strategies to comply with
the commitment of maintaining a ‘favourable conservation status’ for the species (Bearzi et
al., 2008c) in UK waters.
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8.2. MAIN FINDINGS OF THIS STUDY
8.2.1. Cetacean movement research and global bottlenose dolphin mobility
To get an understanding and appreciation of the variation in mobility demonstrated by
bottlenose dolphins globally, an overview of the present knowledge on the ecology of
cetacean movements and the current status of the animal movement research field is
presented in Chapter II. This review highlighted the broad variety of data collection and
analytical methods available in animal movement studies, many of which may be applied to
cetaceans and other marine mammals. Moreover, many of the reviewed studies
investigating causal factors of animal mobility, explore animal movement in relation to
fitness optimisation (optimal foraging, optimal net energy gain, predator escape,
reproductive fitness), as movements are considered a manifestation of an animal’s attempt
to optimise fitness in a heterogeneous environment. These modelling techniques, however,
often require fine-scale (both spatially and temporally) animal movement and habitat data.
Consequently, various analytical methods commonly used to investigate animal movements
in the terrestrial environment, are less suitable in cetacean research. However, as both
technological and analytical development continues, these approaches may become more
appropriate in the future (Chapter II).
Furthermore, from the cetacean literature reviewed in Chapter II, it is clear that these
species are highly mobile and exhibit a range of movement patterns which differ in spatial
and temporal scale. Interactions between cetaceans (and other animals) and their biotic and
abiotic environments and in particular prey availability (distribution, abundance) are key
drivers affecting these movements. As indices for prey availability and various marine
processes are challenging to obtain at the appropriate scales, a variety of abiotic proxies are
typically used to describe and investigate cetacean spatio-temporal presence and
movements (see Chapter II).
Using habitat openness as such a proxy, an ecological framework has been proposed for
understanding how mobility patterns and group structures of a variety of small odontocetes
are derived from adaptations to local habitats (Gowans et al., 2007). In brief, reduced
movements and smaller groups are expected in more physically restricted habitats which are
assumed to be more productive and to provide more stable and predictable (food)
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resources. In contrast, in open environments, increased ranging patterns represent the
amplified travel required between foraging patches, whilst cooperative exploitation of these
spatially and temporally relatively unpredictable patches requires the formation of larger
groups. Through a synthesis of available quantitative information on bottlenose dolphin
mobility globally (see Chapter III), it was investigated whether this framework is supported
by empirical bottlenose dolphin home range and travel distance data. The results of this
analysis broadly provided support for the presence of larger home range sizes. It could,
however, not be determined whether local productivity/prey availability was indeed the
driving force behind this relationship (Chapter III).
8.2.2. Two discrete west coast communities
Results from the current study confirmed results from previous preliminary photo-ID
(2006-2007 data; Thompson et al., 2011; Cheney et al., 2013) and genetic research (IslasVillanueva, 2009), supporting the presence of two small, geographical and socially (perhaps
also demographically) isolated communities on the west coast of Scotland (Chapters IV and
VI). Furthermore, this study substantiated and extended the duration of the previously
described differences in the mobility patterns of these segregated communities. The Inner
Hebrides community is wide-ranging and occupies the nearshore waters of the Inner
Hebrides and mainland coasts. In contrast, the Sound of Barra (SoB) community appears to
have a much more restricted distribution, inhabiting the SoB and surrounding waters.
Despite being fundamentally important to many aspects of spatial management, the factors
that drive these seemingly similar parapatric communities to have such different ranging
patterns remain a mystery. Nevertheless, the dissimilarity in mobility is in agreement with
the above-mentioned proposed habitat-mobility relationship as these communities populate
different local habitats.
Inner Hebrides community
Analyses of 26 years of sightings (1989-2014) and 14 years of photo-ID (2000-2014) data
from dedicated cetacean surveys, wildlife trips and from opportunistic dolphin encounters
considerably extended the long-term monitoring of bottlenose dolphins off western
Scotland (analysed in Chapter IV). These data showed a year-round presence of dolphins in
nearshore waters of the Inner Hebrides, with sightings reported in the region every month of
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the year. Despite a year-round occurrence, most sightings were recorded in the summer,
particular in June-August, most likely reflecting increased observer effort during the summer
period (Chapter IV).
Spatio-temporal analyses (see Chapter IV) of these data not only supported the extensive
range of the community (see above), but showed, for the first time, that dolphins were being
sighted throughout the Inner Hebrides each year, and in most cases during each month of
the year. Highest numbers of encounters were reported in the Isle of Mull area; however
due to the likely unequal observer effort throughout the west coast region it could not be
established whether this reflected increased local observer effort, a true higher occurrence
of dolphins in the area, or a combination of both (see Chapter IV).
Furthermore, these data revealed, for the first time, the long-term presence (at least
eight years; maximum established was 14 years) of several dolphins, with individual
temporal occurrence during most, if not all months of the year, and individual spatial
distributions spanning the entire community range (in contrast to individuals maintaining
smaller ranges within a larger community range). Combined, this suggests the present of a
regionally resident community (see Chapter IV). Additionally, in contrast to Thompson et al.,
(2011), who suggested a latitudinal partitioning based on 2006-2007 photo-ID data, the
analyses of the long-term dataset available for this PhD study did not reveal such
segregation.
Throughout this multi-year study, new individuals were identified. Whereas some of
these were calves of known long-term present females, other dolphins, however, may
represent vagrant individuals from neighbouring populations (e.g. eastern Scotland, Ireland,
Wales or offshore) (e.g. Robinson et al., 2012) or may be more cryptic individuals. It is
possible that other individuals may be present in the region, in particular in more remote
areas and locations with limited photo-ID coverage (Chapter IV).
Sound of Barra community
This PhD study analysed photo-ID data taken within and in the vicinity of the Sound of
Barra (1995, 1998, 2006-2013), and revealed that the SoB community has remained a small
(≤15 individuals) community for over two decades (analysed in Chapter VI), having been
present in the SoB area at least since 1992 (Thompson, 1992). The long-term summer data
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collected and analysed in this PhD (see Chapter VI), substantiated the summer site-fidelity
previously suggested (Grellier & Wilson, 2003; Thomson et al., 2011; Cheney et al., 2013).
Moreover, this study is the first to confirm a year-round presence of dolphins in the Sound,
with echolocation acoustically detected at one or both monitoring locations (DR: Drover
Rocks, and OR: Orasaigh) during approximately half of the 591 days monitored between
2010 and 2013 (see Chapter VII). Collectively, this indicates long-term residency. Despite a
presence for over two decades, and a relatively stable community size, it remains unclear
whether the community represents a remnant, stable or embryonic group.
The photo-ID data, analysed in Chapter VI, revealed the presence of a total of 18
individuals between 2006 and 2013, of which four dolphins were first identified in 1995. The
community appears to be female dominated; ten individuals were identified as being female
and three as male. In contrast to the Inner Hebrides community, with the exception of eight
calves being born into the SoB community, no other new individuals were identified.
Although limited in available data, the demographic parameters (birth rate, calving interval
and calf survival) were comparable to those reported for other coastal bottlenose dolphin
populations worldwide (see Chapter VI). Whereas their range boundaries remain yet
unclear, based on the current knowledge, the SoB community could be considered as a
closed community, showing long-term site-fidelity and residency within a seemingly
restricted range, and an apparent lack of associations with dolphins from adjacent areas.
Chapter VII described the acoustic C-POD monitoring undertaken at two locations (DR
and OR) within the SoB complex to investigate the factors that underpin dolphin presence.
Although dolphins were detected throughout the year, their occurrence varied significantly
through the year with highest presence detected during the spring and summer. The most
striking temporal pattern was the distinct site-specific occurrence during opposite tidal
phases; acoustic presence was higher during the flood tide at DR, whilst increased detections
were made during the ebb tide at OR. Diel patterns in detected echolocation showed a
crepuscular pattern for both locations, with highest dolphin echolocation detected at sunset
and a secondary peak at sunrise (see Chapter VII).
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8.2.3. Low-density monitoring in complex geography
Limited bottlenose dolphin sightings have been recorded during dedicated cetacean
surveys undertaken in the Hebrides and offshore western region (Chapter IV; Reid et al.,
2003), potentially as a result of a coastal distribution, small group sizes and high mobility
through a large area (Mandleberg, 2006). Traditional monitoring of low-density communities
may be challenging as visual sightings are expected to be rare throughout most of their
range. To investigate the spatio-temporal presence of dolphins from the Inner Hebrides
community, this study examined the suitability of two alternative approaches: the collection
of opportunistic data provided by a volunteer sightings network (see Chapter IV), and
acoustic monitoring within a geographic bottleneck (see Chapter V).
This PhD study demonstrated that Inner Hebridean dolphins are not distributed randomly
through the area, but that their presence is influenced by the topography of the area as they
showed a primarily nearshore distribution (Chapter IV). Whilst a presence in close vicinity to
shore proved beneficial in obtaining large amounts of opportunistic data on the species
(analysed in Chapter IV), acoustic C-POD monitoring targeting dolphin echolocation to
investigate their movements in the Sound of Mull, a natural geographic corridor, did not
prove effective (examined in Chapter V).
While acknowledging the potential for spatial and temporal bias in effort related to the
usage of opportunistic data, using a network of volunteers substantially increased the
amount of sightings and photo-ID data on this low-density community to be incorporated
into analyses and therefore allowed for the investigation of dolphin spatio-temporal
distribution patterns (analysed in Chapter IV). This would not have been possible using data
collected during standardised scientific surveys only. Furthermore, as demonstrated in
Chapter IV, pro-active searches on social media to obtain opportunistic dolphin sightings
may substantially increase data availability for analyses, and depending on research aims,
may offer a useful data source in further studies.
Within the Sound of Mull, acoustic C-POD detections were relatively rare, and proved of
limited use to infer dolphin movement occurrence or directionality (analysed in Chapter V).
To investigate the potential causes for these unexpected results, further experiments
comparing click detector (C-POD) data to raw sound files collected with a SM2M were
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undertaken (see Chapter V). These revealed an increased capability to detect dolphin
echolocation from the broadband data compared to the C-POD. Additionally, identification
of dolphin presence was more effective when monitoring whistles than through
echolocation; highest dolphin detections were, however, obtained when broadband
recordings were analysed for both clicks and whistles. Acoustic monitoring in geographic
bottlenecks (and other corridors or coastal travel routes) still has the potential to be
effective in investigating dolphin movements, but monitoring for whistles and echolocation
using broadband recordings (which requires alternative passive acoustic monitoring (PAM)
equipment), might be more suitable and may prove a more effective avenue of research to
explore (see Chapter V). Furthermore, Chapter V also demonstrated that the acoustic
monitoring design developed in this PhD, whereby acoustic recorders are deployed from
navigation buoys, in contrast to a traditional mooring design, offers an opportunity for
acoustic monitoring in areas where the deployment of traditional design may be
compromised (e.g. due to trawling/dredging).
It may be challenging (logistically and financially) to perform dedicated multi-year photoID surveys to capture all bottlenose dolphins within west Scottish waters. Thus, the
development of alternative survey methodology that efficiently collects baseline data on
west coast dolphins is beneficial. This study demonstrated that, due to its very small size,
population estimates and demographic parameters of the SoB community can be obtained
from annual summer censuses, so that the community could be tracked for over a decade
with relatively little annual effort, and supplemented by photographs obtained
opportunistically (see Chapter VI). Such an approach, however, is likely to have limited
power to detect rare or occasional visits from individuals from outside this resident
community.
In contrast, the low-density wide-ranging nature of the Inner Hebrides community (as
demonstrated in Chapter IV) reduces the efficiency of dedicated photo-ID surveys.
Depending on the research question, various strategies may be employed in future studies.
The integration of opportunistic photo-ID data may be suitable for certain questions (e.g.
spatio-temporal ranging patterns), but their usage may be limited in other studies (e.g.
association patterns, mark-recapture abundance estimation). In order to maximise
encounter probability, as well as getting photographs of as many individuals as possible, the
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results presented in Chapter IV suggest that dedicated photo-ID effort could be directed
towards nearshore waters in the Isle of Mull area to obtain high quality pictures against
which to compare additional opportunistic data, including data required to assess the spatial
distribution of individuals.
Despite local social and cultural issues and complications in relation to the proposed SoB
cSAC (Mitchell, 2012; Brennan, 2015), the long-term acoustic monitoring carried out in this
location (analysed in Chapter VII) was possible thanks to a good relationship with local
fishermen. They not only helped in deploying and retrieving the monitoring setup during the
regular standard re-deployments, but as these mooring setups were located within their
creeling grounds, they also monitored their continued presence. This was very useful when
one of the setups lost its surface buoy during a storm. The presence of these fishermen
(going out to sea practically daily) proved particularly valuable in the temporal removal of
equipment ahead of forecasted extremely rough weather, and thus reducing the risk of
losing or damaging recorders, without compromising long-term monitoring and having to
mobilise a fieldwork team to head to this remote location for retrieval and subsequent redeployment a few days later.
C-PODs are frequently used to monitor odontocete occurrence in European waters
(Chapters V & VII). Modelling the acoustic dolphin presence in the SoB in relation to various
environmental variables demonstrated that robust information on their presence could be
obtained even when detected echolocation occurrence was low (<1% of monitored time)
(see Chapter VII). Additionally, the current study is the first to report on the comparison
between C-POD monitoring data processed using the Kerno and the Genenc classifiers
(focussing on dolphin presence/absence; not aiming to investigate echolocation rates such
as in relation to behaviour or to the diel cycle). Despite an increased number of detections
made by the Genenc classifier (as it was specifically developed to do), this study showed
that, in the SoB, using a long-term dataset, both classifiers revealed very similar results with
regards to detected temporal dolphin presence. This indicates that either of the classifiers
may be used to robustly analyse dolphin presence in the region (see Chapter VII).
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8.3. OPPORTUNITIES AND LIMITATIONS
8.3.1. Complementary methodologies
Monitoring cetacean populations may require a wide range of survey techniques (Chapter
II). The current study integrated a variety of data sources and analytical methods to
investigate the spatio-temporal occurrence of the two bottlenose dolphin communities
inhabiting coastal waters off western Scotland. Data from dedicated cetacean surveys,
targeted photo-ID surveys, opportunistic sightings and acoustic monitoring, addressed
specific elements of dolphin mobility, which collectively resulted in an increased
understanding of the residency patterns, (spatio-)temporal distribution of (individual)
dolphins and, for the SoB community, also highlighted several of the underlying causal
factors driving local dolphin occurrence. The integration of these methodological
approaches, and the complementary information obtained from these, proved useful in
order to characterise the spatial occurrence and temporal variation of these two low-density
communities.
Acoustic monitoring in the SoB provided a year-round assessment of bottlenose dolphin
presence and therefore complemented the photo-ID effort in the area. Combined, these
highlighted not only the repeat summer presence and hence long-term site-fidelity of
individual dolphins (Chapter VI), but demonstrated a year-round presence of dolphins in the
area (Chapter VII), and therefore indicated the presence of a resident community. The
individual or community year-round residency could not be established from the
opportunistic sightings (Chapter IV) or the dedicated summer photo-ID data (Chapter VI), nor
would it have been possible to collect similar long-term (including overnight) data through
visual observations. Whilst acoustic monitoring confirmed animal presence, it did not
provide information on abundance. The photo-ID data, however, allowed community
estimates to be obtained by means of annual summer censuses.
8.3.2. Data opportunities and limitations
The data used in this study allowed for investigations into dolphin mobility. Some of the
data collected for the current study may contribute to several of the identified data gaps,
especially to investigate photo-ID matches and social interaction with other populations,
continued research on seasonal and annual residency and distribution, and to investigate
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population size and other demographic information (gender ratio, reproductive and
mortality rates). There are, however, various issues with the current data which restricted
their usage, influenced the suitability of certain analyses and affected the conclusions which
could be made in the current research, and which may limit their suitability for future
studies on particular topics including some the identified data gaps.
Opportunistic sightings data:
- The sightings data proved useful in assessing minimum spatial and temporal distributions.
However, as effort was not systematically collected, these data were not suitable to
investigate favourable/high-use areas. Additionally, limited winter data prohibited a full
assessment of community presence and distribution during this period.
- Sightings data were not obtained on sufficient fine-scale resolution to allow for a full
characterisation of mobility and movement patterns (e.g. tracking groups); tagging data
would be required if this would be the research aim.
Opportunistic photo-ID data:
- Although the opportunistic photo-ID data revealed the presence of identifiable dolphins
throughout the west coast (and even on the north coast), the full extent of the
community’s expansive geographical range is not yet fully determined.
- Very limited data were available for northern and southern sections and during winter.
Hence, our knowledge on individual temporal presence and spatial distribution remains
incomplete.
- In general, the opportunistic data were not suitable for mark-recapture modelling in
order to obtain population estimates and demographic parameters. The quality of a
substantial part of the opportunistic photo-ID was insufficient, and on various occasions
only well-marked individuals could be identified, and it proved particularly difficult to
track various females with their calves. Frequently the pictures had not captured all the
individuals present during encounters. Due to the opportunistic nature, the majority of
photo-ID data lacked associated effort information, although there likely was an overall
spatial and temporal bias in effort. The majority of opportunistic photo-ID data of the
Inner Hebrides community were of insufficient quality to be incorporated in research
pertaining to associations and social structure.
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Acoustic monitoring data:
- As can be concluded from the results from Chapter V (Sound of Mull corridor movements)
and Chapter VII (SoB acoustic monitoring), the suitability of C-PODs to monitor dolphin
presence may be site-specific. While C-POD monitoring worked well in the SoB and the
Moray Firth, for undetermined reasons their performance in the Sound of Mull was
compromised. Additionally, the results presented in these chapters indicate that C-PODs
(and potentially other autonomous data collection recorders with on board processing)
inherently perform conservatively, thereby potentially underestimating true dolphin
presence, depending on the temporal resolution of data analyses.

8.4. CONSERVATION AND MANAGEMENT
8.4.1. West coast dolphins in a European context
The coastal waters of Western Europe are occupied by various discrete bottlenose
dolphin communities/populations, with dolphins inhabiting discontinuous regions from
Spain to the British Isles (Evans et al., 2003; Reid et al., 2003). Although the species is fairly
common and widespread in these waters, historic data on frequency and distribution of
strandings and sightings indicate that bottlenose dolphins used to be regularly present in
estuaries and other coastal waters, where they are now no longer (or rarely) seen, and only
pockets of populations have remained (Müller & Bossley, 2002). Both direct and indirect
evidence includes decreased sighting rates, population declines and range reductions for
various areas of the Northeast Atlantic (e.g. SW England: Treganza, 1992; Doyle et al., 2008;
Pikesley et al., 2012; France: Ferrey et al., 1998, the Netherlands: Verwey, 1975a&b; Bakker
& Smeenk, 1990; Camphuysen & Peet, 2006, southern North Sea: Kayes, 1985; Evans, 1987,
Portugal: Sado Estuary - Augusto et al., 2012; Tejo Estuary - Harzen & Brunnick, 1997; dos
Santos & Almada, 2004), as well as in the Mediterranean (Bearzi et al., 1997, 2004 & 2008a;
Blasi & Boitani, 2012; Gonzalvo et al., 2014). However, as trends in population estimates are
lacking for several of these locations (Wilson et al., 1997a), it is not known whether the local
decline is caused by a change in distribution, or an overall decline in abundance (Simmonds,
1994; Parsons et al., 2002). Nevertheless, with an increase in the human population and
accompanied increase in coastal development, pollution, fisheries (entanglement, direct kills
and prey depletion), habitat degradation and disturbance, the bottlenose dolphin
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populations in various areas have declined, in some parts at least since early in the 20th
century (Simmonds, 1994; Camphuysen & Peet, 2006; Bearzi et al., 2008a). At present, the
conservation status of the species in EU waters warrant listing under Annex II of the Habitats
Directive.
The small bottlenose dolphin communities off western Scotland demonstrate social
division and geographical isolation, with only limited evidence for links with other groups
around the UK and Ireland (Thompson et al., 2011; Robinson et al., 2012; Cheney et al.,
2013; current study), as well as genetic differentiation (Islas-Villanueva, 2009). Despite high
mobility (Chapter III), which might facilitate gene flow over large distances (e.g. Hoelzel,
1998; Quérouil et al., 2007), fine-scale genetic population differentiation may occur over
small geographical scales (e.g.; Natoli et al., 2005; Sellas et al., 2005; Bilgmann et al., 2007;
Möller et al., 2007; Rosel et al., 2009; Tezanos-Pinto et al., 2009; Wiszniewski et al., 2009;
Litz et al., 2012; Mirimin et al., 2011; Fernández et al., 2011). Various factors may lead to
population differentiation, such as geographic isolation, local genetic drift, oceanography
and habitat variation (Ansmann et al., 2012b). It has been suggested that habitat-driven
genetic structuring took place in the Northeast Atlantic, where coastal populations have
resulted from historic founder events from oceanic population(s), with subsequent niche
differentiation and high site-fidelity driven by adaptation to these coastal habitats and natal
philopatry (e.g. Hoelzel, 1998; Hoelzel et al., 1998; Natoli et al., 2004; Nichols et al. 2007;
Louis et al., 2014a&b; Gaspari et al., 2015). In the Mediterranean, the genetic similarity
between coastal populations, which exhibit strong site-fidelity, is suggested to be mediated
by pelagic dolphins, with limited direct gene flow between coastal populations (Gaspari et
al., 2015).
Many studies have shown population structuring in terms of defined residency patterns,
ranging patterns, association patterns and genetics. It is possible that this structuring may be
enhanced by behavioural differences between populations, including local preferences in
diet, foraging strategies, vocalisation, and other cultural transferable or social barriers which
could preclude interactions (Chapter I). However, the opportunity for mixing does not
necessarily lead to social interactions. For example, resident dolphins have been reported to
move outside the Shannon Estuary, Ireland (Ryan & Berrow, 2011) and the Sado Estuary,
Portugal (Martinho, 2012; Martinho et al., 2015), yet, no social mixing with neighbouring
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communities has been reported. Therefore, the potential for genetic exchange does not
necessarily translate into realised gene flow (Parsons et al., 2006). In contrast, high sitefidelity and long-term residency do not necessarily indicate a lack of mixing or genetic
exchange. For instance, despite the long-term presence and high re-sighting rate of
individuals belonging to the Sarasota community, 50% of the calves were sired by males
from outside the area, indicating the temporal excursion of Sarasota females outside the
home range, or the occasional visit of males from elsewhere (Wells, 2003).
At present, the degree of individual and genetic mixing between North Atlantic coastal
communities/populations, and their relevance to true biological populations, remains largely
unknown (Grellier & Wilson, 2003; Robinson et al., 2012), and results of genetic structuring
within the Northeast Atlantic are inconclusive (Parsons et al., 2002; Natoli et al., 2005;
Nichols et al., 2007; Islas-Villanueva, 2009; Louis et al., 2014a&b; Gaspari et al., 2015). Interregional comparisons between photo-ID catalogues may provide matches between areas
(see Chapter III), it has, however, limited power in detecting rare but reproductive successful
movements (Grellier & Wilson, 2003). Nevertheless, such comparisons have already revealed
some evidence for movements of dolphins between various localities occupied by
bottlenose dolphins in UK and Irish waters (see Chapter III). Further photo-ID and genetic
studies are needed to unravel large-scale contemporary genetic structuring, connectivity
(including current migration rates), paternity and potential meta-population dynamics.
It has been suggested that, over evolutionary time-scales, UK populations may constitute
a meta-population with localised extinction and re-colonisation dynamics (Nichols et al.,
2007). Obviously, meta-population dynamics have implications for the conservation of the
species in UK waters in general. Individuals from source populations (perhaps offshore), or
neighbouring populations may immigrate into available and suitable habitat and may be able
to adapt to optimise these niches. Current research on coastal bottlenose dolphins
illustrates their dynamic nature, recognising that although coastal populations may appear
resident in the short-term, they may be temporally and spatially dynamic at decadal and
centennial scales (e.g. Treganza, 1992; Wells et al., 1990; Wilson et al., 2004). The Humber
Estuary (near Flixborough, UK) used to be inhabited by a currently extinct population over
100 years ago, but has not been repopulated since (Nichols et al., 2007). In contrast, off SW
England, dolphins re-appeared after having been practically absent for two decades
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(Treganza, 1992), but since then have been seen regularly (Wood, 1998). This may indicate
that, over longer time scales, free niches may become re-populated if local communities
decline or disappear, but that local genetic, and behavioural adaptations may get (perhaps
temporarily) lost in the process.
8.4.2. Small populations
Both adult survival and as well as successful reproduction have great influences on
population trajectorties (Manlik et al., 2016). The viability of small populations is a
conservation concern; as the population size decreases, extinction risk increases due
demographic and environmental stochasticity, natural catastrophes, and the loss of genetic
diversity and accumulation of unfavourable mutations as a result of genetic drift and
inbreeding (e.g. Shaffer, 1981; Lacy, 1987; Caughley, 1994; Fujiwara & Caswell, 2001;
Harmon & Braude, 2010). Demographic stochasticity results from natural variations in
reproductive and mortality rates among individuals in a population, and may lead to
stochastic perturbations in demographics (e.g. gender ratio, age structure), whereas
environmental stochasticity is the effect of environmental fluctuations (including
anthropogenic impacts) upon a population’s demographic parameters. Inbreeding can
reduce individual fitness, and the loss of genetic variation can diminish future adaptability to
a changing environment. In fact, despite being a dolphin population that is considered
relatively large (2,000-3,000 individuals), inbreeding due to philopatry of both genders, and
subsequent reduced reproductive fitness has been reported for Shark Bay, Australia (Frère
et al., 2010b), and reduced genetic variation due to inbreeding has also been reported for
the Marlborough Sounds and Fiordland populations in New Zealand (Tezanos-Pinto et al.,
2011). These processes can interact and lead populations to become even smaller, forcing
them into a continuing downward spiral, known as the extinction vortex. In addition to these
processes, small populations may be subject to Allee effects (and other density dependent
processes), which, singly or in combination could dramatically increase the probability of
extinction (Allee 1931; Fowler & Baker 1991; Courchamp et al., 1999; Stephens & Sutherland
1999; Stephens et al. 1999; Norris, 2004). Allee effects refer to situations where the
population growth rate (through impacts on reproduction and survival) of low-density or
small populations is negatively affected as a result of reduced cooperative interactions due
to this low density or small group size (Lande, 1998; Courchamp et al., 1999). For example,
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low densities may increase the difficulty in finding mates, and small groups may lead to
reduced efficiency in foraging or predator defence.
As such, the small sizes of the Scottish west coast communities, and therefore likely low
genetic diversity (Islas-Villanueva, 2009; Louis et al., 2014a; Fruet et al., 2014), in
combination with the apparent geographic and social isolation from neighbouring
populations (potentially even demographic independence), raises concerns about long-term
viability of these communities, and in particular the SoB community. Influx of new
individuals (either temporally or permanently) may counteract some of the inherent
problems related to small populations. Hence, the documented movements between the
Inner Hebrides, eastern Scotland and Ireland (Robinson et al., 2012) may be vital for the
long-term resilience of these communities.
In small mammal populations, demographic stochasticity may result in skewed gender
ratios through gender-biased adult mortality and/or calf survival. Whether the apparent
female-bias observed in the SoB community indicates such ‘small population processes’ are
currently influencing this community is uncertain, but it is possible that this community is
indeed already affected by its small size. An unequal gender ratio may have consequences,
including a reduced effective population size, increased loss of genetic variability (i.e.
evolutionary potential) and amplified negative consequences of inbreeding (Wedekind,
2012). From a population dynamic point of view, a female-biased community is, however,
favoured over a male-dominated one, as an increased number of females may increase
reproduction and enhance population growth (Wedekind, 2002 & 2012; Lenz et al., 2007;
Lambertucci et al., 2013).
8.4.3. Conservation and management implications
Bottlenose dolphins are long-lived species with a low reproductive rate (Chapter I) and
compounded by their high site-fidelity and nearshore distribution, the small communities off
western Scotland (as demonstrated in Chapters IV and VI; Cheney et al., 2013) may be
particularly vulnerable to increased mortality or reduced reproduction caused by local MR
development and other anthropogenic activities (Maclean et al., 2014). Current European
conservation legislation requires the estimation of the cumulative exposure of individuals to
stressors in order to infer the population consequences of these disturbances (Cooper &
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Sheate, 2002). At present, the assessment of the significance of anthropogenic pressures on
west coast bottlenose dolphins has been hampered by a lack of data.
Genetic variation in coastal populations is smaller than for offshore/pelagic ones (e.g.
Natoli et al., 2004; Fruet et al., 2014). Additionally, various studies in the Northeast Atlantic
have revealed population differentiation between coastal groups (see above). As such, the
limited gene flow, and reduced genetic diversity, combined with the small sizes of the west
coast communities and social isolation from neighbouring communities, decreases the
likelihood of replenishment in case these communities decline or disappear. This emphasises
the need for long-term monitoring and the implementation of efficient conservation plans to
mitigate against negative impacts of anthropogenic activities.
Area conservation for bottlenose dolphins and other mobile species rarely encompasses
the entire range of the population. Instead, conservation strategies, such as the Habitats
Directive, aim to establish a network of protected areas that supports the favourable
conservation status of the species. A substantial section of the SoB has recently been
proposed for SAC designation in line with European requirements as specified in the Habitats
Directive. Although the presence of the local bottlenose dolphin community was
acknowledged during early stages of the selection process (Scottish Environment LINK,
2011), the species is currently not included as a qualifying feature for the SAC (Scottish
Natural Heritage, 2012). In the context of effective management of the SoB dolphins, as
long-term residents, these dolphins may face increased risk from geographically-localised
impacts. However, since the species is listed on Habitats Directive Annexes II and IV, any
future (development) activities should take the presence of this small resident community
into consideration, and sufficiently assess any direct, indirect and cumulative impacts these
activities may have on the community.
In conservation biology it is widely acknowledged that, especially for widely dispersed
species, conservation at species level alone is inadequate (Reeves & Brownell Jr, 2009), as
populations and geographical subpopulations all contribute to maintaining genetic
biodiversity, and hence increased resilience against changing environmental conditions.
Understanding population sub-divisions and connectivity provides information critical to the
identification of relevant management units (e.g. Fruet et al., 2014; Sveegaard et al., 2015).
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This, in turn, allows for the determination of the conservation status of species and
populations, the ecological significance of anthropogenic impacts, and the effectiveness of
management strategies (e.g. Taylor, 2005), as even neighbouring populations may have
different conservation status and may face different (levels of) anthropogenic pressure(s)
(Sveegaard et al., 2015). Various lines of evidence are typically used to determine
management units, including genetics, spatio-temporal distribution patterns, habitat use,
social structure, diet, morphology and behaviour (Waring et al., 2013 & 2014; Sveegaard et
al., 2015). Considering the prolonged social and geographic isolation between both Scottish
west coast communities revealed during this study (at least since 2006), the SoB community
appears to represent a separate biological unit and could therefore be considered an
independent management unit. There is currently no evidence that this community will be
maintained by recruitment from other communities/populations, if the community would
decline (ICES WGMME 2013).
Whereas the SoB community and other dolphins inhabiting coastal waters off western
Scotland were initially proposed as two independent management units (Evans et al., 2009;
ICES WGMME, 2012; Cheney et al., 2013), recent assessments have combined these into one
management unit for species management in UK waters, the coastal West Scotland and
Hebrides (CWSH) unit (Figure 8.1; IAMMWG, 2015). Combined, the continued evidence for
spatial and social isolation (demonstrated in Chapters IV & VI), and a potential high degree
of genetic differentiation (Islas-Villanueva, 2009), supports the earlier recommendation of
the SoB community being treated as a separate management unit to manage the species in
UK waters. Genetic studies (including biopsy samples instead of strandings data) would be
beneficial to investigate whether these two communities indeed also represent discrete
demographic entities.
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Figure 8.1. Bottlenose dolphin management units in UK waters. Adapted from IAMMWG, 2015 © JNCC.

8.4.4. Coastal (MR) development and spatio-temporal dolphin behaviour
Whilst the forecast MR developments off western Scotland were the initial driver behind
this PhD, during the course of this research, most projects have either been cancelled or
delayed, and at present, there is little progression in the MR industry in the region.
Consequently, the research undertaken in this PhD focussed on the overall biology/ecology
of the bottlenose dolphins in this area and on general monitoring methodology to
investigate mobility, rather than investigating their presence in the potential MR
development sites.
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Nevertheless, one of the main findings of the current study was that bottlenose dolphins
were observed throughout the entire west coast throughout the year. This insight into their
mobility suggest that implementation of time-area management would not be an effective
tool in minimising the impacts of industrial activities, as no time periods could be reliably
identified when animals are unlikely to be in the vicinity of development areas. Furthermore,
the demonstrated predominant presence in areas in close vicinity to shore, suggest that
dolphins may be particularly affected by near-shore developments whether for the MR
industry or otherwise.
The seemingly restricted area use by the Sound of Barra community, and their apparent
isolation from the Inner-Hebrides community, highlights the reliance of this community to
the Sound of Barra area. This should be taken into care consideration when proposing
human activities that may affect this small, localised community.

8.5. RECOMMENDATIONS FOR FURTHER RESEARCH
Whilst the current study reduced some of the knowledge gaps, our understanding of the
ecology of west coast dolphins is by no means complete and a continued lack of knowledge
remains with regard to their social structure, habitat use and core areas, diet and foraging
strategies, behaviour and social/reproductive interactions, population trend, and genetic
structuring.
With pressures from a wide range of anthropogenic activities, including aquaculture,
marine renewables and tourism, increased knowledge on the factors determining bottlenose
dolphin presence, abundance, habitat usage, behaviour and mobility is required in order to
manage and protect these dolphins in a sustainable manner. Clearly, site-specific research is
required in order to acquire information against which to monitor these communities and
assess the efficacy of any management measures. Insightful future studies informative for
the conservation of the bottlenose dolphin communities off western Scotland include
continued photo-ID effort (to investigate population abundance, demographic parameters
and to compare for matches with neighbouring communities/populations), post-mortem
investigation of all suitable stranded dolphins (including collection of stomach contents and
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genetic samples) and a comprehensive genetic population structure assessment (including
genetic isolation between both communities and migration rates).
8.5.1. Long-term research
Bottlenose dolphins are long-lived animals which exhibit low reproductive rates, and
demonstrate highly complex social structures (Wells, 1991). Consequently, longitudinal
studies are crucial in obtaining an understanding of the complex ecology of local populations
including assessing trends in abundance, community structure and vital information on
reproduction, survival and other demographic information (e.g. Wells, 1991; Currey et al.,
2008; Clutton-Brock & Sheldon, 2010). Moreover, subtle changes in their ecology may only
be reflected in their population dynamics after long periods of time, reinforcing the need to
conduct long-term monitoring (Taylor & Gerrodette, 1993; Wilson et al., 1999a; Thompson
et al., 2000; Taylor et al., 2007; Currey et al., 2011).
8.5.2. Maintain photo-ID effort
Photo-ID effort may provide a range of information useful for a variety of research
questions and conservation monitoring, including population size, distribution, habitat use,
social structure, health, individual survival and other aspects of population dynamics and
dolphin ecology (Chapter II; Hammond et al., 1990). Therefore, in order to keep monitoring
the individual presence of each dolphin, the occurrence of births, and (calf) survival to
understand site-specific demographic trends, it is recommended to continue photo-ID effort
on both west coast communities.
The current study has identified the presence of several dolphins in the Inner Hebrides
which were only sporadically photographed, particularly in northern and southern sections.
Future photo-ID studies could also attempt to obtain high-quality images from encounters in
these areas and compare for matches with ID-catalogues from neighbouring groups to
identify these individuals.
Acoustic monitoring in the SoB revealed a year-round presence of dolphins, but it is
currently not known whether these represent the same individuals as identified from the
photographs collected during summer surveys. Photo-ID effort in winter time may reveal
whether the same dolphins are present year-round, or whether the echolocation detected in
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winter time is transmitted by different individuals. The use of sound recorders for signature
whistles may also address this issue, as the presence of individuals may be confirmed
through their individual-specific whistles, without the requirement to conduct photo-ID.
8.5.3. Distribution and habitat usage
Although the SoB community range appeared small, the distribution boundaries of either
of the two communities are not yet fully identified, and it is plausible that dolphins may
(occasionally) range further offshore. Variation in individual residency patterns and ranges
present an important element of the social ecology of bottlenose dolphins (Chapter I).
Currently, it remains unclear what ecological drivers may have led and/or maintain the
differences in ranging patterns demonstrated by these two west coast communities, but the
habitats in which these mobility patterns evolved are different, and future studies may
investigate this further, and may include isotope analyses of biopsies.
With regard to the general presence and distribution of the SoB dolphins, future research
should consider increasing the spatial and temporal extent of acoustic monitoring. Here, the
acoustic monitoring revealed limited echolocation detections during the winter period and a
general lower detection rate during the night, and further research may continue to explore
these results; does this represent an actual absence of dolphins, and if so, where do they go?
Furthermore, whereas the current study revealed high daily presences of dolphins in the
SoB, further research may try to identify areas/habitats of most importance (e.g. for
foraging), and investigate why and when dolphins use these areas. Likewise, results of the
current study indicate that the Isle of Mull area might be a potential area of high usage for
individuals of the Inner Hebrides community. Further studies may verify this suggestion.
8.5.4. Population structure and connectivity
Many populations appear to be subdivided or restricted in range, and consequently form
demographically independent units (Baird et al, 2009). In light of the social and geographic
demarcation between both west coast communities reported herein, further studies should
investigate whether these represent ‘just’ two separate communities or indeed two
separate demographic units.

342

Chapter VIII - General conclusions and implications

Furthermore, various movements between UK and Irish coastal sites have been reported
in the last decade (see Chapter III). What the consequences of these long-distance
movements are with respect to social structure, genetic mixing, population viability and
meta-population dynamics is currently unknown. Given the potential importance that
exchanges with neighbouring coastal groups may play, even if rare, further research is
required to investigate the ecological consequences of the seemingly social and spatial
segregation between both communities, and the movements of individuals between
neighbouring populations. In particular, genetic studies may be particularly useful in
establishing paternity, population structure and inter-community/population connectivity
(e.g. Inner Hebrides, SoB, Irish, Welsh, French and offshore populations).
8.5.5. Strandings
A range of factors influence the number of animals stranded on a coastline, and their
probability of being found, including current and wind conditions, coastal configuration and
anthropogenic activity along the coast (Gnone et al., 2005). The SMASS strandings and postmortem database contains limited records of bottlenose dolphins stranded off western
Scotland. Unfortunately, only a few were sufficiently fresh to be retrieved for post mortem
examination (SMASS, as per February 2014). Maintaining current strandings network for
recording and sampling stranded animals is recommended, as this can provide highly
valuable data regarding cause of death (natural cause, predation, starvation, diseases,
anthropogenic interactions), diet, stable isotopes, genetic population structure and
paternity, age, parasite and contaminants levels, individual identity and origin (coastal
versus offshore). Understandably comprehensive sample collection is impeded by logistical
constraints of remote locations and inaccessible coastlines, and limited funding available to
attend strandings and perform various analyses. However, information from west coast
bottlenose dolphin strandings have the potential to significantly increase our knowledge and
hence contribute to tackle conservation and management problems including genetic
connectivity and threat assessments.
8.5.6. Methodology
Finally, this research included a proof-of-concept study where the efficiency of acoustic
monitoring in geographic bottlenecks was assessed as a relatively new approach to
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investigate the mobility of dolphins (see Chapter V). Whilst results were not fully satisfactory
probably due to the specific technology used (C-PODs), the approach in itself offers an
interesting opportunity to explore and develop further. This approach undoubtedly still has
potential, and further investigation, especially using full bandwidth sound recording is
recommended. In particular, when such monitoring can be coupled with real-time
information on dolphin presence, it may serve as a tool to mitigate against potentially
damaging activities such as blasting and pile-driving.

8.6. IN SUMMARY
Two bottlenose dolphin communities inhabit the coastal waters off western Scotland, a
region considered for future developments for the MR industry. These coastal developments
will be superimposed onto a diversity of anthropogenic pressures already faced by west
coast dolphins (reviewed in Chapter I). Coastal resident dolphins, or dolphins with high sitefidelity, may be particularly prone to anthropogenic pressures due to their limited
geographic ranges and restricted movements overlapping these activities (e.g. Bejder et al.,
2006; Wells et al., 2008; Gonzalvo et al., 2014). The lack of understanding of how the region
is used by local dolphins impeded assessing the impacts of anthropogenic activities on
dolphins and the development and implementation of conservation effort, in case
management strategies are considered expedient.
Effective conservation management relies on the availability of accurate, up-to-date
information, including on population size and trends, and an understanding of spatial and
temporal distribution patterns and the relationships between populations and their habitats.
Given the global range of habitats occupied by bottlenose dolphins and the flexibility and
plasticity shown by dolphins as adaptations to these different environments, site-specific
data are required to understand dolphin presence and their spatial and temporal
distribution in relation to local conditions.
This study investigated movement patterns of two bottlenose dolphin communities off
western Scotland, by focusing on various temporal and spatial mobility aspects, including
long-term site-fidelity, year-round presence and spatio-temporal distributions. Various
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complementary methodological approaches (acoustic monitoring, photo-ID, dedicated
surveys, and opportunistic sightings) were integrated to investigate local dolphin mobility.
The results of this study collectively revealed that the west coast of Scotland is inhabited
by bottlenose dolphins year-round. The neighbouring communities showed different
patterns of mobility, and this contrast adds to the large number of examples illustrating the
ecological plasticity of the species (Thompson et al., 2011). Both communities contained
individuals that demonstrated long-term presence, with individuals identified since 2001 in
the Inner Hebrides, and since 1995 in the SoB. In the Inner Hebrides, these individuals were
sighted throughout the west mainland coast, with additional encounters on the north coast
and in the Outer Hebrides. Despite limited year-round photo-ID data, their presence was
recorded during most, and in some cases during all, months of the year. The SoB community
appeared to consist of a closed group (births and deaths excluded). As photo-ID effort on the
SoB community was limited to summer months only, the year-round presence of individual
dolphins remains unclear. Nevertheless, acoustic monitoring confirmed a year-round
presence of dolphins in the SoB. Dolphins were not uniformly present with respect to the
environmental and temporal variables analysed, with month, the tidal cycle and the diel
cycle substantially affecting detected acoustic dolphin presence.
Whereas historic sightings in both areas date back to early in the 20th century, sightings
data indicated a regular summer occurrence of dolphins in the SoB for at least two decades
despite the small number of individuals contributing to the community during this period
(≤15 individuals). For the Inner Hebrides, documented encounters reveal a regular presence
at least since the early 1990’s, but population trends are unknown. Although it is possible
these communities represent embryonic groups with the potential to grow, it is also
plausible they represents remnant of previously larger groups which have declined since. In
any case, given the stochastic effects on small populations and potential Allee effects, the
presence of relatively few reproducing females, in combination with their geographic and
social isolation, and their genetic differentiation from other UK bottlenose dolphins, the
future resilience, viability and existence of these communities are of concern.
Results of the current study have implications for the development of protection and
management strategies. For example, the nearshore distribution demonstrated by the Inner

345

Chapter VIII - General conclusions and implications

Hebridean dolphins, indicate that they do not move freely through the area, and that they
may be more susceptible to pressures occurring in these areas. Dolphins routinely used the
area around the Isle of Mull, and this area experiences among the highest levels of human
activity within the region. Furthermore, the full extent of the movement patterns of
individual dolphins remains unknown, but at least several dolphins roam widely throughout
the entire region, and dolphins can be sighted across the region throughout the year. This
suggests that human activity anywhere within the region, and at any time of the year, has
the potential to affect dolphins. Any conservation management of the Scottish bottlenose
dolphin communities needs to take these findings into consideration.
An understanding of how and when dolphins use areas targeted for development has the
potential to provide an effective means of mitigation by timing industrial activities when
dolphins are unlikely to be in the vicinity or are known to be elsewhere. As such, one of the
initial objectives of this PhD study was to investigate bottlenose dolphin mobility patterns
and assess whether insights into these could be used as a mitigation tool to ensure dolphins
and potential harmful MR construction will not coincide. Although it was decided not to
include a detailed analysis of this objective in the current research, the results presented in
this thesis provide information that will be key in assessing a suitable timeframe for MR
development. Sightings of bottlenose dolphins appeared characterised by sporadic,
apparently random, but wide-ranging distributed sightings in nearshore waters throughout
the west coast, as groups of dolphins move around the coastline. This, in combination with a
year-round presence, impedes the allocation of time periods that dolphins are known to be
absent near any of the potential MR sites. Limited data are available for the winter and for
certain sections within the region, and consequently a lack of confirmed presence should
therefore not be interpreted as a confirmation of absence. Nevertheless, the demonstrated
coastal distribution may indicate that dolphins remain at larger distances from specific
offshore development sites, and the complex geography may contribute to reduce (acoustic)
impacts.
This study consolidated a large amount of information with sightings and photo-ID data
spanning decades, whilst acoustic monitoring in the Sound of Barra represented 3 years of
data. Although the picture is far from complete, this study has substantially contributed to
increase the long-term and fine-scale knowledge of west coast bottlenose dolphins. In order
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to assess how human induced environmental changes, including climate change and coastal
development, affect dolphin ranges, population structure, habitat use and health, there are
various remaining knowledge gaps which needs addressing. Further research, including
continued photo-ID within the area, comparisons with photo-ID catalogues of other areas, as
well as genetic analyses, is required to determine the social, genetic and demographic
structures

to

investigate

inter-community/population

connectivity

between

these

communities as well as with other neighbouring groups. As such, continued monitoring is
required to provide up-to-date relevant scientific information for conservation management
in order to safeguard the viability of these local communities.

347

REFERENCES

“This world, after all our science and sciences, is still a miracle;
wonderful, inscrutable, magical and more,
to whosoever will think of it”

Thomas Carlyle
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ANNEXES

“The Sea, once it casts its spell,
holds one in its net of wonder forever”

Jacques-Yves Cousteau
(unsourced)
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ANNEX 1
STATISTICAL TESTS ON GENDER BIAS
PHOTO-ID DATA
From the Sound of Barra (SoB) photo-ID data solely, gender could be determined for 11 of
the 18 individuals. In an unbiased population, half of the individuals would be female and
half would be male. Consequently the female-to-male ration would be 1:1, resulting in equal
probability of selecting a female (p) or male (q), i.e. p = q = 0.5.
To test whether observed sex ratio in the population under study deviates significantly
from the theoretical male-to-female ratio of 1:1 (i.e. H0 = the sample data came from a
population with a 1:1 ratio of males to females; HA = the sample data did not come from a
population having a male-to-female ratio of 1:1), a Chi-square goodness of fit test is often
applied. The Chi-square test, however, is biased under certain conditions. It is therefore
recommended that when expected frequencies are small, observed frequencies are small
and the number of groups/categories is two (and therefore the degree of freedom = 1), as
were the case for current data, to use the binomial test (Zar, 1999).
Using a one-tailed binomial test, it was tested whether the bottlenose dolphins from the
SoB came from a community in which there are more females than males. As such:
H0: p ≤ 0.5, and HA: p > 0.5.
Using equation 1 (Zar, 1999), the binomial probabilities, P(X), were calculated for each
possible number of females; where X is the number of females (ranging from 0-11), n is the
sample size (n = 11), p is the proportion of females in the population (p = 0.5), and q is the
proportion of males (q = 0.5).
𝑃 (𝑋) =

𝑛!
𝑝 𝑋 𝑞𝑛−𝑋
𝑋!( 𝑛−𝑋) !

(1)

From the photo-ID data, nine of the 11 individuals were identified as females, and two as
males. When it is assumed that the probability of sampling females is equal to the
probability for males, the chance of obtaining this gender ratio is very small: P = 0.013428
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(Table A1.1). As this is lower than the α = 0.05 threshold commonly applied to statistical
testing, it can be concluded that there is a gender bias.

Table A1.1. Binomial probabilities, P(X) for n = 13, p = 0.5, and q = 0.5 (following equation 1).
X
0
1
2
3
4
5
6
7
8
9
10
11

P(X)
0.00049
0.00537
0.01343
0.08057
0.16113
0.22559
0.22559
0.16113
0.08057
0.01343
0.00537
0.00049

If H0 were true, P(X ≥ 9) = 0.01343 + 0.00537 + 0.00049 = 0.01929 (Table A1.1). As this
probability is less than 0.05, H0 can be rejected. This indicates that the probability of
sampling females was higher than would be expected with a 1:1 gender ratio and therefore
it can be concluded that this community consisted of statistically significant more females
than males.

GENETIC DATA
Results from seven biopsy samples taken from dolphins in the SoB and analysed by IslasVillanueva (2009), revealed the presence of six females and one male. The above-mentioned
one-tailed binomial test was subsequently applied to this data, with the same H0 and HA
hypotheses.
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Table A1.2. Binomial probabilities, P(X) for n = 7, p = 0.5, and q = 0.5 (following equation 1).
X
0
1
2
3
4
5
6
7

P(X)
0.00781
0.05469
0.08203
0.27344
0.27344
0.08203
0.05469
0.00781

The likelihood of obtaining a sex ratio of six females to one male when taking a random
sample of seven dolphins from a population with an equal male and female probability is
estimated to occur more often than the statistical threshold α = 0.05 with P = 0.05469 (Table
A1.2). This indicates that that there was more than a 5% possibility to obtain this ratio by
chance.
If H0 were true, P(X ≥ 6) = 0.05469 + 0.00781 = 0.06250 (Table A1.2). As this probability is
larger than 0.05, H0 cannot be rejected, and thus the probability to sample a female in the
SoB ≤ 0.5. As this may leave the option open for a male-dominated community, an additional
two-tailed test was conducted to test this were the case. As such:
H0: p = 0.5, and HA: p ≠ 0.5.
Under the assumption that H0 is true, P(X ≤ 1 or ≥ 6) = 0.00781 + 0.05469 + 0.05469 +
0.00781 = 0.12500 (Table A1.2). Since this value is larger than α = 0.05, the null hypothesis
cannot be rejected, and therefore, based on gender ratio of the genetic samples, the
community represent a group where p = q = 0.5, without a gender bias.
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U=514.5
n=25 & 48
P=0.280

U=404.5
n=25 & 37
P=0.398

U=590
n=25 & 50
P=0.685

U=627.5
n=25 & 61
P=0.195

U=560
n=25 & 50
P=0.456

U=136.5
n=13 & 25
P=0.406

U=192
n=23 & 25
P=0.031

U=1044
n=46 & 48
P=0.607

U=553.5
n=37 & 46
P=0.004

U=945
n=46 & 50
P=0.104

U=842
n=46 & 61
P<0.001

U=790
n=46 & 50
P=0.005

U=290.5
n=13 & 46
P=0.868

U=460.5
n=23 & 46
P=0.309

U=450.5
n=25 & 46
P=0.099

0.1-0.2

0.2-0.3

0.3-0.4

0.4-0.5

0.5-0.6

0.6-0.7

0.7-0.8

0.8-0.9

U=161.5
n=15 & 24
P=0.513

U=454.5
n=25 & 46
P=0.111

U=1055
n=46 & 46
P=0.982

0-0.1

0.9-1

0.1-0.2

0-0.1

DNC

U=174.5
n=15 & 24
P=0.863

U=100.5
n=15 & 15
P=0.540

U=123
n=13 & 23
P=0.319

U=307.5
n=23 & 50
P<0.001

U=118
n=11 & 24
P=0.560

U=80
n=11 & 15
P=0.888

U=77
n=11 & 15
P=0.751

U=227
n=13 & 50
P=0.088

U=231.5
n=13 & 61
P=0.018

U=267
n=13 & 50
P=0.304

U=382
n=23 & 50
P=0.014

U=292
n=23 & 61
P<0.001

U=147
n=13 & 37
P=0.035

U=305.5
n=13 & 48
P=0.906

U=291
n=13 & 46
P=0.876

0.3-0.4

U=197.5
n=23 & 37
P<0.001

U=459
n=23 & 48
P=0.188

U=460.5
n=23 & 46
P=0.309

0.2-0.3

U=997.5
n=48 & 61
P=0.003

U=908
n=48 & 50
P=0.029

U=338.5
n=24 & 34
P=0.228

U=189
n=15 & 34
P=0.111

U=198.5
n=15 & 34
P=0.183

U=127
n=11 & 24
P=0.084

U=1420.5
n=50 & 61
P=0.533

U=1035
n=50 & 50
P=0.127

U=350.5
n=24 & 34
P=0.319

U=192.5
n=15 & 34
P=0.131

U=191.5
n=15 & 38
P=0.047
U=348
n=24 & 38
P=0.094

U=207
n=15 & 34
P=0.259

U=134
n=11 & 34
P=0.128

U=128.5
n=11 & 38
P=0.041
U=205
n=15 & 38
P=0.095

U=551
n=34 & 34
P=0.728

U=578.5
n=34 & 38
P=0.427

U=739
n=37 & 50
P=0.101

U=1070
n=48 & 50
P=0321

U=949
n=46 & 50
P=0.111

0.6-0.7

U=613
n=34 & 38
P=0.700

U=1146
n=50 & 61
P=0.022

U=1100
n=37 & 61
P=0.836

U=850.5
n=46 & 61
P<0.001

U=797.5
n=46 & 50
P=0.006

U=895.5
n=37 & 50
P=0.800

0.5-0.6

0.4-0.5

U=256
n=24 & 27
P=0.163

U=142
n=15 & 27
P=0.081

U=147
n=15 & 27
P=0.119

U=66
n=11 & 27
P=0.070

U=446
n=27 & 34
P=0.848

U=504.5
n=27 & 38
P=0.912

U=420
n=27 & 34
P=0.554

U=631
n=37 & 48
P=0.016

U=560
n=37 & 46
P=0.005

0.7-0.8

U=301.5
n=24 & 26
P=0.815

U=179
n=15 & 26
P=0.591

U=194.5
n=15 & 26
P=1.000

U=132
n=11 & 26
P=0.666

U=347.5
n=26 & 34
P=0.117

U=361.5
n=26 & 38
P=0.050

U=365.5
n=26 & 34
P=0.205

U=264
n=26 & 27
P=0.089

U=1050
n=46 & 48
P=0.644

0.8-0.9

U=412.5
n=24 & 39
P=0.309

U=292.5
n=15 & 39
P=1.000

U=263.5
n=15 & 39
P=0.463

U=207
n=11 & 39
P=0.821

U=481
n=34 & 39
P=0.018

U=486.5
n=38 & 39
P=0.003

U=487.5
n=34 & 39
P=0.022

U=360
n=27 & 39
P=0.011

U=462.5
n=26 & 39
P=0.436

0.9-1

ANNEX 2

DOLPHIN FORAGING BUZZES DURING THE DAY-NIGHT CYCLE

Table A2.1. Results of post-hoc pair-wise Mann-Whitney U tests based on the Drover Rocks (DR) foraging buzz
data throughout the Day-Night Cycle. Results for the Kerno classifier above the diagonal, and for the Genenc
classifier below the diagonal. Significant differences presented in bold.
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