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Chapter 1. General introduction
Marine mammals have adapted to their environment using a multitude of
behavioural strategies. Many toothed whales form highly cohesive societies
that cooperate throughout many aspects of their behaviour, extending to
babysitting, cooperative hunting and social defence from predators (Mann et
al. 2000). With the limited visual range in their underwater habitat, cetaceans
have developed sophisticated vocal repertoires that function in long-distance
communication, detection and capture of prey and social interaction (Tyack
2000). Baleen whales have responded to seasonal variation in feeding
opportunities and weather conditions by undertaking long-distance migrations
between polar regions and the subtropics (Kellogg 1929).
Surprisingly little is known, however, about many aspects of cetacean
behaviour and social organisation. For example, the migratory routes of the
world’s largest animal, the blue whale (Balaenoptera musculus), have not been
resolved and we do not know to what extent deep-diving cetaceans coordinate
to hunt prey. These are questions which have become increasingly important
in the light of current global changes in the environment and the growing
impact of human activities on marine ecosystems. Our lack of knowledge
stems largely from the difficulty of studying animals that perform a large part
of their behaviour out of sight of human observers, by diving under water, or by
performing extensive movements across the vastness of the oceans.
This thesis aims to investigate behavioural patterns of deep-diving
toothed whales and baleen whales in the North Atlantic Ocean using newly
developed observational methods and recent advances in technology that
allow underwater recordings of whale behaviour, investigation of the social
context of individual behaviour and monitoring of large-scale ocean dynamics.
Ultimately, this will help us to gain a better understanding of the interactions
between cetaceans and their environment, and how cetacean populations will
respond to human disturbances and changes in their habitat.
Social behaviour of deep-diving cetaceans
Deep-diving cetaceans dive to extreme depths in pursuit of their prey, deep-sea
squid, fish or octopus (Pauly et al. 1998). Many species of deep divers inhabit
the North Atlantic Ocean, including members of the Delphinidae, Physeteridae,
Kogiidae and Ziphidae (Perrin et al. 2009). A unifying characteristic of deep-
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diving cetaceans is their sociality (Fig. 1). Those species for which the social
structure has been unravelled show highly cohesive social organisations, with
long-term stable bonds between individuals (Ottensmeyer & Whitehead 2003,
Whitehead 2003, McSweeney et al. 2007). Sperm whales (Physeter macrocephalus) and long-finned pilot whales (Globicephala melas) have matriarchal
societies, in which females and their offspring form matrilines which stay
together over multiple decades. The adult males separate from their natal pods
(e.g. Letteval et al. 2002, De Stephanis et al. 2008). The need for deep foraging
dives may form an important driver for the formation of these cohesive family
groups (Best 1979, Riedman 1982, Gowans et al. 2001). Performing long, deep
dives is challenging for air-breathing mammals and young calves may not be
physically able to follow adults in pursuit of prey. Solitary calves are highly
vulnerable to predation, by sharks or killer whales (Orcinus orca; Best et al.
1984). In sperm whales, this may have led to the evolution of babysitting, in
which related females alternately dive and stay with the young at the surface
(Whitehead 1996).
The dependency of deep divers on conspecifics for food acquisition,
reproduction and protection from predators (Whitehead 1996, Pitman et al.
2001, Curé et al. 2012, 2013) implies that their social behaviour can have major
consequences for individual fitness. These social behaviours often require a high
degree of coordination among group members. Sperm whales, for example,
are known to forage in rank formation, which could function to avoid mutual
interference (Whitehead 1989) and individuals rapidly congregate at the
surface when exposed to sounds of their potential predators, killer whales, as
a social defence strategy (Curé et al. 2013). Coordination in activity is mediated
by proximity and synchrony in behaviour (Senigaglia & Whitehead 2012,
Senigaglia et al. 2012), and by vocalisations (Palombit 1992, Tyack 2000). Deepdiving delphinids, Risso’s dolphins (Grampus griseus) and pilot whales, have
complex vocal repertoires including clicks, tonal calls and pulsed calls (Taruski
1979, Corkeron & van Parijs 2001, Sayigh et al. 2012). Clicks are mainly used for
echolocation, to find prey, whereas tonal and pulsed calls predominantly function
in social communication (e.g. Soto et al. 2008, Tyack 2000). The short-finned pilot
whale (Globicephala macrorhynchus) produces social sounds down to depths of
800 m. These calls may function to signal their presence to group members at the
water surface, serving to maintain social cohesion (Jensen et al. 2011). Species
from the other families predominantly produce clicks. Next to their function in
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bio-sonar based foraging, specific sequences (codas) or the timing of clicks are
likely to function in social communication (Whitehead & Weilgart 2000, Dunn
et al. 2013). Hence, for deep-diving cetaceans, social and vocal behaviours can
be strong drivers of population health and constitute important factors for the
understanding of the effects of anthropogenic disturbance.

Figure 1. Top left: Social cohesion in a group of long-finned pilot whales (Globicephala melas). Top right:
close association between a Risso’s dolphin (Grampus griseus) female and newborn calf. Bottom left:
Deployment of a DTAG on an adult long-finned pilot whale. The tag is attached with suction cups, using
a pole. Bottom right: the dive profile of the tagged adult pilot whale, showing periods with deep dives,
up to 430 m depth, alternated with periods of shallow diving. Pictures: Pilot whales: F.I.P. Samarra, Risso’s
dolphin: R. N. Antunes.

Our knowledge on the social behaviour of deep-diving cetaceans is
generally lagging behind our knowledge of terrestrial social mammals, such as
elephants or apes (e.g. de Waal 1982, Janik 2009). Observations of cetacean social
behaviour rely largely on what can be observed when the animals are present
at the surface. The complex interplay between sociality, behaviour and context,
and the distances over which behaviours and interactions can be maintained,
further complicate our understanding. However, the recent development of
non-invasive tags that can record the underwater behaviours of tagged animals
has represented a major advance in the study of the behaviour of deep-diving
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cetaceans. The tags can record dive depth, vocalisations, movements, or body
contact with conspecifics (Johnson & Tyack 2003, Aoki et al. 2012; Fig. 1). Data
from these tags have convincingly proven the use of echolocation and sprints to
capture prey during foraging at great depths (e.g. Johnson et al. 2004, Soto et al.
2008). The ability to link the underwater behaviour of one or several individuals
to their surface behaviour represents an unprecedented opportunity to study
the sociality of deep-diving cetaceans.
Anthropogenic effects on cetacean behaviour
Human activities have a growing impact on the marine environment. A major
current concern is the increase of anthropogenic noise in the oceans (Richardson
et al. 1995, Nowacek et al. 2007). Anthropogenic sources of sound in the sea have
strongly increased over the last decades, due to commercial shipping, (offshore)
construction activities for oil and gas exploration or renewable energies, airguns
and military sonars, pleasure boats and whale-watching activities (Fig. 2). In the
eastern Pacific, for example, intensified commercial shipping has resulted in a
10 dB increase in the levels of background noise in 33 years (Andrew et al. 2002).
Noise can affect cetacean populations by masking of their vocalisations,
inducing shifts in behaviour, causing (temporary) hearing-loss, physical injury or,
in the extreme case, death (Richardson et al. 1995, Nowacek et al. 2007). Masking
occurs if background noise overshadows cetacean calls. Cetaceans rely heavily
on acoustic signals for communication, foraging and orientation (Tyack 2000).
The importance of information transfer through calling becomes apparent from
the observed changes in frequency, amplitude, length and duration of call types
across a wide range of cetaceans, which function to compensate for increased
levels of background noise (Miller et al. 2000, Foote et al. 2004, Scheifele et al.
2005, Parks et al. 2007). Physical damage, such as hearing loss, or death can result
from exposure to powerful or prolonged sound sources (Richardson et al. 1995).
Over the last decade, atypical lethal strandings of cetaceans, mostly beaked
whales (Ziphidae), have coincided with military sonar exercises (Parsons et al.
2008). These strandings are most likely started by an avoidance response to the
powerful sonar, which may result in an alteration of their dive pattern. Beaked
whales can dive to extreme depths, >1000 m, and often have very regular dive
cycles. Alterations of their dive pattern may result in injuries related to bubble
formation in tissues and organs through decompression, resulting in stranding
(Cox et al. 2006, Jepson et al. 2009, Tyack et al. 2011).

14
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Figure 2. A selection of anthropogenic sound sources within the hearing ranges of marine mammals
and fish. Reprinted from Slabbekoorn et al. (2010) with permission from Elsevier.

The growing industry of marine ecotourism activities may also affect cetacean
populations (Duffus & Dearden 1990, Lusseau et al. 2006). For many tourists,
whale-watching trips offer a unique opportunity to learn more about dolphins
and whales (Fig. 3). As such, whale watching contributes to public awareness,
and generates support for the conservation of their habitat. Yet, whale watching
also exposes cetaceans to vessel noise combined with close vessel approaches,
and can have an array of short- and long-term effects on behaviour, comparable
to predator-avoidance responses (e.g. Lusseau 2003). The type and the severity
of the behavioural response depend on the perception of the disturbance, its
characteristics and environmental context and the social and behavioural state
of the exposed individuals (e.g. Nowacek et al. 2007, Southall et al. 2007). For
example, whether killer whales respond to the presence of whale-watching
vessels with a more directional or a more tortuous travel path, depends on
the number of vessels (Williams & Ashe 2007). Furthermore, male and female
bottlenose dolphins (Tursiops truncatus) may differ strongly in the timing of
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their avoidance response to close vessel approaches (Lusseau 2003). Strong
avoidance responses to whale-watching vessels or other shifts in behaviour
that reduce the potential for foraging and reproduction may negatively affect
population health (e.g. Bejder et al. 2006, Nowacek et al. 2007).
Cetaceans in European waters are protected under a series of management
measures, and all species are included in Annex IV of EU habitat directive
92/43/EEC. Under this directive, regular assessments are to be made of the
abundance and distribution of each species, and of the pressures and threats
experienced. A main limitation in our understanding of the severity and longterm consequences of pressures and threats for social deep-diver populations,
however, is the general lack of knowledge on their natural patterns of behaviour
(Southall et al. 2007). Why do some species respond strongly to a disturbance,
but others seem unaffected? Does the behavioural change represent a response
to a sound source or is it a natural transition in behaviour that would also have
occurred in undisturbed conditions? Does a reduction in feeding opportunity
impact survival or will they easily find prey elsewhere? To mitigate against
potential negative effects, it is therefore essential to i) gain more information
on the natural patterns of the behaviour of social, deep-diving cetaceans and
ii) to investigate behavioural responses to potential threats.

Figure 3. A whale-watching vessel observing a group of Risso’s dolphins close to the coast of Terceira
Island, Azores. Picture: F. Visser.
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Migratory behaviour of baleen whales
Six species of rorqual baleen whales (Balaenopteridae) inhabit the North Atlantic
Ocean, ranging in adult size from 7 m in length (minke whale Balaenoptera
acutorostrata) to 30 m (blue whale) (Perrin et al. 2009). Individuals of most
species migrate between mid- to high latitude feeding grounds in summer
and subtropical breeding grounds during winter (Kellogg 1929, Norris 1967).
While migratory baleen whales aggregate at the feeding grounds, they mostly
occur solitarily or in small groups during migration (Brown & Corkeron 1995).
To communicate with their distant conspecifics, and potentially for navigation,
baleen whales produce long, low frequency calls (e.g. with a duration of 10 – 30
s at 10 - 40 Hz for blue whales), which can be heard over distances of several
hundreds of kilometres (Cummings & Thompson 1971, Payne & Webb 1971). For
most species, we have little information on their migratory routes and breeding
grounds. Moreover, not all populations may adhere to the general pattern of
annual north-south migrations (Simon et al. 2010).
It is, however, evident that seasonal presence of baleen whales at the
summer feeding grounds coincides with increased food availability in these
waters (e.g. Croll et al. 2005). Due to their large size baleen whales need dense
aggregations of their prey (krill or fish) to enable efficient foraging (Whitehead
& Carscadden 1985, Friedlaender et al. 2006, Goldbogen et al. 2011). Capture of
exceptional numbers of prey is accomplished using a unique feeding strategy,
lunge feeding, where an individual speeds forward to engulf a large volume
of prey-laden water (Fig. 4). Blue whales can engulf a water mass equivalent to
125% of their body weight in one lunge, holding several hundred kilograms
of krill (Goldbogen et al. 2011). Lunges are energetically costly, and prey
abundances show strong spatio-temporal variability (Valdés et al. 2007, Dakos
et al. 2009). Baleen whales are therefore particularly skilled to locate their
patchily distributed prey, allowing them to feed on the patches with highest
densities and largest prey items (Croll et al. 2005, Doniol-Volcroze et al. 2007,
Goldbogen et al. 2011).
The search for maximum densities of prey is reliant on predictable patterns
of seasonal abundance. Baleen whales are thought to fast during migration,
relying on energy reserves obtained in the northerly feeding grounds during the
preceding summer (Bowen & Siniff 1999). In the North Atlantic Ocean, however,
the annual phytoplankton spring bloom offers a conspicuous wave of enhanced
primary productivity, which propagates northwards from subtropical latitudes
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to subarctic waters over spring and summer (Siegel et al. 2002, Behrenfeld
2010). The spring bloom is likely to fuel secondary production by zooplankton
including krill, important prey items of many baleen whales. If it is shown
that baleen whales feed on krill during spring migration, tracking areas with
enhanced productivity en route, this would represent a fundamental change
in our understanding of baleen whale foraging and migratory behaviour, and
their energetic requirements.
Modern technology, using satellite remote sensing of the colour of the
ocean, can accurately determine patterns of surface phytoplankton production
of entire ocean basins (e.g. NASA Ocean Color website http://oceancolor.gsfc.
nasa. gov/), including the phytoplankton spring bloom (Fig. 4). This provides
essential information on changes in seasonal and geographical patterns of
ocean surface productivity, which can then be matched to observations of
species that migrate over vast ocean areas in search of prey.

Figure 4. Left: Satellite remote sensing of ocean chlorophyll a concentration in June 2006 (mg m-3;
NASA Ocean Color website http://oceancolor.gsfc.nasa.gov/). Right: Humpback whale (Megaptera
novaeangliae) surfacing at the end of a lunge off northern Norway. Picture: F.I.P. Samarra for the 3S
Project.

Outline of this thesis
This thesis focuses on behavioural patterns of deep-diving toothed whales, and
of baleen whales, in the North Atlantic Ocean. It addresses functional aspects of
their social, vocal and migratory behaviour. Our approach combines shore- and
vessel-based visual observations of the behaviour of individuals and groups
with tagging, photographic and remote sensing technology. We develop new
methodology and a novel definition of animal groups to quantitatively record
cetacean social behaviour using visual observations. These approaches allow us
to investigate the diving behaviour, social organisation and foraging behaviour
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of social cetaceans, as well as the migratory behaviour of baleen whales in
relation to the distribution of prey en route. In addition, we applied these
approaches to evaluate behavioural responses of cetaceans to anthropogenic
disturbances, such as the impact of whale watching on the behaviour of social
cetaceans and the potential effects of climate change on the migratory routes
of baleen whales.
The work presented in this thesis combines results obtained from two
research projects. The first project, based in the Azores, allowed for shore- and
vessel-based observations of six species of baleen whales and of a range of
deep-diving cetaceans. Four years of dedicated baleen-whale observations
at the Azores provided the basis for our study of the migratory behaviour of
baleen whales in relation to the North Atlantic spring bloom. For our study of
the behaviour of social deep-diving cetaceans, we focussed on Risso’s dolphin
(Grampus griseus). Thus far, Risso’s dolphin social organisation and patterns of
behaviour have received little study. The species is commonly present in the
inshore waters off the Azores, and is a regular target of whale-watching activities
in the area. This generated an excellent opportunity to study the sociality and
behaviour of this social deep diver, and its behavioural response to a potential
source of disturbance. The second project, based in Norway, was the 3S Project.
The 3S Project investigated the baseline behaviour and behavioural response
of long-finned pilot whales, killer whales and sperm whales to military sounds
(Miller et al. 2011). The experimental approach of the 3S Project, using noninvasive tags to study underwater behaviour, allowed us to generate a new
protocol for the sampling of surface group behaviour of social cetaceans. Using
this protocol, we studied behavioural patterns of one of the target species of
the 3S Project, the social, deep-diving long-finned pilot whale.
In Chapters 2 to 5 we investigate functional aspects of the behaviour and
social organisation of the two species of deep-diving cetaceans, long-finned
pilot whales and Risso’s dolphins. Chapter 2 addresses current limitations in the
analysis of group-level behaviour in social cetaceans by the development and
testing of a novel sampling protocol describing the social context of individual
behaviour. The protocol is based on a new definition of the group, centred
around a focal individual, and quantitative records describing characteristics
of the group. Using this protocol, we investigate the relation between the
behaviour of long-finned pilot whale groups observed at the surface and the
deep-diving foraging behaviour of focal individuals monitored by tag data.
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In deep-diving cetaceans, social cohesion and coordination of the group are
thought to be mediated by their vocal behaviour (Tyack 2000). In Chapter 3 we
test this theory by investigating the relation between long-finned pilot whale
calls and the socio-behavioural context in which they are produced. Again, a
key aspect of our approach, allowing assessment of the functionality of the pilot
whale calls, is the selection of a focal individual that forms the central point of
recordings of the group-level behaviour and the soundscape.
In Chapters 4 and 5, we shift our focus to a second species of deep divers,
Risso’s dolphins. Thus far, the social organisation and behaviour of Risso’s
dolphins have received very little study. First insights into their social structure
indicate the presence of stable associations between individuals, comparable
to other deep-diving species such as pilot whales and sperm whales. Social
behaviour is of vital importance for deep-diving species. Its form and function
are regulated by the stability and duration of associations between individuals
in the society (Mann et al. 2000). Thus, to gain insight into Risso’s dolphin
behaviour, knowledge on their social structure is essential. Do Risso’s dolphins
form long-term stable social units, and are they also organised in matrilines?
These questions are investigated in Chapter 4, by social network analysis of the
associations between Risso’s dolphins in the Azores.
The Azores have seen a growing whale watching industry, with limited
regulation (Magalhães et al. 2002). Whale-watching activity may be particularly
strong in the summer months. The inshore presence and site-fidelity of Risso's
dolphin groups (Chapter 4) suggests that individuals may be regular targets of
whale-watching vessels, and could regularly be exposed to vessel noise at close
range and by multiple vessels. In Chapter 5 we investigate whether these whalewatching activities affect their behaviour. We use shore-based observation
methods to avoid the potentially disturbing presence of a research vessel near
the group. In particular, we are interested in how cetacean behaviour may
depend on the intensity of whale watching, and propose regulation of whalewatching activities to mitigate negative effects.
In Chapter 6 we investigate the relation between the timing of migratory
baleen whales at the Azores and the North Atlantic spring bloom. Six species
of baleen whales are known to occur at the Azores, with a strongly seasonal
presence. Satellite tracking of individual baleen whales suggests use of the
area during spring migration (Olsen et al. 2009). The Azores archipelago is
characterized by high ecosystem productivity in spring (Johnson & Stevens
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2000, Siegel et al. 2002). Hence, the question is whether migratory baleen
whales might use the Azores as a foraging area during their spring migration
towards the northern feeding grounds, which would challenge the classic idea
that whales fast during migration.
Finally, in Chapter 7, I synthesize the results presented in this thesis. In
particular, I discuss our new insights into the foraging strategies, sociality and
vocal behaviour of deep-diving toothed whales, the migratory behaviour
of baleen whales, the resulting potential implications of anthropogenic
disturbance, and directions for future research.
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Chapter 2. The social context of individual foraging
behaviour in long-finned pilot whales (Globicephala
melas)
Fleur Visser, Patrick J.O. Miller, Ricardo N. Antunes, Machiel G. Oudejans, Monique
L. Mackenzie, Kagari Aoki, Frans-Peter A. Lam, Petter H. Kvadsheim, Jef Huisman
& Peter L. Tyack

Abstract
Long-finned pilot whales (Globicephala melas) are highly social cetaceans that
live in matrilineal groups and acquire their prey during deep foraging dives.
We tagged individual pilot whales to record their diving behaviour. To describe
the social context of this individual behaviour, the tag data were matched with
surface observations at the group level using a novel protocol. The protocol
comprised two key components: a dynamic definition of the group centred
around the tagged individual, and an ethogram quantifying visually observable
characteristics of the group. Our results revealed that the diving behaviour of
tagged individuals was associated with distinct group-level behaviour at the
water surface. During foraging, groups broke up into smaller and more widely
spaced units with a higher degree of milling behaviour. These data formed
the basis for a classification model, using random forest decision trees, which
accurately distinguished between bouts of shallow diving and bouts of deep
foraging dives based on group behaviour observed at the surface. The results
also indicated that members of a group to a large degree synchronised the timing
of their foraging periods. This was confirmed by pairs of tagged individuals
that nearly always synchronized their diving bouts. Hence, our integration of
individual-level and group-level observations shed new light on the social
context of the individual foraging behaviour of a deep-diving cetacean species.

This chapter is based on the manuscript: Visser F, Miller PJO, Antunes RN, Oudejans MG, MacKenzie
ML, Aoki K, Lam FPA, Kvadsheim PH, Huisman J & Tyack PL. The social context of individual
foraging behaviour in long-finned pilot whales (Globicephala melas). Behaviour, 2014 (in press).
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Introduction
Animal behaviour is traditionally studied at the level of the individual (Williams,
1966). Especially in social animals, however, the behaviour of an individual also
influences, and is influenced by, the behaviour of other individuals with whom
it interacts. In social insects, fish and birds, groups composed of individuals
following simple decision rules can make complex decisions about where to
forage or nest (Deneubourg & Goss, 1989; Couzin et al., 2005; Sumpter, 2006).
Social mammals, such as primates and ungulates, often democratically reach
group-decisions (Conradt & Roper, 2003), although despotism may also occur
(Lusseau & Conradt, 2009). Social behaviour often requires a high degree of
coordination among group members, as exemplified by several species of social
cetaceans that to a large extent depend upon conspecifics for foraging (e.g.,
Pitman & Durban, 2012), group defence (e.g., Pitman et al., 2001), alloparental
care (Whitehead, 1996) and access to females (Connor et al., 1992).
Long-finned pilot whales are social cetaceans that live in long-term stable,
matrilineal groups (Amos, 1993; Ottensmeyer & Whitehead, 2003; de Stephanis
et al., 2008). Pilot whales forage mainly on deep-sea squid, during short but
relatively deep dives up to 800 m depth (Shane, 1995; Baird et al., 2002; HeideJørgensen et al., 2002; Sivle et al., 2012). The function of the deep foraging
dives becomes apparent from their distinct vocal signature. During deep dives,
individuals produce echolocation signals to localise prey, consistent with biosonar based foraging (Soto et al., 2008; Miller et al., 2011; Madsen et al., 2013).
Pairs of long-finned pilot whales can perform highly synchronous surfacing
behaviour, at less than one body length apart (Senigaglia & Whitehead, 2012).
Their behavioural synchrony can be maintained during deep foraging dives,
when they jointly swim to several hundred meters of depth in search for prey
(Aoki et al., 2013). This suggests that long-finned pilot whales employ a social
foraging strategy, whereby individuals coordinate their foraging behaviour
(Marshall et al., 2012). Studies of long-finned pilot whale foraging behaviour will
therefore benefit from detailed observations of both individual and collective
behaviour (Deneubourg & Goss, 1989; Conradt & Roper, 2003).
The social foraging behaviour of deep-diving cetaceans has been difficult
to study using traditional observation techniques. This partly stems from
challenging observation conditions. Deep-sea foraging cannot be directly
observed visually. Moreover, fluid movement patterns, submerged individuals,

28

28290 Visser.indd 28

10-03-14 14:10

Social context of individual foraging behaviour

lack of distinctive markings and limited sexual size dimorphism often prevent
rapid identification of individuals at the next surfacing. Hence, many cetacean
studies have focused on group-level behaviour at the surface (Mann, 1999;
Whitehead, 2004). However, recent methodological breakthroughs make it
more feasible to monitor the diving behaviour of individual cetaceans. Digital
archival tags can record individual movements and vocalisations (Johnson &
Tyack, 2003). These data can be used to identify foraging behaviour of the tagged
individuals (e.g. Soto et al., 2008), and can be matched to surface observations
of group behaviour.
Here, we study the social context of the individual foraging behaviour of
long-finned pilot whales, by integrating tagging data of individuals displaying
foraging and non-foraging dives with visual observations of group-level
behaviour at the water surface. We designed a novel sampling protocol that
quantitatively records behavioural parameters of the group centred around
the tagged individual. We then analysed the extent to which individuals
synchronised their diving behaviour, and whether group-level behaviour
visible at the surface varied between foraging and non-foraging states of the
tagged individual.

Materials and Methods
The behaviour of long-finned pilot whales was monitored from the research
vessel M/S Strønstad (29 m, engine driven) in the Vestfjord basin off Lofoten,
Norway (67°00'N, 11°50'E to 68°30'N, 17°00'E). The study was conducted from
May 17 to June 5, 2009, and from May 23 to June 6, 2010. We collected two
types of behavioural data: 1) dive parameters collected from individuals tagged
with non-invasive suction-cup tags, and 2) focal follow observations of group
behaviour at the surface, conducted using a novel sampling protocol described
below.
Tag recordings of individual whales

Following initial sighting of a group of pilot whales, a small tagging vessel was
directed to the group. It was not possible to select a predetermined individual for
tagging. Instead, individuals were tagged at the first available opportunity, when
they came sufficiently close to be tagged with a 6 m long pole holding the tag.
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We deployed two different types of non-invasive suction cup tags (DTAG
version 2, Woods Hole Oceanographic Institution, MA, USA, Johnson & Tyack,
2003; Little Leonardo W2000-PD3GT Type B tag, Atmosphere and Ocean
Research Institute, University of Tokyo, Japan, Aoki et al., 2013). The tags
contained a VHF beacon transmitting a radio signal when the tag surfaced.
This radio signal was used to track the tagged whale during deployment using
radio direction finding equipment, informing the observers when the whale
was at the surface and giving its bearing from the research platform. Both tags
recorded dive depth of the tagged individual, at 20 Hz (DTAG) and 32 Hz (Little
Leonardo).The DTAGs also recorded sound at the whale, with 16 bit resolution
and 192 kHz sampling rate (Johnson & Tyack, 2003).
Dive depth was obtained by calibrated conversion of the values from the
pressure sensor on the tags. Long-finned pilot whales typically forage upon
their prey during deep dives, while shallow dives are seldom associated with
foraging (Miller et al., 2011). To distinguish between foraging and non-foraging
periods, dives were assigned to either deep or shallow diving bouts using logfrequency analyses of dive depths and time intervals between consecutive deep
dives (Sivle et al., 2012), and the presence of echolocation signals indicative of
the localisation of prey.
To determine the presence of echolocation activity, we recorded the timing
and length of the echolocation signals of the individuals tagged with a DTAG
using Adobe Audition 2.0. Echolocation clicks were series of short broadband
signals classified as click trains or buzzes. Consecutive but distinct broadband
clicks recorded less than 2 s apart were classified as a click train. Buzzes were
defined as rapid successions of clicks that fused together on the spectrogram,
and are indicative of prey capture attempts (e.g. Madsen et al., 2013). All click
trains or buzzes that were clearly audible and/or visible on the spectrograms
(Blackman-Harris window, 4096 sample FFT, 75% overlap) were included in the
analysis. We did not discriminate between clicks of the tagged whale and those
of nearby individuals.
In total, we tagged 11 individuals during 8 focal follows. Hence, in 3 of the 8
focal follows, we recorded the diving behaviour of two simultaneously tagged
individuals within the same group. The diving patterns of the two individuals
were compared to investigate dive synchrony between group members.
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Visual observations of group behaviour

Visual observations of group behaviour were made from the observation
platform of the research vessel at 6 m above water level. The focal group consisted
of the individuals associated with the tagged individual. During all observations,
the research vessel aimed to maintain a distance of 100 – 400 m to the focal
group. Behavioural data were collected by two dedicated observers, alternating
in 6-hour shifts. The observer was assisted by a second person recording the
observations onto a laptop-based data logger. The observers regularly calibrated
their distance estimates using a laser range finder. In addition, the distance
estimates of the two observers were calibrated by comparison of their estimates
of the distance between the observation platform and a gps-equipped buoy
from randomly chosen distances and angles. The first 30 minutes after tagging
were excluded from the data set to allow the focal group to recover from any
behavioural response it may have had to the tagging. Analyses conducted here
ended at the release of the tag, or at the start of sound exposure experiments
(reported in Miller et al., 2012, not discussed here). Sampling was conducted
during all hours of the day, enabled by the 24-hour daylight conditions of the
arctic summer.
Definition of the focal group

The composition of pilot whale groups was dynamic and could change during
the focal follows. We therefore defined the focal group as the group of individuals
in closer proximity to the tagged individual and each other than to other
individuals in the area (Figure 1). For this purpose, we first defined different
spacing categories based on the distance between individuals measured in body
lengths (Table 1). Closely associated pairs (<1 body length), such as mothercalf pairs, were treated as a single unit in the assessment of distances between
individuals. When the tagged whale surfaced, the first step in estimating group
size was to determine the nearest neighbour of the tagged individual. The focal
group included all individuals with similar proximity (according to the individual
spacing categories; Table 1) to the tagged whale or other group members as
the nearest neighbour. If the nearest neighbour was in closer proximity to other
individuals than to the tagged whale, then the tagged whale was assigned as
solitary. Thus, focal group membership was based on the relative distribution of
individuals around the tagged whale (Figure 1). Our definition is comparable to
the chain-rule, which identifies group members based upon maximum distance
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between nearest neighbours (e.g., 50 m; Smolker et al., 1992). However, instead
of a predetermined absolute distance, we based group membership on the
relative distances between individuals to capture the variation in individual
spacing that we observed in our study animals.
More distant individuals, not included within the focal group, might still
be in close enough proximity to have interactions with the focal group. For
instance, cetaceans can communicate acoustically over large distances. The
number of individuals in the wider area can thus provide an important social
context, describing a second level of cohesion (Figure 1). Therefore, our sampling
protocol also included the number of individuals and non-focal groups in the
wider vicinity (focal area) of the tagged individual. For practical reasons, the
focal area was here defined as the 200 m radius around the tagged individual,
as delineated by a laser range finder, because this was the maximum area over
which we could reliably monitor the number of whales present during the
entire observation period. Non-focal groups were defined in a similar way as
the focal group, based on clusters of individuals with similar proximity to each
other according to the individual spacing categories (Table 1).

Figure 1. Determination of the focal group. The focal group (grey area) is the group of individuals in
closest proximity to the tagged individual (grey animal) and each other. The focal area (dashed circle,
not to scale) encompasses the 200 m radius around the tagged whale. For example, a focal group of 7
individuals (left) changes its organisation. Top right: Two individuals become more distantly spaced (315 BL) from the tagged whale and other individuals in the focal group than the spacing within the focal
group (<1 BL). The group splits up in two smaller groups, and the group with the tagged animal remains
the focal group. Bottom right: The focal group becomes more widely spaced, but the relative spacing
between individuals remains the same (3-15 BL). One animal leaves the focal group and the focal area.
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Sampling strategy

The functionality of cetacean behaviour can be difficult to determine with
certainty. Therefore, we argue that the behaviour of cetaceans should be
sampled using directly observable parameters without an a priori interpretation
of the function of their behaviour (Martin & Bateson, 2007). For example,
parameters such as ‘individual spacing’ and display events such as ‘tailslaps’
can be directly observed and lack the functional interpretation of composite
activities such as ‘foraging’. Furthermore, whenever possible, we recorded
quantitative descriptors. For example, ‘surfacing synchrony’ can be defined as
‘the proportion of individuals within the focal group that surfaced during the
surfacing interval of the tagged whale’. This quantitative definition is less prone
to observer bias than a more qualitative definition of, e.g., ‘low, medium and
high’ synchrony, and avoids the implicit suggestion that the behaviour of all
group members is synchronised.
We designed an ethogram based on the principles outlined above (Table 1).
The ethogram distinguished between states and events. States were defined
as characteristics of the focal group as a whole, such as group size and the
spacing between individuals. Events were defined as behaviours, mostly of
short duration, displayed by one or several individuals in the focal group. The
parameters of the ethogram were recorded using a combination of existing
sampling methods. Group size and composition, group geometry (individual
spacing, line swimming) and proximity to other groups (number of individuals
and groups in the focal area, distance to nearest other group) were determined
for each sampling interval by scanning the area around the tagged animal.
Synchronicity parameters (surfacing synchrony, milling index) were quantified
from the timing or orientation of surfacing of the associates relative to the tagged
animal using traditional scan sampling (Altmann, 1974). The events in the focal
group were recorded for each sampling interval using incident sampling (Mann,
1999). All parameters were recorded at 2-minute intervals, or at first surfacing
of the tagged individual following dives of more than 2 minutes duration. This
sampling interval was shorter than the time scale at which the state parameters
were expected to change (Martin & Bateson, 2007), and ensured observation of
the tagged individual.
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Table 1. The ethogram with group sampling parameters and their definitions.
Parameter

Definition (s = state; e = event)

Quantification

Group size

Number of animals most closely associated with Number of individuals
the tagged individual and with each other (s)

Individual spacing

Distance between individuals in the focal group Very tight: < 1 BL
(in body lengths (BL)) (s)
Tight: 1 – 3 BL
Loose: 3 – 15 BL
Very loose: >15 BL and
within focal area
Solitary: no other individual
in focal area and/or distant
from nearest neighbour

Number of
individuals in focal
area

Number of individuals within 200 m of the
tagged individual (s)

Number of individuals

Number of groups in Number of groups within 200 m of the tagged
focal area
individual (s)

Number of groups

Distance to nearest
other group

Distance between the focal group and the
nearest other group (s)

Distance in meters

Calf presence

Presence of calves in the focal group (s)

Presence / absence

Surfacing synchrony The proportion of individuals in the focal group
surfacing during the surfacing of the tagged
individual (s)

Proportion of individuals

Milling index

Presence of individuals in the focal group
surfacing with different orientation as the
tagged individual (s)

Presence / absence

Line swimming

Presence of lined-up geometry of the focal
group (s)

Presence / absence

Display events

Number of events per display type in the focal
group (e)

Comments

Additional comments on (rare) behavioural
states or events not covered by the protocol
(s/e)

Number of loggings,
spyhops, tailslaps, breaches
and active body-contacts
E.g., tagged animal blows
bubbles
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Statistical analysis of behavioural differences

The data gathered in our study enabled a comparison between diving patterns
of tagged individuals and the behaviour of the focal groups to which these
tagged individuals belonged. Differences in group behaviour between bouts
of deep and bouts of shallow diving of the tagged individuals were quantified
using Generalised Estimating Equations (GEEs; Hardin & Hilbe, 2003). The input
data comprised behavioural time series from 8 different focal groups, each
group consisting of different whales. GEEs extend Generalized Linear Models
(GLMs) in that they are designed to model correlated data, and return predicted
values for the average response across the entire dataset. GEEs account for
residual autocorrelation within individual time series (panels), while assuming
independence between time series. Display events (Table 1) and the presence
of milling and line swimming were modelled as binary response types with
diving state as explanatory variable, using GLMs with GEEs and a logit link
function. The other behavioural parameters in our protocol (Table 1) contained
multiple categories, and were modelled as ordinal categorical response types
using GEEs with a cumulative logit link function. The GEEs were fitted using
empirical standard errors to ensure that model results did not depend on a
potentially incorrect correlation structure (Zeger et al., 1988; Kauermann &
Carroll, 2001). The GEE models were fitted with the GENMOD procedure in SAS
9.3 (SAS, 2011), using the time series of the tagged animal as panel variable.
We applied a Bonferroni correction to control for multiple hypothesis testing.
Classification of diving behaviour from surface behaviour

We used Random Forest (RF) analysis (Breiman, 2001) to test whether the diving
behaviour of the tagged individual could be predicted from the behaviour of
the focal group at the surface. RFs consist of a series of unpruned classification
trees generated from one dataset. At each node of a tree, a fixed small number
of predictor variables is randomly selected, and the predictor that yields the best
split is chosen. The model can simultaneously handle a large number of input
variables, and parameters can be used multiple times within one tree. For each
tree, N records of the m-sized dataset are randomly selected, with replacement,
and run down the tree. Each record is then classified based on the majority vote
from all trees. The error estimate of the model is determined internally by using
the out-of-bag (OOB) data (the data not used in the iteration, about one-third)
as test data (Breiman, 2001).
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RF models can be used to estimate the relative importance of the predictor
variables (Breiman, 2001; Kehoe et al., 2012). However, estimates of parameter
importance in RF models can be biased if the parameters vary in their scale of
measurement, which was the case in our dataset (Table 1). This issue is solved by
an adaptation to RF models, known as Conditional Inference Forests (CIF), using
subsampling without replacement (Hothorn et al., 2006; Strobl et al., 2007).
The adapted RF model, based on CIF, was created using the group behavioural
parameters at the surface as predictors and the deep versus shallow diving bouts
as the response variable. The model was run with 1000 trees, randomly selecting
5 predictor variables at each node, using a subsample size of two-thirds of the
dataset without replacement. The predictor variables with the lowest variable
importance were then removed one by one from the model, until further removal
did not improve the OOB error rate. Potential cross-correlation of the predictor
variables was controlled for by using the conditional computation of variable
importance in the RF model (Strobl et al., 2008). To account for the difference in
occurrence of deep and shallow diving states, weights were assigned to both
states, inversely proportional to their occurrence.
To test for potential effects of stratification on the results of the RF analysis,
we investigated the classification accuracy of the RF model for each focal follow
separately. This was done by running the model using seven (out of eight) of the
focal follows as a training dataset. The resulting RF model was then used to classify
the one focal follow not used in model training. This procedure was repeated
eight times, to classify all eight focal follows one by one. Analyses were performed
using the package ‘party’ in R version 2.14.1 (R development core team, 2011).

Results
We collected 34.9 h of data containing simultaneous records of individual tag
data and behavioural observations of pilot whale groups. The data comprised 8
focal follows with a total of 595 samples of group-level behaviour. Focal follow
duration ranged from 0.8 – 8.9 h. In 3 of the 8 focal follows, the focal group
contained two tagged individuals. The tagged individuals were 5 medium-sized
individuals associated with a calf, 4 medium-sized individuals without a calf, and
2 large-sized adults without a calf. Photo-identification records confirmed that
the tagged whales were different individuals for each focal follow.
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Characteristics of group behaviour

All 8 focal groups were part of larger aggregations of 60-100 pilot whales,
generally organised in subgroups and spread out over an area spanning several
square kilometres. Focal group size ranged from 1 to 30 individuals, with a median
of 11 individuals and an interquartile range of 7-13 individuals. In 48% of the
samples, at least one other group of pilot whales was present within the focal
area. The number of individuals in the focal area ranged from 2 – 50, with a mean
(±SD) of 15.0 ± 8.0. Calves were present in 7 of the 8 focal groups. Individuals
in the focal group were often tightly spaced (56% of samples). Loosely spaced
(18%) and very tightly spaced (16%) individuals were also commonly observed,
while very loose spacings (9%) and solitary individuals (1%) were rare. Milling
and line swimming were observed in 7.5% of the samples. Loggings (11%) and
spyhops (5%) were the most frequent surface display events. An example of a
focal follow is shown in Figure 2a-f.
Deep and shallow diving bouts

Log-frequency analysis of the tag data indicated a threshold depth of 34 m
to separate shallow from deep dives. Echolocation signals indicative of the
localisation of prey were recorded during all dives deeper than 34 m for the 7
whales equipped with a DTAG. In particular, clicking and buzzing were recorded
57% and 3.3% of the time, respectively, during deep dives. In contrast, clicking
and buzzing were recorded only 25% and 1.1% of the time during shallow dives
less than 34 m. Furthermore, log-frequency analysis of the tag data suggested a
maximum time interval of 14.5 min between consecutive deep dives within the
same diving bout. A deep diving bout thus started at the first dive deeper than
34 m and ended 14.5 min after the last deep dive. Bouts of deep diving consisted
of alternating periods of deep and shallow dives, while shallow diving bouts
solely held shallow dives (Figure 2g,h). In total, 20 shallow diving bouts and 18
deep diving bouts were recorded for the tagged pilot whales, where shallow
diving bouts comprised 72% and deep diving bouts 28% of total recording
time. The maximum depth per diving bout ranged from 4 – 34 m for shallow
bouts. The deep diving bouts showed two clusters, with maximum dive depths
ranging from 46 – 175 m (8 bouts) and from 291 – 617 m (10 bouts). All tagged
whales performed both shallow and deep dives, except for one individual that
performed shallow dives only.
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Figure 2. Example of group behaviour and individual diving behaviour of long-finned pilot whales
during 8 hours of observation. (a) Group size (filled circles) and number of individuals in the focal area
(open circles), (b) individual spacing, (c) surfacing synchrony, (d) number of groups in the focal area, (e)
distance of the focal group to the nearest other group (n.i.s. = none in sight), (f ) display events, (g) deep
diving bouts (black) and shallow diving bouts (grey) recorded by the tagged individual (TAG), and
classified by the Random Forest model (RF) based on surface behaviour of the group, (h) diving pattern
of the tagged individual. The data were all recorded on May 23, 2010.
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In all three focal groups containing two tagged individuals, the pairs of
tagged whales showed clear temporal synchrony in their diving behaviour
(Figure 3). In total, the 3 pairs of tagged whales performed 5 shallow diving
bouts and 3 deep diving bouts, and their diving state overlapped during 84%
of time (7.5 out of 8.9 h). In all cases, the tagged whale pairs initiated their deep
diving bouts simultaneously. Differences in diving state resulted from one of the
whales breaking off its deep diving bout earlier than the other whale.

Figure 3. Diving patterns of two tagged individuals within the same focal group. Horizontal dotted line:
boundary between deep and shallow dives at 34 m depth. Vertical dotted lines: transitions between
deep and shallow diving bouts for one or both individuals. The whale icons indicate whether the
individuals performed deep diving bouts (icon below 34 m) or shallow diving bouts (icon above 34 m).
The data were recorded on May 17, 2009.

Group behaviour during deep and shallow bouts

Comparison of the focal follows with the tagging data revealed a striking
difference in group behaviour between deep and shallow diving bouts (Figure
4), which was confirmed by the GEE-based statistical analysis (Table S1). During
deep diving bouts, the surface behaviour of the pilot whales shifted to smaller
groups (Figure 4a), with more loosely arranged individual spacing (Figure 4e).
The number of groups in the focal area slightly increased during deep diving
bouts (Figure 4c). However, observations of solitary individuals remained rare
(1% of the samples). Concordantly, milling occurred more often during deep
diving bouts (Figure 4g). Combined, this indicates that deep diving bouts were
associated with a characteristic group behaviour at the surface in which the
individuals of cohesive groups spread out and broke up in smaller units, while
their extent of coordinated swimming decreased.
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Figure 4. Comparison of group-level data observed at the surface during shallow versus deep diving
bouts of the tagged individual. (a) Group size, (b) number of individuals in the focal area, (c) number of
groups in the focal area, (d) distance of the focal group to the nearest other group (n.i.s. = none in sight),
(e) individual spacing, (f ) surfacing synchrony (g) presence of calves, line swimming and milling, and (h)
display events. Differences between deep and shallow diving bouts were tested with Generalised
Estimating Equations: ** Significant after Bonferroni correction (P/number of hypotheses tested) at p <
0.05/12 = 0.0042; * Marginally significant after Bonferroni correction at p < 0.10/12 = 0.0083; n.s. = not
significant.

Random forest classification of foraging behaviour

The presence of specific surface group behaviour associated with deep diving
bouts was confirmed by the RF model analysis. The RF model classified deep
and shallow diving bouts from the group behaviour quite accurately, with an
error rate of 15.8% (Table 2). The most important parameters distinguishing
between deep and shallow diving bouts in the RF classification were individual
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spacing, distance between groups, and group size (Figure 5), which is in good
agreement with the GEE results (Figure 4; Table S1). The relative importance of the
variables active body contact, tailslap, breach, line swimming, calf presence and
spyhops was marginal, and they were therefore removed from the final model.

Figure 5. Relative importance of the behavioural parameters included in the final Random Forest model.

We also investigated to what extent the deep and shallow diving bouts
of each individual focal follow could be predicted from a RF model built from
the 7 other focal follows. The error rate of the 7 focal follows used for model
training was 15.9%, which is nearly identical to the error rate of the complete
data set. The error rate of the individual focal follows used for model prediction
was 22.4%. This indicates some degree of variation in social foraging behaviour
between the different focal follows. Hence, the RF model is certainly not a
perfect predictor, but it can predict the diving behaviour of new individuals
with reasonable accuracy.
Table 2. Random Forest model classification results.
Observed from tag
RF classification

SHALLOW

DEEP

SHALLOW

388

53

DEEP

41

113

The table shows the number of samples with shallow and deep diving bouts of tagged individuals versus the number predicted by the Random Forest classification. Total number of samples = 595. Error
rate: (41 +53) / 595 = 15.8%.
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Identification of model misclassifications

In some cases, the RF model predicted a shallow dive while the tagged individual
performed a deep dive, and vice versa. In total, such misclassifications occurred
for 94 samples (Table 2). Almost a third of all misclassifications (27 samples)
occurred at the transitions from deep to shallow and from shallow to deep diving
bouts (Figure 2g). This may indicate that, during these transitions, individuals
in the focal group varied in their behaviour. For instance, the tagged individual
may have ended its deep diving bout, while other members of the group still
performed deep dives and associated surface behaviour. This was confirmed
by our observations of pairs of tagged whales, where one tagged individual
sometimes broke off its deep diving bout earlier than the other.
A second important category of misclassifications (18 samples) was
represented by deep diving bouts that were not recognised by the RF model
(Figure 2g). This occurred for only 4 deep diving bouts, which were all relatively
shallow and of short duration (maximum dive depth: 46 - 166 m; duration: 2
– 18 min). In contrast, the deeper deep diving bouts (max. dive depth: 291 –
617 m) were always correctly identified by the RF model. This might indicate
that “shallow deep dives” represented different foraging behaviour or were
associated with a different social context at the water surface. Removal of these
two sources of misclassification reduced the error rate of the complete data set
from 15.8 to 8.2%.

Discussion
Our results illustrate that the combination of individual-level and group-level
observations can provide new insights into the foraging behaviour of cetaceans.
We showed that periods of active foraging, monitored by the diving behaviour of
tagged individuals, were reflected by a distinct group behaviour at the surface.
During foraging bouts, focal groups broke up into smaller and more widely
spaced groups. Concordantly, the degree of coordinated swimming decreased.
These results formed the basis for a classification model that could accurately
predict diving behaviour of a tagged whale from the surface behaviour of the
group.
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Foraging behaviour of long-finned pilot whales

Long-finned pilot whales are often observed in large aggregations, consisting
of several pods. Pods are long-term stable associations of one or more
matrilines (Ottensmeyer & Whitehead, 2003). Also in our study, focal groups
were always part of larger aggregations dispersed over a wider area of several
square kilometres. The focal group size ranged from 1 – 30 individuals, with a
mean of 10 and a median of 11 individuals. This closely matches the pod sizes
identified by photo-identification studies across the North Atlantic and in the
Mediterranean Sea (mean: 11 – 14, median: 10 – 11 individuals; Fullard, 2000;
Cañadas & Sagarminaga, 2000; Ottensmeyer & Whitehead, 2003; de Stephanis
et al., 2008). During foraging, several focal groups disaggregated into smaller
units of 1-5 individuals. This decrease in observed group size might be partly
due to a larger number of submerged individuals that were not recorded by
the observer. However, this is certainly not the only explanation for the smaller
group size, because we clearly observed the breaking up of focal groups into
smaller units (F. Visser, pers. obs.), consistent with the increase in the number
of groups in the focal area during deep diving bouts (Figure 4c). These smaller
units might consist of more closely related individuals within matrilines (Fullard,
2000; de Stephanis et al., 2008), although this could not be verified because we
lacked information on the genetic relatedness of the individuals.
The group-level patterns at the surface indicated temporal synchrony in
functional behaviour between individuals within the same focal group. This
is supported by recent observations that pairs of pilot whales can be highly
synchronous in their breathing and diving behavior (Senigaglia & Whitehead,
2012; Aoki et al., 2013). Our data show that pairs of tagged individuals
synchronized the timing of their deep and shallow diving bouts during
84% of the total recording time, although the deep dives were not always
performed simultaneously. Synchrony was temporarily lost when the tagged
individuals broke off from their foraging bouts at different times. This temporary
mismatch between the behaviour of different individuals also emerged in
the misclassifications of the random forest model at the transition between
deep and shallow diving bouts. In total, these results indicate a social foraging
strategy with a high degree of temporal synchrony, although the exact timing
of the foraging dives may differ between individuals.
Coordinated foraging by several individuals can have several advantages.
Pilot whales forage mainly on deep-sea squid, which may flock in dense
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aggregations but may also be widely dispersed over several hundred meters
depth (Shane, 1995; Baird et al., 2002). Simultaneous foraging by several
individual whales may confuse or herd their prey, which may have fewer
options to escape from predation. Sperm whales (Physeter macrocephalus),
for example, are known to forage in rank formations, which could function to
avoid mutual interference, or to catch prey that elude other members of the
formation (Whitehead, 1989). Synchronised timing of foraging bouts could
also be motivated if individuals with more local knowledge (e.g., pilot whales
at greater depth) signal good feeding opportunities, initiating the start of group
foraging. This signalling could happen actively (Lusseau & Conradt, 2009) or
passively (eavesdropping on cues; Dawson, 1991). As pilot whales forage at
depth on patchy prey fields (Shane, 1995; Baird et al., 2002), signalling of good
opportunities could improve foraging efficiency of each whale in the group.
Methodological development

Our results rely on the simultaneous collection of two data streams: (i) tagging
data indicative of foraging activity of individual pilot whales, and (ii) group-level
behaviour observed at the water surface using a novel sampling protocol. The
protocol was specifically designed to structure observations of group behaviour
around a tagged individual (Figure 1). The protocol facilitates sampling of
cetacean groups that may vary in composition during the observations, because
proximity to the tagged individual defines which other individuals belong to
the same focal group.
Our definition of the focal group does not attempt to define the ‘true’ group
as perceived by the tagged whale. An individual whale may perceive different
kinds of relationships depending upon proximity and behavioural context.
Cetaceans can communicate acoustically over distances spanning many
kilometres (Payne & Webb, 1971), they can often see one another at ranges
of up to about 10-20 m, but they must be within a body length to touch one
another. Therefore, there is not a single spatio-temporal scale that constitutes
a ‘true’ group. However, our characterization of the focal group does describe
animals that certainly are close enough to interact, with the definition based on
the relative proximity of the tagged whale to other individuals.
Foraging strategies and diving capabilities can differ between animals of
different age- and sex classes, potentially resulting in individual patterns of
behaviour (Heide-Jørgensen et al., 2002; Ruckstuhl & Neuhaus, 2002). Our results
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indeed indicate some degree of individual variation, as illustrated by the diving
patterns of pairs of tagged individuals within the same focal group (Figure 3).
Furthermore, our results also indicate some degree of variation between the
focal groups, because the accuracy of the classification of diving behaviour
was slightly lower for separate focal groups than for the full dataset. However,
controlling for context dependent variation, the analysis identified a distinct
surface group behaviour during foraging that was present across all focal
groups. This illustrates that the data obtained from our sampling protocol can
be classified into different functional activities (e.g., foraging vs. non-foraging
behaviour), even when animals participating in this group behaviour display
some degree of individual variation.
Conclusions

Our study revealed that long-finned pilot whales coordinate the timing of
their foraging behaviour. They employ a social foraging strategy, where
group members synchronize their diving bouts although they do not always
synchronize their individual dives. These results relied on the combination of
group-level observations with data on the foraging dives of tagged individuals.
A similar research strategy may also be applied to other cetaceans, and may
create novel opportunities to understand the interplay between individuallevel and group-level behaviour of social animals.
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Supplementary Table S1. Generalised Estimating Equation model results for differences in group
behaviour between deep diving bouts and shallow diving bouts.
Dependent variable

Parameter

Estimate

SE

Z

P-value

Group size

Intercept 1

-4.54

0.40

-11.39

< 0.0001

Intercept 2

-4.46

0.41

-10.98

< 0.0001

Intercept 3

-2.99

0.43

-6.87

< 0.0001

Intercept 4

-1.07

0.55

-1.96

0.050

Intercept 5

1.22

0.58

2.11

0.035

Dive state

0.83

0.31

2.69

0.007 *

Intercept 1

-3.44

0.38

-9.04

< 0.0001

Intercept 2

-1.33

0.45

-2.94

0.003

Intercept 3

-0.08

0.29

-0.27

0.791

Intercept 4

2.65

0.31

8.67

< 0.0001

Dive state

1.27

0.28

-4.57

< 0.0001 **

Intercept 1

-5.99

0.85

-7.09

< 0.0001

Intercept 2

-5.30

0.50

-10.55

< 0.0001

Intercept 3

-3.07

0.42

-7.26

< 0.0001

Intercept 4

-1.11

0.39

-2.88

0.004

Intercept 5

0.34

0.33

1.01

0.314

Dive state

-0.60

0.23

-2.65

0.0081 *

Distance to nearest other group Intercept 1

-1.92

0.21

-9.11

< 0.0001

Intercept 2

-1.39

0.31

-4.44

< 0.0001

Intercept 3

-0.18

0.42

-0.43

0.670

Intercept 4

0.66

0.56

1.19

0.234

Intercept 5

1.79

0.40

4.49

< 0.0001

Dive state

0.45

0.23

1.95

0.0504

Intercept

-2.30

0.43

-5.38

< 0.0001

Dive state

-1.17

0.46

-2.57

0.010

Intercept

-3.07

0.35

-8.69

< 0.0001

Dive state

1.43

0.42

3.45

0.0006 **

Group spacing

Number of groups in focal area

Line swimming

Milling index
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Table S1 (continued)
Dependent variable

Parameter

Estimate

SE

Z

P-value

Nr in focal area

Intercept 1

-3.44

0.83

-4.12

< 0.0001

Intercept 2

-1.79

0.41

-4.40

< 0.0001

Intercept 3

-1.44

0.34

-4.27

< 0.0001

Intercept 4

-0.71

0.29

-2.41

0.016

Intercept 5

0.87

0.73

1.19

0.233

Intercept 6

2.90

0.87

3.31

0.001

Dive state

-0.13

0.37

-0.34

0.733

Intercept 1

-0.82

0.25

-3.34

0.001

Intercept 2

1.83

0.63

2.89

0.004

Dive state

-0.27

0.44

-0.62

0.538

Intercept

-3.39

0.46

-7.40

< 0.0001

Dive state

-1.02

0.64

-1.60

0.110

Intercept

-2.36

0.40

-5.95

< 0.0001

Dive state

0.81

0.56

1.45

0.146

Intercept

-4.96

0.49

-10.18

< 0.0001

Dive state

1.25

0.91

1.37

0.170

Intercept

-3.02

0.25

-11.97

< 0.0001

Dive state

0.47

0.33

1.43

0.15

Surf. synchrony

Breach

Logging

Tailslap

Spyhop

** Significant after Bonferroni correction (P/n trials) at P < 0.05/12 = 0.0042; * Marginal significance after
Bonferroni correction at P < 0.1/12 = 0.0083. The model did not converge for calf presence and active body
contacts.
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Chapter 3. Silent crowds: the socio-behavioural context
of long-finned pilot whale vocalisations
Fleur Visser, Annebelle CM Kok, Ana C Alves, Machiel G Oudejans, Ricardo N
Antunes, Saana Isojunno, Frans-Peter A Lam, Graham J Pierce, Hans Slabbekoorn,
Jef Huisman & Patrick JO Miller

Abstract
Vocalisations form a key component of the social interactions and foraging
behaviour of cetaceans. We investigated the interplay between the vocal, diving
and group behaviour of long-finned pilot whales by combining concurrent
recordings of the soundscape and diving depth of tagged individuals with
surface observations of group-level behaviour. During deep dives, which are
generally associated with foraging, the pilot whales showed much higher vocal
activity than during shallow dives. The strong increase in echolocation clicks
and buzzes was indicative of prey detection and capture attempts. In addition,
pilot whales more often produced complex whistles during deep dives, which
suggests intensified and more complex social communication. Simple whistles
were used consistently throughout the behavioural spectrum, irrespective of
social context and depth, indicating that these calls may function to signal
presence to group members. Long-finned pilot whales were more silent in
larger, more closely spaced groups with a higher degree of surface active
behaviour (spyhops). This indicates that higher levels of social cohesion may
release the function of vocalising in pilot whales. Relationships between clicks
and group-level behaviour during periods of shallow diving showed that these
echolocation signals were produced not only during foraging but might also
have a social function, possibly to locate conspecifics at lower degrees of social
cohesion. Combined, our results create new insights into the functionality of
long-finned pilot whale vocalisations, tuned to the socio-behavioural context
in which they are produced.

This chapter is based on the manuscript: Visser F, Kok ACM, Alves AC, Oudejans MG, Antunes RN,
Isojunno S, Lam FPA, Pierce GJ, Slabbekoorn H, Huisman J & Miller PJO. Silent crowds: the sociobehavioural context of long-finned pilot whale vocalisations. To be submitted.
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Introduction
Animal vocalisations are related to the socio-behavioural context in which they
are produced. Specific call types function in courtship and mating behaviour
(Wells 1977, Eriksson & Wallin 1986), territorial defence (Brantley & Bass 1994,
Marler & Slabbekoorn 2004), foraging behaviour (Griffin 1953, Johnson et al.
2004, Miller et al. 2004a), social interaction (Poole et al. 1988) and the signalling
of identity (Yurk et al. 2002, Curé et al. 2011). Vocalisation and hearing is of
particular importance for cetaceans, as their marine environment often limits
the use of visual cues. In contrast, sounds can be detected over long distances
in marine systems (Payne & Webb 1971). Consequently, many cetaceans rely on
vocalisations for finding prey, navigation, social interaction and coordination of
behaviour (Richardson et al. 1995, Nummela et al. 2004).
Long-finned pilot whales (Globicephala melas) are highly social cetaceans
that live in long-term stable, matrilineal groups (Amos 1993, Ottensmeyer &
Whitehead 2003, de Stephanis et al. 2008). They mostly occur in tightly spaced,
behaviourally coordinated groups of about 10 individuals, often within larger
aggregations of 60-100 whales (Cañadas & Sagarminaga 2000, de Stephanis et
al. 2008, Visser et al. Chapter 2 in this thesis). Pairs of long-finned pilot whales
can perform highly synchronous movements, at less than one body length
apart (Senigaglia & Whitehead 2012). Long-finned pilot whales forage during
deep dives, up to 800 m depth. Foraging periods consist of a series of deep
foraging dives and intermittent shallow dives (Baird et al. 2002, Sivle et al. 2012).
Pilot whales employ a social foraging strategy whereby group members to a
large degree synchronise the timing of their foraging periods, although they
do not necessarily synchronise their individual dives (Aoki et al. 2013, Visser et
al. Chapter 2 in this thesis).
Long-finned pilot whales have a highly complex vocal repertoire, consisting
of echolocation clicks and a wide variety of tonal calls (whistles) and pulsed
calls (Taruski 1979, Nemiroff & Whitehead 2009). Deep-diving cetaceans use
echolocation clicks to localise prey during bio-sonar based foraging (Soto et al.
2008, Madsen et al. 2013). The long-finned pilot whale whistles and pulsed calls
are social communication signals, formed along an apparent continuum from
simple to highly complex calls (Taruski 1979, Nemiroff & Whitehead 2009). This
complexity in the calling behaviour of long-finned pilot whales may function to
allow communication of different socio-behavioural contexts. For instance, pilot
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whale groups produce more, and more complex, whistles at higher levels of
arousal and with more groups present (Taruski 1979, Weilgart & Whitehead 1990).
Apart from these broad patterns, it remains unclear how the different
vocalisations function within the interplay of social and behavioural contexts.
Pilot whales perform a large part of their behaviours out of sight, which limits
the ability to associate vocalisation patterns with direct observations of their
behaviour using traditional observation techniques. However, recently developed
archival tags make it feasible to monitor the movements and vocal behaviour of
individual pilot whales (Johnson & Tyack 2003). These data can be used to identify
behavioural patterns (e.g. foraging; Madsen et al. 2013) of the tagged individuals
and can be matched to surface observations of group behaviour.
Here, we investigate the socio-behavioural context of long-finned pilot
whale vocalisations, by integrating tag recordings of vocal and diving behaviour
of individuals with concurrent visual observations of group-level behaviour at
the water surface. We analysed whether vocalisation patterns varied between
(i) periods of foraging and non-foraging dives, and (ii) as a function of grouplevel behaviour.

Materials and Methods
The behaviour of long-finned pilot whales was monitored from the research
vessel M/S Strønstad (29 m, engine driven) in the Vestfjord basin off Lofoten,
Norway (67°00'N, 11°50'E to 68°30'N, 17°00'E). The study was conducted from
May 17 to June 5, 2009, and from May 23 to June 6, 2010. We collected three
types of concurrent behavioural data: vocalisation and dive parameters collected
from individuals tagged with non-invasive tags, and focal follow observations
of group-level behaviour at the water surface.
Tag recordings

Following initial sighting of a group of pilot whales, an individual was tagged at
the first available opportunity, using a handheld, 6 m pole from a small tagging
vessel. We used archival DTAGs, sensors that are attached on the animals
with suction cups, to record sound and diving depth (two channels, 192 kHz
sampling rate per channel, 16-bit resolution; Johnson & Tyack 2003) of seven
tagged individuals. The tag contained a built-in beacon transmitting a radio
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signal when the tagged whale was at the surface. All data recorded from 30
minutes after the tagging vessel left the tagged animal up to the release of the
tag or the start of sound exposure experiments (reported in Miller et al. 2012)
were included in our analysis.
Vocalisations were classified into five categories: simple whistles, intermediate
whistles, complex whistles (call types), click trains and buzzes (echolocation
clicks; Fig. 1A-E). This broad classification of call types was applied as longfinned pilot whales produce an apparent continuum of tonal and pulsed calls,
which makes it difficult to categorise discrete calls. Moreover, the complexity of
discrete calls may vary in relation to behavioural state (Taruski 1979, Nemiroff &
Whitehead 2009). Hence, we did not discriminate between discrete tonal calls,
but investigated the level of complexity of calls. Simple whistles, intermediate
whistles and complex whistles were defined as calls with no inflections, 1 or
2 inflections, or more than 2 inflections, respectively (Fig. 1A-C), based on the
classifications by Taruski (1979) and Weilgart & Whitehead (1990). Echolocation
clicks were series of short broadband signals classified as click trains or buzzes.
Consecutive but distinct broadband clicks recorded less than 2 s apart were
classified as a click train (Fig. 1D). Buzzes were defined as rapid successions of
clicks that fused together on the spectrogram (Fig. 1E).

Figure 1. Long-finned pilot whale dive profile and associated soundscape, showing a period of shallow
diving followed by a period with deep-diving foraging behaviour. Inset: Spectrograms of the five
vocalisation types: A) simple whistle, B) intermediate whistle, C) complex whistle, D) click train and E)
buzz. Call duration: A) 0.43 s, B) 0.42 s, C) 1.35 s, D) 1.52 s and E) 1.13 s.
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The start and stop time of each vocalisation was recorded by two independent
observers by visual and aural inspection of the spectrogram (Blackman-Harris
window, 4096 sample FFT, 75% overlap) in Adobe Audition 2.0. Calls that were
less than 0.2 s apart were classified as one call. Overlapping tonal calls that
could not be classified individually were classified as a composite call (e.g.
simple + complex whistle). All vocalisations that were clearly audible and/or
visible on the spectrograms were included in our analysis. The vocal behaviour
hence represents the soundscape of the tagged individual, here defined as
all vocalisations produced by the tagged individual and nearby vocalising
conspecifics.
In addition, we identified periods of silence. We used a log-frequency analysis
of time intervals between consecutive vocalisations to determine the threshold
between silent periods and periods of vocalisations with naturally occurring
pauses (Sibly et al. 1990, Miller et al. 2004b). We fitted a one-process model (no
distinction between vocal and silent periods), two-process model (distinction
between vocal and silent periods) and three-process model (multiple distinctions
between vocal and silent periods) to the log-frequency distribution. The best
of these three models was selected with the Akaike Information Criterion (AIC).
Diving depth of the tagged whales was obtained by calibrated conversion of
the values from the pressure sensor on the tags. Vocalisations and silent periods
were matched to the depth of the tagged individual at the time of the start of
the vocalisation or silent period. Dives were assigned to either deep diving bouts
or shallow diving bouts, to distinguish between periods of foraging (associated
with deep dives; Baird et al. 2002) and non-foraging behaviour. Log-frequency
analysis of the tag data (Sibly et al. 1990) indicated a threshold depth of 34 m
to separate shallow from deep dives, and a maximum time interval of 14.5 min
between consecutive deep dives within the same diving bout. Following Visser
et al. (Chapter 2 in this thesis), a deep diving bout was therefore defined as the
period from the first dive >34 m up to 14.5 min after the end of the last deep
dive.
Visual observations of group behaviour

Visual observations of group behaviour were made from the research vessel, at
6 m above water level. The focal group consisted of the tagged individual and
associated individuals. The research vessel aimed to maintain a distance of 100
– 400 m to the focal group. Behavioural data were collected by two dedicated
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observers, alternating in 6-hour shifts, assisted by a second person recording
the data. The distance estimates of the two observers were calibrated by laser
range finder, and by comparison of their estimates of a range of distances to a
gps-equipped buoy. Sampling was conducted during all hours of the day, as the
high latitude provided 24-hour daylight conditions.
Group-level behaviour parameters of focal groups were recorded during
focal follows using a pre-defined ethogram (Table 1). The focal group was
defined as the group of individuals in closer proximity to the tagged whale and
each other than to other individuals in the area, following Visser et al. (Chapter 2
in this thesis). The focal area was defined as the 200 m radius around the tagged
individual. Group size, group geometry (individual spacing, line swimming) and
proximity to other groups (number of individuals and groups in the focal area,
distance to nearest other group) were determined by scanning the area around
the tagged animal. Non-focal groups were defined in a similar way as the focal
group, as all individuals in closer proximity to each other than to other individuals
in the area. Synchronicity parameters (surfacing synchrony, milling index) were
quantified from the timing or orientation of surfacing of the associates relative
to the tagged animal using traditional scan sampling (Altmann 1974). The events
in the focal group (loggings and spyhops) were recorded for each sampling
interval using incident sampling (Mann 1999). Parameters were recorded at
2-minute intervals, or at first surfacing of the tagged individual following dives
longer than 2 minutes. Hence, group-level behaviour was sampled when the
tagged individual was visible at the surface. This sampling interval was shorter
than the time scale at which the state parameters were expected to change
(Martin & Bateson 2007), and ensured observation of the tagged individual.
Additional background information on our sampling protocol is provided in
Visser et al. (Chapter 2 in this thesis).
Statistical analysis of vocalisation patterns

The data gathered in our study enabled a comparison between vocalisations of
tagged individuals, their diving behaviour and the group-level behaviour at the
water surface. For each 2-minute sampling interval of group-level behaviour, we
determined the proportion of time that vocalisation types and silent periods were
recorded in the soundscape, and the maximum diving depth and diving state
(deep or shallow diving) of the tagged individual. In total, the input data comprised
time series from seven tagged individuals in seven different focal groups.
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Table 1. The ethogram with group sampling parameters and their definitions.
Parameter

Definition (s = state; e = event) 1

Quantification

Group size

Number of animals most closely associated
with the tagged individual and with each
other (s)

Number of individuals

Individual spacing

Distance between individuals in the focal
group (in body lengths (BL)) (s)

Very tight: < 1 BL
Tight: 1 – 3 BL
Loose: 3 – 15 BL
Very loose: >15 BL and within
focal area
Solitary: no other individual in
focal area and/or distant from
nearest neighbour

Number of
individuals in focal
area

Number of individuals within 200 m of the
tagged individual (s)

Number of individuals

Number of groups in Number of groups within 200 m of the
focal area
tagged individual (s)

Number of groups

Distance to nearest
other group

Distance between the focal group and the
nearest other group (s)

Distance in meters

Surfacing synchrony

The % of individuals in the focal group
surfacing during the surfacing of the tagged
individual (s)

% of individuals

Milling index

Presence of individuals in the focal group
surfacing with different orientation as the
tagged individual (s)

Presence / absence

Line swimming

Presence of lined-up geometry of the focal
group (s)

Presence / absence

Display events

Number of events per display type in the
focal group (e)

Number of loggings, spyhops

1
State: characteristic of the focal group as a whole. Events: behaviours, mostly of short duration, displayed by
one or several individuals in the focal group.

As a first step, we used redundancy analysis (RDA) to identify relationships
between the vocalisations of the long-finned pilot whales and the set of diving
and group-level behaviours. To investigate whether patterns in the vocalisations
were different between the two diving states (deep or shallow diving), we first
analysed the complete data set. We then conducted the RDA analysis separately
for periods of deep diving and periods of shallow diving. Significance testing
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was conducted using a permutation test. RDA does not require input data to
be normally distributed and permits potential collinearity between explanatory
variables. RDA assumes that underlying parameter relations are linear, which
was supported by our data-exploration. RDA analyses were conducted using
Brodgar 2.5.1 (www.brodgar.com).
Second, differences in vocal behaviour between periods of deep and shallow
diving, and between the different group-level behaviours, were quantified
using Generalised Estimating Equations (GEEs; Hardin & Hilbe 2003). GEEs
form an extension to Generalized Linear Models (GLMs). They are specifically
designed to model autocorrelated data, such as time series. GEEs account for
residual autocorrelation within individual time series (panels) while assuming
independence between time series, and return predicted values for the average
response across the entire dataset.
We investigated 1) whether vocalisation patterns varied between periods
of deep and shallow diving, and 2) whether vocalisation patterns varied as a
function of group-level behaviour. For this purpose, each vocalisation type was
modelled as a binomial response variable in the GEE with a logit link function.
For each sample, the seconds during which this vocalisation type was recorded
were assigned as “successes” while the total number of seconds during the
sampling interval was treated as “trials”. Because GEE models can handle only
a limited number of explanatory parameters, we restricted the GEE model to
those group behaviour parameters that had a significant effect on the pattern of
vocalisations in the RDA. Display events and milling were treated as binary data,
while all other group behaviours were treated as continuous data. We applied
a backward model selection by removing one group behaviour parameter at a
time and selecting the best model based on the lowest QIC-value (GEE model
equivalent of Akaike Information Criterion (AIC); Hardin & Hilbe 2003).
GEE models were fitted using the time series of the tagged animal as
panel variable within the GENMOD procedure in SAS 9.3 (Zeger et al. 1988,
Kauermann & Carroll 2001, SAS 2011). In the absence of support for a particular
autocorrelation structure in the data, the empirical standard errors were used
to quantify uncertainty in the GEE model estimates. In GENMOD, empirical
standard errors are calculated directly from the model residuals and are robust
to any misspecification of the working correlation.
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Classification of diving behaviour from vocal behaviour

We used random forest (RF) analysis (Breiman 2001) to further assess whether
vocalisations were different between deep and shallow diving bouts. RFs consist
of a series of unpruned classification trees generated from one dataset. We used
the vocal parameters as predictors to classify deep versus shallow diving bouts,
with Conditional Inference Forests to account for the different categories of
predictors (e.g., binary, continuous; Holthorn et al. 2006, Strobl et al. 2007).
The model was run with 1000 trees. For each tree, two-thirds of the data set
was randomly selected without replacement, and run down the tree. At each
node of a tree, two predictors were randomly selected, and the predictor that
yielded the best split was chosen. Weights were assigned to deep and shallow
diving bouts, inversely proportional to their occurrence. Each sample was then
classified based on the majority vote from all trees. The error estimate of the
model was determined internally with the remaining one-third of the data set
as test data. The predictors with the lowest variable importance were removed
one by one from the model, until further removal did not improve the error
rate of the new model. The relative importance of each of the predictors was
calculated using conditional computation of variable importance (Strobl et al.
2008). The RF analysis was performed using the package ‘party’ in R version
2.14.1 (R development core team 2011).

Results
We conducted seven focal follows comprising concurrent vocal, diving and
group behaviour of long-finned pilot whale tagged individuals and their focal
groups. Focal follow duration ranged from 0.8 – 8.9 h, during a total of 32.5 h.
The tagged individuals were three medium-sized individuals associated with
a calf, three medium-sized individuals without a calf and one large adult. The
data comprised a total of 10393 vocalisations and 556 samples of group-level
behaviour.
Characteristics of vocal behaviour

In total, pilot whale vocalisations were recorded during 40% of time (Table 2).
Click trains comprised the predominant part of the time spent vocalising (Table
2). Of the call types, simple whistles were produced most often, followed by
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whistles of intermediate complexity. Complex whistles were relatively rare.
Log-frequency analysis of the intervals between vocalisations indicated that
a threshold duration of 24.5 s of continuous silence distinguished between
vocal periods with naturally occurring pauses and silent periods (Fig. 2; AIC
two-process model: 32597; three-process model: 32679; one-process model:
37903). Silence was recorded during 430 silent periods, with durations ranging
from 24.6 s to 39.2 min, covering 39% of the time (Table 2).
Table 2. Number, length and percentage of time recorded for each vocalisation type, for short pauses
and for silent periods.
Vocalisation type

Number*

Mean length (SD) (s)

Percentage of time*

Total vocalisations

10393

-

40.2

- Click trains

2883

15.3 (37.3)

37.4

- Buzzes

747

3.02 (5.0)

1.7

- Simple whistles

4929

0.79 (1.1)

3.1

- Intermediate whistles

2643

0.95 (1.4)

1.9

- Complex whistles

676

1.23 (0.7)

0.7

Short pauses**

4980

4.6 (4.6)

20.8

Silent periods**

430

106.1 (195.6)

39.0

* Including single and composite vocalisation types
** Short pauses were < 24.5 seconds; silent periods were > 24.5 seconds

Figure 2. Log-frequency distribution of intervals between vocalisations. The vertical dashed line
indicates the interval length that was used to distinguish between vocal periods with naturally occurring
pauses (intervals < 24.5 s) and silent periods (intervals > 24.5 seconds).
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The seven tagged whales spent the great majority of time in the upper 10 m
of the water column (76%; Fig. 3A). Vocal activity peaked between 30 and 100
m depth (Fig. 3B-G). Silent periods were nearly absent at these diving depths.
Moreover, silence was never recorded during dives beyond 300 m depth (Fig.
3B). The frequency of initiation of click trains was highest in the top 50 m of
the water column and steadily decreased with depth (Fig. 3C). The presence of
simple and intermediate whistles in the soundscape showed limited variability
with depth between 50 and 500 m (Fig. 3E,F). Complex whistles were most often
recorded at depths of 31 to 100 m and their occurrence steadily decreased with
depth (Fig. 3G). Buzzes were present throughout the depth range (Fig. 3D).
Interestingly, the highest occurrence of buzzes, at 550 m depth, coincided with
a decrease in the occurrence of simple and intermediate whistles, and with an
increase in the occurrence of complex whistles (Fig. 3D-G).

Figure 3. Time spent at depth and vocal activity in the soundscape in relation to diving depth. A) The
proportion of time spent at depth by the tagged whales. B-G) The number of silent periods, click trains,
buzzes, simple whistles, intermediate whistles and complex whistles per minute as a function of depth.
Intermed = intermediate.

Vocal behaviour during deep and shallow diving bouts

All tagged whales performed both shallow and deep dives, except for one
individual that performed shallow dives only. The maximum depth per diving
bout ranged from 4 – 34 m for shallow bouts (17 bouts) and from 46 – 617
m for deep bouts (16 bouts). The tagged individuals were engaged in deep
and shallow diving bouts during 27% and 73% of the behavioural samples.
Redundancy analysis results revealed that the vocal behaviour differed between
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shallow and deep diving bouts of the tagged individuals (Table 3A). This was
confirmed by the GEE analysis, which showed that the occurrence of click
trains was significantly higher during deep diving bouts than during shallow
diving bouts, concordant with a significantly lower occurrence of silence (Fig.
4A,B; Table 4). There was also a tendency for higher occurrences of buzzes and
whistles during deep diving bouts (Fig. 4C-F), although these differences were
only marginally significant after Bonferroni correction (Table 4).
Table 3. Results of redundancy analysis (RDA) for the effects of A) diving behaviour and B) group behaviour during shallow diving bouts and during deep diving bouts, on the vocal behaviour of longfinned pilot whales. The F-test score and P-value are shown for each parameter. *Parameters significant
at P < 0.05 were included in subsequent GEE analysis.
Explanatory variable
A)

F

P-value

F

P-value

(all)

(all)

Deep vs. shallow diving

32.48

0.001*

-

-

Maximum depth

1.88

0.11

-

-

(shallow)

(shallow)

(deep)

(deep)

Group size

18.96

0.001*

0.77

0.55

Spyhops

11.73

0.001*

0.99

0.37

Individual spacing

7.72

0.001*

1.21

0.31

Distance to other group

4.97

0.005*

2.60

0.03*

Surfacing synchrony

5.08

0.001*

1.35

0.22

Milling index

2.46

0.05*

2.79

0.02*

Nr of individuals in focal area

1.75

0.13

8.39

0.001*

Nr of groups in focal area

1.83

0.11

1.20

0.32

Logging

1.30

0.26

1.70

0.12

Line swimming

0.79

0.51

2.45

0.08

B)
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Table 4. Results of the Generalised Estimating Equation model for differences in vocalisations between
deep diving bouts and shallow diving bouts. The parameter estimate, empirical standard error, Z-test score
and P-value are shown for each parameter. *Significant after Bonferroni correction at P < 0.05/6 = 0.008.
Dependent variable

Parameter

Estimate

SE

Z-score

P-value

Silence

Intercept

0.07

0.20

0.35

0.723

Deep vs. shallow diving -1.55

0.31

-5.05

< 0.0001*

Intercept

-1.06

0.28

-3.82

0.0001

Deep vs. shallow diving 1.10

0.15

7.16

< 0.0001*

Intercept

-4.37

0.33

-13.12

< 0.0001

Deep vs. shallow diving

0.80

0.35

2.32

0.020

Intercept

-3.63

0.23

-16.04

< 0.0001

Deep vs. shallow diving

0.57

0.24

2.36

0.018

Intercept

-4.12

0.30

-13.95

< 0.0001

Deep vs. shallow diving

0.54

0.30

1.79

0.073

Intercept

-5.46

0.29

-19.06

< 0.0001

Deep vs. shallow diving

0.98

0.46

2.11

0.035

Click train

Buzz

Simple whistle

Intermediate whistle

Complex whistle

Figure 4. Vocal activity during periods of deep and shallow diving. The proportion of time pilot whales
A) were silent, or produced B) click trains, C) buzzes, D) simple whistles, E) intermediate whistles and F)
complex whistles during shallow diving and deep diving bouts. Diamonds indicate the mean proportion
of time the vocalisation was recorded; boxes indicate interquartile range (IQR); whiskers extend to the
lowest and highest data point within 1.5 IQR of the lower and upper quartile. *Significant in the GEE
model after Bonferroni correction at P < 0.05 / 6 = 0.008 (Table 4).
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Random forest analysis could distinguish between deep and shallow diving
bouts on the basis of the vocal data with an error rate of 17.1%, and confirmed
the role of buzzes and whistles. Complex whistles, buzzes and intermediate
whistles were the most important vocal parameters distinguishing between
shallow and deep diving bouts (Fig. 5).

Figure 5. Relative importance of the vocal parameters in the random forest classification of deep versus
shallow diving bouts.

The social context of vocal behaviour

All seven focal groups were part of larger aggregations of 60-100 pilot whales,
generally composed of several groups spread out over a larger area. Focal
group size ranged from 1 to 30 individuals, with a median of 11 individuals
and an interquartile range of 7-13 individuals. Individuals in the focal group
were mostly tightly spaced (57% of samples). Loosely spaced (18%), very tightly
spaced (14%) and very loosely spaced (10%) individuals were also observed
regularly. Observations of solitary individuals were rare (1%).
The pattern of vocalisations varied with group behaviour (Table 3B).
Moreover, the relationships between vocalisations and group behaviour differed
between shallow and deep diving bouts (Figs. 6 & 7). Redundancy analysis
indicated that, during shallow diving bouts, vocal behaviour was affected by
group size, individual spacing within the group, distance to the nearest other
group, surfacing synchrony, milling, and the occurrence of spyhops (Table 3B).
The relationships between vocal and group behaviour were confirmed by
the GEE models (Fig. 6; Table 5A). During shallow diving bouts, whales were
more silent in larger, more tightly spaced groups with a lower surface activity
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Table 5. Results of the Generalised Estimating Equation model for differences in vocalisations between
group behaviours during A) shallow diving bouts and B) deep diving bouts. *Significant after Bonferroni
correction at P < 0.05/6 = 0.008.
Dependent variable

Parameter

Estimate SE

Z-score

P-value

A) Shallow diving
Silence

Click train

Buzz

Simple whistle

Intercept

-0.52

0.30

-1.72

0.08

Group size

0.15

0.04

4.12

< 0.0001*

Individual spacing

-0.44

0.15

-2.94

0.003*

Spyhop

-1.63

0.19

-8.55

< 0.0001*

Intercept

-0.58

0.41

-1.43

0.15

Group size

-0.17

0.03

-4.98

< 0.0001*

Individual spacing

0.51

0.10

5.07

< 0.0001*

Spyhop

1.28

0.17

7.62

< 0.0001*

Intercept

-6.63

0.69

-9.58

< 0.0001

Surfacing synchrony

0.92

0.37

2.5

0.013

Spyhop

1.69

0.45

3.79

0.0002*

Intercept

-3.64

0.23

-15.5

< 0.0001

Milling

-0.87

0.23

-3.81

0.0001*

Spyhop

0.48

0.21

2.29

0.022

Intermediate whistle

Intercept

-3.10

0.74

-4.19

< 0.0001

Distance to other group

-0.31

0.18

-1.75

0.080

Complex whistle

Intercept

-5.43

0.28

-19.43

< 0.0001

Milling

-1.97

0.47

-4.16

< 0.0001*

Intercept

-3.11

0.12

-26.99

< 0.0001

Nr of individuals in focal area 0.11

0.01

9.26

< 0.0001*

B) Deep diving
Silence

Click trains

Milling

-1.57

0.39

-4.04

< 0.0001*

Intercept

0.62

0.14

4.38

< 0.0001

Distance to other group

0.12

0.03

3.71

0.0002*

Nr of individuals in focal area -0.06

0.01

-6.85

< 0.0001*

Buzz

Intercept

0.12

-30.71

< 0.0001

Milling

0.95

0.20

4.7

< 0.0001*

Simple whistles

Intercept

-2.77

0.24

-11.58

< 0.0001

Nr of individuals in focal area

-0.02

0.02

-1.27

0.20

Intermed. whistles

Intercept

-3.58

0.08

-46.13

< 0.0001

Nr of individuals in focal area

0.00

0.01

-0.05

0.96

Complex whistles

Intercept

-4.40

0.33

-13.4

< 0.0001

Milling

-0.95

0.41

-2.29

0.02

-3.74
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(fewer spyhops) (Fig. 6A,B,D). In contrast, the occurrence of click trains was higher
when the pilot whales were organised in smaller groups, with more loosely
arranged individual spacings and more spyhops (Fig. 6E,F,H). The production
of buzzes was also positively correlated with the presence of spyhops (Fig. 6L).
Simple and complex whistles were negatively associated with the presence of
milling (Fig. 6O; Table 5A).

Figure 6. Vocal activity in relation to group-level behaviour during shallow diving bouts. The proportion
of time whales were silent or produced click trains, buzzes and whistles (simple, intermediate and
complex) in relation to individual spacing in the focal group (A,E,I,H), group size (B,F,J,N), the presence of
milling (C,G,K,O) and the presence of spyhops (D,H,L,P). Only those group-level behaviours are shown
for which at least one vocalisation type was significant (indicated by *) in the GEE model after Bonferroni
correction at P < 0.05 / 6 = 0.008 (Table 5A).
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Figure 7. Vocal activity in relation to group-level behaviour during deep diving bouts. The proportion of
time whales were silent or produced click trains, buzzes and whistles (simple, intermediate and complex)
in relation to the distance to the nearest other group (A,D,G,J), the number of individuals in the focal
area (B,E,H,K) and the presence of milling (C,F,I,L). Only those group-level behaviours are shown for
which at least one vocalisation type was significant (indicated by *) in the GEE model after Bonferroni
correction at P < 0.05 / 6 = 0.008 (Table 5B). NIS = none in sight.

The redundancy analysis revealed that, during deep diving bouts, vocal
behaviour was affected by the number of individuals in the focal area, distance
to the nearest other group, and milling (Table 3B). This was confirmed by the
GEE analysis, which showed that whales were more silent when there were
more individuals in the focal area and when the presence of milling was low
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(Fig. 7B,C; Table 5B). The occurrence of click trains was negatively correlated with
the number of individuals in the focal area, and increased at larger distances
between groups (Fig. 7D,E). Buzzing activity was positively correlated with the
presence of milling (Fig. 7I). The whistle types did not show a relationship with
group behaviour during periods of deep diving (Fig. 7J-L).

Discussion
Our results provide new insights in the functionality of long-finned pilot whale
vocalisations. We identified a series of relationships between vocalisations,
the social context of individuals, and their diving behaviour. Long-finned pilot
whales were relatively silent during shallow dives but strongly increased their
vocal activity during deep-diving bouts. Long-finned pilot whales reduced
their vocal activity in the presence of larger numbers of individuals, at closer
distances to others and with a higher degree of surface active behaviour. During
periods of shallow diving, this association occurred at the level of the group
(individual spacing within the group, group size). In contrast, during periods
of deep diving, the association between vocal and group behaviour occurred
at the level of the focal area (distance to the nearest other group, number of
individuals within 200 m).
Vocal signature of foraging behaviour

Deep dives of long-finned pilot whales are associated with foraging on their
major prey species, deep-sea squid, which generally occur at several hundred
meters depth (Baird et al. 2002). Periods of deep diving behaviour were
characterised by more vocal activity, with more echolocation clicks as well as
whistles, than shallow diving bouts. Click trains showed the largest increase,
whereas buzzes and complex whistles were the most important vocalisation
types in the random forest classification of foraging versus non-foraging
behaviour. These results are consistent with the use of bio-sonar (click trains and
buzzes) during foraging. The consistent presence of simple and intermediate
whistles and increased levels of clearly audible complex whistles during periods
of deep diving indicate that foraging individuals stayed within audible ranges of
each other. Moreover, it shows that during foraging, social communication was
intensified in terms of the number of whistles and their complexity.
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Complex whistles, which were relatively rare, were associated with deep
foraging dives. Interestingly, these calls were nearly absent from the soundscape
at deep diving depths (beyond 350 m), which may be related to pressure-induced
restrictions of tonal call production at large depths (Jensen et al. 2011). The use
of more complex whistles during foraging may indicate that calls need to convey
more, or different, information or need different characteristics to transfer their
information. The longer complex whistles have a higher energy content than
the shorter simple whistles, and can therefore convey information over longer
distances (Jensen et al. 2011). As group members potentially disperse much
further from each other during deep foraging dives than during shallow diving,
the production of complex whistles during deep dives could compensate for
this strong increase in distance. Visser et al. (Chapter 2 in this thesis) suggested
that the synchrony in foraging periods of long-finned pilot whales may be
related to the signalling of good feeding opportunities by individuals with more
local knowledge, for example at greater depths. Potentially, complex whistles
could function to convey such information between the knowledgeable sender
at depth and the receiver at the surface, or vice versa.
Silent crowds

The soundscape of the long-finned pilot whales contained a rich repertoire
of different vocalisations, and all vocalisation types could co-occur. For such
a vocal species, periods of silence may be a highly informative characteristic
of its vocal behaviour. The absence of vocalisations may indicate that the
behavioural or social factor driving the production of the call has (temporarily)
lost significance. Silence was recorded significantly more often during periods
of shallow diving than during deep dives, when the whales rely on sound to find
prey. The counter-intuitive, positive relationship between the number of nearby
whales and the occurrence of silent periods indicated an active reduction in vocal
activity at higher levels of social cohesion. This is consistent with the primary
function of social calls in maintaining or re-establishing social ties, to mediate
group cohesion of social animals (Palombit 1992, Tyack 2000). It also supports
previous findings, which indicate that long-finned pilot whales produce more,
and more complex, communication calls at larger spread of the aggregation
and during more complex behaviours (Weilgart & Whitehead 1990). However,
here, the presence of silence during shallow diving periods was mostly driven
by a reduction of echolocation activity (click trains).
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Silent periods may represent a resting state, during which whales move closer
together and closely coordinate their behaviour to maintain group cohesion in
the absence of vocal cues. Animals may be also silent as a cryptic behaviour,
for example to avoid detection from predators or prey. While cetaceans are
known to use this silencing strategy (Soto et al. 2011, Rankin et al. 2012), this
is likely not the case for pilot whales. When the long-finned pilot whale groups
of this study were exposed to playbacks of calls of their potential predators,
killer whales (Orcinus orca), they did not respond with a cryptic behaviour, but
actively approached the sound source (Curé et al. 2012). Moreover, given the
high degree of vocal activity, it seems unlikely that silent periods of pilot whales
at the scale of minutes would strongly reduce their acoustic detectability by
predators.
Vocalisations during non-foraging periods

The ubiquitous presence and relatively limited relation with social context and
diving depth of simple whistle types, combined with low importance in the
random forest classification between deep and shallow diving periods, suggests
that these simple calls are produced throughout the behavioural spectrum,
without a specific association to a behavioural or social context. Several species
of social cetaceans are known to use stereotyped calls to signal individual or
group identity (e.g. Ford & Fisher 1983, Janik & Slater 1998). The closely related
short-finned pilot whales (Globicephala melas), thought to have a comparable
foraging strategy and social organisation, also regularly produce tonal calls,
including at large depths (Jensen et al. 2011). Their simple whistles produced at
depth likely serve to maintain or re-establish contact between group members
when deep-diving individuals disperse from their associates. They may have
sufficient information to signal group or species identity (Jensen et al. 2011).
In long-finned pilot whales, the simple calls may have a comparable function,
serving as an acoustic cue to signal presence and identity to group members
throughout the behavioural and depth spectra, in an environment with many
groups of conspecifics and where the use of visual cues is limited.
Click trains and buzzes were also recorded outside of the foraging period,
and throughout the depth spectrum, indicating possible extended functionality
of these vocalisations. Click trains in particular were regularly recorded during
shallow diving periods (24% of recording time). Moreover, the intensity of
clicking was associated with social context. The occurrence of clicking increased
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in smaller, more widely spaced groups, displaying surface active behaviours.
These clicks may originate from other individuals in the group which were
foraging, while the tagged individual was shallow diving. Alternatively, it may
indicate that long-finned pilot whales also use clicks outside of the foraging
period, to gain information on the location of nearby conspecifics, and
potentially as a social cue, serving to maintain group cohesion during less
coordinated behavioural states. The function of clicks in communication and
social cohesion has been recorded in several other odontocetes, such as sperm
whales and Blainville’s beaked whales (Mesoplodon densirostris). However,
these species generally do not produce tonal calls (Dawson 1991, Weilgart &
Whitehead 1993, Dunn et al. 2013).
Future challenges

The broad classification of tonal calls as applied here represents a major
simplification of the social call repertoire of long-finned pilot whales (Taruski
1979). The relatively weak association between social context and simple and
intermediate whistle types may be related to a restricted ability to separate
different whistle types, and hence different functions, using this broad
categorisation. Given the apparent continuum of call types, with potentially
different functions at increasing complexity (Weilgart & Whitehead 1990), our
classification was targeted at distinguishing different functionalities at both
extremes of the spectrum, simple and complex whistle types. Future studies
could benefit from additional classifications of the simple whistle types, such
as the classification into frequency upsweeps or downsweeps (Weilgart &
Whitehead 1990, McCowan & Reiss 2001).
Conclusions

Our results showed high vocal activity during the foraging dives of long-finned
pilot whales, with a possible role for complex whistles in the communication
between animals during the dives. Pilot whales strongly reduced their vocal
activity at higher degrees of social cohesion, when they were at rest in tight
groups at the water surface. These results relied on the combination of recordings
of the soundscape and diving behaviour of tagged individuals with grouplevel observations. For vocal cetaceans such as pilot whales, which cannot be
observed during their dives, increased understanding of their vocal repertoire
may greatly enhance our ability to recognize their functional behaviour.
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Chapter 4. Social structure of Risso’s dolphin (Grampus
griseus) at the Azores: a stratified community based on
highly associated social units
Karin L Hartman, Fleur Visser & Arthur JE Hendriks

Abstract
In this study, we present for the first time a model for the social structure of
Risso’s dolphin (Grampus griseus). Over the period 2004-2006, 1028 Risso’s
dolphins were identified at Pico Island, Azores. Individuals sighted on 10 or more
occasions were included in analysis of social structure (n = 183). High resighting
rates indicate strong site-fidelity of at least part of the population. We found
that individuals form stable, long-term bonds, organised in pairs or in clusters
of 3 - 12 individuals. Social structure is stratified based on age- and sex-classes,
with strong associations between adult males and between adult females. We
suggest that clusters form the basic units of Risso’s dolphin society. Thirteen
pods consisting solely of adults, likely males, and 3 pods consisting of mothercalf pairs were identified. Males are organised in stable, long-term associations
of varying size that occur throughout the complete range of behavioural states
observed. For females, associations can be of similar strength, but the time
scale may vary depending on the presence of nursing calves. As sub-adults,
associations also occur (pair-formation), but are less stable than those observed
for adults. We propose a new model for Risso’s dolphin societies known as a
stratified social organisation, which differs from fission-fusion and matrilineal
society models.

This chapter is based on the paper: Hartman KL, Visser F, Hendriks AJE (2008). Social structure
of Risso’s dolphin (Grampus griseus) at the Azores: A stratified community based on highly
associated social units. Canadian Journal of Zoology 86(4): 294-306.
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Introduction
The social organisation and group stability of wild ranging cetaceans have been
studied intensively in several odontocete species, including the sperm whale
(Physeter macrocephalus, e.g. Letteval et al. 2002; Whitehead 2003), bottlenose
dolphin (Tursiops spp., e.g., Wells 1991; Connor et al. 2001; Chilvers and Corkeron
2002; Gero et al. 2005), killer whale (Orcinus orca, e.g., Baird and Whitehead 2000),
and pilot whale (Globicephala spp. e.g., Heimlich-Boran 1993; Ottensmeyer and
Whitehead 2003). In all these species, individuals can be identified on the basis
of morphological characteristics (e.g., distinctive markings on body and flukes,
shape of the dorsal fin and the presence of scars).
In general, group stability shows a negative correlation with body size,
becoming more fluid in smaller odontocetes (Bräger 1999). The larger ones in
particular form highly stable, lifelong bonds. In the case of sperm whales, pilot
whales and fish-eating killer whales, females (and in the latter, males) may never
leave their natal pod, forming matrilineal societies (Bigg et al. 1990; Whitehead
and Weilgart 1990; Amos et al. 1993). For the bottlenose dolphin, long-term
research in several areas has shown a fission-fusion society. Here, individuals
associate in subgroups that often change in size and composition. Additionally,
associations are formed, ranging from long-term stable alliances of male pairs
and trios to larger, less-associated networks of males (Shane et al. 1986; Connor
et al. 1992, 2000).
For the Risso’s dolphin (Grampus griseus), social structure has not yet been
determined. Risso’s dolphins are present worldwide in temperate and tropical
waters (Ross 1984; Baumgartner 1997; Balance and Pitman 1998; Gannier 1998;
Kruse et al. 1999). Some evidence of summer inshore movements and sitefidelity of individuals has been reported (Leatherwood et al. 1980; Evans 1987;
Olavarria et al. 2001). Recent research, comparing genetic material from Risso’s
dolphins in UK waters and the Mediterranean Sea, has shown no evidence of
exchange between these two populations, indicating little long-range dispersal
between them (Gaspari et al. 2007). Reported group size ranges from 1 to
several hundreds of individuals, with a mean of 10-30 animals (Leatherwood
et al. 1980; Kruse et al. 1991; Kruse et al. 1999). The diet of Risso’s dolphin is
mainly composed of deep-water cephalopods (Clark and Pascoe 1985; Pauly et
al. 1998), resulting in a distribution in deep, offshore waters (350 to >1000 m)
or over the continental-shelf edge (Ross 1984; Baumgartner 1997; Davis et al.
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1998). Some preliminary data were reported on the social organisation of the
species. During a study along the southeast coast of Spain (1992-1995), in which
281 individuals were identified and 29% of identified individuals were resighted,
preliminary results indicate fluid structures, along with some evidence of stable
associations (A. Cañadas, personal communication (2007)).
The Azorean archipelago, where we conducted the present study, is
characterized by steep submarine walls (Mortan et al. 1998); hence Risso’s
dolphins are found close to shore, creating a unique research opportunity.
The protective status of Risso’s dolphins is listed as data-deficient (IUCN 2006).
Here, we studied group stability and association patterns of Risso’s dolphins
to develop a social organisation model for this species. We report the results
of photo-identification studies carried out in the coastal waters of Pico Island,
Azores over a 3-year period (2004-2006).

Materials and Methods
Field observations

During April – October of three consecutive years (2004-2006), shore- and boatbased surveys were conducted mainly off the south coast of Pico island (Fig.
1). More than 20 species of whales and dolphins are regularly recorded near
Pico and other islands of the archipelago, including species with a seasonal
presence, (e.g., blue whale (Balaenoptera musculus), fin whale (Balaenoptera
physalus), sei whale (Balaenoptera borealis), minke whale (Balaenoptera
acutorostrata), humpback whale (Megaptera novaeangliae), pilot whale, Atlantic
spotted dolphin (Stenella frontalis), and several beaked whale species (family
Ziphidae) as well as species that are sighted throughout the year (sperm whale,
Risso’s dolphin, common dolphin (Delphinus delphis), striped dolphin (Stenella
coeruleoalba) and bottlenose dolphin).
Daily land-based surveys were made from a lookout in Santa Cruz das Ribeiras
at 30 m above sea level to detect Risso’s dolphin presence in the study area.
Land-based surveys were extended with regular observations from look outs
placed along the island’s coast, which together cover the total coastal waters
off Pico (Fig. 1). Land-based surveys were made using 25 mm x 80 mm Observer
binoculars (Steiner Binoculars, Bayreuth, Germany). During observations at sea,
the research vessel was guided by the observers from land. The simultaneous
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observations both from land and at sea made it possible to obtain an overview
of all the groups present, enhancing photo-identification coverage in the survey
area by directing the vessel efficiently between groups. The highest number
of Risso’s dolphin observations was made in the bay of Ribeiras, the area with
highest effort of land and ocean observations. On average, the first focal group
was sighted 7 min after leaving the harbour. Sea observations were conducted
on a 7.2 m Boston Whaler fitted with a Jetpac 150 Hp diesel outboard waterjet
engine. During observations, effort was directed towards photo-identification
of all group members with a digital NIKON D70 camera, using a 70-300 mm
zoom lens.

Figure 1. The island of Pico, Azores, showing the main research area and 12 lookout posts.

A group was identified as a sample of individuals that interacts socially and
(or) shows coordinated activity in its behaviour (Whitehead 2003). In general,
Risso's dolphins formed tight groups with interanimal distance <15 m (chain
rule; Smolker et al. 1992). Next to photo-identification, group observations
included continuous focal group follows, sampling group and behavioural
characteristics (Altman 1974; Mann 1999), as well as weather- and sea conditions.
Geographical location was determined by GPS (Etrex Vista, Garmin, Olathe,
Kansas). Group size was estimated by two observers at sea and determined from
the photo-identification data. Risso's dolphins occur in relatively small groups
that are usually characterized by a high degree of synchrony and calm surfacing.
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Therefore, complete coverage of Risso's dolphin groups in the study area was
generally possible from photo-identification data. Variation between the two
measures of group size was low (mean ±1.5 individuals). Group composition
was based on age classes of individuals, determined by patterns of body
colouration and body size.
Photo identification

Risso's dolphins show a range of colouration patterns. Individuals can be
recognized by the distinctive scarification patterns and the shape of their
dorsal fin. The dark body colouration of subadults lightens with age and adult
individuals may become almost white. This is possibly caused by a scarcity or
loss of pigment. Scarification is mainly caused by the teeth of other Risso's
dolphins, during inter-specific interactions, as well as by their cephalopod prey
and predators (Macleod 1998). Therefore, photo-identification technique is a
good tool for individual identification of Risso's dolphins that can be used in
the study of patterns of association and social structure of this species (Würsig
and Jefferson 1990).

Figure 2. Long-term identification of Risso’s dolphins (Grampus griseus): individuals S1b “Pointer” and
S2a“Blunt”, photographed over three consecutive years (2004-2006). The figure is a composite of
cropped colour pictures converted to black-and-white images.
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Dorsal fins (left and right) were photographed for individual identification
(Fig. 2). On average, over 400 pictures were taken per sampled group. Only
high-quality pictures (Q ≥ 3; Arnbom 1987) were used in analysis. Dorsal fins
in the high-quality pictures were cropped and the contrast of the fins was
enhanced using the autocolor function in Adobe Photoshop CS2 (version 9.0).
For identification purposes, the degree of scarification was determined for all
high-quality crops. Six categories of scarification were identified based on the
ratio of black skin versus the white scars on the dorsal fin (Fig. 3). For example,
the density of white scars is >75% for the “very severe” category (Table 1).
Group observations lasting <15 min, as well as groups in which <100% of the
estimated individuals could be photographed, were excluded from data analysis.
For the determination of association patterns and resightings of identified
individuals, a group ID database was set up next to the ID catalogue, listing
the composition of individuals of all groups by time and date of observation.
Identified individuals were categorized in several age classes: adult (A; male or
female), adult female (AF), subadult (SA), and calf (C). Adults were defined as
individuals with moderate to very high scarification or white body colouration
and mature body size. Adults with at least one identified calf during the study
period were defined as females. Sexual size dimorphism in Risso’s dolphin is
low; on average, males are slightly larger than females (sexual size dimorphism
ratio of 1.04; ~ 12 cm) (Perrin and Reilly 1984). Unambiguous determination
of individual sex without a clear view of the genital area is therefore difficult.
Older, mature males can often be distinguished from mature females because
of their more muscular, robust body build and the relative presences of more
scars. However, females can also become largely white making them difficult
to distinguish from adolescent males. Subadults were defined as dark brown
individuals with limited scarification, not accompanied by calves. Calves were
defined as individuals maximally 75% of the size of adults and were accompanied
by adults.
Analysis of associations

For the analysis of association coefficients we used the simple ratio, which is
deemed the best for this type of analysis (Cairns and Schwäger 1987). Patterns
of social structure were determined using cluster analysis (Appendix Fig. A1).
To minimize possible autocorrelation of sightings, resightings of identified
individuals needed to be separated by at least 1 day to be included in the
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analysis. All dolphins photographed in the same group were recorded as being
associated. An association index (AI) ≥ 0.5 was chosen as the threshold for
stable associations (Bigg et al. 1990). Three types of association were recognized
for individuals: clustered, paired, and not-associated. Clusters were defined
as samples of >2 individuals, all with intercluster AI ≥ 0.5. Stable, long-term
clusters were used to define pods (Bigg et al. 1990). Pairs were defined as a
dyad of individuals with AI ≥ 0.5, i.e., not associated in clusters. Not-associated
individuals did not form any associations with AI ≥ 0.5. Due to their tight bond,
mother-calf pairs were not considered associated dyads, but were treated as
a single “individual”. Only individuals sighted on 10 or more observation days
during the research period were included in the analysis. The relatively high
number of 10 sightings was chosen to obtain a robust data set (individuals
with low resightings may skew observations). This threshold still left sufficient
individuals for the analysis of social structure. Also, it only included individuals
identified from both the left and the right sides. To test whether the relatively high
standard for sighting, excluding most individuals from the data set, affected the
results, a second analysis was conducted that included all individuals sighted ≥5
times. Permutation tests, permuting groups within samples, were conducted
to determine whether the observed patterns of association were different than
would be expected from random using the method as described by Bejder et al.
(1998) and Whitehead (1999). Analyses were performed using Socprog version
2.3 (Whitehead 2007) running on Matlab® 7.0 (The Math Works, Inc. 2004).

Figure 3. Categories of dorsal fin scarification for Risso’s dolphins (Grampus griseus). The figure is a
composite of cropped colour pictures converted to black-and-white images.
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Results
During 230 days of fieldwork, we encountered Risso’s dolphins 595 times at sea.
For each group, on average, 60 minutes were spent on focal follow observations.
Group size of Risso’s dolphins ranged from 1 to 61 individuals, with a median
group size of 13 animals. Over 150 000 identification photographs were taken,
resulting in 34 000 high quality ID photographs (Q ≥ 3). During 553 encounters
(93%), 100% identification was achieved.
Individual identification and sightings

We sighted a total of 7332 individuals, of which 752 individuals were identified
from both sides, 152 individuals were identified from the right side and 124
individuals were identified from the left side, resulting in a minimum of 876
(both sides + left side) and 904 (both sides + right side) identifications and a
maximum of 1028 (both sides + left side + right side) identifications.
Table 1. Percentage of individuals per category of dorsal fin scarification (over all left and all right sides)
of the total identified population (n = 1028) of Risso’s dolphins (Grampus griseus) and the population
used in the analyses (n = 183).
Scarification category

Scarification (%)

All individuals (%)

Analysed individuals (%)

>75

7

18

Severe

50-75

24

31

Moderate

25-50

30

24

Limited

10-25

23

18

Very limited

5-10

5

4

Amputation

Variable

11

5

100

100

Very severe

Total (%)

Repeated matching of single left and single right sides and cross-matches
between individuals in the catalogue by three researchers indicated only a small
number of possible unmatched pairs of left and right identifications, missed
matches (double counts) and mismatches (underestimation). Additionally,
the fraction of the identified population with very limited scarification, was
low: 5% for the total population and 4% for the analysed population (Table 1).
Moreover, calves, with the least scarification, were identified unambiguously
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as a result of their mothers' presence. Therefore, the chance for mismatches
and missed matches were deemed low and analyses were conducted using the
1028 identified individuals. The number of sightings per individual ranged from
1 to 61 (median (SD) sightings of 2 ± 10.4; median (SD) resightings of 4 ± 12.0).
Sixty-three percent of individuals were resighted, of which 50 individuals were
sighted 30 times or more, indicating strong site fidelity by these individuals
(Fig. 4). Almost half of the population (47.2%) was identified in 2004, followed
by 28.3% in 2005, and 24.5% in 2006. During all three research years, between
47.2% and 51.8% of the identified population were sighted.
40

Percentage of individuals

35
30
25
20
15
10
5
0
0

1

2-5

6-10

Number of resightings

11-30

31-60

Figure 4. Frequency distribution of resightings of Risso’s dolphins (Grampus griseus).

Population size and structure

Analyses of the rate at which new individuals enter the data set suggest a
population size >1028 individuals (Fig. 5). Forty-three percent of the population
were adult, of which 13% could be identified as adult females (Table 2). A large
part of the population consisted of sub-adults. Calves comprised >15% of the
population. We found it interesting that identifications over the years showed
strong variation between the age classes. Adult females and their calves were
resighted fewer times between years than other adults, while subadults had the
highest chance of being resighted between years.
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Table 2. Age class composition (number and percentage) of the identified population and the
percentage of individual Risso’s dolphins (Grampus griseus) that were sighted during all three research
years.
Age class
Adult (male or female)
Adult female (AF)
Calf (C)
Subadult (SA)
Total

Number of
individuals
305
135
158
425
1023

Percentage of
total
30
13
15.5
41.5
-

Percentage of individuals sighted
from 2004 to 2006
26.2
8.8
6.4
48.9
29.9

Note: For 5 individuals, the age class could not be determined from photo-identification photographs.

Figure 5. Number of identified individuals as a function of the cumulative number of identifications for
all identified individual Risso’s dolphins (Grampus griseus).

Associations

In total 447 encounters of Risso’s dolphin groups (6446 sightings of individuals)
were used in further analysis of social structure (focal follow ≥15 min; 100%
identification). A total of 183 individuals (4290 sightings; 18% of individuals)
were sighted on ≥10 sampling days. In total, 22% of all possible associations
were observed, with a mean AI of 0.04 (SD = 0.02). Permutation tests showed
that the observed associations differ significantly from random (p < 0.00001).
Cluster analysis revealed several clear patterns of association. Table 3 shows the
characteristics of association for the different age classes, which is summarized
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by the dendrogram in Fig. 6. It appears that 50% of the individuals form strong
associations that were organised either in pairs or clusters. A large portion of our
sample (38%) was organised in long-term, stable clusters or pods. Pair-formation
(outside clusters) was less prominent and constituted 12% of the individual
associations. What became apparent is that patterns of association varied
widely between age classes as well as possibly between sex classes. Adults that
have never been observed with calves are predominantly organised in clusters.
In contrast, adult females and their calves are either organised in pairs (37%)
or form singleton units (58%). Calf association was analysed by the mothercalf pair unit. No lone calves were present in the population. Not-associated
calves were mother-calf pairs without stable associations. The ≥10-sighting
criterion “splits” several mother-calf pairs by excluding only the calf from the
analysis, which left 14 calves compared with 19 adult females. This breaking up
of mother-calf pairs was fixed by using the ≥5-sighting criterion (see below). For
subadults, identified by a low degree of scarification and dark body colouration,
yet another pattern emerges: most subadults (83%) lack strong associations.
Using the ≥5-sighting criterion rather than the ≥10-sighting criterion did not
substantially alter the results for the adults (males or females) and subadults
(Table 3). However, the pattern did change for the adult females and their calves,
which showed an increase in the degree of cluster formation for adult females
(5% - 30%). This cluster formation apparently was based on pairs, because the
relative percentage of pairs decreased (37% - 10%), while the percentage of notassociated females remained similar (58% - 60%) when using the ≥5-sighting
criterion. The highest number of mother-calf pairs was sighted between 5 and
15 times, a significant number of which was removed from the data set when
the ≥10-sighting criterion was used. By removing part of the cluster associates
(sighted <10 times), clusters are broken up into pairs of individuals (sighted ≥10
times). Therefore, association patterns of adult females and their calves were
further analysed based on the ≥5-sighting criterion.
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Figure 6. Detail from the dendrogram from cluster analysis (sightings ≥ 10 and sightings ≥5 for adult
female and calf ), showing four clusters (S2, S5, S9 and M1-3) and 6 not-associated individual Risso’s
dolphins (Grampus griseus). Individuals are denoted by their specific individual code and their age class.
A = adult (male or female), AF = adult female, C = calf and SA = subadult.

Table 3. Social organisation of individuals per age class of Risso’s dolphins.
Age class

Adult
(male or female)
Adult female (AF)
Calf (C)
Subadult (SA)
Total

Individuals sighted ≥ 10 times
Individuals sighted ≥ 5 times
Pairs Clusters
Not
No. of
Pairs Clusters
Not
No. of
individuals (%)
(%) associated individuals (%)
(%)
associated
(%)
(%)
97
6
67
27
131
8
54
38
19
14
53
183

37
29
11
12

5
0
6
38

58
71
83
50

43
40
114
328

10
5
16
11

30
35
4
31

60
60
80
58

Clusters

We identified a total of 16 clusters that were composed of stable associations
(AI ≥ 0.5) of >2 individuals (Table 4). Cluster size ranged from 3 to 12 individuals,
with a mean of 6. Individuals found in clusters were among the animals with
the highest sighting rates. This is especially true for clusters 1-6, which showed
a high degree of site-fidelity in the area. Two types of clusters emerged, both
of uniform composition: clusters composed of adults (1 - 13) and clusters
composed of adult females with their calves (14 - 16). A small number of
adult clusters contained subadults and one contained a single adult female.
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Table 4. Characteristics of all clusters, using the criteria of sightings ≥10 times (nos. 1-13) and sightings
≥5 times (nos. 1-16), showing the mean number of sightings, number of years sighted, cluster size, and
age class composition, as well as the mean association index (AI) and the range of maximum AIs
between all cluster members of Risso’s dolphins (Grampus griseus). A = adult (male or female), AF = adult
female, C = calf and SA = subadult.

This suggests that associations within age and sex classes are favoured over
those between classes. The mean AI between cluster members ranged from
0.53 to 0.97. Clusters are further broken down into pairs and triplets. A large
portion of the clusters had extremely high within-cluster associations, differing
between pairs and reaching maximum AI of 1.0. Pods S9, S5, S2, S16 and S31,
which were all composed entirely of adults, had high mean association indices
(>0.9). Pods S1, S2, and S4 have been observed as of 2000 and pods S5 and S9
were observed as of 2002. During these two periods, none of these adults, or
any of the other adults that formed stable clusters, were ever observed with
a calf. Therefore, we assumed that these individuals are all males. Five adults,
from pods S4, S5, S8 and S19 were sexed as males, as we had a clear view of
their genital area, were all males. In addition, behavioural observations of active
participation in mating behaviour corroborate these findings, as well as the
white, heavily scarred colouration patterns and robust body build of these
individuals. Cluster association was not limited to certain behavioural contexts:
pod members are observed resting, travelling and socialising together as a
group. The clusters formed basic units that were part of larger groups for short
periods of time (< 1 day); we left these groups in their original compositional
state. One individual of the S2 pod (S2d “Skinny”) was not sighted during the
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entire season of 2006, although this individual was observed since 2000 within
the S2 pod. Therefore, he was assumed to have died, which resulted in a low
mean AI (0.67) with his pod’s members during the 2004-2006 period.

Discussion
The present study has yielded the largest identified population of Risso’s dolphin
known to date, with 1028 individuals recorded during the 3-year period. In
addition, a high number of encounters and high resighting rates of individuals
allowed us to make strong inferences on the social organisation of this population.
Site-fidelity

The highest number of the individuals (63%) was resighted during the study
period, with a third of the identified dolphins being sighted each year. The
high number of resightings, ranging up to 60, indicated strong site-fidelity
by individuals to our study area, which is a relatively small research area that
probably covers only part of their range. If the research area was increased and
stable or increased resighting rate of individuals within and between years were
found, then one could conclude that a resident population of Risso’s dolphins
was present in the Azorean waters.
The Risso’s dolphins identified in this study likely formed a single social network.
Although interanimal differences existed in the number of (stable) associates
and possibly in the range patterns of individuals, the population showed a dense
network of associations (22% of all possible relations were observed) that lacked
outliers. It is possible for two distinct cetacean populations to use the same area;
for example, separate populations of killer whales have been characterized by
differences in behaviour, habitat-use, morphology, diet and (or) social organisation
(Bigg et al. 1990; Baird and Whitehead 2002). We found no evidence of these types
of differentiation in our population of Risso’s dolphins population, but instead,
found individual differences that were largely based on age and sex classes. Such
differences in sperm whales in Azorean waters could indicate that females and
their calves have different residential patterns compared with males (Lyrholm
et al. 1999; Matthews et al. 2001). However, since both male and female Risso’s
dolphins, as well as individuals of all age classes, were recorded year-round, it is
unlikely that this separation also exists at the population level.
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Social Structure: stratified social units

Adult Risso’s dolphins are predominantly organised in pairs. However, apparently
one strong association was not enough, as a high number of pairs was further
associated into stable clusters composed of 3-12 individuals. Remarkably, these
clusters have a highly uniform structure, which is composed of either adults
(never observed with calf ) or mother-calf pairs. At cluster-level, association
patterns among males and among females, as well as associations between
the sexes, appear to diverge.
Our study showed stratification based on age and sex classes in a Risso’s
dolphin population. A degree of food-source partitioning, seen between males
and females and between age classes of Risso’s dolphins off the east coast of
South Africa (Cockroft et al.1993), also pointed towards the possibility of social
stratification based on these characteristics. In addition, Amano and Miyazaki
(2004) reported the absence of mature males in one school of 79 Risso’s dolphins
caught in Japanese waters. They suggested that mature females of similar
reproductive condition associate together, whereas young animals leave their
natal group around puberty.
Similar patterns in group stability of cetacean species of similar size were
found (Bräger 1999). Our findings showed basic characteristics of the fissionfusion model, as noted in similar-sized odontocetes; i.e., part of the identified
population had no stable associations (AI ≥ 0.5) and females showed various
patterns of association that were possibly based on their reproductive stage. In
addition, both male and female subadults left their natal pods. Also, it can be
profitable to form male alliances in fission-fusion societies as seen in bottlenose
dolphin populations.
However, in contrast with fission-fusion societies, the majority of adult Risso’s
dolphins were organised in pods, which are basic and easily discernible units
of the population. Additionally, the social organisation of Risso’s dolphins was
strongly stratified based on age and sex classes. The loose formations observed
were mainly seen in subadults. These features do not comply with a fluid society,
but bear more resemblance to the lifelong, stable groups seen in matrilineal
societies as reported for several other deep-diving cetaceans (pilot whale, sperm
whale) and killer whales. In contrast, however, the pods of Risso’s dolphins pods
were first formed during subadulthood and were uniformly composed of either
adult males or mother-calf pairs; i.e., they were not composed of matrilines.
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Risso’s dolphin, sized between the fission-fusion bottlenose dolphins and
the matrilineal pilot whales, also showed characteristics of social structure
that placed them in between these two species. Here, we believe diet to play
a key role in the evolution of Risso’s dolphin society. The fission-fusion society,
generally displayed by small fish-eating cetaceans appears to form the basis of
the organisation of Risso’s dolphins. We hypothesize that their diet of deep-sea
cephalopods (instead of fish) has driven the evolution of stable patterns, rather
than to more fluid structures. All teuthophagous cetaceans of which social
structure has been revealed form stable pods. For deep-diving cetaceans, this
stability apparently imposes substantial benefits in social support (calf care)
and possibly foraging benefits. Thus, we suggest a new model for the social
organisation of Risso’s dolphin that is based on a stratified community of highly
associated social units grouped by age and sex classes.
Stratification based on age and sex classes

The benefits of living in groups have been addressed by a number of authors (for
an overview see Connor 2000). Social benefits of group living include predator
defense, foraging benefits and social support. Risso’s dolphins around the
Azores face predation from sharks and killer whales. Several observations were
made of wounded animals, especially calves. Cooperation during foraging dives
in deep-diving cetaceans has been suggested (e.g., sperm whale, Whitehead
2003), whereby individuals benefit from each other by searching a larger
area for food than would be possible alone. Dietary studies from other areas
have shown that Risso’s dolphin feeds primarily on solitary, evenly and widely
distributed species of cephalopods (e.g., Cockroft et al. 1993). As dive duration
is limited and their prey-species dwell in deep waters, collective searching of
an area might prove beneficial over solitary hunting. During foraging dives,
teuthophagous cetaceans have to leave their calves at the surface for at least
several minutes. The females partly overcome this problem by reciprocal social
support, which involves alloparental care (e.g., sperm whale, Whitehead 1996).
Adult Females and Calves

As for all other cetaceans, the mother-calf bond is very strong and forms the
base of female social organisation (Whitehead and Mann 2000). Adult females
showed several patterns of associations; they can either be organised in pairs
or clusters or are not associated (according to the AI ≥ 0.5 criterion). The
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stable associations in pairs and clusters are formed with other females and are
composed of aggregations of mother-calf pairs. However, we were unable to
recognize with certainty adult females with no calves, so our inferences for adult
females should be treated with caution.
Resightings between years varied between the age classes and were lowest
for adult females and their calves. This could indicate age- and sex-differentiated
ranges of dispersal. If so, and counter-intuitively, inferred ranges of females with
calves would be larger than that of other individuals. A possible explanation
could be that female Risso’s dolphins with calves have to be more selective and
dynamic in their choice of feeding grounds. To minimize dive duration (during
which the calf is most vulnerable), feeding locations with shallow depths may
be preferred over deeper depths. Also, the grouping of females with calves has
the drawback of being more noticeable to predators. Perhaps, this problem is
overcome by the females moving between patches of good feeding grounds.
As they have to be relatively more selective than other individuals and cannot
stay put at one good location, the relative range of dispersal range of females
with calves will be higher than that of individuals who do not have care for
young.
Adult Males

Based on the long-term absence of calves, corroborated by behavioural (and
genital area) observations, severity of scarification patterns, and body-build of
its members, we suggest that adult pods are uniformly composed of males. This
would be the first time that large, stable units consisting only of adult males have
been documented in odontocetes. Stable, long-term male associations were
first reported for bottlenose dolphins. However, these consisted of a maximum
of three males. Larger alliances occur, but are less stable and seem to function
predominantly to access females (Connor et al. 1992, 2001). In contrast, the male
pods observed in our study form a basic unit of Risso’s dolphin society, with
males cooperating throughout the entire range of behavioural contexts (Gero et
al. 2005). Also, more often than not, pods are encountered as a distinct group and
not as part of a larger congregation of individuals. Based on body colouration,
stability of male clusters seems to increase as individuals age; i.e., strongest
bonds occur between animals of whitest colouration. The strength of stability
varies between clusters. Male formations seem stronger than female formations,
as females may adapt their patterns of association towards depending calves.
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Our results indicate a strong selection towards alliance formation and
cooperation in male Risso’s dolphins. As for bottlenose dolphins, stable
associations may lead to reproductive benefits through cooperation. Inferences
on Risso’s dolphin mating strategy derived from relative testis size suggests a
multiple male breeding system for this species (Perrin and Reilly 1984), which
would be consistent with the high competition between males. The individual
S5a “Chicco” was clearly observed mating with a known female in the presence of
all four of his S5-cluster members. Additionally, teuthophagous cetaceans likely
gain feeding benefits from cooperative foraging. Primarily, in order to form large,
stable groups, feeding conditions have to be sufficient to sustain these groups.
This is especially true for groups with a high site fidelity, as we found in our
study. In contrast with male sperm whales, who migrate to high latitude feeding
grounds and lead a largely solitary life (Lyrholm et al. 1999), group living might
be a strategy adopted by male Risso’s dolphins to increase foraging success.
Subadults

Apparently, ageing calves, i.e., becoming subadults, do not maintain the
association patterns of their mothers. Instead, subadults leave their natal
pods and show a lower degree of stable associations (pair-formation) with
other subadults. Higher levels of association do occur, but are less stable than
those observed in adults (e.g., at AI ≥ 0.3). The associations between subadults
again points at stratification between age and sex classes. Future patterns of
association remain uncertain, as it appears that young adults form new pods.
Alternatively, individuals (or possibly pairs) could join existing pods. However,
the present study did not support the latter hypothesis, as pod composition
was highly stable.
Regulation of pod size

The pod size of Risso’s dolphins ranged from 3 to 12 individuals. In the light
of optimizing foraging and reproductive benefits, this range appears to be
rather wide. The presence of foraging benefits by cooperative hunting in
teuthophagous cetaceans is still uncertain. However, the group tendency of
teuthophagous cetaceans is to hunt simultaneously in the same area. Sperm
whales are even known to dive “lined-up” (Whitehead 2003). As such, foraging
benefits are likely influence group size. Characteristics of reproductive benefits
are expected to vary between males and females. For male bottlenose dolphins,
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the optimal stable group size is three (Connor et al 1992, 2001). Apparently, for
three males, the balance of access to females which have to be shared with
alliances, is optimized. The same could be true for Risso’s dolphins. In this case,
reproductive benefits would drive down male pod size (group size of three
is the smallest pod found). For females, reproductive benefits are primarily
related to calf survival (Whitehead and Mann 2000). Here, the benefits of social
support will effect an increase in group size. Hence, female pod size will be
positively influenced by both forces, while male pod size will be a trade-off
between foraging and reproductive benefits (Fig. 7). The data indeed show
that most large pods are composed of females and their calves. Male pods are
highly variable in size. We propose a third force that effects the group size of
Risso’s dolphin, that of “habitat defence”. As male Risso’s dolphins do not seem
to disperse from the population, males will constantly share the same area.
As such, it may prove beneficial to be organised in larger groups, in order to
outcompete other male alliances for access to females and possibly foraging
grounds. Temporary and unstable large alliances of male bottlenose dolphins
have been found, in relation to competition for females (Connor et al. 1992,
2001). Active intermale and interpod competition was regularly observed
during this study. Also, pods of Risso’s dolphins, generally males, were observed
several times harassing pilot whales, sperm whales and (on one occasion) false
killer whales (Pseudorca crassidens).
In conclusion, we found that Risso’s dolphins off Pico island have a complex
social structure where individuals may belong to stable, long-term units,
to a strongly associated pair, or have no long-term associations. Association
patterns varied between age classes, being most stable in adult males and most
fluid in subadults. The society was structurally based on preferred associations
between individuals of the same age and sex class. Highly stable pods of 3 to
12 individuals were formed both by adult males and by adult females, forming
basic units of Risso’s dolphin society. Large, stable groups of males have not
been reported for cetacean species until now. Their teuthophagous diet was
probably a primary force in the evolution of these pods. However, stability
was not found for all life stages (young adults, females without calves), and
therefore cannot be the only, or dominant driving force. For females, additional
driving forces behind pod formation most likely included social support for calf
care, while for male Risso’s dolphins, the largest benefits are likely gained by
access to females. It seems that males did not disperse from their natal grounds,
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suggesting that some strategy to avoid inbreeding should be present in the
mating strategy of Risso’s dolphins. As such, Risso’s dolphin society differs from
all models of cetacean society described to date, thus providing new insights in
the structuring of social organisation of mammals in the marine environment.

Figure 7. Proposed driving forces for optimum male and female pod size in Risso’s dolphins (Grampus
griseus). Strength of the driving forces is not static and will depend on male and female life stages, as
well as external factors such as food supply and the presence of competitors and predators.
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Supplementary material

Figure A1. Dendrogram from the cluster analysis showing all individuals Risso’s dolphins (Grampus
griseus) sighted ≥10 times. Individuals are denoted by their specific individual code and their age-class.
A = adult (male or female), AF = adult female, C = calf and SA = subadult.
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Chapter 5. Risso’s dolphins alter daily resting pattern in
response to whale watching at the Azores
Fleur Visser, Karin L Hartman, Ente JJ Rood, Arthur JE Hendriks, Daan B Zult, Wim
J Wolff, Jef Huisman, Graham J Pierce

Abstract
Behavioral responses of Risso’s dolphins (Grampus griseus) to whale watching
vessels were studied off Pico Island, Azores. Dolphin behavior was studied
from a land-based lookout, enabling observations of groups in the absence
and presence of vessels. The number of whale watching vessels showed a
clear seasonal pattern, dividing the whale watching period into a low season
and a high season. During the low season, Risso’s dolphins rested mainly in
the morning and afternoon. During the high season, Risso’s dolphins rested
less and did so mainly at noon, when the number of active vessels was lowest.
Data analysis using a generalized additive mixed model (GAMM) indicated that
this change in resting behavior was associated with vessel abundance. When
more than five vessels were present, Risso’s dolphins spent significantly less
time resting and socializing. During the high season, this vessel abundance was
exceeded during 20% of observation days. While we cannot be sure that the
observed changes in behavior have fitness consequences for Risso’s dolphins,
reduced resting and socializing rates can have negative impacts on the buildup of energy reserves and on reproductive success. We suggest the adoption
of precautionary management measures to regulate the timing and intensity
of whale watching activities.

This chapter is based on the paper: Visser F, Hartman KL, Rood EJJ, Hendriks AJE, Zult DB, Wolff
WJ, Huisman J, Pierce GJ (2011). Risso’s dolphins alter daily resting pattern in response to whale
watching at the Azores. Marine Mammal Science 27:366-381.
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Introduction
Whale watching tourism has grown to a great extent over the last few decades,
leading to a strong rise in the exposure of cetaceans to boat traffic and interactions
with humans (Miller 1993, O’Connor et al. 2009). Although marine ecotourism
can benefit the conservation of cetacean species through the increase of public
awareness (Duffus and Dearden 1990), whale watching activities also may
have harmful effects on the animals. Cetaceans have shown a range of shortterm to long-term behavioral reactions to whale watching vessels, several of
which seem comparable to predator-avoidance responses (e.g., Williams et al.
2002). These responses include horizontal and vertical avoidance (Janik and
Thompson 1996, Nowacek et al. 2001, Williams et al. 2002), changes in activity
and energy budgets (Lusseau 2003a, b, 2004; Williams et al. 2006), changes in
habitat use (Baker and Herman 1989, Allen and Read 2000), displacement (Kruse
1991, Lusseau 2005), and in some cases a decline in abundance in small resident
populations (Bejder et al. 2006).
The nature and strength of cetacean responses to whale watching have
been linked to the intensity, noise and conduct of the vessel traffic and to
intrinsic factors such as the sex of individuals, habituation and behavior prior to
exposure (Erbe 2002, Bejder et al. 2006, Stensland and Berggren 2007, Williams
and Ashe 2007). It can be difficult to relate any observed short-term response
to whale watching vessel presence to long-term biological effects on cetacean
populations. However, changes in behavior often are related to the energy
budget of individuals, and therefore can provide information on the biological
significance of an impact at the population level (Bejder and Samuels 2003).
Whale watching tourism in the Azores has been growing rapidly since its start
in 1992. In 2004, fifteen tour operators offered daily trips from seven islands of
the Azores, the islands of Pico and Faial being the main centers of activity. Local
legislation to regulate whale watching activities was implemented in 1999,
including guidelines on approach distances, duration of interactions, angle of
approach and maximum number of vessels allowed per cetacean group (Carlson
2008). However, Magalhães et al. (2002) found that only 54% of whale watching
vessels fully complied with these regulations when targeting sperm whales.
Due to the presence of cetaceans in inshore waters, whale watching vessels
can be guided very efficiently by an observer from land, making it difficult for
targeted cetaceans to avoid vessel encounters.
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Risso’s dolphin (Grampus griseus) is one of the target species of the whale
watching activities in the Azores (Gomes Pereira 2008). They are relatively shy
cetaceans and do not readily approach boats (Tinker 1988). Off Pico Island, more
than 1,000 individuals have been identified, many of which are present in the
inshore waters on a regular basis. Risso’s dolphin individuals show high site
fidelity in the area, as well as a complex social organization involving stable,
long-term bonds and age- and sex-specific social segregation (Hartman et al.
2008). A considerable part of the identified population is composed of mothercalf pairs, suggesting that the area may serve as a nursery ground. These factors
make Risso’s dolphins in the Azores potentially vulnerable to disturbance.
In this paper we investigate the effects of whale watching vessel presence
and abundance on the behavior of Risso’s dolphins around the Azores. Since
Risso’s dolphins can be observed readily in Azorean inshore waters, we were
able to use land-based observations, which have the advantage of eliminating
possible confounding effects of a research vessel (Williams et al. 2006).

Methods
Research area

From May 1 until October 28, 2004, daily land-based observations were made
from a fixed look-out at 30 m above sea level on the south coast of Pico
island, Azores (38°24' N, 28°11' W). The observations were conducted using
Steiner Observer binoculars (Steiner Binoculars, Bayreuth, Germany), with 25x
magnification and 80 mm objective lenses. The sighting range from our landbased look-out was determined empirically by recording the GPS locations of
our research vessel at the limits of the sighting range. Results indicate that the
sighting range from the look-out was 20 km offshore, encompassing a research
area of 367 km2 (Fig. 1). Risso’s dolphin presence could be determined reliably
up to 15 km offshore. Whale watching companies operating in the research
area generally organize two trips per day. Trips usually last 3-4 hours, starting
at 09:30/10:00 and at 14:00/14:30, with occasional evening or whole-day trips.
Most vessels observed in the research area depart from the harbor of Lajes do
Pico (Pico Island); the remainder depart from Madalena (Pico Island), or Horta
(Faial Island).
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Figure 1. Location of the Azores in the North Atlantic Ocean (left panel). Location of the lookout in Santa
Cruz (SC), and the harbors of Madalena (M), Lajes do Pico (L), and Horta (H) from which the whale
watching vessels depart (right panel). The outline indicates the research area off Pico Island covered by
our land-based observations from the lookout in Santa Cruz. Bathymetry map of the North Atlantic
Ocean was reproduced from the GEBCO Digital Atlas (IOC, IHO and BODC 2003)

Data collection

Observations were conducted daily, at regular intervals between sunrise and
dawn. Two types of sampling were used: surveys and focal follows. Sea state
on the Beaufort scale (Bft), visibility and weather conditions were recorded at
the start of each observation. Standardized surveys, conducted at the start of
all observations, consisted of a scan of the research area, recording the number
of Risso’s dolphin groups and individuals and the number of whale watching
vessels present (point sampling; Mann 1999). The presence of fishing vessels
and recreational vessels was also recorded. The area was scanned twice to
account for individuals submerged or missed during the first scan. Surveys had a
duration of 15-30 min and were spaced at least 2 h apart to obtain independent
samples.
Behavioral observations recorded during focal follows consisted of
sampling of group size, group composition, location, direction and speed of
travel, group spacing, display events and behavior of Risso’s dolphin groups,
using a standardized ethogram (Mann 1999). Behavioral parameters were
recorded once every minute. The relatively small average group size of Risso’s
dolphin largely rules out the vulnerability to sampling bias of focal group
sampling (Bejder and Samuels 2003, Hartman et al. 2008). Focal groups were
followed for at least 15 min, unless the group moved too far offshore for reliable
observation or sighting conditions deteriorated. We recorded the number of
whale watching vessels present at the start of each observation, and the timing
of vessels entering and leaving the research area during the observations.
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Behavior of Risso’s dolphin

A group of Risso’s dolphins was defined as a set of individuals which interacted
socially and/or showed coordinated activity in their behavior (Whitehead
2003). In general, Risso’s dolphins in the area formed tight groups with interanimal distances <4 body lengths. The largest group spacings, up to 15 body
lengths, were usually observed during foraging. We distinguished four mutually
exclusive behavioral types: resting, traveling, socializing and foraging (Altmann
1974, Shane 1990). Resting was defined as individuals organized in cohesive
group formation characterized by calm, regular surface behavior, moving at low
speed, with events of logging individuals (floating at or just below the water
surface). Traveling was defined as individuals moving steadily in a directional
path, at normal to high speed. Socializing behavior was defined as individuals
showing inter-animal interaction (contact) and regular surface display events in
cohesive group formation, with larger socializing groups generally organized in
dynamically interacting sub-groups. Foraging behavior was defined as loosely
spaced individuals or pairs, with individuals displaying regular, long, nonsynchronized dives.
The behavioral budget and group size of Risso’s dolphin were determined
from focal follow data. Activity rates were calculated on hourly and monthly
time scales from the cumulative time over which a behavioral state was
observed divided by the total effort of focal follow observations during that
period. Relative abundance of Risso’s dolphins was calculated as the average
number of individuals present per survey. Surveys at Bft >3 or at limited visibility
and focal follows <15 min were excluded from analysis.
Intensity of whale watching

The intensity of whale watching was determined by calculating vessel
abundance on hourly, daily and monthly time scales. Whale watching intensity
was monitored during the entire research period, including days of rough sea
state conditions (Bft>3). Seasonal patterns were quantified by calculating the
total number of vessels frequenting the research area per observation day.
Based on seasonal variation in whale watching intensity, the research period
was divided into a high season (July and August) and low season (May, June,
September and October). Daily patterns were quantified by calculating average
vessel abundance at 1 h intervals.
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Statistical analysis

We used generalized additive mixed models (GAMMs; Wood 2006, Zuur et
al. 2009) to analyse effects of vessel abundance in the research area on the
behavior of Risso’s dolphins. In addition to vessel abundance, we included
effects of time of day (h) and time of year (mo). Dolphin behavior is likely to
vary on different temporal scales and may, for example, show daily and seasonal
variation irrespective of vessel abundance.
GAMMs were used because (i) initial data exploration showed nonlinear relationships between dolphin behavior and vessel abundance, and (ii)
observation records within focal follows were correlated. As the data are binary
(presence or absence of behavioral type), we used a binomial distribution with
a logistic link function. The full GAMM predictor function is given by:

Yij ~ B(p ij ,1)
logit (p ij ) = a + f (Vesselsij ) + Monthij + Hourij + ai + eij
where Yij is the presence/absence of a given behavior in the jth observation
record of focal-follow number i. The presence of a given behavior is assumed
to be characterized by a binomial distribution B(πij,1) with probability πij for
each observation record. A GAMM was applied separately to each of the four
behavioral types. The logit function contains an intercept a and a smoothing
function, f(Vesselsij), describing non-linear effects of vessel abundance on
dolphin behavior. The smoothing function was estimated by thin plate splines,
and the optimal amount of smoothing was estimated using cross-validation
(Wood 2006). The factors Hourij and Monthij were fitted as categorical variables.
The random effect ai takes into account the fact that observation records
within the same focal follow are correlated; it is assumed to be normally
distributed with mean 0 and variance σa2. We allowed for additional temporal
autocorrelation between observation records by imposing an auto-regressive
correlation structure of order 1 (AR1 model) on the residuals εij (Pinheiro and
Bates 2000, Zuur et al. 2009). Various models were fitted using different subsets
of the explanatory variables, and the optimal model was selected using the
Akaike Information Criterion (AIC; Akaike 1973). If the optimal models showed
significant effects of the categorical variables Hour or Month, post-hoc testing
was conducted to investigate the contrasts between different hours and months.
Post-hoc testing involved re-running the optimal model, each time selecting a
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different hour or month as the new baseline value. A Bonferroni correction was
applied to the p-values obtained in post-hoc testing (Dalgaard 2008).
GAMM analysis was carried out using the mgcv package in R, version
2.9.0 (Wood 2006, R Development Core Team 2008). All other statistical tests
were performed in SPSS, version 12.0. A significance level of 0.05 was used for
all analyses.

Results
Research effort

During 172 observation days, we conducted 448 focal follows and 87 surveys
during suitable environmental conditions. The focal follow observations yielded
8238 observation records (of 1 minute each) in total, with 4156 observation
records in the low season and 4082 observation records in the high season.
Intensity of whale watching

A total of 487 vessel visits was recorded in the research area, including 460
visits of whale watching vessels and 27 visits of fishing vessels and pleasure
boats. Thus, whale watching vessels constituted almost 95% of all vessels
visiting the research area. Whale watching vessels were present during 42%
of the observation days. The whale watching season started in spring, with
one observation of vessel presence in May and daily activities starting in midJune. Vessel abundance strongly fluctuated over the research period, showing
significant differences between months (Kruskal-Wallis Test, H= 93.1, df=5;
P<0.001) (Fig. 2). During the high season months (July and August), we recorded
6.0 ± 4.7 (mean ± SD) vessels per day, while we recorded 1.0 ± 1.8 vessels per day
during the low season months (May, June, September, October).
The intensity of whale watching showed a bimodal distribution over the
day, resulting from the timing of the whale watching trips (Fig. 3). During the
high season, two peaks of high activity, from 10:00-13:00 and 14:00-17:00,
were separated by a period of less activity from 13:00-14:00. During the low
season, activities were centered primarily in the morning hours (10:00-13:00).
On average, we recorded 1.5 - 3 vessels at the same time during the high season,
and 0.5 - 1.5 vessels during the low season.
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Figure 2. Number of whale watching vessels per day observed during May-October 2004. Shaded area
indicates the low season, while the non-shaded area indicates the high season.

Figure 3. Daily distribution of whale watching vessels (mean ± SE), during the low season and high
season. Data are binned in 1-hour intervals (i.e., 8 = interval 8:00– 8:59).

Risso’s dolphin presence and abundance

The presence of Risso’s dolphin in the research area was largely continuous, with
records during 90% of the observation days and during 74% of the surveys. On
average (mean ± SD), we recorded 2.6 ± 2.5 Risso's dolphin groups per survey
(range: 0-14). Mean group size (± SD) was 11.1 ± 7.5 individuals with a median
group size of 10 individuals (range: 1-50). Risso's dolphin relative abundance
did not show significant differences between months over the study period
(Kruskal-Wallis test, H =10.2; df=5; P=0.07).
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Behavioral budget

Based on focal follow data, Risso’s dolphins spent a substantial portion of their
time during the low season traveling (38%), resting (31%), and socializing (22%),
and spent relatively little time foraging (7%). For the remaining 2%, behavioral
type could not be determined. They spent significantly less time resting (20%;
c2 = 124.2; df=1; P<0.0001) and more time socializing (33%; c2 = 155.8; df=1;
P<0.0001) during the high season than during the low season.
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Figure 4. Daily patterns of resting, socializing, foraging, and traveling (mean ± 95% CI), during the low
season (left panels) and high season (right panels). The behavioral budget is expressed as the average
activity rate per 1-hour interval (i.e., 8 = interval 8:00 – 8:59).
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Dolphin behavior varied during the day (Fig. 4). Foraging behavior was
observed mainly during the early morning and the latter half of the afternoon
(Fig. 4e,f ). A similar but less pronounced pattern was observed for socializing
(Fig. 4c,d). The time allocated to traveling remained fairly constant over the day
(Fig. 4g,h). There was a clear difference in the timing of resting between the
low season and high season (Fig. 4a,b). The low season was characterized by
a double-peaked resting pattern, with highest resting rates from 9:00 to 12:00
and from 14:00 to 16:00. During the high season, the morning peak of resting
activity was absent, while the main resting period was from 13:00 to 14:00 (Fig.
4b) when vessel abundance was lowest (Fig. 3).
Statistical analysis

The GAMM analysis revealed a high degree of temporal autocorrelation between
consecutive observation records (autocorrelation coefficients ranged from 0.8
to 0.9). That is, the behavior observed in one minute was very similar to the
behavior in the next minute. In addition, the GAMM analysis also pointed to
seasonal variation in dolphin behavior and to effects of vessel abundance.
The optimal model for each of the four behavioral types was selected using
AIC-values (Table 1). For resting behavior, the optimal model included the
covariates ‘Vessels’ as a smoothing function and ‘Hour’ as categorical variable
(model 5). For socializing behavior, the optimal model included the covariates
‘Vessels’ and ‘Month’ (model 6). For traveling and foraging behavior, the optimal
model included the covariate ‘Month’ only (model 2).
Table 1. AIC-values of the seven models included in model selection for the GAMM analysis. For each
behavioral type, the optimal model (lowest AIC-value) is indicated in bold. Models for which no AICvalue is given did not converge.
Model

Selected covariates

Resting

Socializing

Foraging

Traveling

1

Hour

27467

62052

574219

20930

2

Month

27189

27329

43843

20797

3

Vessels

26957

-

46345

20840

4

Hour + Month

27869

23013

574916

23561

5

Hour + Vessels

23159

-

-

86949

6

Month + Vessels

27999

15590

48020

33680

7

Hour + Vessels + Month

-

-

-

-
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The GAMM analysis showed a significant negative effect of vessel abundance
on resting behavior (Table 2). The probability of observing resting behavior
decreased when more than five whale watching vessels were present in the
research area (Fig. 5a). During the high season, this threshold value of more
than five vessels was exceeded in 317 observation records (i.e. 7.8% of the
observation records) spread over 10 observation days (20% of the observation
days). During the low season, the threshold vessel abundance of five vessels was
never exceeded. In addition, the analysis indicated hourly variation in resting
rates (Table 2). However, no significant differences between hours were found
in post-hoc testing.
Table 2. Statistical results from the GAMM models, investigating the dependence of the four behavioral
types on vessel abundance and temporal variables. Only variables significant at the 0.05 level are given.
Behavioral type

Factor

Resting

Socializing

Foraging

Traveling

Coefficient

SE

t

P-value

Intercept

-0.96

0.29

-3.26

0.001

Hour(8)

-0.48

0.24

-2.03

0.04

Hour(9)

-0.60

0.26

-2.27

0.02

Hour(13)

-1.19

0.37

-3.26

0.001

Hour(14)

-1.22

0.38

-3.20

0.001

Hour(15)

-0.92

0.37

-2.46

0.014

Hour(17)

-0.81

0.39

-2.09

0.036

Hour(18)

-0.92

0.41

-2.27

0.023

Smoother term

edf

df

Fedf,df

P-value

Vessels

3.92

7880

3.47

0.008

Intercept

-1.39

0.31

-4.50

<0.0001

Month (July)

0.91

0.35

-0.46

0.009

Smoother term

edf

df

Fedf,df

P-value

Vessels

4.9

7893

5.3

<0.0001

Intercept

-6.79

1.20

-5.59

<0.0001

Month (September)

2.70

1.31

2.08

0.03

Intercept

-0.76

0.36

-2.13

0.034

Month

1

1

n.s.

edf = effective degrees of freedom

1
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Figure 5. GAMM smoothing functions of (A) resting behavior and (B) socializing behavior as function of
vessel abundance. Dashed lines represent 95% confidence intervals. For comparison, the observed
resting (C) and socializing (D) rates as a function of vessel abundance are shown in the panels below.

Similar results were found for socializing behavior, which was also negatively
affected by vessel abundance (Table 2; Fig. 5b). In addition, significant differences
in socializing behavior were observed between months (Table 2). Post-hoc
testing confirmed that dolphins allocated significantly more time to socializing
in July than in August and September (P=0.001 and P=0.027, respectively). The
time allocated to foraging showed weakly significant monthly variation (Table
2), but no significant differences between months were found in post-hoc
testing. Monthly variation in traveling behavior was not significant.
Overall, the GAMM analysis showed that Risso’s dolphins (i) displayed
seasonal patterns for socializing; and (ii) spent less time resting and socializing
during periods of high vessel abundance.

Discussion
Behavioral shifts induced by vessel presence

The number of whale watching vessels in the research area showed a clear
seasonal pattern, dividing the whale watching period in a low and a high season.
Risso’s dolphin displayed changes in behavioral patterns in concordance with
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these two seasons. During the low season, Risso’s dolphin displayed a bimodal
resting pattern; their resting rate peaked at around 11:00 and 15:00. During the
high season, this pattern changed into a single peak, with highest resting rates
at around 13:00. Whale watching vessels usually went out on two daily trips, one
in the morning and one in the afternoon. As such, the peak resting activity of
Risso’s dolphin during the high season was shifted to the hours of lowest whale
watching intensity, at lunch-break. In addition, resting rates were significantly
lower during the high season.
This was not merely a seasonal behavioral pattern. The GAMM results suggest
that, once vessel abundance was taken into account, there was no significant
seasonal variation in the probability of observing resting behavior. The analysis
did reveal some variation in resting behavior on an hourly time scale, although
post-hoc testing did not reveal significant differences between specific hours of
the day. However, resting rate showed a significant negative relationship with
vessel abundance. The probability of observing resting behavior decreased
when more than five whale watching vessels were present in the research
area. Events with more than five whale watching vessels were recorded only
during the high season, indicating that effects of vessel abundance on resting
behavior were concentrated in this period. While models including an effect
of vessels, but no effect of month, performed better than models including an
effect of month, but no effect of vessels, it is evident that the high collinearity
between these two variables makes it difficult to reliably distinguish between
their effects.
The time allocated to socializing behavior showed a significant negative
relation with vessel abundance when more than five vessels were present in
the area. Again, this effect was restricted to the high season, the only time this
many vessels were recorded in the area. During the high season, socializing
rates were significantly higher in July than in August and September. Increased
social interactions between individuals are likely to indicate the timing of the
breeding or the calving season.
Foraging

The incidence of foraging behavior did not show a pattern related to whale
watching vessels present, which may indicate that this behavioral type is less
sensitive to disturbance by whale watching vessels. However, foraging occurred
primarily outside the high-intensity hours of whale watching. Foraging activities
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were concentrated during the early morning and late afternoon, while very little
foraging activity was recorded between 10:00 and 15:00. Low foraging rates
observed during daytime might be explained by night-time foraging on deepsea squid, as has been observed for Risso’s dolphin and short-finned pilot whales
(Globicephala macrorhynchus) off California (Shane 1995). Spinner dolphins
(Stenella longirostris) living in the somewhat comparable habitat of the Hawaiian
archipelago show a similar diurnal behavioral pattern of high day-time resting
rates in inshore waters and foraging activity during the late afternoon and night
(e.g. Lammers 2004, Danil et al. 2005). The spinner dolphins enter sheltered bays
during day-time, probably to reduce the chances of deepwater shark predation
(Norris and Dohl 1980). Night-time foraging and day-time sheltering in inshore
areas may explain the relatively high resting rate of Risso’s dolphin observed
during the day (25%), compared to other cetaceans (Moberg 2000, Constantine
et al. 2003, Lusseau 2003a).
Ecological significance

Risso’s dolphins were present almost continuously in the study area and previous
research in the area has shown high site-fidelity of individuals and the presence
of calves (Hartman et al. 2008). According to the behavioral budget recorded in
our study, the dolphins displayed a variety of behaviors with considerable time
dedicated to social behavior and resting during the day.
These results suggest that the waters off Pico Island function as a resting,
foraging and nursery area for the population of Risso’s dolphins, and do so on a
daily basis for at least part of the population inhabiting the inshore waters. Areas
used for nursing, resting, foraging and/or socializing form important habitats
for cetaceans (Hoyt 2005a). We observed an overall reduction in resting rates
and a shift in the daily resting pattern during periods of high whale watching
vessel abundance. Socializing rates also decreased when many whale watching
vessels were present. This is consistent with previous work on bottlenose
dolphins, which spent less time on resting and socializing and more time on
traveling following interactions with boats (Lusseau 2003a, 2004; Stensland and
Berggren 2007) and avoided areas with intense boat traffic (Lusseau 2005). A
reduction in resting and socializing rates can result in reduced energy reserves
and can negatively affect foraging and reproductive success, an effect which has
been found throughout the animal kingdom including fish, birds and marine
mammals (e.g. Ricklefs et al. 1996, Grantner and Taborsky 1998, Frid and Dill
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2002, Williams et al. 2006). Nursing females and their calves form an especially
vulnerable group, for which disturbances by vessels can suppress the buildup of energy reserves. In small resident populations, this may directly affect
reproductive success (Bejder 2005).
Management implications

Tourism is growing rapidly at the Azorean islands, including a further increase
in whale watching activities. Although, at present, whale watching pressure in
the Azores is still relatively low compared to other regions such as the Canary
Islands (Hoyt 2005b) or British Columbia (e.g. Erbe 2002), our results show
that the presence of more than five vessels in a relatively small area can have
a statistically significant effect on the behavioral pattern of Risso’s dolphins.
Some caution is nevertheless required in interpretation. In particular, the 95%
confidence intervals obtained from our statistical analysis widen at high vessel
abundance (Fig. 5). This reflects the relatively low number of observations with
high vessel abundances. Hence, although the analysis indicates significant effects
of vessel abundance on dolphin behavior, any estimation of the magnitudes
of these effects based on currently available data would have a high degree
of uncertainty. Furthermore, we cannot be sure to what extent the observed
changes in behavior reflect important changes in daily energy budgets or stress
levels and, therefore, whether they have negative consequences for individual
condition or reproductive fitness. Also, our study was limited to a single year
and the seasonal variation in vessel abundance during our study period makes
it intrinsically difficult to distinguish between natural seasonal variation in
behavior and the effects of vessel abundance on behavior. Continued data
collection over several years would be desirable to evaluate the impact of boats
on cetacean behavior in this area with higher precision.
Nevertheless, based on our results, we suggest that a precautionary approach
is taken to current and future whale watching activities in the Azores, through
management of the number of whale watching vessels per area. Low-intensity
vessel presence did not decrease the probability of resting or socializing behavior,
providing a reference from which threshold measures of vessel abundance
could be determined (see also Williams and Ashe 2007). Additionally, it would
be beneficial to introduce a time period with no whale watching activity for
several hours per day, to create sufficient resting opportunities for the Risso’s
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dolphin population. Other target species in the Azores may benefit as well, in
particular the bottlenose dolphin, a species that also makes extensive use of the
area (Silva 2007) and has shown sensitivity to vessel traffic in other areas (e.g.
Lusseau 2005, Bejder et al. 2006).
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Chapter 6. Timing of migratory baleen whales at the
Azores in relation to the North Atlantic spring bloom
Fleur Visser, Karin L Hartman, Graham J Pierce, Vasilis D Valavanis, Jef Huisman

Abstract
Each year, a phytoplankton spring bloom starts just north of the North Atlantic
Subtropical Gyre, and then expands northwards across the entire North Atlantic.
Here, we investigate whether the timing of the spring migration of baleen
whales is related to the timing of the phytoplankton spring bloom, using 4 yr of
dedicated whale observations at the Azores in combination with satellite data on
ocean chlorophyll concentration. Peak abundances of blue whale Balaenoptera
musculus, fin whale B. physalus, humpback whale Megaptera novaeangliae and
sei whale B. borealis were recorded in April–May. The timing of their presence
tracked the onset of the spring bloom with mean time lags of 13, 15, 15 and
16 wk, respectively, and was more strongly related to the onset of the spring
bloom than to the actual time of year. Baleen whales were actively feeding on
northern krill Meganyctiphanes norvegica in the area, and some photo-identified
individuals stayed in Azorean waters for at least 17 d. Baleen whales were not
observed in this area in autumn, during their southward migration, consistent
with low chlorophyll concentrations during summer and autumn. Our results
support the hypothesis that baleen whales track the secondary production
generated by the North Atlantic spring bloom, utilizing mid-latitude areas such
as the Azores as foraging areas en route towards their summer feeding grounds.

This chapter is based on the paper: Visser F, Hartman KL, Valavanis, Pierce GJ and Huisman J
(2011). Timing of migratory baleen whales at the Azores in relation to the North Atlantic spring
bloom. Marine Ecology Progress Series 440:267-279.
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Introduction
The phytoplankton spring bloom is one of the most important biological events
in the North Atlantic Ocean (Siegel et al. 2002, Longhurst 2007). Following
winter, increasing light conditions and ample nutrient availability lead to the
onset of the spring bloom (Sverdrup 1953, Townsend et al. 1994, Huisman
et al. 1999). The bloom starts at a latitude of ~35° N, just north of the North
Atlantic Subtropical Gyre (NASG), in December–January (Fig. 1). The bloom
subsequently develops across the North Atlantic throughout spring and
summer, propagating northwards to Arctic waters in June (Siegel et al. 2002,
Behrenfeld 2010). Concurrently, the stratified nutrient-depleted waters of the
NASG also extend northwards, reaching the latitudes of the Azores in late spring
to early summer. In summer and autumn, chlorophyll concentrations in the
southern and central North Atlantic waters are very low (Fig. 1).
Migratory organisms whose reproductive success ultimately relies on marine
primary production may tune their migration to the timing of the North Atlantic
spring bloom. Baleen whales need dense aggregations of krill or fish to enable
efficient foraging (Whitehead & Carscadden 1985, Friedlaender et al. 2006,
Goldbogen et al. 2011), and temporal synchrony with the presence of suitable
prey is evident in these species. Most baleen whale species undertake extensive
north-south migrations associated with feeding at mid- to high latitudes in
summer and breeding in (sub)tropical regions during winter (Kellogg 1929,
Norris 1967; but see Simon et al. 2010 for a counterexample). Seasonal presence
of baleen whales at the summer feeding grounds coincides with increased food
availability in these waters. Nevertheless, migratory patterns over the North
Atlantic are still largely unknown for most species of baleen whales.
The North Atlantic spring bloom could temporarily produce sufficient prey
densities to induce foraging of baleen whales during their spring migration
towards the high-latitude feeding grounds. This might particularly apply to
areas where the phytoplankton spring bloom combines with physical factors
to concentrate prey. Physical conditions conducive to concentrating prey may
include coastal zones, upwelling areas, fronts and seamounts. For example,
offshore regions of high marine productivity have been documented as foraging
areas during trans-Atlantic migration in a variety of taxa, including birds, turtles
and sharks (e.g. Doyle et al. 2008, Gore et al. 2008, Egevang et al. 2010). Recently,
association with offshore fronts and seamounts was found for migratory sei
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whales in the North Atlantic Ocean (Skov et al. 2008, Olsen et al. 2009).
Since baleen whales capitalize on enhanced secondary production, it is
unlikely that the timing of whale migration will coincide with the timing of the
phytoplankton spring bloom. Rather, zooplankton development often tracks
the phytoplankton spring bloom with a time lag of several weeks to months
(Longhurst 2007). For instance, a maturation time of several months is required
for krill to reach sizes suitable for baleen whale feeding (Fiedler et al. 1998, Croll
et al. 2005, Santora et al. 2010). This suggests the existence of a characteristic
time lag between the phytoplankton spring bloom and the presence of foraging
baleen whales. Indeed, monitoring studies in the North Pacific Ocean have
shown that abundances of blue and fin whales typically lag behind maximum
primary productivity by several weeks to months (Burtenshaw et al. 2004, Croll
et al. 2005, Stafford et al. 2009).
The Azorean archipelago, situated on the Mid- Atlantic Ridge at the northern
edge of the NASG, offers a potential foraging area for migratory baleen whales.
The occurrence of an early phytoplankton spring bloom (Siegel et al. 2002) in
combination with local upwellings, thermal fronts and eddies (Johnson & Stevens
2000) may result in enhanced ecosystem productivity and the aggregation of
prey species in coastal waters of the Azorean islands (Santos et al. 1995). Several
studies report observations of baleen whales at the Azores during spring and
summer, including blue whale Balaenoptera musculus, fin whale B. physalus, sei
whale B. borealis, humpback whale Megaptera novaeangliae, Bryde’s whale B.
edeni and minke whale B. acutorostrata (Chaves 1924, Gordon et al. 1990, 1995,
Steiner et al. 2008). Satellite tracking of blue, fin and sei whales suggests use
of the area during migration (Olsen et al. 2009; see also Great Whales Satellite
Telemetry Program: www.portulano.org/wkit/index.html). However, there are
no long-term records of seasonal variation in baleen whale abundances in the
area, and it is not known whether the Azorean islands are used as a feeding area
by migratory baleen whales.
Here, we present results of a dedicated 4 yr study of baleen whale abundances
at the Azores, and compare these observations with interannual variation in
local ocean chlorophyll concentrations obtained from satellite remote sensing.
More specifically, we investigate: (1) whether there is an association between
the timing of baleen whale presence at the Azores and the timing of the
phytoplankton spring bloom at the Azores, and (2) whether baleen whales use
the Azores as a feeding area.
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Figure 1. Annual variation in chlorophyll a concentration (chl a) in the North Atlantic Ocean. The
location of the Azores is outlined by the red rectangle. The 6 panels represent mean monthly chl a
values for January, February, March, April, July and October 2006. Data were retrieved from the NASA
Ocean Color website (MODIS Aqua instrument; http://oceancolor.gsfc.nasa.gov/)

Materials and methods
Research area

The Azorean archipelago is a group of 9 volcanic islands situated on the MidAtlantic Ridge (Fig. 2). Bottom topography of the archipelago is characterized by
steep submarine walls and the presence of seamounts, ridges and submarine
canyons. The local oceanography is influenced by the Azores Current, which is
a relatively weak ocean current that flows in a southeastward direction from the
Gulf Stream towards the Canary Current (Johnson & Stevens 2000), and by the
Azores Front, a major source of eddies and meanders situated just south of the
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islands, producing localised patches of enhanced productivity in the coastal
waters of the islands (Angel 1989, Santos et al. 1995).
Our research area is located off the south coast of Pico, one of the islands of
the Azorean Central Group (38° 24' N, 28° 11'W; Fig. 2). Along this coastline, the
ocean floor descends steeply to >1000 m depth within 3 km from shore. Except
for waters within 100 m of the shore, the high clarity of the open ocean water
in our study area, with Secchi depths ranging from 18 to 28 m, is representative
of Case 1 water (Morel et al. 2007).

Figure 2. Location of the Azores and the research area south of Pico Island (inset).The observation grid
outlines the range covered by the shore-based observations from our observation platform (•).
Bathymetry map of the North Atlantic Ocean was reproduced from the GEBCO Digital Atlas (IOC IHO
BODC 2003)

Remote sensing data

We used remote sensing data of chlorophyll a concentration (chl a) to
determine the timing of the phytoplankton spring bloom in our research area.
In addition, we used remote sensing data of sea surface temperature (SST) as a
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simple indicator of seasonal variation in thermal stratification. During summer
stratification, the supply of nutrients from deep water layers to the surface layer
is strongly reduced, which suppresses phytoplankton growth (e.g. Behrenfeld et
al. 2006, Huisman et al. 2006). Chl a and SST data were obtained from the MODIS
instrument (Moderate Resolution Imaging Spectroradiometer) aboard the Aqua
satellite. We downloaded these data as Level 3 Standard Mapped Images from
the NASA Ocean Color website (http://oceancolor.gsfc.nasa. gov/), at the finest
spatial resolution available (4 × 4 km). The Aqua satellite scans the entire Earth's
surface every 1 to 2 d, but cloud cover may prevent data collection. We therefore
used composite images, where the data are binned in four 8 d 'weeks' for every
month, totalling 48 'weeks' per year. Chl a and SST values for our study area of
367 km2 were calculated by averaging chl a and SST over all grid cells overlaying
the study area (Valavanis 2002). Geographical mapping was conducted using
ArcGIS version 9.2 (Environmental Systems Research Institute) with the Spatial
Analyst Toolbox extension.
We defined 3 stages of spring bloom development: (1) Onset of the bloom;
the first week at which chl a levels increased to more than 3× the lowest chl a
level measured in the preceding summer or autumn; (2) peak of the bloom; the
week with maximum levels of chl a for that year; and (3) end of the bloom; the
week before the collapse of the spring bloom, visible as a strong decline in chl
a concentration followed by a prolonged period of low chl a levels. The duration
of the bloom was calculated as the number of weeks from the onset to the end
of the bloom.
Relative whale abundances

To estimate relative whale abundances, we conducted standardized surveys
from a fixed shore-based lookout 30 m above sea level using Steiner Observer
binoculars (Steiner Binoculars) with 25× magnification and 80 mm objective
lenses. The sighting range from our land-based lookout was determined
empirically by recording the GPS locations of our research vessel at the limits
of the sighting range. This showed that the sighting range from our lookout
was 20 km offshore, encompassing a total research area of 367 km2 (Fig. 2;
Visser et al. 2011). Sea state on the Beaufort scale (Bft), visibility and weather
conditions were recorded at the start of each observation. The standardized
surveys consisted of a scan of the research area, recording all baleen whales
present. The area was scanned twice to account for individuals submerged or
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missed during the first scan. Surveys had a duration of 15 to 30 min and were
spaced at least 2 h apart (Visser et al. 2011). Surveys were made on a nearly
daily basis, during the periods April−October 2004 and April 2005− December
2007. Surveys at Bft >3 or at limited visibility (no clear view of the horizon) were
excluded from analysis.
Relative abundances of whale species were calculated as the mean number
of individuals present per survey. We binned these relative abundances in four 8
d ‘weeks’ for every month, totalling 48 wk per year, to facilitate comparison with
the chlorophyll data obtained from remote sensing. Peak whale abundance was
defined as the maximum relative abundance of a whale species in a given year.
Timing in relation to the spring bloom

To investigate whether the timing of migratory whales was associated with the
timing of the phytoplankton spring bloom, we calculated the time lags (in wk)
between the peak abundance of each whale species and the 3 stages of spring
bloom development. We also calculated the standard deviation (SD) of these
time lags:
2
SD=

i, j

( xi j

xi )

n 1

where xij is the time lag between peak whale abundance and phytoplankton
bloom development for whale species i in year j, xi is the mean time lag for
whale species i and n is the total number of time lags. This equation allows for
differences in mean time lag between whale species, as some species may arrive
earlier in the year than other species. As well as for all species combined, SD
was also calculated for each whale species separately. Species for which peak
abundance could be recorded in one year only were excluded from analysis.
In addition to SDs of the time lags, we also calculated the SD of the actual
time of the year (expressed as week number) at which the whales reached peak
abundance. If the SD of the time lag between peak whale abundance and a
given stage of bloom development were lower than the SD of the actual time of
year at which whales reach peak abundance, then this would indicate that the
timing of baleen whales visiting the Azores is more closely associated with the
timing of the spring bloom than with the actual time of year. We therefore tested
for significant differences between SDs using Levene’s test for homogeneity of
variance, followed by an F-test for pairwise comparisons to establish which SDs
were different from which other SDs.
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Behavioural budget

We used focal follow observations to determine if whales were feeding in the
research area. Focal follows were conducted from our shore-based lookout and
from our research vessel (7.2 m Boston Whaler fitted with a Jetpac 150 hp diesel
outboard waterjet engine). Most vessel-based focal follows were guided by an
observer from land, who directed the vessel to known locations of whales. The
research vessel kept a distance of at least 50 m from the whales, and in most
cases a larger distance of 100 to 300 m was maintained to avoid disturbance of
whale behaviour. We recorded group composition, group spacing, direction and
speed of travel, surface display events and behavioural state using a standardized
ethogram (Mann 1999). Group composition was determined by recording the
number of adults and sub-adults. Sub-adults, including calves and juveniles,
were defined as all individuals that were less than half the size of their associates
and strongly associated with an adult (Lockyer 1984, Panigada et al. 2005). Group
spacing was determined by the distance (number of body lengths) between
individuals. Speed was recorded in a qualitative manner, using 5 categories
ranging from still to high speed. Four types of mutually exclusive behavioural
states were defined: foraging, resting, socialising and travelling (Piatt et al. 1989,
Johnston et al. 2005, Ingram et al. 2007). Foraging behaviour was defined as
individuals moving in a non-directional path, displaying zigzag tracks (rapid
turns up to 90 degrees), and lunge-feeding events at variable speeds and with
variable group spacing (alternated joining and splitting of individuals). Resting
was defined as individuals moving at low speed, displaying regular surfacing
patterns, stable group spacing, short dives, and loggings (floating at or just
below the surface). Socialising was defined as repeated interaction between
2 or more individuals, involving physical contact and surface display events.
Travelling was defined as individuals moving steadily in a directional path at
moderate to high speed, displaying regular surfacing patterns and stable group
spacing. Behavioural parameters were recorded at intervals ranging from 1 to
10 min. Focal follows were conducted during the periods April−October 2003,
April−October 2004, and April 2005−December 2007. Focal follows <15 min
were excluded from our analysis of the behavioural budget. The behavioural
budget was calculated from the cumulative time during which each behaviour
was observed divided by the total effort (in h) of the focal follows.
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Individual residence time

Vessel-based observations were used for photo-identification of individuals
(NIKON D70 digital SLR camera; 70/300 mm zoom lens). High-quality photoidentification pictures (Q ≥ 3; Arnbom 1987) of the dorsal fin or hump and
surrounding area, the fluke and/or the chevron pattern were used to assess (re)
sightings of individuals (Agler et al. 1990, Katona & Beard 1990, Schilling et al.
1992, Sears et al. 2000). We created a catalogue of individual whales that was
referenced by date observed. New whale photos were matched to this catalogue
and used to calculate the minimum residence time (in d) of individual whales.

Results
Phytoplankton spring bloom

Consistent with the large-scale picture of the North Atlantic spring bloom (Fig.
1), our study area off Pico Island showed a distinct annual phytoplankton spring
bloom, starting in December– January and lasting up to April–May (Fig. 3A).
The timing of the onset of the spring bloom varied between years (mean ± SD:
Week 1.5 ± 3.1). Likewise, the timing of the peak of the bloom (Week 9.0 ± 3.2)
and the duration of the bloom (14.0 ± 3.8 wk) were variable between years.
The timing of the end of the bloom was fairly constant (Week 15.5 ± 1.3). Each
year, the highest chl a concentrations were measured in the months February−
April (Fig. 3A), when annual maxi - mum chl a levels ranged between 0.34 and
0.64 mg m−3 (mean ± SD = 0.48 ± 0.13). The lowest chl a concentrations were
measured in the period June−October, when annual minimum chl a levels
ranged between 0.07 and 0.10 mg m−3 (mean ± SD = 0.08 ± 0.01). The low
chlorophyll concentrations in summer were accompanied by high SST (Fig. 3A;
Pearson’s product-moment correlation of weekly chl a versus SST: r = −0.73, n =
135, p < 0.0001), indicative of strongly stratified and nutrient-depleted surface
waters throughout summer and early autumn.
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Figure 3. Relative abundance of baleen whales in relation to sea surface temperature (SST) and
chlorophyll a (chl a) concentration. (A) Temporal variation in SST (dashed line) and chl a (solid line). (B-F)
Temporal variation in relative abundance of fin whale, blue whale, sei whale, humpback whale, and all
baleen whales based on standardized survey observations. (♦)on x-axis indicate additional sightings of
whales outside the surveys. Grey areas indicate periods without observation effort. Note the differences
in scale between the graphs
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Baleen whale sightings and abundance

We conducted 1138 surveys during suitable environmental conditions and 98
focal follow observations. Surveys were conducted year-round, including 366
surveys in the period March−June (Weeks 11 to 24) when most baleen whales
were observed. In total, 113 baleen whales were recorded during the surveys
(Table 1), belonging to 5 different species: blue whale Balaenoptera musculus, fin
whale B. physalus, sei whale B. borealis, humpback whale Megaptera novaeangliae,
and minke whale B. acutorostrata. A total of 6 of the 113 individuals could not
be identified to species level. Blue and fin whales were observed during all
years (2003−2007), sei and humpback whales during 4 years and minke whales
during 3 years. Sub-adults (calves and juveniles) of fin whales (n = 18), sei whales
(n = 10), and blue whales (n = 5) were observed in 42, 31 and 20% of the focal
follows, respectively.
The overall relative abundance of baleen whales during March−June was
0.28 individuals per survey. Blue and fin whales were more abundant than
sei and humpback whales (Table 1). Minke whales were recorded at very low
abundance and were excluded from further analysis. Baleen whale abundances
varied between years. Blue whales were especially abundant in spring 2006; fin
and sei whales were more abundant in 2004 and 2006, while humpback whales
were present in higher numbers in 2007 than in the other years (Fig. 3).
Table 1. Sightings, relative abundance in spring (averaged over the period March-June, Weeks 11 to 24;
covered by 366 surveys), and minimum residence time of fin whale (Balaenoptera physalus), blue whale
(B. musculus), sei whale (B. borealis), humpback whale (Megaptera novaeangliae), and minke whale (B.
acutorostrata) off Pico Island.
No. of focal follows

Minimum residence time

No.
surveyed

(n)

(h)

Fin whale

46

33

23.9

Relative
abundance
(ind. survey-1)
0.11

Blue whale

35

25

21.9

Sei whale

13

29

Humpback
whale

7

Minke whale

6

No.
No. of
identified resightings
28

5

Days
between
resightings
1-5

0.10

30

4

1-7

19

0.03

30

1

17

9

9.5

0.02

5

2

1-13

2

0.8

0.01

0

0

-
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Timing of baleen whales in relation to the spring bloom

Blue, fin, sei and humpback whale observations were highly seasonal: presence
was largely confined to the spring months (March−June), with a limited number
of observations extending into summer (July−September) (Fig. 3). Fin whales
were also observed 3 times during winter, in January. Humpback whales
visited the area almost every spring, but for a shorter period than blue, fin, and
sei whales (Fig. 3). In contrast, minke whales were observed several times in
summer (August–September), and occasionally in winter (January) and late
spring (May–June). None of the baleen whale species were observed during
autumn (October−December).
The majority of baleen whale sightings occurred towards the end of the
spring bloom, associated with increasing values of SST (Fig. 3). More specifically,
peak whale abundance was observed in Weeks 11 to 21, depending on the
species (Table 2). The data suggest that peak abundances of blue whales
preceded peak abundances of fin and sei whales by 2 to 3 wk. Depending on the
species, peak whale abundance showed a time lag of 11 to 17 wk with respect
to the onset of the spring bloom, a time lag of 1 to 15 wk with respect to the
maximum of the spring bloom and a time lag of 5 wk before to 6 wk after the
end of the spring bloom (Table 2). The timings of peak abundances of blue, fin
and sei whales all consistently showed the lowest SD with respect to the onset
of the spring bloom (Table 2). Although our small data set provides insufficient
statistical power to compare the SDs at the species level, we also calculated SDs
aggregated over all 3 whale species. This showed that the SDs of the 4 predictors
listed in Table 2 differed significantly (Levene’s statistic = 4.65, df = 3, 28, p =
0.009). More specifically, the SD of the time lag between peak whale abundance
and the onset of the spring bloom (SD = 1.3 wk) was significantly lower than
the SDs of the 3 other predictors (F7,23 = 3.85, p = 0.037). In other words, the
timing of peak whale abundance was more strongly associated with the onset
of the spring bloom than with the 2 other stages of bloom development and
the actual time of the year.
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Table 2. Timing of maximum whale abundance (expressed as week number), and its time lag after 3
stages of bloom development (in wk). Time lags marked with + indicate that peak whale abundance
followed the given stage of bloom development; time lags marked with - indicate that peak whale
abundance preceded the given stage of bloom development. We also calculated the standard deviation
(SD) of the time lags, for each species separately and for all species combined. A low SD indicates that
the timing of maximum whale abundance is closely associated with the actual time of year or the given
stage of bloom development.
Species

Week of maximum
whale abundance

Time lag with bloom development (wk)
Onset of bloom Maximum of bloom

End of bloom

Fin whale

1)

2004

18

+14

+12

+3

2006

17

+14

+10

+3

2007

13

+16

+3

-3

2005

15

+13

+2

-2

2006

14

+11

+7

0

2007

11

+14

+1

-5

2004

21

+17

+15

+6

2006

17

+14

+10

+3

12

+15

+2

-4

SD Fin whale (weeks)

2.6

1.2

4.7

3.5

SD Blue whale (weeks)

2.1

1.5

3.2

2.5

SD Sei whale (weeks)

2.8

2.1

3.5

2.1

SD all species (weeks)

2.1

1.3

3.3

2.4

Blue whale

Sei whale

Humpback whale2)
2007

1)
In 2005, the number of fin whales in the surveys was too low to estimate the timing of their peak
abundance.
2)
SD of humpback whale could not be calculated, because its peak abundance could be determined for
one year only.
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Behaviour

The behavioural budgets of blue, fin, sei and hump back whales were composed
largely of foraging and travelling behaviour (Fig. 4). Foraging comprised 25,
45, 41 and 77% of the behavioural budget of fin, blue, sei and humpback
whale, respectively. Humpback whale individuals were observed several times
producing bubbles during foraging bouts.

Figure 4. Behavioural budgets of fin, blue, sei and humpback whales

Individual residence time

During vessel-based focal follows, a total of 93 baleen whale individuals were
photo-identified. Twelve individuals were sighted twice, within a time span
ranging from a few days up to 2.5 wk (Table 1). Overall average time between
re-sightings was 5 to 6 d (Table 1). These 12 individuals included fin, blue, sei
and humpback whales. No re-sightings were made between years.

Discussion
Migratory baleen whales and the North Atlantic spring bloom

The phytoplankton spring bloom at the Azores started to develop during winter
(December–January) and was maintained into early spring (April), preceding the
onset of the North Atlantic spring bloom at higher latitudes (Fig. 1). This largescale pattern was reflected by the seasonal variation in chl a concentration within
our local research area, which showed an annually recurring phytoplankton
spring bloom during the months December−April (Fig. 3A). Four species of
baleen whales (blue, fin, sei and humpback whales) visited the research area
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in spring, during a few weeks in the period March−June. The timing of the
peak abundances of the different species varied somewhat between years, and
could be linked to the timing of the onset of the spring bloom. More specifically,
peak abundances of blue, fin, humpback and sei whale were recorded with a
mean time lag of 13, 15, 15 and 16 wk (3 to 4 mo), respectively, after the onset
of the spring bloom. This corresponds well with studies of Burtenshaw et al.
(2004) and Croll et al. (2005), which reported time lags of 3 to 4 mo between
enhanced primary and secondary production, on which the whales capitalise,
at the feeding grounds of blue whales in the North Pacific.
Although the link between prey availability and baleen whale presence has
been well-documented for the feeding grounds, our study is one of the first
to point out that prey availability could play a key role in the timing of spring
migration of baleen whales in the North Atlantic Ocean (see also Olsen et al.
2009, Pendleton et al. 2009). Baleen whales visiting the Azores spent a substantial
part of their time feeding (25 to 77%; Fig. 4). A few times we actually observed
humpback and blue whales foraging in close vicinity of large patches of krill,
and we found several blue whale faeces filled with exoskeletons of krill (F. Visser
& K. L. Hartman, pers. obs.). Another recent study observed feeding on krill and
red-stained faeces of blue, fin and humpback whales at the Azores in April and
May of 2010, and identified the prey species as northern krill Meganyctiphanes
norvegica (Villa et al. 2011). Similarly, fin whales have been observed feeding on
swarms of northern krill near the island of Madeira in May of 1990 (Gordon et
al. 1995). Sub-adults of blue, fin and sei whales were recorded frequently in our
research area, indicating extensive use of the waters as foraging area for females
with calves and juveniles. Our re-sightings indicate that several individuals
remained in Azorean waters for a few days to at least 2.5 wk. Similarly, Villa et al.
(2011) reported that one fin whale was re-sighted 4 times over 20 d between
20 April and 10 May 2010.
Interestingly, our analysis indicates that the timing of peak whale abundances
was associated more strongly with the timing of the onset of the phytoplankton
spring bloom than with later stages of bloom development or the actual time
of the year. Our observations covered only 4 yr, which restricts the statistical
power of our analysis and hence requires caution in the interpretation of our
data. We defined the onset of the spring bloom as the first week during which
chl a concentrations increased to more than 3× the lowest chl a concentration
measured in the preceding summer or autumn. To investigate the robustness of
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our finding, we tested 3 alternative definitions for the onset of the spring bloom,
such as the first week during which chl a concentrations increased to (1) >2× the
lowest chl a concentration of the preceding summer or autumn, (2) >5% above
the median chl a concentration of the preceding summer or autumn (following
Siegel et al. 2002), and (3) above a threshold value of 0.18 mg m−3. For these
3 definitions, the SDs (for all species) of the time lag between the onset of the
spring bloom and the timing of peak whale abundance ranged from 1.5 to 1.8
wk. Hence, comparison against the SDs (for all species) of the other predictors
in Table 2 shows that, irrespective of its exact definition, the onset of the spring
bloom was a better predictor for the timing of peak whale abundances than
the actual time of year.
Several zooplankton species are known to fine-tune their life-cycle to the
onset of the spring bloom (e.g. Koeller et al. 2009, Seebens et al. 2009). In
particular, there is increasing evidence that egg development and spawning
of northern krill Meganyctiphanes norvegica is initiated by the onset of the
phytoplankton spring bloom (Astthorsson 1990, Tarling & Cuzin-Roudy 2003,
Dalpadado 2006, Tarling 2010). This ensures that larval and juvenile krill can
benefit from good feeding conditions provided by a thriving phytoplankton
population, and may thus explain why the onset of the spring bloom provided
a better predictor for the timing of peak whale abundances than the maximum
of the spring bloom.
Implicit in the above discussion is the assumption of a consistent time lag
between the onset of the spring bloom and the timing of suitable prey availability
for foraging baleen whales. Data from Monterey Bay, California, and the California
Channel Islands, indicate preferential feeding of blue whales on krill sizes >16
mm (Fiedler et al. 1998, Croll et al. 2005). Growth rates of krill individuals depend
on temperature and feeding conditions, and data on growth rates of northern
krill in the subtropical North Atlantic are lacking. However, demographic studies
of the growth trajectory of northern krill in the Mediterranean Sea and Clyde
Sea (Scotland) indicate that about 3 mo after spawning juveniles reached a size
class suitable for foraging baleen whales (Labat & Cuzin-Roudy 1996, Tarling
& Cuzin-Roudy 2003, Tarling 2010). Indeed, fin whales have been observed
aggregating in those areas in the Mediterranean Sea where spring production
had peaked a few months earlier and subsequently generated krill recruitment
(Littaye et al. 2004). Extrapolating these findings to the Azores, assuming that
spawning at the Azores is triggered by the early onset of the phytoplankton
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spring bloom, this could result in size classes of northern krill suitable for
foraging baleen whales being present at the Azores in April–May. Indeed, Villa
et al. (2011) reported sizes of 16 to 22 mm for northern krill individuals sampled
near feeding fin whales at the Azores. Hence, the growth trajectory of northern
krill might explain the consistent time lag of 3 to 4 mo between the onset of
the phytoplankton spring bloom and peak whale abundances observed in
our study area. Clearly, however, there is a need for detailed studies of the size
structure of euphausiids and the diet composition of baleen whales at the
Azores to investigate the validity of these ideas.
Taken together, our findings support the hypothesis that the Azores represent
a mid-latitude feeding site for migratory baleen whales, where the timing of
baleen whale visits is tuned to the timing of high prey abundance tracking the
annual development of the phytoplankton spring bloom. This hypothesis is
also consistent with the lack of observations of baleen whales in our research
area in autumn, during their southward migration to the low-latitude breeding
grounds. Chl a levels at the Azores remain very low throughout summer and
autumn, and are unlikely to sustain high abundances of krill and fish during
that period. The Azores thus provide poor feeding conditions for baleen whales
in autumn.
Seasonal variation in prey availability is one of the driving forces of longdistance migration in many species (Alerstam et al. 2003), and fine-tuning
of the timing of migration to seasonally enhanced prey abundance is often
critical (Both et al. 2005). However, our data do not indicate the mechanism
by which baleen whales synchronize their migration to the phytoplankton
spring bloom. Perhaps baleen whales respond to the same abiotic factors that
trigger the spring bloom (e.g. light, temperature; Sverdrup 1953, Siegel et al.
2002). Abiotic cues triggering long-distance migration have been observed
in several migratory taxa, including birds (photo-period; Gwinner 1996) and
insects (photoperiod, temperature; e.g. Malcolm 1987). Alternatively, baleen
whales might just track large-scale gradients in prey abundance. Baleen whales
visiting the Azores in spring may originate from southerly wintering grounds.
Blue and fin whale sounds were recorded south of the Azores (26 to 35° N),
along the Mid-Atlantic Ridge, from November to March (Nieukirk et al. 2004).
The timing of krill spawning varies with latitude, being initiated progressively
later from south to north (Tarling 2010). Hence, after their visit to the Azores,
baleen whales may follow the spring bloom northward, and benefit from
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other areas of locally enhanced productivity (e.g. the Faraday Seamounts and
the Charlie Gibbs Fracture Zone; Skov et al. 2008, Olsen et al. 2009). The North
Atlantic spring bloom can thus be envisioned as a northward propagating wave
of high productivity, which may create a consecutive series of feeding areas en
route that ultimately lead the whales to their summer feeding grounds. Satellite
tracks of baleen whales tagged at the Azores during spring show that these
individuals migrated to northerly feeding grounds off Greenland (~60°N; fin
and sei whales), or up to the latitude of northern Spain (~42° N; blue whales)
(Great Whales Satellite Telemetry Program: www.portulano.org/ wkit/index.
html). A similar tracking of seasonal variation in SST and the phytoplankton
spring bloom has been documented for blue and fin whales in the North Pacific
(Burtenshaw et al. 2004, Stafford et al. 2009).
Species-specific patterns of habitat use

Baleen whale species differed in the timing of their visits to the area. On average,
peak abundances of blue whales were recorded 2 to 3 wk earlier in spring than
peak abundances of fin and sei whales (Table 2). In contrast, minke whales
were mainly observed in summer. This interspecific variation could be related
to differences in diet, avoidance of competition, or other constraints on the
timing of migration. Blue whale diet consists almost entirely of euphausiids
(krill; Yochem & Leatherwood 1985, Pauly et al. 1998). Fin and sei whales feed
on krill and copepods as well, but their diet also includes other prey types such
as schooling fish and squid (Gaskin 1982, Pauly et al. 1998). In addition, baleen
whale species may target different species and size classes of krill (Fiedler et al.
1998, Croll et al. 2005, Santora et al. 2010). Hence, while the timing and duration
of blue whale presence may be synchronised to high densities of euphausiids,
fin and sei whales may benefit from feeding at various trophic levels during
a more prolonged period. Similar differences in the timing of migration were
found for blue and fin whales in the subarctic North Pacific, where blue whales
were associated with SST with a time lag of 1 to 2 mo, while fin whales showed
a time lag of 3 to 4 mo to SST (Stafford et al. 2009). A comparable spatial pattern
was found in the Gulf of St. Lawrence, where blue whales were more strongly
associated to thermal fronts, which can concentrate patches of krill, than
fin and humpback whales (Doniol- Valcroze et al. 2007). Interestingly, minke
whales in the Gulf of St. Lawrence were not associated to thermal fronts (DoniolValcroze et al. 2007), and it is suggested that this species uses different foraging
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techniques than the other species of baleen whales (Hoelzel et al. 1989). Their
limited dependency on dense zooplankton aggregations may explain the
summer observations of minke whales at the Azores.
Our standardized surveys point to substantial interannual variation in the
relative abundances of the different whale species (Fig. 3B−F), even though
the phytoplankton spring bloom is an annually recurring event (Fig. 3A). This
may be due to interannual variability in migratory patterns of individual whales.
Another potential explanation could be the local patchiness of suitable prey. In
some years, the whales might be feeding 'just around the corner', in other areas
within the Azorean archipelago that provided higher prey abundance than
our research area. It might also be that the species composition and relative
abundances of the zooplankton show considerable variation between years
(Valdés et al. 2007, Dakos et al. 2009), resulting in interannual differences in prey
availability for baleen whales. If there is suitable prey available at the Azores,
baleen whales may stay for a week or two; if not, the whales continue their
migratory journey northwards. Longterm monitoring studies of the zooplankton
community and other prey species at the Azores would be most desirable, as
this may help to resolve this missing link between the phytoplankton spring
bloom and the presence of migratory baleen whales.
Possible implications of climate change

Although our study is limited to only 4 yr, the observed association between
the timing of whale migration and the North Atlantic spring bloom suggests
possible implications of climate change for migratory baleen whales. Warming
of ocean waters tends to enhance thermal stratification, which suppresses the
supply of nutrients into the surface layer and reduces phytoplankton growth
(Sarmiento et al. 2004, Behrenfeld et al. 2006, Huisman et al. 2006). At present,
Azorean waters are sufficiently destratified in winter to permit an early spring
bloom, while high sea surface temperatures are accompanied by low chl a
concentrations in summer. However, the Azores are situated just at the northern
edge of the permanently stratified and extremely oligotrophic NASG (purple
area in Fig. 1). Climate models predict an expansion of the NASG of 4% by 2050
(Sarmiento et al. 2004), and remote sensing studies indicate an even faster
expansion (Polovina et al. 2008). Incorporation of the Azores in the expanding
zone of the NASG would suppress the spring bloom, thereby strongly reducing
the productivity of the Azorean waters. If so, this might result in the loss of
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a foraging area at the early stages of spring migration. In this case, baleen
whales would have to adjust their spring migration to avoid a mismatch with
the availability of suitable prey (Learmonth et al. 2006).
In conclusion, our findings support the hypothesis that baleen whales
track the North Atlantic spring bloom, and utilize mid-latitude areas such as
the Azores as feeding areas en route towards their summer feeding grounds.
In view of anticipated changes in ocean stratification and phytoplankton
growth (Sarmiento et al. 2004, Behrenfeld et al. 2006, Polovina et al. 2008),
further monitoring of the migratory patterns of baleen whales in relation to
phytoplankton bloom development is of high importance.
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Chapter 7. Synthesis
The aim of this thesis is to better understand several fundamental aspects
of cetacean social, vocal, foraging and migratory behaviour. Because marine
mammals are traditionally difficult to study, knowledge of their behavioural
patterns is often limited, lagging behind that of terrestrial animals (e.g. Janik
2009). These gaps in knowledge limit our ability to mitigate against potential
effects of the growing impact of human activities on the marine environment.
To aid in the advance of the study of cetacean social behaviour, I developed a
new visual group sampling method (Chapter 2), which enabled investigation
of the social context of long-finned pilot whale (Globicephala melas) foraging
behaviour, and the socio-behavioural context of their vocalisations (Chapter 2
and 3). Then, I set out to study the unknown social structure of Risso’s dolphins
(Grampus griseus; Chapter 4) and whether they show behavioural responses
to whale-watching activities (Chapter 5). Finally, I investigated the migratory
behaviour of five species of baleen whales in the North Atlantic Ocean, and its
relation to seasonal changes in ocean productivity (Chapter 6). In this chapter,
I will discuss my key findings and methodological approach, how these have
increased our understanding of the behaviour of deep-diving cetaceans and
baleen whales, and their implications for the resilience of cetacean populations
to disturbance.
Sociality and vocal behaviour of long-finned pilot whales
The opportunity to gain new insights into the social and vocal context of
long-finned pilot whale behaviour relied on the combination of group-level
observations with data on the foraging dives of individuals tagged with noninvasive digital archival tags (Johnson & Tyack 2003; Fig. 1). We developed a
new protocol to study cetacean group behaviour, using a dynamic definition of
the group centred around the tagged individual, and an ethogram quantifying
visually observable characteristics of the group (Chapter 2).
Long-finned pilot whales display a high degree of sociality in their behaviour
(Chapter 2 and 3). The species often occurs in large aggregations of 60-100
individuals, composed of several groups, which can maintain coordinated
movements over the time-scale of at least a day (Chapter 2, see also Ottensmeyer
& Whitehead 2003, de Stephanis et al. 2008). Group members, on average 10
per group, are preferentially spaced within 3 body lengths apart and pairs can
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be highly synchronous in their surfacing and diving behaviour (Chapter 2,
Senigaglia & Whitehead 2012, Aoki et al. 2013). Group members also coordinate
the timing of their behaviours (Chapter 2). Proximity and behavioural synchrony
serve to maintain social cohesion, accomplish coordinated behaviours and
potentially aid in defence against predators (Engel & Lamprecht 1997, Sakai et
al. 2009, Senigaglia et al. 2012). A similar function is attributed to vocalisations,
which serve to mediate cohesion, contact and coordination in an environment
with limited use of visual cues (Tyack 2000) and many groups of conspecifics.
This functionality was confirmed by the increase in the proportion of time the
whales were silent in larger, more coordinated groups, suggesting that higher
levels of social cohesion release the function of vocalising in long-finned pilot
whales (Chapter 3).

Figure 1. Schematic representation of the behaviour sampling methodology during focal follows of
long-finned pilot whale groups: concurrent sampling of group, diving and acoustic behaviour centered
around a tagged individual (grey coloured individual).

Distance to other whales, either within the group or to the nearest other
group in the aggregation, is an important determinant of the pilot whale
soundscape (Chapter 3, Taruski 1979, Weilgart & Whitehead 1990). Interestingly,
the social function of vocalisations may not be limited to the tonal calls (whistles).
Echolocation clicks were recorded during 24% of time spent in shallow diving
periods, potentially serving to gain information on the location of conspecifics
at lower degrees of social cohesion (Chapter 3). Simple social calls were used
constantly throughout the behavioural spectrum, suggesting that these call
types may function to signal presence, irrespective of behavioural context.
Simpler calls more easily maintain their spectral characteristics, and can serve
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to broadcast species’ identity information over larger distances than would be
possible for complex sounds (Brenowitz 1982). In pilot whales they could serve
to signal group-specific cues between dispersed group members (Jensen et
al. 2011, Chapter 3). The soundscape of deep-diving long-finned pilot whales
remains filled with communication and echolocation sounds throughout the
depth spectrum (Chapter 3). Social call production becomes more difficult at
larger depths, due to pressure-induced limitations and a dwindling air-supply
(Jensen et al. 2011). In short-finned pilot whales, this results in a reduction of the
length and amplitude of social calls with increasing depth (Jensen et al. 2011).
We observed a similar pattern in long-finned pilot whales, for which complex
calls are nearly lost from the soundscape below 350 m depth, whereas simple
calls are maintained to the maximum dive depth (620 m; Chapter 3).
Social foraging strategies of long-finned pilot whales
Marine mammals have developed intricate cooperative behaviours to herd
their prey. Humpback whales make bubble nets to concentrate prey (e.g. Wiley
et al. 2011), spinner dolphin (Stenella longirostris) groups break up into pairs
to circle and concentrate schools of fish (Benoit-Bird and Au 2009) and killer
whales employ a technique called wave-washing, where they synchronise
their swimming to create a wave which washes a seal off an ice floe (Pitman &
Durban 2012). The prey is shared among group members. How social foraging
is organised within deep-diving cetaceans is less clear. Evidence from foraging
sperm whales and short-finned pilot whales suggests that, at depth, these
species forage individually or in small groups (Whitehead 1989, Soto 2006).
We found that long-finned pilot whales employ a coordinated foraging
strategy, where individuals synchronise the overall timing of their foraging
periods, although the exact timing of the foraging dives may differ between
individuals (Chapter 2). Periods of active foraging are characterised by a
distinct signal in the group behaviour at the surface. During foraging, groups
break up into smaller and more widely spaced units with a reduced degree
of coordinated swimming (Chapter 2). Concordantly, vocal activity increases
(Chapter 3). Most notably, the production of echolocation clicks strongly
increases during foraging. However, we also found evidence for increased
occurrence of complex social calls during foraging behaviour. Complex calls are
relatively long communication calls with three or more frequency inflections
(Weilgart & Whitehead 1990, Chapter 3). These calls allow for more distant
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and extended information transfer than their simple, shorter counterparts
(Jensen et al. 2011). Increased complexity of social calls would point towards
intensified and more complex social communication. This could function to
compensate for increased distance between group members, or to increase or
alter the information content of social calls during foraging (Chapter 3). Thus,
vocalisations can have an important role in maintaining social cohesion when
group members are dispersed between the surface and several hundred metres
depth, and may serve to signal feeding conditions (Chapter 2 and 3).
Combined, our results indicate that individuals coordinate their overall
foraging behaviour but pursue prey individually or in small groups at depth. We
found evidence that long-finned pilot whales may cooperate during foraging,
although they probably do not herd their prey. As pilot whales forage on patchy
prey fields, which change their distribution over the water column throughout
the day (Shane 1995, Baird et al. 2002), signalling of good feeding opportunities
can strongly improve foraging efficiency of the group. Alternatively, joint
foraging in small groups may have the benefit of confusing prey items, as
postulated for sperm whales (Whitehead 1989).
Risso’s dolphin social structure
Group stability in odontocetes shows a positive correlation with body size
(Bräger 1999). Risso's dolphin size falls between that of the bottlenose dolphin
(Tursiops truncatus) and the pilot whale (Perrin et al. 2009). Bottlenose dolphins
have a fission-fusion society, where individuals form many loose associations,
with long-term stable alliances between pairs and trios of males (Connor et
al. 1992, 2000). Pilot whales form long-term stable bonds between individuals,
organised in matrilines (Ottensmeyer & Whitehead 2003). Given that Risso’s
dolphins are deep divers, their social structure is expected to more closely
resemble that of pilot whales, than of the non-deep-diving bottlenose dolphins.
Hence, we expected their social organization to be characterised by stable
bonds, potentially organised in matrilines (but see Gowans et al. 2001).
We discovered that Risso’s dolphin social structure is indeed based on longterm stable associations between individuals, organised in distinct clusters
(Chapter 4). However, unlike in pilot whales and sperm whales, these clusters
do not represent matrilines. Instead, we observed long-term stable clusters of
3 – 11 individuals, of which the large majority are males (Fig. 2). Females also
form stable clusters, of 6 -12 individuals, but our results indicate that these are
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largely dependent on the presence of nursing calves (Chapter 4). Seemingly,
females with nursing calves form stable groups, which may later disassociate.
This is not the case for the clusters with adult males, which remain closely
associated irrespective of the behavioural context.

Figure 2 Highly synchronous surfacing behaviour of seven Risso’s dolphins, likely all males. Picture F.
Visser.

Hence, Risso’s dolphin social structure, characterised both by fission-fusion
(sub-adults) and by long-term stable associations (male groups, female and calf
groups), deviates from any cetacean social organisation described to date. The
formation of stable bonds between females with nursing calves confirms the
need for deep-diving odontocetes to provide parental and social care for their
young, until the sub-adults have become independent. Our results also support
the hypothesis that deep-diving cetaceans do not necessarily require a social
structure built on matrilines (Gowans et al. 2001). Just like the deep-diving
Northern bottlenose whales (Hyperoodon ampullatus; Gowans et al. 2001),
Risso’s dolphins likely do not form (long-term stable) matrilines, whereas some
non-deep-diving species, such as the killer whale, do (Bigg et al. 1990).
Why do Risso’s dolphin males form long-term stable pods? Male group
members coordinate the timing and location of their foraging behaviour (F.
Visser, pers. obs.) and cooperate for access to females (Chapter 4). Hence, group
formation could have both foraging and reproductive benefits, although the
latter would be largely dependent on the genetic relatedness of the males. The
male groups are generally larger than alliances of male bottlenose dolphins
which cooperate to herd females (size = 2 or 3 individuals; Connor 1992),
but smaller than long-finned pilot whale pods (average size = 10 individuals;
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Chapter 2). We hypothesize that male pod size represents a trade-off between
the benefits of cooperative foraging for deep-diving cetaceans, the potential
for habitat defence in populations with high site-fidelity and a reduction of
reproductive benefits, in larger groups (Chapter 4). Future studies investigating
Risso’s dolphin social structure would strongly benefit from a genetic component,
to elucidate the relatedness between individuals within and outside of stable
clusters, in relation to age- and sex-class and the degree of site-fidelity.
Effects of background noise on social cetaceans
Our results show the importance of simple social sounds for long-finned pilot
whales, throughout the behavioural spectrum (Chapter 3). These relatively
short and weak vocalisations are easily prone to masking by background noise,
especially at larger distances between group members. Moreover, cetacean vocal
responses to counteract masking, such as increased length or amplitude of calls
(Foote et al. 2004, Scheifele et al. 2005), may not be physically possible at depth,
during the foraging dives (Jensen et al. 2011). Hence, it is likely that increased
levels of background noise may have a significant impact on the ability of longfinned pilot whales to communicate with group members during foraging.
While we did not investigate vocalisations of Risso’s dolphin groups,
our results from the long-finned pilot whales suggest that foraging Risso’s
dolphin mother groups may be particularly vulnerable for increased levels of
background noise. The formation of stable groups by females with dependent
calves indicates that these individuals require a higher degree of social cohesion
during this period. Risso’s dolphins are also very vocal, in particular when
foraging (Neves 2013) and they may employ similar vocal strategies to those
used by the pilot whales to maintain contact with group members. If this is
impeded by background noise, this may limit the ability of mothers to rejoin or
maintain contact with their calves and female associates at the surface during
periods of deep diving. To investigate these hypotheses, detailed studies on the
potential effects of background noise on Risso’s dolphin, pilot whales and other
deep-diving cetaceans seem warranted.
Whale-watching effects on social cetaceans
Cetaceans commonly respond to whale-watching activities, often with a
change in behaviour that may negatively affect the build-up of energy reserves
or reproductive success (Lusseau 2003, 2004, Bejder et al. 2006, Stensland &
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Berggren 2007). The high site-fidelity of the Risso’s dolphin population, their
inshore distribution and regular presence of mother pods at the Azores (Chapter
4) therefore raises some concern about the potential impacts of whale-watching
activities in the area. We found that, during the high season of whale watching,
Risso’s dolphins rested and socialised less. Moreover, they changed the timing
of their resting behaviour to periods with the lowest number of vessels (lunch
break; Chapter 5). Reduced rates of resting and socialising behaviour may have
fitness consequences for animal populations (e.g. Ricklefs et al. 1996, Frid & Dill
2002). Moreover, social species such as Risso’s dolphins rely on cohesion and
coordination to structure their behaviour and profit from the benefits of group
living (Mann et al. 2000; Chapter 2-4). Whale-watching vessels can interfere
with these functions by the production of vessel noise that may mask whale
vocalisations and other sounds, and by close vessel approaches that may be
perceived as a potential threat (Erbe 2002, Williams et al. 2002, Nowacek et al.
2007). Risso’s dolphin surface resting behaviour is comparable to that of the
long-finned pilot whales (Chapter 2 and 5), characterised by a high degree of
social cohesion that may entail the group being silent (Chapter 4; Neves 2013).
This form of resting would require a silent environment in which individuals
can move predictably and slowly to avoid loss of cohesion, which would be
adversely affected by the presence of a vessel near the group.
The strongest effects, both on the timing and rates of Risso’s dolphin
behaviour, were observed when larger numbers of vessels were present (Chapter
5). This indicates the potential for mitigation against these effects by regulation
of the number of vessels in the area. Our results suggest that, if whale-watching
vessel presence is regulated to maximally five vessels in the research area per
day, of which maximally two vessels are present at the same time (Chapter 5),
this could reduce the effects on Risso’s dolphin activity budget. The number of
vessels is also a determinant of the severity and type of behavioural response to
whale-watching activities for other cetacean species (e.g. bottlenose dolphins,
killer whales; Constantine et al. 2004, Williams and Ashe 2007). Hence, regulation
of the numbers of active whale-watching vessels in an area could also benefit
other targeted cetacean species in the Azores.
Baleen whales forage during spring migration
The trans-Atlantic migration of baleen whales is matched in magnitude by
those of several species of birds, turtles and fish (e.g. Doyle et al. 2008, Gore et
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al. 2008, Egevang et al. 2010). With some exceptions, these extensive migrations
reflect strong seasonal fluctuations in food availability and weather conditions.
The migratory phase of the cycle is often thought to be associated with high
energetic costs, the benefit to be obtained at the end of the journey (Alerstam
et al. 2003). However, some species forage during migration, benefitting from
areas with locally enhanced productivity. Leatherback turtles (Dermochelys
coriacea), for example, can locate offshore mesoscale eddies that aggregate
prey, and the species with the longest documented routes thus far, the Arctic
tern (Sterna paradisaea), targets several oceanic high productivity areas during
migration (Doyle et al. 2008, Egevang et al. 2010).
We discovered that baleen whales also forage during migration (Chapter
6). Blue whales (Balaenoptera musculus), fin whales (B. physalus), sei whales
(B. borealis) and humpback whales (Megaptera novaeangliae) use the Azorean
archipelago in the central North Atlantic Ocean as a foraging area during
spring migration to the northerly feeding grounds. Our results identify the
Azores as the first documented mid-latitude feeding area for baleen whales in
the North Atlantic Ocean, targeted during migration (Chapter 6). Our finding
was confirmed by later research, which also showed that satellite tracked blue
whales and fin whales suspend their spring migration to forage at the Azores
(Silva et al. 2013).
Annual peak abundances of baleen whales at the Azores match the onset
of the spring bloom, with a mean time lag of 3 to 4 months (Chapter 2). Several
zooplankton species, including favourite prey species like the northern krill
(Meganyctiphanes norvegica), fine tune egg-development and hatching to
the onset of the spring bloom (e.g. Astthorsson 1990, Koeller et al. 2009, Tarling
2010). After about 3 months, the juvenile krill have matured to a size class and
density suitable for foraging baleen whales (Labat & Cuzin-Roudy 1996, Tarling
& Cuzin-Roudy 2003, Tarling 2010). Thus, the onset of the bloom precedes good
feeding conditions for baleen whales with a predictable time lag. What if baleen
whales utilise this pattern to track the onset of the spring bloom along their
entire trajectory north? This could not only have energetic benefits during
migration, but also ensure that the timing of arrival at the feeding grounds
matches seasonally enhanced prey abundance in the area. Given the baleen
whales’ energetic requirement for large quantities of prey (Goldbogen et al.
2011), could the latitudinal advance of the spring bloom possibly be a driver
of their migratory cycle? While limited in the number of individuals tagged,
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and lacking direct observations of foraging behaviour, the study of Silva et al.
(2013) suggests that satellite tracked blue and fin whales do not utilise other
feeding areas than the Azores during migration to the high-latitude feeding
grounds. However, a sei whale tagged at the Azores did forage at a second,
more northerly area of enhanced productivity during its spring migration,
the Charlie Gibbs Fracture Zone (Olsen et al. 2009). Hence, further studies are
needed to reveal whether migratory baleen whales in the North Atlantic only
benefit from foraging at the Azores, or may also utilise other areas for foraging
during migration.
Abiotic cues, such as the seasonal increase in light and temperature, trigger
long-distance migration in several migratory taxa, including birds and insects
(Malcolm 1987, Gwinner 1996). Baleen whales can locate fronts (Croll et al.
2005). Hence, it is possible that they respond to the same abiotic factors to
fine-tune the timing of their migration, e.g. changes in light availability and
temperature stratification, that trigger the onset of the phytoplankton spring
bloom (Sverdrup 1953, Huisman et al. 1999, Siegel et al. 2002). Alternatively,
baleen whales might not use abiotic cues, but might simply track large-scale
gradients in prey abundance resulting from the seasonal advance of the spring
bloom.
Irrespective of the mechanism, the observation that baleen whales track the
phytoplankton spring bloom to forage on high abundances of krill, suggests
possible implications of climate change for migratory baleen whales. Warming
of ocean surface waters can result in an enhanced temperature stratification,
which suppresses phytoplankton growth by reducing the upward flux of nutrient
into the surface layers (Behrenfeld et al. 2006, Huisman et al. 2006). In the case of
the Azores, the area could become incorporated in the expanding permanently
stratified and extremely oligotrophic North Atlantic Subtropical Gyre (Sarmiento
et al. 2004, Polovina et al. 2008). This would suppress the phytoplankton spring
bloom at the Azores, potentially resulting in the loss of a foraging area at the
early stages of migration, potentially with major implications for the capability
of baleen whales to build up energy reserves in spring.
Future challenges
While we have provided novel insights into the behaviour of deep-diving
cetaceans, many open questions remain. Future work on the social foraging
strategies of deep-diving cetaceans would greatly benefit from studies in
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which the majority of the individuals in the group are tagged. These studies
could help to elucidate the coordination between group members at depth by
investigation of the extent of their horizontal and vertical dispersal from each
other, and how this is related to the production of social and echolocation calls
by individuals, and to their soundscape.
Our results point to previously unrecognised interactions between longfinned pilot whale socio-behavioural contexts and their vocalisations, and
provide improved understanding of their call types (Chapter 3). It remains
challenging, however, to move beyond the generally recognised broad functions
of deep-diver social communication. The complexity, fluidity and near-constant
‘chatter’ of the whales suggests a functionality of the vocal repertoire beyond
maintaining contact and cohesion. Moreover, call rates do not simply increase
with larger numbers of whales (Chapter 3). Taruski (1979) suggests that callcomplexity may serve to communicate the level of arousal, or behavioural state.
This is confirmed by the increased complexity of calls during more complex
behaviours (Weilgart & Whitehead 1990; Chapter 3). Future studies could build
on our methodology, combining vocal, dive and social behaviour data associated
with one focal individual, extending the categorisation of the call types. For
instance, simple calls could be subdivided into upsweep and downsweep calls,
which may have different propagation properties and potentially serve different
functions in cetacean repertoires (Weilgart & Whitehead 1990, McCowan &
Reiss 2001). It would also be valuable to assign vocalisations to the individual
who made the call; in our case, the tagged individual. This is possible based on
analysis of the low-frequency content, received level and the angles of arrival of
the call on the two hydrophones of the DTAG (e.g. Johnson et al. 2009, Jensen
et al. 2011). This would greatly aid in our understanding of social calling, as it
identifies the relation between the vocal behaviour of individuals and nearby
vocalising conspecifics.
Our understanding of cetacean social behaviour and the potential for
mitigation against anthropogenic impacts that affect cetacean populations
would benefit from a consensus on the sampling protocols and validated
and quantitative measurements of functional behaviours (e.g. foraging). For
example, in the comprehensive study of Weilgart and Whitehead (1990) on the
relationship between long-finned pilot whale behaviours and their vocalisations
off Newfoundland, foraging appeared to occur at the surface, during highly
active, coordinated behaviour. Interestingly, the patterns of vocal behaviour
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observed during these probable foraging events matched our results for the
Norwegian pilot whales, while the patterns of social and diving behaviour
were entirely opposite (Weilgart & Whitehead 1990; Chapter 4). In the study of
Weilgart & Whitehead (1990), foraging was characterised by coordinated surface
active behaviour. This and similar cases represent open challenges in the study
of cetacean behaviour. Here, the use of concurrent observations of surface and
underwater behaviour may strongly increase our ability to quantify functional
behaviours such as foraging, and will allow comparison of these behaviours
between different populations and different contexts.
The potential ocean-wide scale at which baleen whales may benefit from
the spring bloom and the implications of this finding for baleen whale energy
budgets call for additional studies on baleen whale migration. Based on our
results, we suggest that these should focus on the following questions: (i) What
are the energetic implications of the loss of a foraging area during early stage
of migration for baleen whales? (ii) To what extent can baleen whales adjust
the timing and trajectory of their spring migration to avoid a mismatch with
the availability of suitable prey (Learmonth et al. 2006)? Future work could
combine satellite tagging of individual whales at the Azores, with the use of
digital archival tags, capable of recording high-resolution data on prey-capture
and energy expenditure of foraging baleen whales.
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Marine mammals have developed numerous behavioural adaptations to life in
the ocean. Studying these behaviours, however, can be challenging. Cetaceans
spend a large part of their life under water, are often difficult to find across the
vast ocean, and their behaviour may change in response to the presence of
the observer. Hence, many fundamental aspects of cetacean behaviour remain
unknown. This thesis combines newly developed observational methods and
recent advances in technology to study cetacean behaviour. This approach
allows for investigation of the social context of individual behaviour and analysis
of migratory behaviour in relation to large-scale ocean dynamics. The results
shed new light on social foraging strategies and social organisation of deepdiving cetaceans and on the foraging behaviour of migratory baleen whales in
the North Atlantic Ocean.
In Chapter 2 we identify the social context of individual foraging behaviour in
long-finned pilot whales (Globicephala melas). We use novel methodology, which
combines concurrent recordings of social and diving behaviour, centred around
one tagged individual. Long-finned pilot whales forage during deep dives, up
to 800 m depth, during which they may become dispersed far from their group
members. This is in sharp contrast to their surface behaviour, during which they
preferably remain within 3 body lengths of each other. Our results show that
groups of 5-15 long-finned pilot whales coordinate the timing of their foraging
activity. This indicates that the species employs a social foraging strategy, which
might benefit group members by signalling of good feeding opportunities.
In Chapter 3, we find that long-finned pilot whales strongly increase their
vocal activity during the foraging periods, most notably for echolocation clicks
and buzzes, indicative of prey detection and capture attempts. In addition, higher
numbers of complex social whistles during deep dives suggests intensified
and more complex social communication during foraging. Interestingly, the
pilot whales strongly reduce their vocal activity in larger, more closely spaced
groups, indicating that higher levels of social cohesion may release the function
of vocalising. This confirms the overarching functionality of vocalisations to
maintain group cohesion and to coordinate joint activities, as found across a
wide range of social cetaceans.
Chapter 4 reveals a new form of social organisation in deep-diving cetaceans.
Male Risso’s dolphins (Grampus griseus) form long-term stable groups (clusters)
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of 3 to 11 individuals. The strongly associated males coordinate their behaviour,
and may cooperate in foraging, mating and habitat defence. Females also form
stable groups, but predominantly when they have nursing calves. This contrasts
with the social structure of other species of deep divers, such as pilot whales,
which is based on matrilines. Risso’s dolphin social organisation thereby shows
that deep-water foraging does not necessarily require the formation of longterm stable matrilines, but confirms the need for deep-diving odontocetes
to provide alloparental care for dependent young during foraging activity.
Chapter 5 studies the behavioural responses of Risso’s dolphins to increasing
intensities of whale-watching activities. During the high season of whale
watching, in summer, Risso’s dolphins rested and socialised less, and shifted
their resting activity to periods with fewer vessels. These results suggest that
disturbances from vessel noise and close vessel approaches may mask the
exchange of vocalisations, or affect social cohesion, with potential negative
effects for the energy budget of Risso’s dolphins.
In Chapter 6 we show that baleen whales forage on northern krill at the
Azores during their spring migration towards higher latitudes. Hence, our results
demonstrate for the first time that the Azores is an important mid-latitude
foraging area during spring. This has strong implications for our understanding
of their energy budget, as baleen whales were thought to fast during migration.
Our results show that the timing of their migration follows the timing of the
onset of the North Atlantic spring bloom. As the phytoplankton spring bloom
propagates from south to north over the North Atlantic Ocean, it generates ideal
growth conditions for northern krill. Hence, it may be that baleen whales track
the spring bloom along its entire trajectory. As the spring bloom is sensitive
to changes in climate, in particular to the warming of ocean surface waters,
global warming may also have implications for the trajectory of baleen whale
migrations and their ability to find food en route.
In conclusion, the results reported in this thesis demonstrate that the
combination of classical observational approaches with automated sensors
developed for tagging and remote sensing can shed new light on the social and
migratory behaviour of dolphins and whales. The new knowledge gained from
such advanced monitoring approaches is not only of fundamental interest, but
may also be of considerable value to mitigate negative effects of anthropogenic
disturbances on these magnificent animals.
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Het gedrag van mariene zoogdieren is op talloze manieren aangepast aan
het leven in de oceaan. Het bestuderen van dit gedrag is echter een grote
uitdaging. Dolfijnen en walvissen (cetacea) besteden het grootste gedeelte van
hun tijd onder water, komen wijdverspreid voor, en zijn vaak moeilijk te vinden
in de uitgestrekte oceaan. Daarnaast kan hun gedrag worden beïnvloed door
de aanwezigheid van de onderzoeker. Hierdoor zijn veel van de fundamentele
aspecten van het gedrag van dolfijnen en walvissen nog onbekend. In dit
proefschrift worden nieuwe observatiemethoden gecombineerd met recent
ontwikkelde technologieën om het gedrag van cetacea te bestuderen. Met
deze aanpak onderzoek ik de sociale context van individueel gedrag, en van
migratiegedrag in relatie tot grootschalige seizoensveranderingen in de oceaan.
De resultaten werpen nieuw licht op de sociale organisatie en foerageerstrategieën
van diep duikende sociale cetacea en op het foerageergedrag van migrerende
baleinwalvissen in de Noord Atlantische Oceaan.
In Hoofdstuk 2 onderzoeken we de sociale context van het foerageergedrag
van gewone grienden (Globicephala melas). We gebruiken hierbij nieuwe
methodologie, die het mogelijk maakt om gelijktijdige opnamen te maken van
het duikgedrag van een individu en het sociale gedrag van de groep waarin
dit individu zich bevindt. Gewone grienden foerageren tijdens diepe duiken,
tot 800 m diep, waarbij ze enkele honderden meters verspreid kunnen raken
van hun groepsgenoten. Dit vormt een scherp contrast met hun gedrag aan
de oppervlakte, waarbij ze bij voorkeur binnen 3 lichaamslengtes van elkaar
zwemmen. Ons onderzoek toont aan dat individuen, in groepen van 5-15 dieren,
de timing van hun foerageeractiviteiten coördineren met groepsleden. Dit toont
aan dat gewone grienden gebruik maken van een sociale foerageerstrategie,
waarbij de cohesie van de groep zoveel mogelijk behouden kan blijven, en
waarbij individuele groepsleden van elkaar kunnen profiteren door het kenbaar
maken van goede foerageercondities.
In Hoofdstuk 3 tonen we aan dat gewone grienden luidruchtiger zijn (meer
vocaliseren) tijdens perioden van foerageren, dan daarbuiten. Naast een sterke
toename van de hoeveelheid echolocatie clicks en buzzen, waarmee prooidieren
kunnen worden gedetecteerd, maakten de grienden ook meer complexe
sociale vocalisaties ('whistles'). Hieruit blijkt dat grienden een intensievere
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en meer complexe sociale communicatie gebruiken tijdens foerageren. Een
verrassend resultaat is dat de grienden juist veel stiller zijn in grotere, meer
compacte groepen. Dit suggereert dat de functie van het communiceren deels
vervalt tijdens hogere niveaus van sociale cohesie. Onze resultaten bevestigen
het belang van communicatie bij sociale zeezoogdieren voor het behouden van
groepscohesie en het coördineren van gezamenlijke activiteiten.
In Hoofdstuk 4 ontdekken we een nieuw type sociale organisatie binnen de
diep duikende cetacea. Mannelijke Risso dolfijnen (Grampus griseus) vormen
stabiele groepen van 3 tot 11 individuen die over perioden van jaren, en mogelijk
decennia, bij elkaar blijven. De sterk geassocieerde mannetjes coördineren
hun gedragingen, en werken waarschijnlijk samen tijdens het zoeken van
voedsel, het toegang krijgen tot vrouwtjes en bij de verdediging van hun
habitat. Vrouwelijke Risso dolfijnen vormen ook stabiele groepen, maar alleen
tijdens de periode waarin zij een zogend kalf hebben. Deze vorm van sociale
organisatie verschilt sterk met de sociale structuur van andere soorten diep
duikende cetacea, zoals grienden, waarbij de sociale organisatie is gebaseerd op
matrilines (stabiele groepen van moeders en hun nageslacht). Onze resultaten
laten zien dat diep duikende sociale cetacea niet per definitie afhankelijk zijn
van de vorming van stabiele matrilines. Daarnaast bevestigen zij de noodzaak
van 'kindercrèches', ofwel alloparentale zorg voor afhankelijke kalven bij deze
soorten. Hoofdstuk 5 onderzoekt veranderingen in het gedrag van Risso
dolfijnen als gevolg van whale watching activiteiten in hun habitat. Tijdens het
hoogseizoen van whale watching, in de zomer, rusten en socialiseren de Risso
dolfijnen minder dan in het laagseizoen. Ook verplaatsen zij de timing van hun
rustgedrag naar periodes op de dag waarop minder boten aanwezig zijn in het
gebied. De fysieke aanwezigheid en dichte benadering van meerdere boten,
in combinatie met het geluid van de motoren, kan leiden tot het maskeren
van vocalisaties en het verstoren van gedrag en sociale cohesie, met potentieel
negatieve effecten voor het energiebudget van de Risso dolfijnen.
Tot nu toe werd altijd aangenomen dat baleinwalvissen vasten tijdens
hun migratie tussen de voedselgebieden in (sub)arctische wateren en de
overwinteringsgebieden in de subtropische oceaan. Hoofdstuk 6 toont echter
aan dat baleinwalvissen foerageren op Noorse krill bij de Azoren tijdens hun
voorjaarsmigratie naar hogere breedtegraden. De Azoren vormen hierbij
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het eerst ontdekte foerageergebied voor baleinwalvissen op een gematigde
breedtegraad tijdens migratie. Dit heeft belangrijke implicaties voor ons
inzicht in het energiebudget van baleinwalvissen. Onze resultaten laten
zien dat baleinwalvissen de timing van hun voorjaarsmigratie aanpassen
aan de timing van de voorjaarsbloei van het fytoplankton. De voorjaarsbloei
beweegt zich, net als de baleinwalvissen, in het voorjaar over de periode van
enkele maanden noordwaarts over de Noord-Atlantische Oceaan. Onderweg
genereert de voorjaarsbloei ideale groeicondities voor Noorse krill. Het is
mogelijk dat baleinwalvissen de voorjaarsbloei over haar hele traject volgen.
De voorjaarsbloei is zeer gevoelig voor klimaatsverandering, in het bijzonder
voor het opwarmen van het oppervlaktewater van de oceaan. De huidige
opwarming van de aarde zou daarom grote gevolgen kunnen hebben voor de
timing en reisroutes van migrerende baleinwalvissen, en hun mogelijkheden
om onderweg voldoende voedsel te vinden.
Met deze resultaten werpt dit proefschrift nieuw licht op tot dusver
onbekende aspecten van het sociale gedrag en de migratiepatronen van
walvissen en dolfijnen. Dit werd mogelijk door het combineren van klassieke
observatiemethoden met nieuwe technologieën, zoals geautomatiseerde
sensoren ontwikkeld voor remote sensing van de oceanen en voor monitoring
van het duikgedrag en de vocalisaties van walvissen en dolfijnen onder water.
Deze nieuwe kennis is niet alleen fundamenteel interessant, maar van essentieel
belang in het onderkennen en, waar mogelijk, reduceren van negatieve
gevolgen van antropogene verstoringen voor deze magnifieke dieren.
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