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ABSTRACT

Beaked whales (Fam. Ziphiidae) comprise 22 different species, however due
to their cryptic behaviour, information on these species is very limited. Beaked whales
appear to be highly sensitive to anthropogenic noise, which can lead to mass
strandings. The scarcity of knowledge about the abundance and population dynamics
of most beaked whale species impedes the correct assessment of the effects that
these impacts have on their populations. Coastal, year round populations of Blainville’s
and Cuvier’s beaked whales were found in El Hierro (Canary Islands) in 2003. Long-
term photo-ID studies have been conducted since then using a combination of land
and at sea observations. Here | present the first results relating to site fidelity,
abundance estimates and apparent survival for Blainville’s and Cuvier’s beaked whales
in the Northeast Atlantic. The number of identifiable adults, i.e. animals with regular to
very good photos and recognizable marks in the same area of the body, comprises 69
Blainville’s and 66 Cuvier’s beaked whales. Individuals that were captured in only one
year are considered transients (T) while animals seen in multiple years are defined
here as recaptured (R). Analysis of site fidelity patterns showed that 35% and 53% of
the marked population on Blainville’s and Cuvier’s, respectively, were recaptured and
form island-associated populations with a pattern of residence in the area. In
Blainville’s, females spend longer periods in coastal waters than males and
indeterminate whales (subadults or adult females never observed with calves). Males
visit the area during shorter periods and there is an apparent hierarchy in individual

male use of the area. Indeterminate individuals seem to emigrate after a 3 year period.



These data coincide with results from Bahamas in showing a higher number of females
than males with high site philopatry, and less philopatry in subadults. It has been
proposed that these observations in Bahamas could be explained by males fighting for
access to the female resident population for polygynous mating, and some subadults
leaving the area. In Cuvier’s beaked whales, there is no apparent sexual segregation in
the use of the area albeit a low number of calves challenge a robust identification of
adult females. More data are needed to define social structure of the Cuvier’s beaked

whale population.

Mark-recapture methods were used to calculate abundance estimate and
apparent survival in both species. Data was restricted to six years (2010 to 2015) in
order to apply open and also closed population models that could account for
heterogeneity in the data. Results of closed model estimates (Chapman analysis of two
periods pooling data biannually: 2010-2013 and 2012-2015) are robust and provide
best estimates corrected by the proportion of marked individuals of 33 (95% Cl: 24-46)
island associated Blainville’s beaked whales for both periods, and 53 (95% Cl: 38-71,
for 2010-2013) and 39 (95% Cl: 34-44 for 2012-2015) island associated Cuvier’s beaked
whales. POPAN open model analyses of the full period provides best estimates of total
abundances of 103 (95% ClI: 85-125) and 87 (95% Cl: 73-103) for Blainville’s and

Cuvier’s beaked whales, respectively.



CHAPTER 1

General Introduction

1.1 Beaked whales: generalities

Beaked whales (family Ziphiidae) are the second most specious family of
cetaceans, with 22 species described to date. Of these, three new species were
described in the last two decades (Dalebout et al., 2014, 2002, 1998; Reyes et al.,
1991) and a recent finding of genetic divergence in the genus Berardius of the North
Pacific may raise the number of ziphiid species to 23 (Morin et al., 2017). Regional
populations of one studied species, the Cuvier’s beaked whale (Ziphius cavirostris),
seem to be at least partially genetically isolated (Dalebout et al., 2005). Most beaked
whale species can be considered among the least known mammals of the world
(Jefferson et al., 2015) and for this reason the majority of ziphiids are classified as
“Data Deficient” by the IUCN and in national and international conservation laws. The
scarcity of knowledge about beaked whales is due to their distribution in deep waters
typically far offshore and to their cryptic behaviour; ziphiids are deep diving animals
that spend very little time at the sea-surface (Tyack et al., 2006) and this makes their
observation challenging. The diving behaviour of ziphiids has been studied in three
species of three different genera using animal borne biologging devices: northern
bottlenose whales, Hyperoodon ampullatus, (Hooker, 1999), and Cuvier's and

Blainville’s beaked whales, Mesoplodon densirostris, (Tyack et al., 2006). These three
3



species have a stereotyped diving pattern formed by a long and deep foraging dive,
which can be up to two hours duration and 3 km depth in Cuvier’s beaked whales
(Schorr et al., 2014), followed by a series of shorter and shallower recovery dives
(Tyack et al., 2006). Blainville’s beaked whales are the smallest of these three species
and this probably explains why the dives of Blainville’s beaked whales are shorter and
shallower than those of northern bottlenose and Cuvier’s beaked whales. Blainville’s
foraging dives are on average 50 min long and 900 m depth, and the mean recovery
dives are 15 min long and 150 m depth (Tyack et al., 2006). These three species of
beaked whales emerge for short periods of generally 2 to 7 minutes between dives
(Hooker & Baird, 1999; Tyack et al., 2006) although they can occasionally stay for up to
15-20 min swimming at or near the surface. This behaviour means that studied
beaked whales spend very little of their time at the surface, making it difficult to study
the distribution, abundance or behaviour of the species using visual methods. This has
led to the use of acoustic methods to study beaked whales. Species studied to date are
vocally active during some 20% of the time (Arranz et al., 2011) and their vocal activity
is concentrated in waters deeper than 200 m (Johnson et al., 2004). This applies to
echolocation clicks and buzzes used mainly for foraging and also for communication

signals (Aguilar Soto et al., 2012).

The specialized diving pattern of beaked whales, performing similar depth
and duration dives as much larger sperm whales, has led to ziphiids being considered
“extreme divers” (Tyack et al., 2006) and may explain their apparent high vulnerability
to strand in relation to naval sonar exposure (Cox et al., 2006). The use of military

sonar and seismic surveys has coincided with mass strandings of beaked whales in

4



several locations (Castellote & Llorens, 2016; D’Amico et al., 2009), such as the
Bahamas (Balcomb & Claridge, 2001), the Mediterranean Sea (Frantzis, 1998) and the
Canary Islands. In the latter archipelago, mass strandings from 1985 until 2004 were
recorded (Simmonds & Lopez-Jurado, 1991; Martin et al.,, 2004; Fernandez et al.,
2005a, 2005b;) until a moratorium on the use of naval sonar was established in 2004.
Since then, no more atypical mass strandings of beaked whales have been recorded in

the Canary Islands (Fernandez et al., 2012).

The scarcity of knowledge about the abundance and population dynamics of
beaked whales makes it difficult to assess the level of impact that naval sonar and
other human threats may pose for these species at a general level or for their local
populations. This underlines the relevance of increasing our knowledge about beaked
whale populations to inform conservation management of the species, in addition to
contribute to the general knowledge about ziphiids. Line-transect visual surveys have
been used to study the distribution and abundance of beaked whales in several parts
of the world, e.g. offshore California (Moore & Barlow, 2013), the Albordn sea
(Cafiadas et al., 2005) and the NE Atlantic (Hammond et al., 2002; Hammond et al.,
2013). However, the application of line transect survey methods to study beaked
whales is challenged by the low detectability of the species. The resulting abundance
estimates are typically imprecise due to the rarity of Ziphiidae sightings. This means
that the probability to detect even a dramatic reduction in the abundance of Ziphiidae

species is considered very low (Taylor et al., 2007).



The low number of beaked whale sightings during surveys, in addition to the
difficulties inherent to the recognition of beaked whales to species level in the wild,
may result in surveys pooling sighting data from different beaked whale species
gathered during field effort (Barlow et al., 2006). For example, line transect surveys in
the Pacific yielded pooled abundance estimates for all beaked whales of genus
Mesoplodon, Berardius and Ziphius (Barlow and Forney 2007). In spite of these
difficulties, these studies have provided highly valuable information about beaked
whales, and even uncovered declining population trends of ziphiids in an area (Moore

& Barlow, 2013).

Mark-recapture photo ID methods have been used to study populations of
beaked whales in some areas where beaked whales are found in deep waters relatively
nearshore, or in identifiable offshore areas of high density, allowing long-term
monitoring of beaked whales. These studies have been conducted mainly on three
species: northern bottlenose whale in the Gully canyon, Nova Scotia (Whitehead et al.,
1997; Gowans et al., 2000); Cuvier’s beaked whale in the Ligurian sea, Italy (Rosso,
2010) and California (Falcone et al., 2009) and Cuvier’s and Blainville’s beaked whales
in the Bahamas (Claridge, 2006; 2013), in Hawaii, USA, (McSweeney et al., 2007; Baird

et al., 2006) and the Canary Islands, Spain (Aguilar 2006; this work).

In the following we describe the study species of this thesis. Morphological

descriptions are based on Heyning (1989), Mead (2002) and our own observations.



1.2 Study species

1.2.1 Blainville’s beaked whale (Mesoplodon densirostris, Blainville 1817)

1.2.1.1 Characteristics and life history

Blainville’s beaked whale reach a maximum length of 4.7 metres and 1000
kilograms in weight (e.g., Mead, 1989; Pitman, 2002). Adult females can be slightly
larger and heavier than males (MaclLeod, 2006) and give birth to calves around 2
metres long weighing 60 kilograms (Pitman, 2002). A striking feature of this species is
the massive pair of teeth growing in the middle of the lower jaw of adult males, where
the strongly curved lower jaw raises above the upper jaw (Heyning, 1984; Besharse,
1971). Only the tips of the teeth erupt, often getting covered in stalked barnacles
(Conchoderma). The mouth of the females is less curved and has no erupted teeth
(McCann, 1963; Besharse, 1971). The beak is long and usually breaks the water ahead
of the body when the whales surface to breath. Adult males have a highly scarred body
with linear scars from teeth rakes (McCann, 1963; Heyning, 1984; Heyning, 1989;
Mead, 1989) and circular scars produced mainly by cookie cutter shark bites (/sistius)
(McCann, 1963). There is strong sexual dimorphism and the presence or absence of
linear scars, erupted teeth, and an associated young animal, are used in the wild to
assess the age and sex of the whales (see section 2.3.3). Blainville’s beaked whales can
be grey or brown, with a lighter ventral side and numerous patches of yellowish
diatoms on the skin. All or just the tip of the lower jaw can be white, while some adult

males have white patches in the top part of the curve of the mouth, where the teeth



erupt (Heyning & Mead, 1996). The skin around the small eyes is dark. Newborn calves
are grey dorsally and lighter ventrally, with a relatively short beak that can be white in
the lower jaw (Ross et al., 1988; Jefferson et al., 2008). There are no data on the age or
length of sexual maturity for males. For females, it is thought that they become mature
around nine years old (Ross, 1979; Mead, 1984; Claridge, 2013; Reyes et al., 2011)).
Calves are 40 to 50% of their mother’s size; the length of the largest foetus and of the
shortest calf reviewed by Mead (1984) were 190 and 261 cm, respectively. The
longevity of this species is unknown. One individual of other Mesoplodon species (M.
europaeus) can live until 48 years old (Mead, 1989), although this may be an
underestimation of the maximum longevity of the species given the small sample size

available.

The mating and social structure of Blainville’s beaked whale has been defined
as polygynous (harem groups) and polyandrous (females associated with different
males for successive calves), and fitting a fission-fusion strategy (Claridge, 2006). For
mating, they form harem societies in which a single male accompanies a group of two
or more adult females, often with their offspring (Claridge, 2006). The same group of
females tends to remain together at least during one breeding period to split and re-
join with different females for the next calving period (Reyes et al., 2011). During the
calving period, females may be associated with different single males (Reyes et al.,
2011). Why these males do not remain in the group is unknown but intraspecific
scarring on their bodies suggests that the reason could be male-male aggression to
gain access to females, in which case the paternity of calves cannot be inferred from

accompanying males of females with calves (Hooker et al., 2002). Genetic studies are

8



being carried out by research groups in the Bahamas and the Canary Islands to
determine the paternity of calves and other characteristics of the social structure of
Blainville’s and Cuvier’s beaked whales, and to assess individual genetic relatedness of
whales within and between areas where high site fidelity has been observed for these

species.

1.2.1.2 Distribution and abundance

Blainville’s beaked whale is the best known and the widest distributed
species of the speciose genus Mesoplodon. This is because the species occurs reliably
in some areas (Hawaii, Bahamas, Canary Islands), enabling long-term photo-
identification studies (Claridge, 2006, 2013; McSweeney et al., 2007; and this study).
However, it is still listed as “Data Defficient” in the IUCN Red List (IUCN, 2012). It
inhabits the temperate and tropical waters of all the oceans (Mead, 1989), including
some enclosed seas with deep waters such as the Gulf of Mexico, the Caribbean Sea
and the Sea of Japan. It is, however, defined as “vagrant” in the Mediterranean Sea,
with only a few documented sightings (IUCN, 2012). As other ziphiids, Blainville’s

beaked whales habitat is defined by deep-water environments (Macleod et al., 2006).

1.2.2 Cuvier’s beaked whale (Ziphius cavirostris, Cuvier 1823)

1.2.2.1 Characteristics and life history

Cuvier’s beaked whales are medium sized whales relative to other toothed
whales. However, they are among the largest of their family, the ziphiids, with a

maximum weight of 3000 kilograms and an average maximum length of 6.3 meters,
9



both for males and females (Mead, 2002). The size of beaked whales makes them
larger than all delphinids except the orca (killer whale). A Cuvier’s beaked whale’s body
is torpedo shaped, with a small and falcate (curved) dorsal fin located at the beginning
of the last third of the body. The head forms a continuum with the sloping melon and
the relatively short beak. The beak is often seen first when the whales break the
surface to breathe and can sometimes be deformed. The mouth is slightly curved and
in adult males it has a pair of small teeth at the tip, often with parasites visible
(Conchoderma auritum) (Pringle, 1963; Ross, 1984). There may be up to 18 other
vestigial teeth in the lower jaw (Fraser, 1936). There is sexual dimorphism among
adults: females and immature males do not have erupted teeth (Heyning, 1989) and
photographic records of apparent adult whales without erupted teeth, re-sighted years
later with visible teeth, suggest that teeth may erupt late when males have reached
adult size, complicating the differentiation of sex in the wild. Cuvier’s beaked whales
do not rely on their teeth for foraging but suction-feed, and suction is aided by a V-

shaped pair of gular grooves in the lower side of the mouth (Heyning and Mead 1996).

Colouring is very variable, ranging from dark grey or brown to light grey and
largely white. Most whales have yellowish brown patches of diatoms, sometimes
covering large parts of the body. The colour can be mostly uniform, except for the
head, which is often clearer from the blowhole and can be white up to the beak
(Heyning & Mead, 1996). However, it is more common to see marked coloration
patterns, e.g the white coloration can extend to the dorsal, leaving the sides, fin and
caudal peduncle with a darker colour (Heyning & Mead, 1996). Dark patches around

the eyes are common. Newborn animals are very dark grey dorsally and lighter grey
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ventrally but become lighter grey with dark eye patches as juveniles (Leatherwood et
al.,, 1982; Heyning, 1986; Heyning & Mead, 1996). The most evident sign of sexual
dimorphism in the coloration is the extended scarring typical of adult males. Linear
white scars are consistent with teeth raking, presumably from male-male fights for
access to females, and round scars are from cookie cutter sharks (/sistius) or lampreys
(Heyning, 1986; Heyning & Mead, 1996). White scar tissue in the wounds and the rake
scars may function as male advertisement (MacLeod, 1998). Females and immature

whales may also have some rake scarring but this is much less common than in males.

Cuvier’s beaked whales tend to occur in small groups (one to six whales) but
group sizes as large as 11 individuals have been reported (Scalise et al., 2006). Groups
can include females with or without their offspring, immature whales and young, and
one or more adult males (McSweeney et al. (2007)). Abundant rake scars suggest that
males come together to fight, presumably for access to females (Heyning, 1989). The
dense and heavy rostrum in adult males probably serves to strengthen the skull for
these fights. There are no data on the age of sexual maturation for this species,
although this occurs at an average body length of 5.8 meters in females (as low as 5.13
meters) and 5.50 meters in males (Mead, 1984). The estimated length at birth is 2.70
meters (Mead, 1984). There are no data on inter-calving intervals or seasonality but
observations suggest that the reproductive rate may be low. The maximum number of
cemented layers found in teeth of Cuvier’'s beaked whales (assumed to correspond to

annual growth layers) is 62 (reviewed in Heyning, 1989).
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1.2.2.2 Distribution and abundance

Cuvier’s beaked whale is the most widely distributed of the beaked whale
species (Heyning, 1989). It inhabits all oceans from the tropics to subpolar regions
between c. 602N and 559S (Jefferson et al.,, 2015) and it is the only beaked whale
recorded regularly in the Mediterranean Sea (Podesta et al., 2006). Molecular genetic
analyses have determined that the species forms a monophyletic group globally
distributed, with a high degree of differentiation between the North Atlantic and the
Mediterranean populations (Dalebout et al., 2005). The Mediterranean cluster shows a
lower haplotype diversity suggesting a relatively small and isolated population
(Dalebout et al., 2005). The lack of sightings in the Strait of Gibraltar (Cafiadas et al.
2005), an area highly surveyed, supports this hypothesis. There are no data on the
global abundance of the species but its cosmopolitan distribution and the results from
studies in localised areas has led the IUCN to estimate global abundance of Cuvier’s
beaked whales as 100,000 or more individuals (IUCN 2017). The IUCN classifies

Cuvier’s beaked whales as “Least Concern” and CITES lists this species in its Appendix

1.2.2.3 Social structure

Despite being the most cosmopolitan of the ziphiids, little information exists
about the social structure of Cuvier’s beaked whales. This is partly due to the
difficulties in determining sex and age of individuals in this species. The teeth of males
are small and their location at the tip of the lower jaw reduces the opportunity to

record teeth presence in photographs. Scars from cookie cutter shark bites can be
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used as indicative of age/sex class in places where these sharks are common (e.g.
McSweeney et al. 2007). Consistent association with young is used to identify females,
but Cuvier’s beaked whales are born large with respect to the mother, and it is often

difficult to assess size during sightings.

McSweeney et al. (2007) analysed 10 years of data from a resident
population off Hawaii and observed multiple types of associations, ranging from
mother-calf dyads, to male-female pairs, to groups of males and females. Similar
variability has been observed off El Hierro, where mother-calf dyads have been
observed alone or associated with other mother-calf pairs, sometimes with adult
males. Mother-calf pairs and other adults of unknown sex can be found in groups of
five or more whales, which sometimes include adult males (C. Reyes unpublished

data).

Long-term individual associations have not been reported for Cuvier’s beaked
whales except for mother-calf pairs, which have been documented for up to 2 years off
Hawaii (McSweeney et al.,, 2007) and 3.5 years off El Hierro (Reyes et al.,, 2014). A
male-female dyad instrumented with satellite transmitters in Hawaii showed that
these animals were associated for eight consecutive days (Schorr et al., 2010). This is
consistent with observations off El Hierro, where Cuvier’'s beaked whales seem to
show a fission-fusion social pattern where animals may separate and re-join between

dives with others animals in the vicinity (C. Reyes unpublished data).
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1.3 Thesis overview

This thesis analyses a long-term photo-ID dataset of Blainville’s and Cuvier’s
beaked whales gathered in the coastal deep waters off El Hierro, the most pristine of
the Canary Islands. Chapter 2 presents the methods used for data collection and data
analysis. Chapter 3 explores patterns of site fidelity of both species, as well as
differences in the use of the study area among sex/age classes (types) within each
species. Chapter 4 applies mark-recapture analytical models to estimate the number of
individuals of each species using the study area and their survival rates (termed local

populations hereon). A general discussion is presented in Chapter 5.
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CHAPTER 2

General Methods

2.1 Characteristics of the study area

The research area was located off El Hierro island, the westernmost,
youngest (1.2 m.a.) and smallest (270 km?) of the Canary Islands archipelago (Guillou
et al., 1996). El Hierro is the summit of a high volcano originating from a “Mercedes
star” rift system (Carracedo et al.,, 2012). Its origin was followed by a number of
massive landslides on the rift flanks, which gave the island its characteristic trilobular
shape formed by three large bays separated by high points: the bays of El Golfo, at the
North; Las Playas, at the East-South East; and Las Calmas, at the South-South West
(Figure 2.1). The volcanic raising of El Hierro from the deep oceanic floor created steep
slopes (>202) in the submarine contour of the island, where depths exceeding 1000 m
at 1-2 nm from the shore can be found around most of the insular perimeter (Gee et

al., 2001a; Gee et al., 2001b;).
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Figure 2.1 Study area: map of the bathymetry in the Canary Islands and map of El Hierro
showing the observation points at coastal cliffs used in this study, and the marine area
surveyed from each point. Source: J. Acosta (IEO) & Sanchez-Mora, A. 2016.

The altitude of El Hierro (1501 m, Carracedo et al., 2012) acts as a shelter
from the South-West flowing Canarian Current and trade winds that dominate the
marine and atmospheric circulation of the archipelago. The result is that most of the
year there is a lee area at the southwest of El Hierro: the Bay of Las Calmas, delimited

by wind lines and relatively isolated from the general oceanographic dynamics. In
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addition, the “island effect” generates eddies that act at a mesoscale level and enrich

the otherwise oligotrophic waters of El Hierro (Braun and Molina, 1984).

The waters of El Hierro can be considered semi-pristine thanks to the near
absence of chemical and acoustic pollution and to the maintenance of healthy marine
biological communities exploited only by small scale artisanal fisheries. For these
reasons, El Hierro has been proposed as a candidate Marine National Park. The bay of
Las Calmas holds a Marine Fisheries Reserve and a Special Area of Conservation
protected under the Habitats Directive. In addition, El Hierro is included in two
important archipelagic marine conservation measures: i) a moratorium on the use of
naval sonar within 50 nm of the archipelago, declared in 2004 by the Spanish
Government to protect beaked whales and other cetaceans (Fernandez et al., 2012;
Fernandez et al., 2013) ii) the Particularly Sensitive Sea Area of the Canary Islands
declared by the International Maritime Organization and limiting the navigation of

large ships around El Hierro.

2.2 Field effort

Data were collected between 2003 and 2015 in 45 field seasons conducted off El Hierro. Each
field season lasted from 1 to 15 days of daily boat surveys, summing to a total of 436 days of
study at sea. Field effort and photo-ID sample sizes were not homogeneous throughout the
study period (Figure 2.2.): in 2003, photo-ID data were collected only as ancillary data using
analogue photographic cameras. This resulted in a small sample size of photo-identified
individuals in spite of a relatively high number of days of field effort (23). In 2006 only 8 days at
sea were achieved due to funding limitations. To avoid potential bias resulting from different
methodologies used in different years, and large variations in sample size, years 2003 and
2006 were removed from the analysis. The remaining data encompass the period between
2004 and 2015, totalling 405 days of effort at sea with an average of 37 days at sea per year.
Data were gathered in short (one week) monthly field seasons in 2004 and 2005, and in longer
(>10 days) field seasons from 2007 onwards. All data were analysed according to season of the
year and pooled into years for some analyses. Due to weather conditions, the winter season
of 2015 was cancelled and the other seasonal field seasons of the year were extended by five
days each. In 2011, the eruption of a submarine volcano 1.5 miles off the south of El Hierro
17



(Fraile-Nuez et al, 2012), reduced the number of total effort days to
18.
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Figure 2.2 Number of individuals of Blainville’s and Cuvier’s beaked whales with recognizable
marks (section 2.4) captured during all the study years (2003 to 2015).

2.3 Data collection

The presence of coastal cliffs and the proximity of deep water close to the
shore at El Hierro enabled survey of beaked whales and other cetaceans from land
(Arranz et al. 2014), greatly improving the detection rate. Observers on land guided a
small boat towards the animals to gather photo-ID, group composition and
behavioural data. As far as we know, El Hierro and the Azores archipelago are the only

study areas where beaked whales are surveyed from coastal observation stations.

2.3.1 Land stations

Two observation land stations were established on El Hierro to cover two of
the three bays of the island: i) Tacorén, located 119 m above sea level in the SW bay of

Las Calmas (Figure 2.2); and ii) Las Playas, at 92 m height in the SE bay of Las Playas.
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The north bay of the island was discarded due to general bad sea state (Beaufort >4)
throughout the year. Sighting effort was performed from one of the observation
stations and this station was chosen each day depending on sea state conditions. The
bay of Las Playas, which is more affected throughout the year by the trade winds, was

prioritised when sea conditions allowed surveying in this bay.

Each observation station was operated by four observers: two used small
binoculars (Fujinon 7x50) and each one surveyed half of the field of view of the bay,
concentrating effort in waters close to shore (up to some 1.5-2 nm); another observer
used long-distance binoculars (Fujinon 15x70), to survey more offshore waters of the
bay; the fourth observer took a data-recording/resting position to record data in real
time in a computer and guide the boat towards the sightings using VHF radio.
Personnel rotated each position every thirty minutes. Binoculars were equipped with
compass and reticules to obtain horizontal and vertical angles to the sighting, in order
to derive the geographic position of the sightings in real time using software Logtool
(M. Johnson, Univ. of St Andrews), programmed in MATLAB and specially designed for
this study. Logtool stored data from the sightings (group code, species, n2 animals,
behaviour, etc), and plotted in real time the locations of the sightings, derived from
the reticule and compass data from the binoculars. Also, Logtool plotted in real time
the position of the boat, received at the computer from a VHF linked GPS. Tools in
Logtool provided course and distance from the boat to the sighting, allowing the
observers to guide the boat towards the animals effectively. These tools were
especially important to increase the success of the boat to approach beaked whales

with short surfacing intervals interspersed by long diving periods.
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2.3.2 At-sea sampling

From 2003 to 2008 a 4.5 m inflatable boat was used to approach the whales.
From 2008 onwards this was replaced by a 6 m fibre glass boat. The team onboard
consisted of four to five researchers: one skipper and observers to survey visually for
cetaceans and gather data from each encounter. In 2003, pictures were taken with
analogue cameras. From 2004 onwards, these were upgraded to digital cameras:
Canon 30D (1) and Canon 60D (2), equipped with 200 and 300 mm lenses. While not
collecting data, the boat covered the bay navigating between the 1,000 and 1,500 m
isobaths. Researchers onboard scanned 3602 for groups combining the use of 7x50

binoculars with naked-eye survey.

Groups were most often located from the land station. Once the boat
approached a group, communication was established among photographers and the
skipper in order to obtain photos of as many individuals as possible, independently of
the degree of identifiability of an animal (i.e. no preference was given to gather photo-
ID data of individuals with more conspicuous marks). When possible, photos of both
sides of beaked whales were taken. The encounter ended when the whales dove
(usually within 3 min of surfacing - Tyack et al., 2006) or the boat left the whales once
as good quality photos as possible had been taken of all the individuals. Photos were
examined on the boat to obtain tentative identification matches with previously
identified individuals. This was performed by expert observers with years of
experience of photo-ID studies of beaked whales at El Hierro, aided by a digital Photo-

ID catalogue on a tablet.
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After each day of at-sea effort, land and boat-based data were checked for
consistency. Photos were separated into the different observed groups of the day and
analysed to determine group composition, as well as sex and age-class of
photographed individuals (Tables 2.4 and 2.5). A preliminary assessment of the identity
of the whales and an assessment of photo quality of the photos was undertaken every
day. By doing this we were able to decide if more photos of the same whales were
needed in potential new encounters with the same group in consecutive days, in order
to optimise photo-ID effort and minimise stress on the animals. This did not introduce
a bias in effort of photolD on different whales for this study because data were
analysed pooling PhotolD data of the full field season, and further pooled in years for
most analyses. After each field season, an in-depth analysis of the photos was carried

out (see section 2.3.3).

2.3.3 Photo-identification of beaked whales; www.cetabase.info

Body scars are more reliable identifiable characters for individual beaked
whales, than nicks on the dorsal fin or the fluke (Claridge, 2006). Body marks have
been shown to last (Aparicio, 2008; McSweeney et al., 2007) for 10 years and more in
beaked whales (Claridge, 2012; this study). The photo-ID catalogue at El Hierro
contains photos of both sides of the animals and of the full body. We divided the body
longitudinally into three regions for analysis (Figure 2.3), so that there was a maximum

of six identification photographs per individual (Aparicio, 2008).
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Figure 2.3 Body areas used in this study for photo-ID of beaked whales. 1: anterior zone; 2:
medium zone; 3: posterior zone. Drawing courtesy of Chloé Yzoard.

Photos were organised and improved (modifying lighting and exposure) when

necessary with software ACDSee. Then, they were categorized based on two different

parameters: the quality of the picture “Q” and the marks of the animal “M”. The

parameter “Q” considered focus, contrast, exposure and angle of the photograph and

ranged between 1 and 4, with 1 being the best quality. The parameter “M” was used

to classify the type and number of marks, ranging between 1 (no marks) to 4 (animal

fully marked). The logic of this classification is that photographs of Q=1 are needed to

observe marks M=1 (J. Gordon pers. comm.). Tables 2.1 and 2.2 describe both

parameters and provide examples.

Table 2.1 Photo-quality levels (Q)

Q-Level

Description

Example

Ql=excellent

Sharp image
Close

Good exposure
Focused

Angle parallel

22




e Scars and other marks
perfectly
distinguishable

e Lesssharp

e Might present some
gloss/shades

e Might be less focused

Q2=good e Angle might be less
parallel

e Scars and others mark
are distinguishable
but some details are
lost

e Not completely
focused

e And/or bad angle

Q3=medium

e And/or not sharp

e Only conspicuous
marks are recognized

e Blurry photo

Q4=bad e No marks can be
differentiated T S
_—".\.,:’-:‘ ~- “--t‘—'-- :'. -

Table 2.2 Body marking levels (M)

Level Description Example
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M1 e Animal with no marks

e Animal with few

M2
marks

e Animal with many
M3 marks and/or specially
distinctive fin notches

e Animal covered by

M4
marks.

A unique identification code was given to each recognised individual. For
individuals with identifiable marks, the code was composed of the initials of the
species (“Zc” or “Md”), the location (“H” for El Hierro) and an individual number
assigned in order of capture (e.g. ZcH1: first Cuvier's beaked whale recorded in El
Hierro). Individuals with excellent to regular quality photos (Q=1-3), but no identifiable
marks (M=1), were classified as “X” (e.g. ZcHX1). Calves and juveniles received a
combined code formed by the code of their consistently accompanying whale
(presumably their mother), a “C” for calf, and an individual letter. The letter indicated
the order of the calf in their mother’s offspring (e.g. MdHC22a: where “a” indicates

that this is the first calf (C) recorded for individual MdH22). Individuals that had been
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followed from first sighting as calves/juveniles until they were independent individuals

were assigned a new code that included a “Z” (e.g. MdHZ3: third Blainville’s beaked

whale followed from calf/juvenile to independent individual). A summary of these

codes is presented in Table 2.3.

Table 2.3 Codes used for the photolD catalogue.

TYPE CODE EXAMPLE
Marked sppfl?)::[iil/icr:iz ber MdH1
Unmarked General code + X MdHX1
Calf/Juvenile Companion code + C + letter MdHCla
Calf/Juvenile to Independent New general code +Z MdHZ1

2.3.3.1 Determining sex and age-classes:

Sex and age-class of individuals were assigned following the classification

described by Aguilar Soto (2006), Claridge (2006, 2013), Heyning (1989), Mead (2002),

and modified by observations made during this study. These characteristics are

summarised in Table 2.4 and 2.5 for Blainville’s and Cuvier’s whales respectively, with

personal observations marked as (*):

Table 2.4 Classification of sex and age classes of Blainville’s beaked whales

TYPE CHARACTERISTICS PICTURES

Adult male
e Adult size

e Heavily arched lower jaw
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Pair of erupted teeth

Very numerous linear scars
in the rostrum and first third
of the back

Subadult male

Adult size

Arched lower jaw without
erupted teeth

Some linear scars in the
rostrum area and first third
of the back

Adult female

Adult size

Long arched beak without
erupted teeth (and less
arched than males)

Seen at least twice in close
association with a neonate,
calf or juvenile

Some linear scars

Indeterminate

/Unknown

Adult size

Only slightly arched
mandible

Not seen in close association
with any neonate, calf or
juvenile

May have linear scars
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Juvenile

% of adult size

Associated to the group of
the mother but frequently
swimming independently (*)

Few or no scars

Between 1-2 years-old to up
to 3-4 years-old (*)

Calf

¥ of adult size

No foetal folds

Shorter beak than adults
Usually no scars

Swimming in close
association with a
companion adult regularly
(assumed mother) (*)

Between neonate to an
estimated 1 year old (*)

Neonate

~1/3 of adult size

With marked foetal folds
Creamy-pinkish lower jaw
Short beak

No scars

Swimming in close
association with a
companion adult regularly
(assumed mother) (*)
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From birth to an

estimate of about 6 weeks old

With blaze dorsal fin and

dark border

Table 2.5 Classification of sex and age classes of Cuvier’s beaked whales

TYPE CHARACTERISTICS PICTURES
Adult size
Pair of erupted teeth in
the tip of the lower jaw
Adult male Heavy linear scars along

all the body

Light grey or brownish,
often with white
colouration patches at the
head and dorsum

Adult female

Adult size

Seen at least twice in
close association with a
neonate, calf or juvenile

Usually some scars along
all the body

Light grey or brownish

Indeterminate/

Unknown

Adult size or similar
Without erupted teeth

Not seen in close
association with any
neonate, calf or juvenile

Light grey or brownish
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colouration, it may have a
light coloured beak.

Juvenile

3/4 of an adult size
Visible beak and forehead

Associated with its
accompanied adult but
can swim independently
when in a group

Might have few scars or
none

Light-grey or brownish
coloration

Calf

% of an adult size

Small beak and some
forehead noticeable

No foetal folds
Usually no scars

Swimming in close
association with its
accompanied adult

Light grey or brownish
colouration

Neonate

~1/2 of an adult size
With foetal folds

Shorter beak and total
lack of forehead

No scars

Swimming in close
association with its
accompanied adult
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e Light grey or brownish
colouration

2.3.3.2 www.cetabase.info:

The best and most up to date photos of each individual were uploaded to the

online and open access catalogue www.cetabase.info, run by ULL since 2010 (Reyes et

al., 2012). Cetabase was programmed using open software, building a database-
intensive web application using /PHP and MySQL/ development technologies. The
chosen web server has a Debian GNU/Linux OS to guarantee system stability. Cetabase
is based on a logical database structure to store all the information from the sightings
and the individual animals. This logic structure allows data to be linked according to
defined data-fields and enables further expansion of the structure in an ordered
manner. It also enables further expansion of the analytical capabilities of the database,
by allowing the programmer to design flexible queries to extract parts of the data and
export results in user friendly formats, such as comma separated tables of jpeg images,
as they are required by the users. The advantage of using a web application is that the
server makes all the programmed analytical tasks once the data are entered in the
database. All data are centralized and a periodic back-up in the server guarantees the

security of the information, while updates are accessible to users in real time.

Information of all sightings was entered into Cetabase with photo-ID data of
the individuals, including the Q and M of each sighting. This enables the user to apply

filters to the data in order to select only those animals photo-captured with chosen
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thresholds of Q and M. Then, Cetabase generates csv files with the results, as well as
txt files in program MARK format, ready to use for population abundance estimates

(Reyes et al., 2012).

2.4 Population studies

2.4.1 Defining population

In this study we define the populations of Blainville’s and Cuvier’s beaked
whales as the whales of these species that use the study area off El Hierro, without
implying genetic isolation of these animals with respect to whales in neighbouring

areas.

2.4.2 Sighting frequency distributions and re-sighting rates

Site fidelity patterns of the whales were investigated by comparing individual
sighting frequencies. This analysis was performed for the full marked populations (see
2.4.3 for the definition of marked individuals) and also separately for different age/sex
classes. The results showed a clear distinction between whales observed in one or
more of the years of study. Based on these results, in this study we classified
individuals as recaptured (R) if they had been observed in two or more of the years of
study, and transient (T) for animals observed in only one year. This distinction does not
exclude the possibility that animals classified as T may become recaptured if the study

continues in time. This source of bias will increase for T individuals observed for first
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time towards the end of the study period and to examine this bias we quantified the

lagged identification rate values for both species.

For recaptured whales, re-sighting rates among seasonal field cruises (short-
term site-fidelity) and among calendar years (long-term site-fidelity) were examined
throughout the selected 12 years of the study period. The results of these two analyses
showed little difference for both species (Tables 3.1. and 3.2). This means that animals
observed in only one year were often observed in only one seasonal cruise of that
year, while animals observed in different seasonal cruises were nearly always observed
in more than one year also. Based on these results, we established the sampling unit as
year to increase capture rate. Whales were classified as transients (T) when they were
captured in only one of the study years and as recaptured (R) when observed in more

than one year.

2.4.3 Marked population

The adult/subadult marked population used for analyses in this study was
defined as whales of adult size and body marks in the same area of the body ranging
from few marks (M=2) to animals covered by marks (M=4) (see Table 2.2). Poor quality
photos (Q=4, see Table 2.1) were excluded from the analysis. The body area with the
largest number of individuals fulfilling these filters was selected for further analysis.
The application of these filters resulted in 69 individual Blainville’s beaked whales for
the anterior-left body area (L1) and 66 individual Cuvier's beaked whales for the

medium-right body area (R2). Based on these results, site-fidelity and population
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abundance analyses were done using body areas L1 for Blainville’s and R2 for Cuvier’s.
Whales with M=1 were classified as unmarked and not used for abundance estimation
analyses. Then, abundance estimates were corrected by the proportion of marked

whales in the population (see section 2.5.7).

Using individuals with regular marking (M=2) for photo-ID analysis might bias
the results if whales with regular marks were not recognised in subsequent sightings
and were thus allocated new codes in the catalogue, resulting in an artificial inflation
of the number of whales with M=2 classified as transients. To investigate this
possibility, we compared the recapture rate of animals with different levels of M, from
very good (M=4) to regular (M=2). Data were explored graphically considering the sex-
age classes of the individuals. In addition, a binomial Generalised Linear Model (GLM)
with a logit link function was used in software R (R Core Team, 2016) to evaluate the
influence of marking level and sex/age class on the classification of individual whales
as transient or recaptured (T/R ~ Type + Mark level). This analysis was performed

independently for Blainville’s and Cuvier’s beaked whales.

2.4.4 Goodness of Fit analysis of heterogeneity in individual capture rates

Previous photo-ID studies of beaked whales show that individuals may use
local study areas with very different regularity (Claridge, 2013) and this may introduce
heterogeneity in individual capture probabilities. In this study of beaked whales off El
Hierro we performed Goodness of Fit (GOF) analyses to evaluate how models fitted

capture histories of Blainville’s and Cuvier’s beaked whales considering different
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sources of heterogeneity of capture probability. GOF analyses were performed with
program U-CARE (Choquet et al., 2009) independently for each study species. The
models tested in U-CARE can be affected by low sample size and high variability in
individual capture histories. For these reasons, this GOF analyses is used just as an
indicator of the occurrence of heterogeneity in the data, albeit results showing
absence of heterogeneity do not firmly exclude that this source of bias may be
affecting the results. In addition, we also used program CAPTURE (within program
MARK, White and Burnham 1999) to test further for potential effects of heterogeneity

on the results.

2.4.5 Assumptions of mark-recapture models

Basic assumptions of capture-recapture analysis (summarized in Hammond,
1986, Hammond, 2010) are that i) animals are individually identifiable using marks; ii)
marks are permanent at least for the duration of the study period; and iii) marks are
correctly recorded and reported. Also, the general assumption of simple models is
homogeneity in capture probability, although more advanced models are robust to the
under-estimation bias in abundance introduced by individual heterogeneity. This is
only available in models developed for closed populations (Otis et al., 1978) and not in
models developed for open populations. A population is defined as closed for the
study period when there are no births or deaths in the marked part of the population,
nor permanent immigration of emigration to or from the study area in this period
(Schwarz and Seber, 1999). An open population can experience both emigration and

immigration, as well as births and deaths. Assumptions of closed populations do not
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hold for long-term studies, but the bias introduced by using closed population models
on open populations can be limited when the study period is short in relation to the
generation time of the study species. Applying closed models to open populations
overestimates abundance, while applying open models to data series with
heterogeneity underestimates abundance (Kendall, 1999). For these reasons, open
population models produce a more conservative estimation of abundance. However,
open populations are more sensitive to low sample size and often do not converge
when applied to small datasets, even when these can be analysed with closed models.
In addition, open models tend to provide results with large confidence intervals, and
this sometimes reduces the usefulness of the results to inform conservation and

management.

To fulfil the assumptions of mark-recapture, only adult/subadult animals with
recognisable marks were used for the analysis of this work. Different models were
applied to the full dataset to estimate the total abundance of the populations (Ntot),
and to the subset of recaptured individuals to estimate the abundance of recaptured
animals with higher site-fidelity to El Hierro, which we term “island associated

animals” (N;a). The models used in each case are explained below:

2.4.6 Models tested in this study

Open population models (Jolly-Seber -JS-, Cormack Jolly-Seber -CJS-
(Cormack, 1964, Jolly, 1965, Seber, 1965) and POPAN) and the Robust Design model -

RD- (Pollock, 1982, Kendall et al., 1995, Kendall et al., 1997), which combines open
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population assumptions among encounter occasions (years) and closed population
assumptions among sub-samplings (seasons), were initially applied to attempt to
estimate N1, and Nja. However, many of these models did not converge due to the low

sample size of the dataset.

Closed population models (Otis et al., 1978) where used for temporal subsets
of the dataset to reduce the bias due to using closed models on long-term data series.
To increase sample size when estimating N,y data gathered in pairs of consecutive

study years were pooled as a single capture occasion (Tables 4.3 and 4.6).

2.4.7 Proportion of marked individuals (39)

To calculate abundance the estimates obtained using mark-recapture analysis
of marked individuals were inflated to account for non-marked individuals. This was
done by accounting for the proportion of individuals in the population with identifiable
marks (&, theta). Calves and juveniles were considered as unmarked individuals and so
included in the calculation of & (Wilson et al., 1999). To calculate &, we selected
observations of groups where all the individuals were captured with good quality
photos (Q<4) in the body areas used in this study for photo-ID analysis. For each group
the number of marked and unmarked whales was determined, and the results
averaged to obtain a best mean estimate of the proportion of marked individuals in

the populations.
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2.4.8 Estimating Nyotal

The total population size (Ntota), Which includes marked and unmarked

individuals, was calculated as:

Ntotal

| =

Where N was the abundance estimate calculated by each model during each

sampling period, and ¢ is the proportion of identifiable individuals in the population.

The variance of Nrota Was calculated using the delta method

var(N) var (0)
N2 @ )

var (ﬁmtal) = ﬁtzu:itﬂl (

The confidence intervals were calculated assuming a log-normal distribution
for the estimate (Burnham et al., 1987). The lower and upper limits for the 95%

confidence interval were calculated as Ntotal/C to Ntotal*C, where C:

€ = exp (‘1.96 \’ln (1+ cv,%lm]))

2.4.9 Apparent survival ¢

The study area is restricted to deep waters relatively close to shore, and
survey effort concentrates in only one bay of the island each time. Tagging studies of

beaked whales in El Hierro show that whales may move among bays of the island and
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travel up to 12 nm from the coast within periods of less than one day (N. Aguilar and
M. Johnson pers. comm.). This, and the low capture probability of beaked whales,
means that we cannot solve the ambiguity between survival and emigration, which can
be temporary or permanent within the study period. Thus, using program MARK
(White and Burnham, 1999), we constructed Cormack-Jolly-Seber models (Cormack
1964; Jolly 1965; Seber 1965) (CJS) to estimate apparent survival (¢). The best model
was selected based on the AlCc. Models differing in AlCc less than 2 units were
assumed to be equivalent and the most parsimonious model (the one with fewest
parameters) was chosen (Cooch 2009). Even though survival analysis segregated by
type (males, females and sub-adults) would have been of interest in case each group
made a different use of the area, or had a different survival probability (e.g. adults vs
sub-adults) the small dataset for each group prevented us perform age/sex separated

analysis of survival.
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CHAPTER 3

Site fidelity and residency patterns

3.1 Transient (T) and Recaptured (R) Blainville’s and Cuvier’s beaked whales in El

Hierro

The proportion of T and R individuals for each species was calculated

separately for different sex-age classes (Table 3.1 and Table 3.2) to investigate if whale

type affected site fidelity of beaked whales to the coastal study area of El Hierro.

Table 3.1 Seasonal and yearly captures of Blainville’s beaked whales (Md) for seasonal (short-
term) and yearly (long-term) transience (T) and recapture (R) rates. nT season: number of
animals seen in only one field season; neR season: number of animals seen in more than one
field season during the same year; n2T years: number of animals seen in only one year; nR
years: number of animals seen in more than one year.

md neT season n2R season TOTAL | n2Tyears | n2Ryears | TOTAL
Males 15 10 25 15 9 24
Females 5 9 14 5 9 14
Indet. 23 7 30 25 6 31
TOTAL 43 26 69 45 24 69
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Table 3.2 Seasonal and yearly capture rates of Cuvier’s beaked whales (Zc) for seasonal (short-
term) and yearly (long-term) transience (T) and recapture (R) rates. neT surveys: number of
animals seen in only one survey; n9R surveys: number of animals seen in more than one survey
during the same year; n2T years: number of animals seen in only one year; n2R years: number
of animals seen in more than one year.

Zc neT surveys n2R surveys TOTAL | n2T years | n2R years TOTAL
Males 2 13 15 2 13 15
Females 2 7 9 2 7 9
Indet. 27 15 42 27 15 42
TOTAL 31 35 66 31 35 66

3.2 Blainville’s beaked whales

The percentage of transient and recaptured individuals in the marked
population was 65% (n=45) and 35% (n=24), respectively, but the results varied among
different sex/age classes (Figure 3.1.). In males (Figure 3.1.D) more than half of the
marked population (62%, n=15 out of 25 whales) is considered transient. In females
(Figure 3.1.E) the values are inverted with respect to males, with 64% (9) of 14 females
forming the recaptured population. Indeterminates (Figure 3.1.F) show more extreme
values, with 81% (25) of the 30 indeterminates in the marked population being

transient.
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/A Percentages by types in the marked | Percentages by type for "T" in Md C Percentages by type for "R" in Md
population for Md
m Males m Females m Indet.

® Males ®Females ® Indet. ® Males ®Females ® Indet.

[ Percentagesof "R" and "T" forMd in | £ Percentagesof "R"and "T" forMd in [ Percentages of "R" and "T" for Md in
Males Females Indeterminates
uT mR mT mR mT mR

. . .19,‘

Figure 3.1 Percentage of whales of different types and site fidelity patterns per type of whales
for the marked population in Mesoplodon densirostris (Md): A) percentages of the marked
population divided by whale type; B) proportion of different whale types in the transient
population; C) proportion of different whale types in the recaptured population; D), E) and F)
percentage of recaptured and transient individuals in male, female and indeterminate whales
respectively.

Figure 3.2 provides information on residency patterns. A) Shows the yearly
sighting rate, i.e. the number of years that each individual was observed in relation to
the total number of years analysed, with a minimum value of 0.18 (animals seen in two
of the 11 study years) and a maximum of 0.73 (animals seen in eight different years) ;
and B) the ISImax: the maximum inter-sighting interval i.e. maximum number of years

between two consecutive sightings of each individual.
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Figure 3.2 Residency pattern of the 24 recaptured Blainville’s beaked whales during the 11
years of study: A) Yearly sighting rate: proportion of years an individual was identified divided
by the total number of years analysed; B) ISI max: maximum inter-sighting interval an

individual was identified between two consecutive sightings grouped by whale sex/age class:
“m”: males, “f’: females, “i”’: indeterminates.

3.3 Cuvier’s beaked whales

Based on numbers from the Table 3.2, the percentage of transients (T) and

recaptured (R) Cuvier’s beaked whales in the marked population was 47% (31) and

43



53% (35) respectively, but there was substantial variation among sex/age classes

(Figure 3.3).
/\ Percentages by types in the marked B Percentages by type for "T" in Zc ( Percentages by type for "R" in Zc
population for Zc ® Males ®Females ® Indet. m Males mFemales m Indet.

® Males m Females mIndet.

[ Percentages of "R" and "T" for Zc in E Percentagesof "R" and "T" for Zc in F  Percentages of "R" and "T" for Zc in
Males Females Indeterminates
mT mR mT =R mT =R

Figure 3.3 Percentage of T and R Cuvier’s beaked whales (Zc) for different sex/age classes): A)
percentages of the marked population divided by whale types; B) percentage by types for
transients “T”; C) percentage by types for recaptured “R”; D), E) and F) percentage of
recaptureds and transients in males, females and indeterminates respectively.

In Cuvier’s beaked whales both sexes presented similar results for the ISI and yearly
sighting rates. For indeterminates, more individuals had lower values for the ISl and

sighting rates than males/females (Figure 3.4).
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Figure 3.4 . Residency pattern of the 35 recaptured Cuvier’s beaked whales during the 11 years
of study: A) Yearly sighting rate: proportion of years an individual was identified based on the
total number of years analysed; B) ISI max: maximum inter-sighting interval an individual was
indentified between two consecutive years grouped by types: “m”: males, “f’: females, “i":
indeterminates.
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3.4 Analysing the effect of the quality of the marks in age/sex structure of the

Transient population

When comparing the proportion of transient animals by age/sex structure
with regular (M=2) and very recognizable marks (M>2) for each species, results show
that a larger proportion of both females and indeterminates, in both species, have
more regular (M=2) marks than very distinctive marks (M>2) (Figure 3.5 and 3.6). The
binomial GLM assesses if the classification of individuals as R or T was not influenced
by a low level of marks (M=2). Results found that age/sex class (and not M level)

influenced the probability of an animal being T or R (p<0.01) (Tables 3.3 and 3.4).

Md Transients

[EEN

o000
o N o L

oo
w b

Proportion of animals
o o
N (0]

01 ———— —
| ..
0
m f i
| JVEY] 0,07 0,8 0,84
M>2 0,93 0,2 0,15

Figure 3.5 Proportion of transient animals with regular marks (M=2) and very recognizable

marks (M>2) for each type in Blainville’s beaked whales, where “m”: males; “f’: females and
“I”: indeterminates.
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Figure 3.6 Proportion of transient animals with regular marks (M=2) and very recognizable

IIIII:

marks (M>2) for each type in Cuvier’s beaked whales, where “m”: males; “f”: females and

indeterminates.

Table 3.3 Results of the GLM for Blainville’s beaked whale to investigate if the classification of

individuals as R or T was influenced by a low level of marks

Estimate Std. Error zvalue Pr(>|z])

(Intercept=F) 16.109 13.531 1.191 0.23384
Type_Indet -21.251 0.7280 -2.919 0.00351
Type_Males -0.4720 0.9655 -0.489 0.62497
Mark level (M) -0.4453 0.5335 -0.835 0.40392

Table 3.4 Results of the GLM for Cuvier's beaked whale whale to investigate if the classification

of individuals as R or T was influenced by a low level of marks
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Zc

Estimate Std. Error zvalue Pr(>|z]|)

(Intercept=F) 0.6566 12.158 0.540 0.5892
Type_Indet -19.508 0.8834 -2.208 0.0272
Type_Male 0.3208 11.912 0.269 0.7877
Mark level (M) 0.2835 0.4359 0.650 0.5156
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CHAPTER 4

Abundance estimate and apparent survival

4.1 Data selection

The cumulative numbers of marked Blainville’s and Cuvier’s beaked whales
throughout the study period (Figure 4.1. & Figure 4.2) indicates a continuous input of
new whales of both species, suggestive of open populations. The pattern is not so
clear when the analyses were performed only for recaptured whales in both species
the number of new individuals R tends to stabilize with time, suggesting some degree
of closure in this part of the population of both Blainville’s and Cuvier’s beaked whales.
Both species reached a relatively similar number of recaptured marked whales (24 and
35 individuals for Blainville’s and Cuvier’s beaked whales, respectively). However, the
number of whales observed only once during the study period is higher in Blainville’s
beaked whales, while the population of Cuvier’s observed at El Hierro is dominated by

recaptured whales.
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Figure 4.1 Cumulative number of captured Blainville’s beaked whales off El Hierro. R:
individuals recaptured, i.e. observed more than one year during the study period. T: transient
whales observed in only one of the years of study.
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Figure 4.2 Cumulative number of captured Cuvier’s beaked whales off El Hierro. R: individuals
recaptured, i.e. observed more than one year during the study period. T: transient whales
observed in only one of the years of study.

The sample size of identifiable captured and recaptured individuals varied
throughout the study period (2004 to 2015) (Table 4.1.) due to differences in field

effort and probably to differences also in sampling methods.

50



Year

2004

2005

2007

2008

2009

2010

2011

2012

2013

2014

2015

Here, to increase the relevance and robustness of the estimate of abundance,
we analysed only a subset of the study period including the six most recent years,
(2010 to 2015). The period selected for analysis provided a long enough timeline to
calculate total abundance throughout the years and to explore potential sources of
heterogeneity in the data using closed population models. At the same time, this six
years period is short enough to reduce the bias introduced when applying closed

population models when needed due to the low sample size resulting in lack of

Md Zc
Marked Recaptured Marked Recaptured
inds inds inds inds

5 0 7 0
7 2 10 1
13 1 10 4
9 4 13 4
2 0 22 9
10 1 15 5
9 4 6 6
11 4 13 1
15 4 19 4
22 7 20 11
22 12 25 14

convergence of open population models.
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4.2 Proportion of marked individuals ()

The proportion of marked whales (M>2) in the populations of the species was
estimated from an examination of this proportion in groups where all individuals had
been photographed with good quality images (Q<3). This was achieved for 76 groups
of Blainville’s and 120 groups of Cuvier’s beaked whales, out of 235 and 345 groups
observed in total of these species, respectively. The average proportion of marked
identifiable individuals in these groups was 9=0.694 (SE=0.04) for Blainville’s and
¥=0.690 (SE=0.03) for Cuvier’'s beaked whales. These results were used to correct the
abundance of whales estimated from mark-recapture analysis of marked individuals to

obtain estimates of total population size of each species.

4.3 Apparent survival (¢p)

Cormack-Jolly-Seber (CJS) model was used to estimate the apparent survival
() of both Blainville’s and Cuvier’s beaked whales. This analysis was performed using
a long-term dataset of photo-ID data from year 2005 to 2015, excluding 2003 and 2004

for poor quality methodology.

4.3.1 Blainville’s beaked whales

The first two models in Table 4.2, with a AAIC of less than two, were equivalently
supported by the data, implying model selection uncertainty. In this case, we
considered both models as valid due to their very similar estimates and associated

parameters. However, the lowest AIC value model is also better fitted to the reality of
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data collection in this study, as it considers variable sampling effort in different years,

with a number of years with much higher field effort than others.

Table 4.1 Models tested to estimate the apparent survival of Blainville’s beaked whales off El
Hierro. AICw: AlCc weight; LK: model likelihood; Deviance: residual deviance; ¢: apparent
survival; SE: standard error; 95% Cl: 95% confidence interval.

Model AICc DAIC AICw LK  N2Par Deviance ¢  SE 95% Cl
cJS @()p(23) 986 0 0599 1 3 67.48 094 004 0.78-0.99
CS_o()p() 994 0.83 0396 0.661 2 70.65 0.96 0.04 0.80-0.99
CJS_o()p(t) 1085 9.91 0.004 0.007 10 56.47 094 0.04 0.78-0.99

4.3.2 Cuvier’s beaked whales

Model selection information for all fitted models is shown in Table 4.3. The
two first models are similarly supported by the data, with a AAIC<2. To solve this
model selection uncertainty, the most parsimonious (fewer parameters) model was

selected (model CIS_o(.)p(2,3)).

Table 4.2 Models tested to estimate the apparent survival of Cuvier’s beaked whales off El
Hierro. AICw: AlCc weight; LK: model likelihood; Deviance: residual deviance; ¢: apparent
survival; SE: standard error; 95% Cl: 95% confidence interval.

Model AlCc AAIC AICw LK N2Par Deviance ¢ SE 95% CI
CIS_o(.)p(t) 197.91 0 0.652 1 10 105.75 0.87 0.04 0.78-0.93
CIS_o(.)p(2,3) 199.48 1.568 0.298 0.46 3 12437 0.91 0.03 0.82-0.95
CIS_o(.)p(.) 203.02 5.115 0.051 0.08 2 130.08 0.92 0.03 0.83-0.96
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4.4 Investigating sources of heterogeneity with goodness of fit analysis

4.4.1 Blainville’s beaked whales

The results of the analysis with program U-CARE showed no signs of
heterogeneity in the data due to either transience (Test3.SR p=0.91) or trap-
dependency (Test2.CT p=0.84). Results for the global chi-square test also discarded
heterogeneity in the data when combining the results of the directional tests (p =

0.98).

4.4.2 Cuvier’s beaked whales

The results of the analysis with program U-CARE for Cuvier’s whales showed
no signs of heterogeneity due to either transience (Test3.SR p=0.12) or trap-
dependency (Test2.CT p=0.38). Results for the global chi-square test also discarded

source of heterogeneity when combining the results of the directional tests (p=0.87).

However, for both species, these results need to be interpreted with care due

to the low sample sizes.

4.5 Abundance estimation

For each species, we estimated total abundance (Nt.t) and the size of the
population with higher affinity to the coastal waters of El Hierro, or island associated
individuals (Nja). The estimation of Nj» used only data from recaptured marked

individuals. Both for Cuvier’s and Blainville’s beaked whales, the sample size of
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recaptured individuals was too low to apply open models to estimate abundance.
When applied, models JS and POPAN did not converge. To increase sample size, data
were pooled in pairs of years (i.e. a capture event pooled data from 2 years) and
abundance estimations were performed using the Chapman closed population

estimator for pairs of capture events.

4.5.1 Blainville’s beaked whales

4.5.1.1 Estimate of N,

The analysis was performed over pooled data as shown in Table 4.4

Table 4.3 Number of captured marked Blainville’s beaked whales in total (n), per capture event
(n1, n2) and recaptured (m2).

Mmd
Interval 1 Interval 2 n nl n2 m2
2010+2011 2012+2013 18 10 14 6
2012+2013 2014+2015 22 14 20 12

The best estimates for both analysis periods were the same, resulting in an
Nia of 23 recaptured individuals, Njatota, correcting by &, of 33. There were small
differences in the SE and CV of the estimates for the two analysis periods (see Table

4.5)

Table 4.4 Results of the Chapman two-sample estimator for Blainville’s beaked whales. ($
=0.694, SE=0.52)
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Md

Period years Nia SE cv Nia Total SE cv 95% Cl Nja 1otal
2010-2013 23 3.67 0.16 33 18.08 0.55 24-46
2012-2015 23 1.46 0.06 33 17.41 0.52 28-39

4.5.1.2 Estimate of Nt

Given that the number of transient whales was observed to continually
increase during the study period, we first applied open population models to estimate
abundance. The only two POPAN models that converged gave the same best estimate
of 72 (SE:7.29) individuals (Table 4.6). The best estimate of Nt corrected by & was 104

(SE: 12.19):.

To explore the presence of bias due to heterogeneity regarding different
capture probabilities we applied the two-mixture Pledger closed model (Cooch, 2009).
This model estimates total population abundance while considering that there are two
main sub-groups of individuals with different capture probabilities. The models only
converged when allowed a limited number of variables. Results for the converging
models are shown in Table 4.5. Among them we selected the two-mixture Pledger
model pi(.)p(t)=c due to its higher AICw (0.98). This provided a best estimate of 82
(SE=24.83, 95%Cl:58-172) whales, which corrected by the proportion of marked whales
gave a total of 118 individuals (SE:36.42, 95%Cl:65-2013), i.e. a similar value that the
POPAN analysis. We expect these values to overestimate annual abundance because

closed models applied to open populations tend to inflate estimates, and because
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POPAN estimates the total number of whales in the study area that were ever alive

during the study period, i.e. an overestimate of the number of animals at any one

point in time (Cooch 2009).

The above results were compared to multi-sample closed model estimates of

the total population using program CAPTURE (run within software MARK, White and

Burnham 1999). The estimates of Ny (corrected by the proportion of marked whales)

resulting from these closed models were: i) 84 whales, for Mt model (Darroch); ii) 119

whales, for Mh model (Chao); and iii) 123 individuals for model Mth (Chao).

Table 4.5 Model selection diagnostics and estimates of N and N+ in Blainville’s beaked whales
ordered by their AIC.. AIC.: Akaike information criteria adjusted for small samples; AAIC..
difference in the AIC.compared to the minimum AIC. AlIC.w: AIC. weight; LK: model likelihood;

Deviance: residual deviance; SE: standard error; 95% Cl: 95% confidence interval.

md
POPAN
A Ne SE 95% ClI
C C L D i E 9 0
Model AIC AlC, AlIC.w K Par eviance N S 95% Cl  Nio: (Nrog (Nrog
(g(erli)(()) 14175.55 0 0.99 1 4 1389593 72 7.29 61-91 103 10.19 83-130
(rf((er)mi)((t; 14184.88 9.32 0.01 0.01 8 1389593 72 7.29 61-91 103 10.19 83-130
PLEDGER TWO-MIXTURE
N2 SE 95% ClI
Model AIC A AIC AIC, LK Deviance N SE 95%ClI N
C Par > T (Nroy (Ntot)
pi(.)p(t)=c 56.76 0 0.98 1 14 45.24 82 24.83 58-172 118 36.42 65-213
pi(.)p(2,3) 58.89 212 0.25 0.35 4 68.73 66 9.66 55-97 95 496 70-129
pi(.)p(.)=c 64.41 7.65 0.02 0.02 2 78.35 59 47.28 53-73 85 68.30 21-339
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4.5.2 Cuvier’s beaked whales

4.5.2.1 Estimation of N,

The Chapman analysis of abundance was performed over the sampling

intervals shown in Table 4.7.

Table 4.6 Number of captured marked Cuvier’s beaked whales (Zc) in total (n), per pair of years
(n1, n2) and recaptured (m2)

Zc
Interval 1 Interval 2 NeIndiv nl n2 m2
2010+2011 2012+2013 28 13 23 8
2012+2013 2014+2015 26 23 21 18

The total population size for the N (inflated by theta) was 53 (VAR=388) and
39 (VAR=195) for the first and second period respectively. Results for each pool of

years are shown in Table 4.8.

Table 4.7 Results of the Chapman two-sample estimator for Cuvier’s beaked whales

Zc
VAR 95% ClI
Period years Nia VAR SE cv Nia total
(NIA total)
2010-2013 36 31.11 5.58 0.15 53 388 38-71
2012-2015 27 1.10 1.05 0.04 39 195 35-44
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4.5.2.2 Estimation of Nro;

For the POPAN analysis, the model that best fitted was ¢(.) p(2,3) pent(.)
giving a N estimate of 60 individuals (SE=4.51). This was similar to the results of the
best two-mixture Pledger model with a best N estimate of 58 (SE=04.98). The

corrected Ny, POPAN and Pledger results are shown in Table 4.9.

The corrected estimates using CAPTURE analysis on Cuvier’s beaked whale
data gave estimates of 81 (SE=3.25) for the M; model; 128 (SE=20.23) for the M}, model

and 122 (SE=14.69) for the My, model.

Table 4.8 Model selection diagnostics and estimates of N and Ny, in Cuvier’s beaked whales
ordered by their AIC.. AIC.: Akaike information criteria adjusted for small samples; AAIC..
difference in the AIC.compared to the minimum AIC. AlIC.w: AIC. weight; LK: model likelihood;
Deviance: residual deviance; SE: standard error; 95% Cl: 95% confidence interval.

Zc
POPAN
Model AIC s AIC,w LK A Deviance N SE 95% Cl N 3
©AIC, 2 Par ° T (Nrot)
e(p(23) 19913 o 099 1 5 8970 60 451 5473 87  7.55
pent(.)
(F[;((E.f)li)((')) 207.88 873 001 001 4 7875 60 469 5474 87 7.8
PLEDGER TWO-MIXTURE
Model AIC g AIC,w LK b Deviance N SE 95%ClI N 53
©AIC, g Par > ™ (Nrot)

pi()p(t)=c 7162 0O 096 1 14 60.92 58 498 5375 84  48.09

pi(.)p(.)=c  78.04 6.42 0.04 0.04 2 92.77 57 375 5369 83 651

95% ClI
(NTot)

73-103

73-104

95% CI
(NTot)

70-101

71-96
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CHAPTER 5

GENERAL DISCUSSION AND CONCLUSIONS

All oceans of the world host at least one of the 22 currently recognised
species of ziphiids but knowledge about the distribution and use of the area of these
species is still poor, while data on their potential movement patterns within or
between adjacent ocean basins are still lacking. This scarcity of data limits our
understanding about the ecology and biology of beaked whales and impedes
assessment of population structure to define conservation management units for
ziphiid species. While long range movements have been recorded for individuals in
Hawaii (Schorr et al., 2009), a tendency towards site fidelity has been recorded for the
same species at the Ligurian Sea (Mediterranean, Rosso, 2010), San Clemente Island
(California, Falcone et al. 2009) and El Hierro (Aparicio, 2008 and this study). Also, site
fidelity has been found in other concentration areas where Cuvier’s and Blainville’s
beaked whales are found year-round, in the three oceanic archipelagos of Bahamas
(Claridge, 2006 & 2013), Hawaii (McSweeney et al. 2007) and the Canary Islands
(Aguilar de Soto 2006, Arranz et al. 2014, Aparicio 2008). Concentration areas or “hot-
spots” might be common for at least some beaked whale species (Barlow et al. 2006)
and such locations offer unique opportunities for longitudinal studies to learn about
basic life history and population/social structure parameters that are still poorly known

for nearly all beaked whale species. The results of this study of site fidelity and local
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abundance of Cuvier’s and Blainville’s beaked whales off El Hierro are remarkably
similar to studies of the same species in other archipelagic concentration areas across
the Atlantic (Bahamas) and in the Pacific (Hawaii). This convergence suggests that we
are finding robust patterns about the population ecology of the species applicable at

least to populations inhabiting waters around oceanic archipelagos.

In spite of the opportunities for research provided by Cuvier’s and Blainville’s
beaked whales occurring regularly in deep coastal waters of Bahamas, Hawaii, San
Clemente, Ligurian Sea and the Canary Islands, the sample size of captures of
distinctive individuals for mark-recapture population analyses is low (Claridge 2006,
2013; McSweeney 2007; this study) and this restricts the application of data-exigent
analytical models. Low sample size is probably explained by the difficulties inherent to
approaching beaked whales for photolD due to their extreme diving behaviour with
typically short surfacing intervals (Tyack et al. 2006). The study off El Hierro is
facilitated by the possibility to locate beaked whales from high coastal cliffs increasing
detection rates. To our knowledge, land-based observations of beaked whales have
been performed only in the Azores (Silva et al. 2014) and off El Hierro (Arranz et al.

2014).

At El Hierro, sample size varied greatly among years throughout the study
period. This seems to be better explained by changes in field effort and photolD
methods than by changes in population abundance. A similar result was found by
Claridge (2013) who observed that in Bahamas the number of captured individuals per

year tended to increase with field effort. She obtained a yearly number of captured
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individuals ranging from 6 to 17, while at El Hierro we captured 2 to 22 (for Blainville’s
beaked whales) and 4 to 21 (for Cuvier’'s beaked whales) individuals per year
throughout the research period. At the beginning of the study at El Hierro, photolD
data were gathered opportunistically during fieldwork directed for tagging studies and
using a conventional film camera. Then, there were qualitative and quantitative
changes in the capability of researchers to gather good photographic data when a
digital camera started to be used in 2004, and then a second and third digital camera
started to be used in 2005 and 2014, respectively. Also, the acquisition of a more
stable boat in 2008 improved photo quality compared to previous years, when a 4m
long inflatable was used for all research. Field effort was very low in 2006 due to
funding issues and in 2011 due to an underwater volcanic eruption at the study area
(Fraile et al. 2012). Only 8 and 18 days of field effort were performed in 2006 and
2011, respectively, compared to an average of 37 days per year. In spite of these
methodological issues, the data gathered off El Hierro has been adequate to extract
robust conclusions about site fidelity and population abundance of beaked whales in

the area, which are discussed below.

5.1 Site fidelity

Site fidelity/philopatry can occur when animals tend to stay or return to their
natal area (natal philopatry) or when they occur regularly at other locations such as
breeding or feeding areas (Pearce 2007; Arsenault et al. 2005). In this study, similar to
long-term photolD beaked whale studies in Bahamas and Hawaii (Claridge 2006, 2013;

McSweeney 2007), we observed that a part of the populations of both Cuvier’s and
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Blainville’s beaked whales showed some degree of site fidelity, with observations of
some individuals in up to 8 of the 11 study years for both species. In total, 53% of
Cuvier’s and 35% of Blainville’s distinctive individuals were observed in two or more
years at El Hierro, while the remaining whales were observed only once throughout
the study period. We called the first animals “island associated” or “resident” and the
second “transients”. Here, the term population refers to the whales that use the
coastal waters off El Hierro, without implying genetic isolation. The term “resident”
reflects that many island-associated individuals show a pattern of high use of the area
that is consistent with some degree of residence. However, sightings of resident
individuals in El Hierro may be separated by 1 to 10 years (with a mean of 2.46 years
for the overall resident group) in Blainville’s and by 1 to 5 years (with a mean of 2.63
years for the overall resident group) in Cuvier’s beaked whales. Due to this mean
yearly inter-sighting interval, it cannot be dismissed that some of the individuals
classified as transients may become part of the island associated group in the future,
or may be part of this population but were simply never photo-captured more than

once by chance.

The population structure of Blainville’s beaked whales off El Hierro is very
similar to that observed in Bahamas and Hawaii. In El Hierro, 35% of the 69 distinctive
Blainville’s beaked whale individuals were recaptured (observed at least in two years),
while in Bahamas this proportion was 34%, out of 44 distinctive individuals found in
the non-impacted population at Abaco (Claridge, 2013) and in Hawaii the proportion
was 34% (McSweeney et al. 2007). High levels of site fidelity in beaked whales have

been also reported in other localised populations: northern bottlenose whales at the
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Gully Canyon, in Nova Scotia (Gowans et al. 2000); Cuvier’'s beaked whale in the
Ligurian Sea (Ballardini et al., 2005; Rosso 2010) and Blainville’s and Cuvier’s beaked

whales in Hawaii (Baird et al., 2006; McSweeney et al., 2007).

5.1.1 Blainville’s beaked whales

Long-term site fidelity in Blainville’s females has been observed in Bahamas
(Claridge 2006; 2013), Hawaii (McSweeney et al. 2007) and the Canary Islands
(Aparicio 2008, this study). Permanent emigration of adult males and young dispersers
from the local populations was also suggested by Claridge (2013). This demographic
structure could be associated with their social and mating system, defined as polygyny
with harem-like social groups in many cases (Claridge 2006, McSweeney et al. 2007),
where females inhabit local areas with high availability of resources, and dominant
males would limit the access of other males and subadults to the area, in which adult

females would be the resource (Claridge, 2013).

Data on adult females in our population suggest that individuals are resighted
in the area during long periods of time, with the same number of individuals (2) seen in
2 to 5 different years, and one individual seen in up to 6 different years. In adult males,
88% of the individuals are resighted in the area with Inter Sighting Intervals (ISI-max)
of 1 to 3 years. 66% of the adult males were seen in only two different years while four
of them (33%) were seen up to six and seven years. These results are consistent with
females inhabiting the area for long periods and males forming hierarchical structures

to gain access to the females in the study area.
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Although in our study it was not possible to identify the sex of most of the
young and subadult individuals due to the lack of recognisable features, two
individuals (one adult female and one male) were first observed as calves/juveniles. In
these examples, the subadult female remained in the area (or returned to it
frequently) up to 2017, i.e. after reaching sexual maturity and calving. In contrast, the
subadult male apparently left the area, and was not observed in the study area again
until ten years later as an adult. These examples support the hypothesis that at least
males disperse as subadults and return once mature to reproduce, while females born

in the area seem to stay at or closer to the study area from calves to adult stage.

In El Hierro, the eruption of a submarine volcano in the study area from
October 2011 to March 2012 acted as a natural impact that enabled us to study the
level of site fidelity and spatial adaptability of the species during a disruptive scenario.
Sightings from land and at sea during that period confirmed the presence of individuals
from the Blainville’s beaked whale resident population (two females, both
accompanied of a calf) in the vicinity of the volcano. This high site fidelity and return
rates in Blainville’s females in resident populations suggests that this behaviour is a key
feature in the ecology of this species. The observations during this event seem to
support this idea. This is further supported by the observation that 35% of the
distinctive Blainville’s identified at the naval range of AUTEC, in Bahamas, were
recaptured several times. This site fidelity is in spite of the behavioural reactions of the
species to naval sonar measured in the same area, involving foraging disruption and

spatial avoidance (Tyack et al. 2012) and the potential implications of these reactions
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for the lower reproductive success of Blainville’s beaked whale females at AUTEC and

in the nearby, but unconnected, population at Abaco (Claridge 2013).

5.1.2 Cuvier’s beaked whales

Some studies (Gowans et al. 2000; McSweeney et al. 2007; Claridge 2006,
2013) have found that re-sighting intervals of adult females were significantly longer
than for adult males. However, in Cuvier’s beaked whales in this study, an analysis of
the resident population by sex/age classes shows a similar pattern among all whale
types: 80% or more of the individuals spend a maximum of 45% of the study years in
the area, indicating similar re-sighting intervals and, therefore, use of the area for all

the different types.

In the Cuvier’s beaked whale population off Hawaii, the number of identified
males and females was very similar (13 and 15, respectively) and the number of
indeterminate individuals very small (two) (McSweeney et al. 2007). In San Clemente,
adult whales (41 distinctive animals out of 58 identified) were divided in similar
number of males and females (16 and 19, respectively), with only 2 subadults and 5
calves (Falcone et al., 2009). In El Hierro, the number of distinctive adult males (13)
and indeterminates (15) was approximately double the number of adult females (7).
Some of the differences in the results might be explained by the thresholds used to
classify whales as adult females, which were more restrictive in the study off El Hierro
than off Hawaii and San Clemente. In our study at El Hierro Individuals were only

classified as adult females once they had been observed accompanied by their
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offspring on at least two different occasions, while in Hawaii and San Clemente
colouration patterns and presence of scars were used as identification features. This is
possible thanks to the correlation found between age and number of cookie-cutter
shark scars in those areas, which is not the case in the Canary Islands, where these
sharks are not so abundant. Also, off El Hierro, Cuvier’s beaked whale mother-calf pairs
tend to appear alone, less often and displaying a much more elusive behaviour than
Blainville’s beaked whales (pers. obs.). These two factors could serve to i) decrease the
number of positively identified adult females and, ii) decrease the probability of
encounter and thus recapture of adult females when accompanied by their calves.
Taking this into account, and noting that the observed patters of site fidelity pattern in
Cuvier’s beaked whale indeterminate and female individuals are similar at El Hierro, it
cannot be discarded that some indeterminates could actually be unidentified adult

females.

5.2 Apparent survival

Here we present the first abundance estimate for populations of Blainville’s

and Cuvier’s beaked in the eastern North Atlantic.

In live mark-recapture studies, permanent emigration can cause a negative
bias in the survival estimates if not taken into account. A way to address that scenario

is by calculating the apparent survival (o).
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5.2.1 Blainville’s beaked whales

The model that best fitted the data (CJS_o(.)p(2,3)) was the one accounting
for difference in field effort throughout the study period, indicating that this factor
could be a source of heterogeneity and needs to be taking into account. The result for
the apparent survival in the population in El Hierro was high (¢ = 0.96), similar to the
results of Bahamas (Claridge 2013) and consistent with expectations for a long-lived
mammal. One source of heterogeneity in our population could be the female-male
ratio. This ratio is different in Bahamas (2.41:1; Claridge, 2013) and in El Hierro (1:0.9).
At El Hierro, observations have shown that a group of females can be escorted by
different males during different moments. That would explain the larger number of
adult males here when compared to Bahamas. This larger number of adult males in El
Hierro, entering the area after long periods and remaining for variable periods, could

be decreasing the apparent survival due to temporal emigration.

Claridge (2013) linked the observed female/male ratio of 2.41:1 in Bahamas
to their polygynous harem-like mating system, where the number of females would be
double to the number of males. At El Hierro we also observe harems in Blainville’s
beaked whales, however, the lower differences in sex ration may be due to temporal
emigration and subsequent re-immigration of adult males introducing a source of
heterogeneity due to their lower capture probability (no availability in the area). The
same would happen if the presence of adult males in the coastal waters (the study
area) is ruled by a hierarchical system, where only some of the adult males are

available to be captured.
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Another source of heterogeneity in survival is probably introduced by
indeterminate individuals. Our site fidelity data indicates that this part of the
population remains in the area for short periods and then leaves, decreasing the value
of the apparent survival. This indeterminates seem to have similar behaviour as the
subadults in the hypothesis of Claridge (2013), where subadults would be expelled

from the area by dominant adult males or females.

5.2.2 Cuvier’s beaked whales

For Cuvier’s beaked whales, two models ((CIS_o(.)p(t) and CIS_o(.)p(2,3))
resulted comparable due to their AAIC (<2). Model CIS_o(.)p(2,3) was chosen for its
lower number of parameters (more parsimonious) and the best estimate was ¢=0.96.
As in Blainville’s, the model that accounted for different probabilities of capture
depending on the level of effort resulted to fit better with the data, suggesting, again,
that the level of effort was an important parameter in this study. To our knowledge,
there are no previous estimates of apparent survival or survival for any population of
Cuvier’s beaked whales. In addition to Blainville’s beaked whales, apparent survival in
beaked whales has been only estimated for the local population of northern
bottlenose whales (Hyperoodon ampullatus) inhabiting the Gully canyon off Nova

Scotia, resulting on ¢=0.90 (Gowans et al., 2000).

Similar to Blainville’s beaked whales, differences in area usage by whales of
different age/sex class may need to be considered as a potential source of

heterogeneity biasing the estimate of apparent survival.
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5.3 Abundance estimate

The fact that both Blainville’s and Cuvier’s beaked whales showed non-
homogeneous individual capture probabilities separating “island-associated”
(recaptured) whales, and individuals observed only once throughout the study period
is consistent with the results of the same two species in Hawaii (MacSweeney et al.
2007) and of Blainville’s beaked whales in Bahamas (Claridge 2013). This suggests a
similar pattern with an island-associated part of the populations, and a more oceanic
part, in these three archipelagos. Here, estimates of abundance were performed
separately on the “resident” or island-associated part of the population. The results for
Blainville’s beaked whales were comparable between El Hierro (best estimate of 33
whales) and Bahamas (best estimate of 42 whales). The estimates for the total
population in El Hierro were very similar (best estimate of 103 Blainville’s beaked
whales) for an open population model (POPAN) and a closed model (Pledger mixture
model) suggesting that the underestimation effect of heterogeneity and the
overestimation effect of applying closed models to an open population may be
compensating each other and are not very strong. Moreover, these values were within
the range of results of the analyses performed in CAPTURE to investigate the
importance of different sources of heterogeneity on the data (best estimates of 84 to
123 whales for different models). This provides confidence on the robustness of the
estimates. The total abundance estimated for the study area off El Hierro was lower
than the estimated in Bahamas (mean estimate of 230 whales, with a most precise
annual estimate of 155 whales), however, this may be due to a smaller study area off

El Hierro, closer to shore due to the use of a land observation platform. Thus, the study
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at El Hierro may not be capturing as many animals from the “oceanic” part of the

population as the boat-based boat surveys performed in Bahamas.

In the case of Cuvier’s beaked whales, this study is to our knowledge the first
mark-recapture estimate of abundance of the species. The estimates of abundance for
the island-associated part of the population showed a higher temporal variability than
for Blainville’s beaked whales, ranging from 53 to 39 whales in the periods 2010-2011
and 2011-2013. The same is found in the case of Blainville’s beaked whales, the
estimates of total abundance of Cuvier’s beaked whales off El Hierro using open
(POPAN) and closed (Pledger) models were very similar (87 and 84 whales,
respectively) and within the range of the estimates using CAPTURE to explore the
effects of heterogeneity (estimates of 81 to 128 whales for different models). Again,

this provides confidence in the robustness of the results.

The general patterns observed at El Hierro, Hawaii, Bahamas and San
Clemente are that Blainville’s and Cuvier’s beaked whales have island-associated
populations with high site fidelity to deep coastal waters surrounding these
archipelagos. These core inhabitants are not numerous (some 50 whales or less) and
can be observed for many years, indicating long term site fidelity for at least some
individuals, in spite of natural or anthropogenic sources of disturbance (e.g. volcanic
eruptions or naval sonar use). Strong site fidelity reduces the ability of animals to
relocate in response to reductions in habitat quality and increases the potential risk of
core areas to become attractive sink habitats. These are areas attractive to animals,

due to the occurrence of feeding resources, and/or natal/breeding philopatry, but

71



where the mortality exceeds the recruitment. A lower apparent fitness of Blainville’s
beaked whales observed at the naval range of AUTEC, when compared to the nearby
area off Abaco, in Bahamas, suggests that the possibility of long-term population
effects of disturbance cannot be dismissed (Claridge 2013). This possibility is
reinforced by the observations of higher site-fidelity in females, which are key for the
reproductive rate of populations, mainly in the case of polygynous social systems such

as that of Blainville’s beaked whales.

The fact that in all studied areas there are oceanic individuals transiting the
area may increase the resilience of the populations. However, it is still unknown if
these transient whales reproduce in the areas, thus increasing genetic diversity and

potentially connecting local whales with a broader oceanic population.

Conclusions

The main advances to the field made by this thesis are the following:

1. The first results of abundance estimate and survival rates for Blainville’s
and Cuvier’s beaked whales in the Northeast Atlantic waters obtained
using mark-recapture methods, and the construction of an open online

photolD catalogue www.cetabase.info.
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2. A contribution to the understanding of the site fidelity patterns of the two
study species, supporting the observations gathered in studies of the
same species in Hawaii, Bahamas and San Clemente archipelagos. In these
four areas in two different oceans the species show a heterogeneous use
of the area, with a part of the populations having high site fidelity while
other individuals are apparently transient in the study areas, suggesting
that this may be a common pattern in Blainville’s and Cuvier’s beaked

whales inhabiting deep water areas around oceanic archipelagos.

3. The data gathered in this thesis have been already applied by the Spanish
Ministry MAGRAMA to assess the category of Cuvier’s beaked whale in

the National Catalogue of Protected Species

4. The results of this thesis show that El Hierro is an important
concentration area for Cuvier’s and Blainville’s beaked whales year round,
and that the populations are relatively small. This underlines the
importance of maintaining the moratorium to the use of naval sonar
within 50 nautical miles off the Canary Islands that was stablished in 2004
after the last atypical mass stranding recorded in the archipelago related

to naval manoeuvres.

Future work

This thesis underlines the value of long-term datasets of the study species: two little

known and long-lived species of beaked whales. For this reason, it is important to
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continue the long-term monitoring of the populations off El Hierro to: i) identify
population dynamics in a nearly-pristine area and their relation with environmental
factors and potential future anthropogenic activities; ii) increase the dataset required
to complete the description of natural history parameters of both species, such as age
of sex maturation and inter-calving intervals; iii) to genetically characterise the
Blainville’s and Cuvier’ beaked whales populations. The later would enable to better
assess the sex of the individuals and the relativeness among them and, therefore, the
social structure of both species. In addition, genetic studies are required to assess the
connectivity of the whales observed off El Hierro with other study areas within the
Canary Islands and in the overall Atlantic. This information would contribute greatly to

the understanding of the biology of the species and thus to their conservation.

REFERENCES

Aguilar Soto, N. (2006). Comportamiento acustico y de buceo del calderon
(Globicephala macrorhynchus) y del zifio de Blainville (Mesoplodon densirostris)
en las Islas Canarias. Implicaciones sobre los efectos del ruido antrépico y las
colisiones con embarcaciones. PhD dissertation, Universidad de La Laguna,

Tenerife.

Aguilar Soto, N., Madsen, P. T., Tyack, P., Arranz, P., Marrero, J., Fais, A., Revelli, E., &
Johnson, M. (2012). No shallow talk: Cryptic strategy in the vocal communication
of Blainville’s beaked whales. Marine Mammal Science, 28(2), E75-E92.

https://doi.org/10.1111/j.1748-7692.2011.00495.x

74



Aparicio, C. (2008). Estudio de poblacion de los zifios de Blainville y de Cuvier
(Mesoplodon densirostris y Ziphius cavirostris) en El Hierro. MsC dissertation,

Universidad La Laguna, Tenerife.

Arranz, P., Aguilar Soto, N., Madsen, P. T., Brito, A., Bordes, F., & Johnson, M. P. (2011).
Following a foraging fish-finder: Diel habitat use of Blainville’s beaked whales
revealed by echolocation. PlLoS ONE, 6(12).

https://doi.org/10.1371/journal.pone.0028353

Arranz, Patricia, David L. Borchers, N Aguilar de Soto, Mark P. Johnson, and Martin J.
Cox. (2014). A New Method to Study Inshore Whale Cue Distribution from Land-
Based Observations. Marine Mammal Science 30(2):810-18.

https://doi.org/10.1111/mms.12077.

Arsenault, D. P., Stacey, P. B., & Hoelzer, G. A. (2005). Mark—-recapture and DNA
fingerprinting data reveal high breeding-site fidelity, low natal philopatry, and low
levels of genetic population differentiation in flammulated owls (Otus

flammeolus). The Auk, 122(1), 329-337.

Balcomb, K. C., & Claridge, D. E. (2001). A mass stranding of cetaceans caused by naval

sonar in the Bahamas. Bahamas Journal of Science, 8, 1-8.

Barlow, J., Ferguson, M. C., Perrin, W. F., Ballance, L., Gerrodette, T., Joyce, G., ... &
Waring, G. (2005). Abundance and densities of beaked and bottlenose whales
(family Ziphiidae). Journal of Cetacean Research and Management, 7(3), 263.

Besharse, J. C. (1971). Maturity and sexual dimorphism in the skull, mandible, and
75



teeth of the beaked whale, Mesoplodon densirostris. Journal of Mammalogy, (52)

297-315.

Braun, J. G. & Molina, R. (1984). El Mar. Geografia de Canarias. Geografia Fisica., pp.

17-28. S/C de Tenerife: Editorial Interinsular Canaria.

Burnham K.P., D.R. Anderson, G. C. White, C. Brownie, & K. H. Pollock (1987). Design
and analysis methods for fish survival experiments based on release-recapture.

American Fisheries Society Monograph 5.

Cafadas, A., Sagarminaga, R., De Stephanis, R., Urquiola, E., & Hammond, P. S. (2005).
Habitat preference modelling as a conservation tool: Proposals for marine
protected areas for cetaceans in southern Spanish waters. Aquatic Conservation:
Marine and Freshwater Ecosystems, 15(5), 495-521.

https://doi.org/10.1002/aqc.689

Carracedo, J.C., Torrado F.P., Gonzalez, A.R., Soler, V., Turiel, J.L.F., Troll, V.R. &
Wiesmaier, S. (2012). The 2011 submarine volcanic eruption in El Hierro (Canary

Islands). Geology Today 28(2): 53-58.

Castellote, M., & Llorens, C. (2016). Review of the Effects of Offshore Seismic Surveys
in Cetaceans: Are Mass Strandings a Possibility? In A. Popper & A. Hawkins (Eds.),

The Effects of Noise on Aquatic Life Il (pp. 133—43). New York, NY: Springer.

Choquet, R., Lebreton, J.-D., Gimenez, O., Reboulet, A.-M. & Pradel, R. (2009) U-CARE:
Utilities for performing goodness of fit tests and manipulating Capture-Recapture

data. Ecography, 32: 1071-1074
76



Claridge, D. E. (2006). Fine scale distribution and habita selection of beaked whales.

MsC dissertation, University of Aberdeen, Scotland.

Claridge, D. E. (2013). Population ecology of Blainville’s beaked whales (Mesoplodon

densirostris). PhD dissertation, University of St Andrews, Scotland.

Cooch, E. (2009). Program MARK: a gentle introduction. http://www. phidot.

org/software/mark/docs/book/.

Cormack, R.M. (1964) Estimates of survival from the sighting of marked animals.

Biometrika 51: 429-438.

Cox, T. M., Ragen, T. J., Read, A. J.,, Vos, E., Baird, R. W., Balcomb, K., Barlow, J.,
Caldwell, J., Cranford, T., Crum, L, D’Amico, A., D’'Spain, G., Fernandez, A,
Finneran, J. J., Gentry, R. L., Gerth, W., Gulland, F., Hildebrand, J. A., Houser, D. S.,
Hullar, T., Jepson, P. D., Ketten, D., MaclLeod, C. D., Miller, P., Moore, S. E,,
Mountain, D. C., Palka, D., Ponganis, P., Rommel, S., Rowles, T., Taylor, B., Tyack,
P. L., Wartzok, D., Gisiner, R. C., Mead, J. G., & Benner, L. (2006). Understanding
the impacts of anthropogenic sound on beaked whales. Journal of Cetacean
Research and Management, 7(3), 177-187.

https://doi.org/10.1109/LPT.2009.2020494

D’Amico, A., Gisiner, R. C., Ketten, D. R., Hammock, J. A., Johnson, C., Tyack, P. L., &
Mead, J. (2009). Beaked whale strandings and naval exercises. Aquatic Mammals,

35(4), 452—-472. https://doi.org/10.1578/AM.35.4.2009.452

Dalebout, M. L., Baker, S. C., Steel, D., Thompson, K., Robertson, K. M., Chivers, S. J,,
77



Perrin, W. F., Goonatilake, M., Charles Anderson, R., Mead, J. G., Potter, C. W.,
Thompson, L., Jupiter, D., & Yamada, T. K. (2014). Resurrection of Mesoplodon
hotaula Deraniyagala 1963: a new species of beaked whale in the tropical Indo-
Pacific. Marine Mammal Science, 30(3), 1081-1108.

https://doi.org/10.1111/mms.12113

Dalebout, M. L., Mead, J. G., Baker, C. S., Baker, A. N., & Van Helden, A. L. (2002). A
new species of beaked whale Mesoplodon perrini sp. n. (Cetacea: Ziphiidae)
discovered through phylogenetic analyses of mitochondrial DNA sequences.
Marine  Mammal Science, 18(3), 577-608. https://doi.org/10.1111/j.1748-

7692.2002.tb01061.x

Dalebout, M. L., Robertson, K. M., Frantzis, A., Engelhaupt, D., Mignucci-Giannoni, A.
A., Rosario-Delestre, R. J., & Baker, C. S. (2005). Worldwide structure of mtDNA
diversity among Cuvier’s beaked whales (Ziphius cavirostris): implications for
threatened populations. Molecular Ecology, 14(11), 3353-71.

https://doi.org/10.1111/j.1365-294X.2005.02676.x

Dalebout, M. L., Van Helden, A., Van Waerebeek, K., & Baker, C. S. (1998). Molecular
genetic identification of southern hemisphere beaked whales (Cetacea: Ziphiidae).

Molecular Ecology, 7, 687-694.

Falcone, Erin A., Schorr, Gregory S., Douglas, Annie B., Calambokidis, John, Henderson,
Elizabeth, McKenna, Megan F, Hildebrand J, Moretti D (2009) Sighting

characteristics and photo-identification of Cuvier’'s beaked whales (Ziphius

78



cavirostris) near San Clemente Island, California: a key area for beaked whales and
the military? Marine Biology 156(12), 2631-2640. doi: 10.1007/s00227-009-1289-

8.

Fernandez, A., Arbelo, M. & Espinosa de los Monteros, C. (20052). Stranding of beaked
whales in coincidence with naval maneuvres in Canary Islands. In: European

Research on Cetaceans, 19th (Ed. by Evans, P. G. H.). La Rochelle.

Fernandez, A., Edwards, J. F., Rodriguez, F., Espinosa de los Monteros, A., Herrdez, P.,
Castro, P., Jaber, J. . R., Martin, V., & Arbelo, M. (2005b). “Gas and fat embolic
syndrome” involving a mass stranding of beaked whales (family Ziphiidae)
exposed to anthropogenic sonar signals. Veterinary Pathology, 42(4), 446—457.

https://doi.org/10.1354/vp.42-4-446

Fernandez, A., Sierra, E., Martin, V., Méndez, M., Sacchinni, S., Bernaldo de Quirés, Y.,

Andrada, M., Rivero, M., Quesada, O., Tejedor, M., & Arbelo, M. (2012). Last

“we IIH

atypical’” beaked whales mass stranding in the Canary lIslands (July, 2004).

Journal of Marine Science: Research & Development, 2(2), 3.

Fernandez, A., Arbelo, M., & Martin, V. (2013). No mass strandings since sonar ban.

Nature, 497(7449), 317-318.

Fraile-Nuez, E., Gonzdlez-Ddvila, M., Santana-Casiano, J. M., Aristegui, J., Alonso-
Gonzdlez, I. J., Hernandez-Leén, S., Blanco, M. J., Rodriguez-Santana, A.,
Hernandez-Guerra, A., Gelado-Caballero, M. D., Eugenio, F., Marcello, J., de
Armas, D., Dominguez-Yanes, J. F., Montero, M. F., Laetsch, D. R., Vélez-Belchi, P.,

79



Ramos, A., Ariza, A. V., Comas-Rodriguez, |., & Benitez-Barrios, V. M. (2012). The
submarine volcano eruption at the island of El Hierro: physical-chemical
perturbation and biological response. Scientific Reports, 2(1), 486.

https://doi.org/10.1038/srep00486

Frantzis, A. (1998). Does acoustic testing strand whales? Nature, 392(6671), 29.

https://doi.org/10.1038/32068

Fraser, F. C. (1936). Vestigial Teeth in Specimens of Cuvier's Whale (Ziphius cavirostris)

stranded on the Scottish Coast. Scottish Natun, no. 222.

Gee, M.J.R., Watts, A.B., Masson, D.G., & Mitchell, N.C. (2001). Landslides and the

evolution of El Hierro in the Canary Islands. Marine Geology 177: 271.

Gee, M.J.R., Watts, A.B., Masson, D.G., Mitchell, N.C. (2001). Offshore continuation of
volcanic rift zones, El Hierro, Canary Islands. Journal of Volcanology and

Geothermal Research 105: 107-119.

Guillou, H., Carracedo, J.C., Pérez-Torrado, F. & Rodriguez Badiloa, E. (1996). K-Ar ages
and magnetic stratigraphy of a hotspot-induced, fast-grown oceanic island: El
Hierro, Canary Islands. Journal of Volcanology and Geothermal Research 73: 141-

155.

Gowans, S., Whitehead, H., Arch, J. K., & Hooker, S. K. (2000). Population size and

residency patterns of northern bottlenose whales ( Hyperoodon ampullatus )

80



using the Gully , Nova Scotia. Journal of Cetacean Research and Management,

2(3), 201-210.

Hammond, P.S. (1986) Estimating the size of naturally marked whale populations using
capture-recapture techniques. Reports to the International Whaling Commission

(Special Issue 8). 253-282.

Hammond, P.S. (2010) Estimating the abundance of marine mammals. Press. In: Boyd,
I.L., et al. (eds.) Marine mammal ecology and conservation: a handbook of

techniques. Oxford University

Hammond, P.S., Berggren, P., Benke, H., Borchers, D.L., Collet, A., Heide-Jgrgensen,
M.P., Heimlich, S., Hiby, A.R., Leopold, M.F. & @ien, N. (2002). Abundance of
harbour porpoise and other cetaceans in the North Sea and adjacent waters.

Journal of Applied Ecology, 39: 361-376. d0i:10.1046/j.1365-2664.2002.00713.x

Hammond, P. S., Macleod, K., Berggren, P., Borchers, D. L., Burt, L., Cafiladas, A, ... &
Gordon, J. (2013). Cetacean abundance and distribution in European Atlantic shelf
waters to inform conservation and management. Biological Conservation, 164,

107-122.

Heyning, J. E. (1984). Functional morphology involved in intraspecific fighting of the
beaked whale, Mesoplodon carlhubbsi. Canadian Journal of Zoology 62:1645-

1654.

Heyning, J. E. (1989). Cuvier’s beaked whale Ziphius cavirostris G. Cuvier, 1823. In S. H.

Ridgway & R. Harrison (Eds.), Handbook of Marine Mammals. Vol. 4. River
81



dolphins and the larger toothed whales. (pp. 289-308). London and San Diego:

Academic Press.

Heyning, J. E. (1989). Comparative facial anatomy of beaked whales (Ziphiidae) and a
systematic revision among the families of extant odontoceti. Natural History

Museum of Los Angeles County, Contributions in Science, number 405, 14 March

1989, 64 pp.

Heyning, J. E. & Mead J. G. (1996). Suction feeding in beaked whales: morphological

and observational evidence. Contributions in Science 464: 1-12.

Hooker, S. K. (1999). Resource and habitat use of northern bottlenose whales in the

Gully: ecology, diving and ranging behaviour. Dalhousie University.

Hooker, S. K., & Baird, R. W. (1999). Observations of Sowerby’s beaked whales,

Mesoplodon bidens, in the Gully, Nova Scotia. Canadian Field-Naturalist, 113,

273-277.

Hooker, S. K., Whitehead, H., Gowans, S., & Baird, R. W. (2002). Fluctuations in
distribution and patterns of individual range use of northern bottlenose whales.
Marine Ecology Progress Series, 225 (JANUARY), 287-297.

https://doi.org/10.3354/meps225287

Hubbs, C. (1946). First Records of Two Beaked Whales, Mesoplodon bowdoini and
Ziphius cavirostris, from the Pacific Coast of the United States. Journal of

Mammalogy, 27(3), 242-255. doi:10.2307/1375435

82



IUCN (2012) IUCN Red List of Threatened Species. Version 2012.2. Available from:

http://www.redlist.org

Jefferson T.A., Webber M.A., Pitman R.L. (2008). Marine Mammals of the World: A

Comprehensive Guide to their Identification. Academic Press, London. 573 pp.

Jefferson, T.A., Pitman, R., & Webber, M. (2015). Marine mammals of the world (2nd

editio). Amsterdam: Elsevier.

Johnson, M. P., Madsen, P. T., Zimmer, W. M. X., Aguilar Soto, N., & Tyack, P. L. (2004).
Beaked whales echolocate on prey. Proceedings of the Royal Society of London B,

271 Suppl, S383-6. https://doi.org/10.1098/rsbl.2004.0208

Jolly, G.M. (1965) Explicit estimates from capture-recapture data with both death and

immigration-stochastic model. Biometrika, 52: 225-247.

Kendall, W.L. (1999) Robustness of closed capture-recapture methods to violations of
the closure assumption. Ecology, 80: 2517-2525.Kendall, W.L., Nichols, J.D. &
Hines, J.E. (1997) Estimating temporary emigration using capture-recapture data

with Pollock's robust design. Ecology, 78: 563-578.

Kendall, W.L., Pollock, K.H. & Brownie, C. (1995) A likelihood-based approach to
capture- recapture estimation of demographic parameters under the robust

design. Biometrics, 51: 293-308.

Krutzen, M., Barré, L. M., Mdller, L. M., Heithaus, M. R., Simms, C., & Sherwin, W. B.
(2002). A biopsy system for small cetaceans: darting success and wound healing in

Tursiops spp. Marine Mammal Science, 18(4), 863-878.

Macleod, C. D. (1998). Intraspecific scarring in odontocete cetaceans: an indicator of

83



male “quality” in aggressive social interactions? Journal of Zoology, 244, 71-77.

https://doi.org/10.1017/50952836998001083

MacLeod C. D. (2006). How big is a beaked whale? A review of body length and sexual

size dimorphism. Journal of Cetacean Research and Management. 7: 301-308

Martin, V., Servidio, A., & Garcia, S. (2004). Mass strandings of beaked whales in the

Canary Islands. ECS Newsletter, 42, 33-6.

McCann, C. (1963). Occurrence of Blainville's beaked-whale Mesoplodon densirostris
(Blainville) in the Indian ocean. Journal of the Bombay Natural History Society

60(3):727-731, 1 pl.

McCann, C. (1964). A Further record of Blainville's beaked whale, Mesoplodon
densirostris (Blainville), from the Indian Ocean: Cetacea. Journal of the Bombay

Natural History Society 61(1):179-181.

McSweeney, D. J., Baird, R. W., & Mahaffy, S. D. (2007). Site fidelity, associations, and
movements of Cuvier's (Ziphius cavirostris) and Blainville’s (Mesoplodon
densirostris) beaked whales off the island of Hawaii. Marine Mammal Science,

23(3), 666-687. https://doi.org/10.1111/j.1748-7692.2007.00135.x

Mead, J. G. (1984). Survey of reproductive data for the beaked whales (Ziphiidae).
Report of the International Whaling Commission, (Special Issue 6), 91-96.
Retrieved from http://si-pddr.si.edu/dspace/handle/10088/2648

Mead, J. G. (1989). Beaked whales of the genus Mesoplodon. In S. H. Ridgeway and R.

84



Harrison (Eds.), Handbook of marine mammals. Vol. 4. River dolphins and the

larger toothed whales (pp. 349-430). London, UK: Academic Press.

Mead, J. G. (2002). Beaked whales, overview. In W. F. Perrin, B. Wursig, & G. M.
Thewissen (Eds.), Encyclopedia of marine mammals (pp. 81-4). San Diego, CA:

Academic Press.

Moore, J. E., & Barlow, J. P. (2013). Declining abundance of beaked whales (Family
Ziphiidae) in the California Current Large Marine Ecosystem. PLoS ONE, 8(1),

e52770. https://doi.org/10.1371/journal.pone.0052770

Morin, P. A., Scott Baker, C., Brewer, R. S., Burdin, A. M., Dalebout, M. L., Dines, J. P,,
Fedutin, 1., Filatova, O., Hoyt, E., Jung, J. L., Lauf, M., Potter, C. W., Richard, G.,
Ridgway, M., Robertson, K. M., & Wade, P. R. (2017). Genetic structure of the
beaked whale genus Berardius in the North Pacific, with genetic evidence for a
new species. Marine Mammal Science, 33(1), 96-111.

https://doi.org/10.1111/mms.12345

Otis, D.L., Burnham, K.P., White, G.C. & Anderson, D.R. (1978) Statistical inference for

capture data on closed animal populations. Wildlife Monographs, 7-135.

Pearce, J. M. (2007). Philopatry: a return to origins. The Auk, 124(3), 1085-1087.

Pitman R. L. (2002). Mesoplodont whales. Pages 738-742 in W. F. Perrin, B. Wursig and
G. M. Thewissen, eds. Encyclopedia of marine mammals. Academic Press, San

Diego, CA.

85



Pringle, J.A. (1963). Two specimens of the beaked whale - Mesoplodon densirostris
(Blainville) - washed ashore near Port Elizabeth, South Africa. Annals of the Cape

Provincial Museums. 3: 61-63.

Podesta, M., D’Amico, A., Pavan, G., Drougas, A., Komnenou, A., & Portunato, N.
(2006). A review of Cuvier’s beaked whale strandings in the Mediterranean Sea.

Journal of Cetacean Research and Management, 7(3), 251-261.

Pollock, K.H. (1982) A capture-recapture design robust to unequal probability of

capture. Journal of Wildlife Management, 46: 752-757.

R Core Team. (2016). R: A language and environment for statistical computing. Vienna,
Austria: R Foundation for Statistical computing. Retrieved from https://www.r-

project.org/

Reyes, J. C., Mead, J. G., & Van Waerebeek, K. (1991). A new species of beaked whale
Mesoplodon peruvianus sp. N. (Cetacea: Ziphiidae) from peru. Marine Mammal

Science, 7(1), 1-24.

Reyes, C., Schiavi, A., Pérez Gonzalez, C.J. & Aguilar Soto, N. (2011). Social structure
and temporal variations in individual associations of Blainville’s beaked whales
(Mesoplodon densirostris) in El Hierro (Canary Islands). 25th Conference of the

European Cetacean Society Spain.

Reyes, C., Schiavi, A. & Aguilar Soto, N. 2012. CETABASE: a bilingual tool to enhance
data sharing and public outreach on endangered species. 26th Conference of the

European Cetacean Society. Galway, Ireland.
86



Reyes, C., Schiavi, A. & Aguilar Soto, N. (2014). An insight into the populations of
Blainville’s and Cuvier’'s beaked whales off El Hierro (Canary Islands)
Abundance estimation and social structure. 14 Simposio internacional de

ciencias del mar. Las Palmas de Gran Canaria, Espaia.

Ross, G. (1979). The smaller cetaceans of the south east coast of southern Africa.

Unpublished thesis submitted to the University of Port Elizabeth, South Africa.

Ross, G. (1984). The smaller cetaceans of the south east coast of southern Africa.

Annals of the Cape Provincial Museums, Natural History, 15(2):173-410.

Rosso, M., (2010). Population size, residency patterns and energy demand of Cuvier’s
beaked whales (Ziphius cavirostris) in the north western Mediterranean sea. PhD

thesis, University of Basilicata, Potena, Italy.

Scalise, S., Moulins, A., Rosso, M., Corsi, A. & Wirtz, M., (2006). First results on
Cuvier’s beaked whale distribution in the Ligurian Sea related to depth and depth
gradient. In 34th Annual Symposium of European Association for Agquatic

Mammals, vol. 34 Riccione, Italy.

Schorr, G. S., Baird, R. W., Bradley Hanson, M., Webster, D. L., McSweeney, D. J., &
Andrews, R. D. (2009). Movements of satellite-tagged Blainville’s beaked whales
off the island of Hawai’i. Endangered Species Research, 10(1), 203-213.

https://doi.org/10.3354/esr00229

Schorr, G. S., Falcone, E. A., Moretti, D. J., & Andrews, R. D. (2014). First long-term

behavioral records from Cuvier's beaked whales (Ziphius cavirostris) reveal
87



record-breaking dives. PLoS ONE, 9(3), €92633.

https://doi.org/10.1371/journal.pone.0092633

Schwarz, CJ. & Seber, G.A.F. (1999) Estimating animal abundance: Review Il

Statistical Science, 14: 427-456.

Seber, G.A.F. (1965) A note on multiple-recapture census. Biometrika, 52: 249-259.

Silva, Mdnica A., Rui Prieto, Irma Cascdo, Maria Inés Seabra, Miguel Machete, Mark F.
Baumgartner, and Ricardo S. Santos. (2014). Spatial and Temporal Distribution of
Cetaceans in the Mid-Atlantic Waters around the Azores’. Marine Biology

Research 10 (2):123-37.

Simmonds, M. P., & Lopez-Jurado, L. F. (1991). Whales and the military. Nature, 351,

448.

Taylor, B. L., Martinez, M., Gerrodette, T., Barlow, J., & Hrovat, Y. N. (2007). Lessons
from monitoring trends in abundance of marine mammals. Marine Mammal

Science, 23(1), 157-175. https://doi.org/10.1111/j.1748-7692.2006.00092.x

Tyack, P. L., Johnson, M., Aguilar Soto, N., Sturlese, A., & Madsen, P. T. (2006). Extreme
diving of beaked whales. Journal of Experimental Biology, 209(21), 4238—4253.

https://doi.org/10.1242/jeb.02505

White, G.C. & Burnham, K.P. (1999) Program MARK: survival estimation from

populations of marked animals. Bird Study, 46: 120-139.

Whitehead, H. A. L., Gowans, S., Faucher, A., & Mccarrey, S. W. (1997). Population

88



analysis of northern bottlenose whales in the Gully, Nova Scotia. Marine Mammal

Science, 13(2), 173-185.

Wilson, B., Hammond, P. S., & Thompson, P. M. (1999). Estimating size and assessing
trends in a coatal bottlenose dolphin population. Ecological Applications, 9(1),

288-300.

89



