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ABSTRACT 
 
The ranging behaviour, habitat preferences, genetic structure, and demographic 
parameters of bottlenose dolphins living in the Azores were studied using data collected 
from 1999 to 2004. Only 44 dolphins out of 966 identified were frequently sighted within 
and between years and showed strong site fidelity. The remaining individuals were either 
temporary migrants from within or outside the archipelago, or transients. Estimates of 
home range size were three times larger than previously reported for this species, possibly 
as a result of the lower availability of food resources. Mitochondrial DNA sequences 
showed very high gene and nucleotide diversity. There was no evidence of population 
structuring within the Azores. The Azorean population was not differentiated from the 
pelagic population of the Northwest Atlantic, suggesting the "unproductive" waters of the 
Atlantic do not constitute a barrier to dispersal. Population size, survival and temporary 
emigration rates were estimated using open-population models and Pollock’s robust 
design. A few hundreds of dolphins occur in the area on a given year, though the majority 
should use it temporarily, as suggested by the high emigration rates. Bottlenose dolphins 
preferentially used shallow areas with high bottom relief. Temporal and spatial 
persistence of dolphin-habitat associations documented in this study further supports the 
idea of a close relationship between certain bathymetric features and important 
hydrographic processes and suggests the occurrence of prey aggregations over these areas 
may be, to some extent, predictable. Several results of this study suggest there are no 
reasons for concern about the status of this population. Yet, the resident group may be 
negatively affected by increasing pressure from the whale watching activity. Although the 
proposed Marine Park constitutes important habitat for resident dolphins, at present, the 
area is clearly insufficient to satisfy their spatial requirements and its conservation value 
may be limited. 
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CHAPTER 1 
 

GENERAL INTRODUCTION 
 

 

________________________________________________________________________ 

 

 

1.1. IMPORTANCE OF STUDYING CETACEAN BIOLOGY AND ECOLOGY 

 

A population may be defined as a group of organisms of the same species occupying a 

particular space at a particular time (Krebs, 1994). However, the distribution of organisms 

is seldom random in space (Boyce & McDonald, 1999). The heterogeneity of natural 

environments results in discontinuities in the distribution of limiting resources (e.g., food, 

mates, suitable habitats for nursing, resting, finding protection against predators) between 

which fitness prospects of individuals differ greatly. If habitats differ in “quality”, 

individuals should be expected to exhibit some degree of habitat selection, in order to take 

maximum advantage of the resources (Wiens, 1976). Thus, resource-use patterns are a 

consequence of the influence of selection on survival and reproduction (Southwood, 

1977). Habitat selection is also a function of population density, that is, of the intensity of 

competition for the resources (Wiens, 1976). Thus, the way organisms interact with their 

physical and biological environment not only determines their patterns of distribution and 

abundance, but has also fundamental effects on the dynamics, social structure, 

evolutionary trajectory and conservation of populations (Krebs, 1994). 

 

Many species and populations of marine mammals have been exploited in the past. In 

most cases, threats posed by direct exploitation have been recognized and addressed 

effectively. Yet, marine mammals are also indirectly affected by several human activities, 

including commercial fisheries, coastal development, coastal and offshore drilling, 

dredging and dumping, military exercises, tourism development, scientific research, 

among others (reviewed in Hofman, 1995; Hooker & Gerber, 2004). In developing 
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cetacean conservation strategies, it is essential to have a good knowledge of their biology 

and ecology. First, an understanding of the habitat preferences and requirements of a 

population are necessary to identify key areas and to adequate conservation measures to 

the biological scales in which the population functions (Herfindal et al., 2005). Second, 

knowledge of population parameters is crucial to assess its status and dynamics and to 

identify population changes and trends. Ultimately, this could serve to predict how 

variations in ecological and anthropogenic factors will affect demographic parameters 

(Brooks et al., 2004). Finally, understanding the ecosystem of which a population is part 

is also important to assess the potential impact of habitat changes. 

 

Cetaceans are key components of marine ecosystems: they can consume significant 

quantities of prey, affect the distribution and abundance of prey species and may serve to 

structure marine communities (Croll et al., 1998). In spite of this, the role of cetaceans in 

ecosystem functioning and dynamics is still poorly understood. This is especially true in 

offshore systems, due to the difficulty of collecting data on cetacean distribution, 

abundance, habitat and resource use, at relevant spatial and temporal scales. Thus, studies 

aimed at elucidating these and other aspects of the biology and ecology of cetaceans will 

contribute to a better understanding of marine ecosystems and, ultimately, to their 

preservation. 

 

1.2. THE BOTTLENOSE DOLPHIN, TURSIOPS TRUNCATUS, (MONTAGU, 1821)  
 

1.2.1. Phylogeny, systematics and population structure 

The bottlenose dolphin (Tursiops truncatus) is one of the most widespread cetacean 

species. It can be found in all temperate and tropical waters worldwide and is common in 

both pelagic and coastal habitats (Caldwell & Caldwell, 1972). The polymorphic nature 

of the species has led to the identification of several species and subspecies in the past 

(Ross, 1977), although these were later considered as geographical variants of T. 

truncatus (Mitchell, 1975; Ross & Cockcroft, 1990). Yet, phylogenetic studies based on 

mitochondrial DNA (mtDNA) markers supported the existence of two separate species 

within the genus, T. truncatus and T. aduncus (Curry & Smith, 1997; LeDuc et al., 1999; 

Wang et al., 1999). Recently, a more comprehensive study on the population structure of 
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bottlenose dolphins confirmed the classification of the Chinese aduncus type as a separate 

species, and also suggested that the South African coastal population of the “aduncus-

type” represents an independent lineage from the other two (Natoli et al., 2004). 

 

Distinctive inshore (coastal) and offshore forms (“ecotypes”) appear to be common in 

many regions, and have been recognized on the basis of morphology and morphometry 

(Hersh & Duffield, 1990; Van Waerebeek et al., 1990), haematology (Duffield et al., 

1983), haemoglobin profiles (Hersh & Duffield, 1990), diet and parasite fauna (Mead & 

Potter, 1990; Mead & Potter, 1995; Van Waerebeek et al., 1990), and stable isotopes 

(Walker et al., 1999). Differences between the two ecotypes have been interpreted with 

respect to habitat differences: higher haemoglobin concentration, hematocrits, and red 

blood cell counts of offshore animals suggest an adaptation for greater oxygen-carrying 

capacity to facilitate deeper and longer dives (Duffield et al., 1983); smaller body sizes 

and larger size of flippers of coastal animals may be an adaptation to shallow habitats 

where manoeuvrability is important (Hersh & Duffield, 1990); and differences in skull 

dimensions between the two forms seem to be related to distinct feeding habits and 

foraging strategies (Hersh & Duffield, 1990).  

 

Although information on the distribution of the two ecotypes is scarce in most geographic 

areas, in the western North Atlantic there is some evidence of habitat partitioning. The 

coastal population occupy very shallow waters, nearshore, whereas offshore bottlenose 

dolphins usually concentrate along the shelf break (Kenney, 1990; Torres et al., 2003). 

These two ecotypes show a clear genetic differentiation at both mitochondrial and nuclear 

markers (Hoelzel et al., 1998; Natoli et al., 2004; Torres et al., 2003). In contrast, no clear 

genetic distinction was reported between the nearshore and offshore South African 

populations (Hoelzel et al., 1998). In addition, the species shows considerable genetic 

diversity and differentiation among populations at global, regional and local scales 

(Natoli et al., 2004, 2005). 

 

1.2.2. Habitat use and ranging behaviour 

In several geographic regions, coastal bottlenose dolphins appear to form a continuum in 

distribution. In the western North Atlantic, the species is distributed from Florida to New 
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Jersey (Mead & Potter, 1990). However, within this range, separate communities have 

been identified, based on the patterns of social associations and on the ranging behaviour 

(Shane et al., 1986). Bottlenose dolphins inhabiting Sarasota Bay (western Florida) were 

considered a closed “community” because of their long-term residency in the area, low 

number of associations with dolphins from adjacent areas, and their close genetic 

relationships. Later, these dolphins were found to mix frequently with dolphins from the 

Gulf of Mexico and Tampa Bay communities (reviewed in Scott et al., 1990). Though 

emigration and immigration rates appear to be less than 3% per year, genetic 

heterogeneity is relatively high within the Sarasota community, suggesting that it has not 

been a closed reproductive unit (reviewed in Scott et al., 1990). These results were 

supported by paternity tests that indicated that some of the calves born within the Sarasota 

community were from males from other communities (Duffield & Wells, 1991).  

 

Separate dolphin communities with partially overlapping ranges were also described for 

T. truncatus in the Gulf of Guayaquil (Ecuador) (Félix, 1997), and for T. aduncus in 

eastern Moreton Bay (Chilvers & Corkeron, 2001) and in Shark Bay (Australia) (Smolker 

et al., 1992). There are, however, some cases of populations that seem to be fairly isolated 

from each other. For instance, levels of mtDNA divergence between dolphins from the 

Gulf of Mexico and those from the Atlantic coast of the USA suggest considerable 

isolation between these regions (Dowling & Brown, 1993). A recent study on the 

distribution of mtDNA variance showed that populations of bottlenose dolphins around 

the UK are spatially structured (Parsons et al., 2002). This work also provided evidence 

for the isolation of the Moray Firth population, supporting previous findings from photo-

identification studies (Wilson et al., 1999).  

 

There are striking differences in ranging and movement patterns among populations of 

bottlenose dolphins occurring in different areas. The Sarasota Bay bottlenose dolphins are 

long-term, year-round residents of a home range of about 125 km2 and show strong site 

fidelity to the area (reviewed in Scott et al., 1990). Bottlenose dolphins are also year-

round residents in the Moray Firth (Wilson et al., 1997). Dolphins identified in Bahia 

Kino (Gulf of California, Mexico) and in the Shannon Estuary (Ireland) are not year-

round residents and appear to range more freely than dolphins from Sarasota (Balance, 
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1992; Ingram & Rogan, 2002), whereas animals seen in the nearshore waters of 

California and Virginia do not exhibit long-term or seasonal site fidelity and are 

essentially transient in the area (Barco et al., 1999; Defran & Weller, 1999). In the Gulf of 

Guayaquil the residence pattern differs between communities, with some of them being 

full residents in the area, while others are only recorded seasonally (Félix, 1997). 

Differences in ranging and movement patterns may be related to the availability of food 

resources. Certain habitats may provide only temporary, less abundant prey resources, 

and dolphins are forced to range over long distances in search for new food patches 

(Balance, 1992; Defran et al., 1999).  

 

Even within the same population, individuals may differ in their ranging patterns, 

depending on the sex or age-classes, and on their social relationships. In Sarasota, 

different groups (“bands”) of females occupy different and relatively limited core areas 

within the community home range, generally located around very productive areas. Adult 

males travel more widely throughout and even beyond the area and their ranges 

encompass the core areas of several female “bands”. Subadult males tend to have smaller 

ranges than adult males and usually occupy the edges of the community range (reviewed 

in Scott et al., 1990). Likewise, dolphins in the Moray Firth and in the Shannon Estuary 

show stratification in habitat use (Ingram & Rogan, 2002; Wilson et al., 1997), which 

may be related to social factors, such as area defence by some individuals or grouping 

patterns (Lusseau et al., 2006; Wilson et al., 1997).  

 

1.2.3. Life history 

Bottlenose dolphins are long-lived mammals. Females may live more than 50 years and 

males more than 40. Age at sexual maturity ranges from 5 to 13 years in females, and 

from 8 to 13 years in males (reviewed in Connor et al., 2000). Bottlenose dolphins show 

diffuse seasonal reproduction, with usually one or two peaks in the timing of births 

around spring/early summer and fall (Mann et al., 2000). The gestation period lasts 

approximately one year, after which a single offspring is born (Perrin & Reilly, 1984). 

Typically, the calf remains with her mother until three years of age (Mann et al., 2000), 

although longer dependencies are not uncommon (Connor et al., 2000). Mortality during 

the early years of life seems to be high, with more than 40% of the calves dying before 
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weaning (Mann et al., 2000). After weaning, subadults leave their mother’s groups but 

remain within the local population (Connor et al., 2000). 

 

1.2.4. Diet 

The diet of this species includes a wide variety of fish and cephalopods, as well as 

shrimps, rays and even small sharks. Bottlenose dolphins are described as opportunistic 

feeders that take advantage of locally available prey (Barros & Odell, 1990). For instance, 

bottlenose dolphins inhabiting inshore and coastal waters feed mainly on benthic and 

demersal fish species (Barros & Odell, 1990; Cockroft & Ross, 1990), while dolphins 

occurring in open waters consume a wide range of prey but seem to rely more on 

epipelagic and mesopelagic schooling fish and cephalopods (Barros et al., 2000; González 

et al., 1994; Mead & Potter, 1990; Mead & Potter, 1995). The variety of prey species 

consumed hints at the diverse foraging behaviours and techniques employed by this 

species. 

 

1.2.5. Social behaviour 

Bottlenose dolphins live in a fission-fusion society, in which individuals associate in 

small groups that change in size and composition on an hourly or daily basis. According 

to Connor et al. (2000), the fission-fusion grouping pattern reflects a requirement to 

spread out to reduce feeding competition. Females usually have a larger network of 

associates than males and are linked to most other females in the group, although they 

may have a subset of preferred female companions (Félix, 1997; Scott et al., 1990; 

Smolker et al., 1992). Adult males may form strongly bonded pairs or trios with other 

adult males and cooperate to form aggressively maintained consortships with females 

(Connor et al., 1992; Félix, 1997; Möller et al., 2001). In the Moray Firth, however, no 

similar behaviour has been observed (Wilson et al., 1997).  

 

Differences in individual home ranges and association patterns between females and 

males seem to be the result of different strategies of the two sexes. The reproductive 

success of females depends primarily on resources that will increase the probability of 

calf survival and successful rearing, such as distribution of food resources, predation and 

competition with other females. On the other hand, male reproductive success mainly 
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depends on their access to mates, and thus on the distribution of females (Connor et al., 

2000; Scott et al., 1990).  

 

1.3. PREVIOUS RESEARCH ON THE BOTTLENOSE DOLPHIN IN THE AZORES 
 

Bottlenose dolphins are among the most abundant cetacean species in the Azores and 

occur in all the islands. The species is frequently encountered close to the islands, as well 

as in offshore waters, although it seems to use preferentially areas with water depths 

below 1000 m (Silva et al., 2003). Contrary to what has been described in a number of 

dolphin species (see Norris & Døhl, 1980 and Wells et al., 1980), bottlenose dolphins in 

the Azores do not form larger groups with increasing water depths (Silva et al., 2003). 

These authors hypothesized that the lower productivity and the low risk of predation in 

Azorean waters may reduce the advantages of forming large groups. 

 

The first photo-identification study conducted in the Azores was initiated in 1997, and 

focused mainly on the distributional ecology, behaviour and interspecific associations of 

bottlenose dolphins (Mendes et al., 1999). Although preliminary, this work suggested the 

existence of a resident population around the islands of Faial and Pico, in the central 

group of the archipelago (Mendes et al., 1999). However, the residence pattern of the 

population remained unknown.  

 

In 1999, another monitoring programme was initiated around the islands of Faial and 

Pico, with special focus in three Special Areas of Conservation (designated under the 

Natura 2000 Network) (Silva et al., 2000). This programme aimed to improve current 

knowledge on the ecology of bottlenose dolphins occurring in this area of the archipelago, 

in order to contribute to the management plans being produced. The results obtained in 

this study confirmed the existence of a resident population in the area. Moreover, the 

population showed some degree of site fidelity and used the area during all seasons (Cruz 

et al., 2004).  

 

In the Azores, disturbance from whale watching activity probably constitutes the major 

threat to bottlenose dolphins (Silva et al., 2000). However, a study aimed at assessing the 
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short-term reactions of bottlenose dolphins to the presence and activity of whale-watching 

boats failed to document any significant effects (Magalhães et al., 2002). Data on 

movement patterns of bottlenose dolphins collected using land-based theodolite tracking 

indicated that the animals did not change speed, orientation or diving behaviour in the 

presence of boats (Magalhães et al., 2002). 

 

1.4. THE AZORES: PHYSICAL AND OCEANOGRAPHIC ENVIRONMENT 
 

The Archipelago of the Azores (Portugal) is located between 37º to 41º N and 25º to 31º 

W, about 1300 km west of Lisbon (Figure 1.1). It consists of 9 volcanic islands divided 

into 3 groups: eastern group (composed of the islands of S. Miguel and Sta. Maria), 

central group (composed of the islands of Graciosa, Terceira, S. Jorge, Pico and Faial) 

and western group (composed of the islands of Flores and Corvo) (Figure 1.2). The 

archipelago extends more than 600 km along a northwest–southeast trend and crosses the 

Mid–Atlantic Ridge (Morton et al., 1998) (Figure 1.1).  

 

 

Figure 1.1 – Map of the North Atlantic showing the location of the Azores (adapted from 

National Geophysical Data Center; National Oceanic and Atmospheric Administration 

(NOAA); U.S. Department of Commerce). 
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The bottom topography of the region is characterized by numerous shallow-water and 

emergent features (shoals, seamounts, islets and the islands) rising steeply from abyssal 

depths (>4000 m), as well as deep-water ridges and submarine canyons (Figure 1.2). This 

complex topography influences local and regional patterns of ocean circulation, which in 

turn affects the distribution of marine organisms (Santos et al., 1995).  
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Figure 1.2 – Bathymetric map of the Azores, showing each of the groups of islands 

(adapted from Lourenço et al., 1999). 

 

 

The Azores Archipelago is situated at the northern edge of the North Atlantic Subtropical 

Gyre, the rotor of the North Atlantic Circulation (Maillard, 1986). The Gulf Stream 

current feeds the area, and its southeastern branch generates the eastward-flowing Azores 

Current (Klein & Siedler, 1989). The Gulf Stream and North Atlantic and Azores 

currents, and the dynamic Azores Front, are responsible for the seasonal and interannual 

dependent complex pattern of ocean circulation that characterizes the Azores, and results 

in the high salinity, high temperature and low-nutrient regime waters (Johnson & Stevens, 

2000; Santos et al., 1995). 

 

In the Azores, mean currents are very weak and mesoscale activity dominates the oceanic 

motion. In fact, the eastward flowing Azores Current keeps the subtropical thermohaline 
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front - a major source of meanders and eddies - very close to the islands, with direct 

consequences for the whole regional ecosystem (Santos et al., 1995). First, eddies and 

other mesoscale features are important mechanisms for the transfer of heat, salt and 

contaminants from one area to another. Second, because there is intermittent vertical 

mixing along the fronts that bound them, highly localised patches of enhanced primary 

production can develop, which tend to attract mobile pelagic fauna.  

 

The Azores region is characterized by rather high horizontal temperature gradients, with 

temperature differences of 1º C per 50 km (Gould, 1985). The mean, season independent, 

sea-surface temperature is characterized by pronounced surface water cooling in the 

vicinity of large topographic features, such as the islands and seamount chains. One 

prominent cool water pool in the area was observed between the Central and Eastern 

groups of islands (Bashmachnikov et al., 2004). 

 

1.5. OVERVIEW OF METHODS USED IN THIS STUDY 

 

1.5.1. Assessing population structure and ranging behaviour  

A challenge to investigating population structure in the marine environment is the 

capability of marine species for long-distance dispersal. Studies that directly evaluate 

dispersal can provide valuable insights into the population structure of a species but they 

are often logistically difficult. Furthermore, such studies provide evidence for the 

movement of individuals but do not necessarily elucidate the genetic consequences of 

dispersal (Waples, 1998). On the other hand, genetic data provide information on an 

evolutionary-time scale and may not reflect recent ecological events (Slatkin, 1987). 

Moreover, interpretation of molecular genetic data still relies heavily on a good 

understanding of the life history and behaviour of the species (Bowen & Siniff, 1999). 

Therefore, studies of distribution and movements of individuals or genetic analyses alone 

may not provide a complete picture of the population structure of a species, and ideally a 

combination of molecular techniques with non-genetic data should be used (Connor et al., 

2000; Hoelzel & Dover, 1989). 
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Different non-genetic approaches and types of data have been used to define the structure 

of cetacean populations. Morphological parameters, such as skull and external body 

measurements (e.g., Gao & Gaskin, 1996; Hersh & Duffield, 1990; Miyazaki & Shikano, 

1997; Perrin et al., 1991), and behavioural differences, for instance in foraging strategies, 

activity patterns, diving and vocal behaviour (e.g., Barrett-Lennard et al., 1996; Morton, 

1990; Whitehead et al., 1998), have been extensively used to distinguish cetacean 

populations. Several types of ecological data (e.g., diet, isotope ratios, parasitic fauna, and 

contaminants) have been successfully used to detect differences in populations, when the 

level of dispersal is low (e.g., Kunito et al., 2002; Mead & Potter, 1990; Mead & Potter, 

1995; Walker et al., 1999).  

 

Distributional data can be in the form of records of occurrence from sightings or catches 

and records of movements of tagged or naturally-marked individuals (e.g., Calambokidis 

et al., 1996; Cerchio et al., 1998; Kenney, 1990; Mate et al., 1999). Photo-identification 

can give information on movement and ranging patterns of individual animals. Providing 

that photo-identification and survey efforts are adequate in coverage and intensity, this 

information can also be used to determine whether populations living in different 

geographic areas are isolated or not.  

 

Genetic techniques revolutionized the study of systematics, evolution, population genetics 

and socio-biology (May, 1992). Allozyme analysis was frequently used in studies of 

cetacean populations structure (e.g., Andersen, 1988), social organization and mating 

strategies (e.g., Andersen & Siegismund, 1994). This method has been supplemented with 

techniques generating direct or indirect estimates of nucleic acid variation. Restriction site 

or fragment analysis of mtDNA and direct sequencing of specific regions of the 

mitochondrial genome following amplification by the polymerase chain reaction (PCR) 

are currently the methods of choice for many population-level studies. The reasons for the 

increasingly widespread use of mtDNA in studies of animal populations are: matrilineal 

inheritance; rapid rate of sequence divergence (especially in vertebrates); general 

conservation of gene order and composition; small size as compared to the nuclear 

genome; and relative ease of isolation and purification (reviewed in White & Densmore, 

1992). Analyses of mtDNA sequences has been widely used to assess the degree of 
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genetic differentiation among populations of several cetacean species (e.g., Dalebout et 

al., 2001; García-Martínez et al., 1999; Hoelzel et al., 2002; Lyrholm & Gyllensten, 1998; 

Rosel et al., 1994a, b; Palsbøll et al., 1995; Pichler et al., 1998). In more recent years, the 

use of microsatellites emerged as a powerful tool in studies of cetacean population 

structure (e.g., Fullard et al., 2000), social organization, dispersal and mating strategies 

(e.g., Amos et al., 1991; Lyrholm et al., 1999). In general, microsatellite loci are highly 

polymorphic in natural populations, a feature that makes them especially useful as genetic 

markers. Microsatellites can also be used as genetic tags to recognize individual animals 

(Palsbøll, 1999; Taberlet & Luikart, 1999), which makes them particularly useful to 

estimate population abundance using mark-recapture statistical methods (e.g., Palsbøll et 

al., 1997). 

 

1.5.2. Estimating demographic parameters 

To understand the structure and dynamics of a natural population it is essential to have 

some idea of the population size and related parameters, such as birth and death rates 

(Seber, 1982). There is a wide variety of methods available to estimate the size of a 

population, and the choice of the most appropriate will depend on the taxa of interest, its 

distribution and area of occurrence, and the method of sampling (Seber, 1982). Line 

transect and cue counting methods can be used to estimate the density of animals in a 

sample of the area inhabited by the population (Buckland et al., 1993; Hammond, 1986; 

Hiby & Hammond, 1989; Seber, 1982). Catch–effort methods are based on the general 

assumption that the size of a sample caught from a population is proportional to the effort 

put into taking the sample (Seber, 1982). These methods have been primarily used to 

estimate the population size of commercially harvested whales (Holt, 1979; Oshumi, 

1979a, b). Capture-recapture methods are based on the proportion of marked animals 

recaptured in a sample of the population in relation to the proportion of marked animals in 

the total population (Seber, 1982). The ability to recognize individual whales and 

dolphins from natural markings has prompted the application of these methods to estimate 

the size of cetacean populations (see Hammond et al., 1990). Capture-recapture models 

have the advantage of allowing the estimation of several other demographic parameters, 

such as survival probability, recruitment, and emigration and immigration rates (Schwarz 

& Seber, 1999). 
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1.5.3. Distribution and habitat preferences 

Several factors are known to influence the spatial and temporal distribution of cetaceans, 

including the characteristics of the habitat (e.g., temperature, salinity and bathymetry), 

system productivity, distribution of competitors, predators and prey, population size and 

structure, and human disturbance (Bowen & Sniff, 1999). Yet the precise role and 

importance of each factor is often difficult to understand and even more difficult to 

quantify. Traditionally, data on the distribution and habitat use of cetaceans has been 

collected during ship and aerial surveys (e.g., Best, 2000; Defran et al., 1999; Raum-

Suryan & Harvey, 1998; Wilson et al., 1997). However, these techniques are expensive 

and time-consuming when the objective is to obtain data over large geographic areas and 

for several years. Statistical models relating patterns of species presence to multiscale 

habitat variables may be used to understand species-habitat relationships and to provide a 

framework from which spatial and temporal patterns in species presence can be predicted 

(Redfern et al., 2006). Habitat models based on associations between the occurrence of a 

species and physical or ecological characteristics of the habitat may provide an easily 

applied method of making accurate predictions of species distribution in geographic areas 

that have not been surveyed (Guisan & Zimmermann, 2001). In addition, model 

predictions can be used to assess habitat suitability, forecast the effects of habitat change 

and predict “hotspots” of species persistence (Olden et al., 2002). 

 

1.6. MAIN OBJECTIVES AND OUTLINE OF THESIS 

 

Very little is known about the ecology of bottlenose dolphins living in oceanic waters. 

Taking the Azores as a case study of an oceanic habitat, this work aims to fill in that gap 

by providing information on the biology and ecology of the population of bottlenose 

dolphins occurring in the area.  

 

The thesis is organised into one introductory chapter, presenting an overview of the 

methods, a general description of the biology and ecology of the species, and the 

characterization of the study area, five research chapters, and a final discussion chapter 

that sums up and pulls together the major findings. 
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The first data chapter (Chapter 2) provides a description of the residence and ranging 

patterns of bottlenose dolphins, using 6 years of photo-identification data. Quantitative 

data on site fidelity, movements and home ranges of individually recognizable dolphins 

are examined, and used to infer the structure of the population in the Azores.  

 

Chapter 3 investigates the genetic diversity and structure of the population around the 

archipelago, using sequences of mtDNA. Samples were obtained from free-ranging 

dolphins using biopsy darting. This chapter investigates the existence of different 

ecotypes (coastal and offshore) in the Azores and assesses the degree of isolation of 

populations associated with different groups of islands.  

 

In Chapter 4, photo-identification data collected over a 6-year period are used to estimate 

population parameters, using capture-recapture methods. Open-population models and 

Pollock’s robust design are used to estimate population size, survival and temporary 

emigration rates of dolphins occurring around three islands of the archipelago (main study 

area).  

 

Chapter 5 investigates habitat preferences of bottlenose dolphins in the Azores, by 

studying their distribution in relation to several physiographical and physical variables. 

Generalized linear models are used to examine the relationship between dolphin sighting 

rate and water depth, slope, slope aspect and distance to shore. Interannual and seasonal 

persistence and spatial variability in dolphin-habitat associations are also investigated. 

 

The final data chapter (Chapter 6) assesses the relevance of a proposed Marine Protected 

Area as a tool to manage the population of bottlenose dolphins living in the Azores. The 

spatial and temporal distribution and relative abundance of the species in and around the 

Marine Park is investigated using data collected during systematic and opportunistic boat-

based surveys. In addition, the temporal variability in habitat usage of the Marine Park by 

the resident group is investigated and used to assess whether the Park includes important 

areas of habitat for resident dolphins. These results are then used to discuss the 

appropriateness of the boundaries currently proposed for the Marine Park. 
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CHAPTER 2 
 

RANGING PATTERNS OF BOTTLENOSE DOLPHINS IN THE 

AZORES: IMPLICATIONS FOR POPULATION STRUCTURE 
 

 

________________________________________________________________________ 

 

 

2.1. INTRODUCTION 

 

The analysis of ranging patterns is crucial to understanding several aspects of the ecology, 

dynamics, social structure and evolutionary trajectory of a population. Knowledge of 

individual patterns of space use can provide important insights into the spatial and 

temporal distribution of resources, as well as into foraging strategies and energetic 

requirements of individuals (Brown & Orians, 1970). The size and characteristics of an 

individual’s home-range may be used to identify residency, territoriality and to make 

inferences about the population mating system and social organization (Ostfeld, 1990). 

The movements of individuals also have fundamental effects on the genetic structure of 

populations (Wiens, 1976) by providing the opportunities for gene flow to occur between 

different areas.  

 

The concept of a home range to describe an individual animal’s area usage was first 

introduced by Burt (1943), who defined it as “the area traversed by an individual in its 

normal activities of food gathering, mating and caring for the young”. Although this 

definition has received much criticism, mainly because it lacked a temporal component 

(Kernohan et al., 2001), no other generally accepted definition has emerged and Burt’s 

definition of home range is still widely accepted. Later, the concept of “core area” 

(Kaufmann, 1962) was proposed to encompass the idea that an animal does not use the 

various parts of its home range with equal intensity. This is particularly important because 

of the variability in physical and biological characteristics of natural habitats. 
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The heterogeneity of natural environments results in discontinuities in the distribution of 

limiting resources between which fitness prospects of individuals differ greatly (Wiens, 

1976). The patterns of these discontinuities produce an environmental patchwork that 

influences the distribution of organisms. Because patch structure varies both in time and 

space, animals should move in response to this variability, in order to take maximum 

advantage of the resources. However, resource requirements will vary with the 

characteristics of the species, the activity of animals, and the suitability of the habitat to 

accommodate each activity (Stevick et al., 2002).  

 

Inter- and intraspecific variation in home range size and characteristics have been mainly 

explained as a function of body size/mass, diet, climate, competition, predation and 

reproductive strategies (Damuth, 1981; Harestad & Bunnel, 1979; Lindstedt et al., 1986; 

McNab, 1963; Sandell, 1989; Swihart et al., 1988). Among these, variation in prey 

availability is considered one of the most important factors determining home range size 

and movement patterns. It has been hypothesized that in less productive habitats animals 

should maintain larger home ranges because they need to range further to find enough 

food (Harestad & Bunnel, 1979). Similarly, animals preying on patchily distributed 

resources are predicted to have larger home ranges because they must travel further in 

order to find adequate food patches. In practice, an increase in home range size with 

decreasing food availability/density seems to be a general result and has been frequently 

reported in birds (e.g., Marzluff et al., 1997; Ratcliffe & Crowe, 2001) and terrestrial 

mammals (e.g., Grigione et al., 2002; Herfindal et al., 2005; Tufto et al., 1996). 

 

Although data on whole home ranges are scarce for most cetacean species, several studies 

have reported a strong correlation between cetacean movement patterns and patterns of 

distribution and abundance of their prey (Bowen et al., 2002; Stevick et al., 2002). 

Differences in ranging and movement patterns among populations of bottlenose dolphins 

occurring in different areas have also been related to the availability of food resources. 

For example, the Sarasota Bay dolphins are long-term, year-round residents with a home 

range of about 125 km2 and show strong site fidelity to the area (Scott et al., 1990). In 

South Carolina, resident dolphins have even smaller home ranges, show only moderate 

levels of mobility and are never encountered outside estuarine areas (Gubbins, 2002). 
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Scott et al. (1990) propose that the relatively abundant and predictable food resources in 

these areas may sustain a resident population year-round. On the other hand, certain 

habitats may provide only temporary, less abundant prey resources, and dolphins are 

forced to range over long distances in search for new food patches. Dolphins identified in 

Bahia Kino (Gulf of California, Mexico) are not residents in the bay and appear to range 

more freely than dolphins from Sarasota (Ballance, 1992), and animals seen in the coastal 

waters along the coast of California (USA) are highly mobile and range over extensive 

distances (Defran et al., 1999). These results are in agreement with theoretical predictions 

and studies on other taxonomic groups. However, nearly all the information available 

comes from inshore or coastal populations and the ranging behaviour of bottlenose 

dolphins living in oceanic waters remains largely unknown. 

 

The Azores archipelago, an isolated archipelago located in the middle of the North 

Atlantic, constitutes a truly dynamic ecosystem with complex and highly variable 

oceanographic patterns, which mainly result from the influence of different warm-water 

and cold-water currents and fronts and from the interaction of the islands with the 

surrounding ocean (Santos et al., 1995). In this kind of habitat, dolphin prey species 

should be ephemerally available in time and patchily distributed in space and dolphins are 

therefore predicted to range over long distances in order to find enough food. If 

availability of food resources is a limiting factor, bottlenose dolphins in the Azores will 

be transitory in the area, similar to what was reported for the population seen at Cocos 

Island (Costa Rica) (Acevedo-Gutiérrez, 1999). On the other hand, oceanic islands 

represent topographic disturbances of oceanic flow and are responsible for the 

development of localised tides, eddies and upwellings, which in turn enhance nutrient 

concentration and, ultimately, biological productivity (“island mass effect”, Doty & 

Oguri, 1956). In areas where this oceanographic phenomenon takes place, the islands may 

provide a suitable habitat for a resident population. Bottlenose dolphins in Hawaii (an 

archipelago with many similarities with the Azores) were found to be island-associated, 

and not part of a pelagic population that occasionally passes the islands (Baird et al., 

2002). Although the “island mass effect” is poorly known in the Azores, it has long been 

realised that, amid the generally unproductive waters of the North Atlantic oceanic 

environment, the waters surrounding the Azores represent an “oasis” of biological 
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productivity that attracts numerous pelagic organisms (Santos et al., 1995). In this case, 

the waters around the Azores may offer enough food resources to hold a resident 

population of bottlenose dolphins. 

 

In this Chapter, the results from a 6-year study of the ranging patterns of bottlenose 

dolphins living around the Azores archipelago are presented. Quantitative data on site 

fidelity, movements and home ranges of individually recognizable dolphins are examined 

to investigate whether bottlenose dolphins around the Azores are typical of a coastal 

resident population, or of an oceanic transitory population. The implications of these 

findings for the structure of the population are discussed. 

 

2.2. METHODS 

 

2.2.1. Study area 

For the purpose of this study, the archipelago was divided into four areas: main 

(comprising the islands of Faial, Pico and the channel between Pico and S. Jorge), central 

(islands of Terceira, Graciosa and northern part of S. Jorge), eastern (islands of S. Miguel 

and Sta. Maria) and western (islands of Flores and Corvo) (Figure 2.1). 
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Figure 2.1 – Map showing the location of each of the studied areas. 
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2.2.2. Photo-identification surveys 

Standardized boat surveys were conducted in the main study area (approximately 5400 

km2) from March 1999 through October 2004. These surveys followed a pre-determined 

track, either alongshore at 1 km from the coast or in a zig-zag pattern up to 8 km from the 

islands, and these were designed to ensure as equal coverage as possible within the area. 

The survey route was selected based on the weather and sea conditions and time 

constraints on each day. An attempt was made to survey the main area at least twice a 

month between May and September and once a month during the remainder of the year. 

However, survey effort varied both within and among years. To investigate the extent of 

movements of individual animals, surveys were also conducted in the other three areas. 

Between 2002 and 2004, each of these secondary areas was visited twice for periods of 2-

3 weeks. In order to maximise sampling opportunities, surveys in the secondary areas 

were restricted to spring and summer months (June through September) when better 

weather conditions were expected to occur. Searching effort was not equally distributed 

throughout these areas and was usually concentrated in regions where dolphins were more 

likely to be found or in the more sheltered locations. 

 

Surveys were conducted from a 5.5 m rigid inflatable boat with a 70 hp outboard engine 

or from a 12 m fibreglass boat equipped with two 200 hp inboard engines. During 

surveys, a steady speed of 16-22 km h-1 was maintained, while a minimum of three 

observers searched for dolphins and collected data on observation effort and weather and 

sea conditions. Surveys were only carried out in Beaufort sea-states ≤ 3. When dolphins 

were encountered, the initial time and location (determined by Global Positioning System 

(GPS)), school size and composition, behaviour and direction of movement were 

recorded. After some time spent observing and recording dolphin behaviour, the boat 

slowly approached the school and an attempt was made to obtain several identification 

photographs of both sides of every individual present. Photographs were taken with a 

Nikon F-90X autofocus camera equipped with a Nikkor AF 70-300 mm (f4-5.6) zoom 

lens, and using Kodak Elitechrome ISO 200 or Ektachrome Elite II ISO 200 colour slide 

film. Once photographic data and biopsy samples (see below) had been collected, the 

dolphin school was abandoned and the survey resumed from that location. 
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2.2.3. Definitions 

In the present study, the term ‘school’ was used as the sampling unit and defined as all 

dolphins sighted within 100 m radius of each other (Wells et al., 1987). Schools were 

usually ephemeral and did not maintain compositional integrity over time. The term 

“resident group” was used to designate dolphins that were regularly seen in the main 

study area (see section 2.3.3 of the results) and shared large portions of their ranges. In 

this context, the term “group” has no implications regarding the social relationships of its 

members and does not imply the existence of a stable social unit. Following the 

nomenclature used in capture-recapture studies, dolphins seen just once in the main area 

were called “transients” (Pradel et al., 1997), whereas animals seen more than once but in 

non-consecutive years were called “temporary migrants” (Kendall et al., 1997). 

Transients and temporary migrants were not included in the resident group. 

 

Dolphins were classified into broad categories - adults, subadults or calves - according to 

their size, colour, and behaviour. The adult class corresponded to large and robust 

animals. Calves were identified by one of the following characteristics: small body size, 

presence of foetal folds, pronounced paler skin and consistent association with an adult 

(Mann et al., 2000; Mann & Smuts, 1999; Shane et al., 1986). Dolphins whose body size 

was smaller than that of adults and that were independent from an adult animal were 

considered subadults (Wells et al., 1987). This classification was performed in the field 

while the individual was being photographed, and confirmed again through examination 

in the laboratory of the pictures taken. Calves were excluded from all the analyses 

performed because they usually do not possess enough marks to ensure their future 

recognition without error.  

 

Females were identified in the field by consistent association with a small calf (n=21) 

(Smolker et al., 1992; Mann & Smuts, 1999), and in a few cases (n=3) gender was 

assigned by visual inspection of the genital area. Beginning in April 2002, biopsy samples 

of adult and subadult dolphins were collected to investigate the genetic structure of the 

population. For 64 dolphins that were simultaneously photographed and biopsied, sex was 

later determined through co-amplification of a short fragment of the male-specific SRY 
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gene and a microsatellite fragment used as a PCR control for positive identification of 

females (see Quérouil et al., in press). 

 

2.2.4. Photo-identification procedures  

Pictures obtained from each encounter were examined in the laboratory with an 8-20X 

binocular loup. Photographs were graded according to their focus, light and contrast, size 

of dorsal fin in relation to the frame and angle of dorsal fin. Only good quality 

photographs were used in this study. Individual animals were identified based primarily 

on the number and location of nicks and scars on their dorsal fins, but also on the scars 

and pigmentation pattern along the flanks (Würsig & Jefferson, 1990; Würsig & Würsig, 

1977). The best photographs of each dolphin were then compared with the best 

photograph of all previously identified individuals, and included in the catalogue as either 

a new identification or as a resighting of a known dolphin. Only individuals with 

sufficiently distinctive marks to allow future recognition were included in the dataset. If 

the number of individuals photo-identified in a given encounter was larger than the field 

estimate, the former value was used as the estimate of school size. Otherwise, the school 

size estimated in the field was used. 

 

2.2.5. Residency and site fidelity in the main area 

Sighting frequency, number of years observed, mean monthly sighting rate, and extent of 

movements were used to assess the degree of residency and fidelity of individual dolphins 

to the main area. For the remaining areas, the number of dolphin resightings and the 

temporal scale considered were judged insufficient to conduct these analyses. Thus, the 

dataset analysed only included individuals (adults and subadults) seen at least once in the 

main area, from 1999 through 2004. The monthly sighting rate was calculated as the 

proportion of months a certain individual was seen in relation to the number of months 

surveyed during the years it was observed in the area. This value was then averaged 

across the years the individual was seen, resulting in a mean monthly sighting rate. This 

index therefore reflects the degree of fidelity during the periods when the individual 

frequented the area and is independent of the number of years it was seen. The mean 

monthly sighting rate varies between 0 and 1, the maximum value corresponding to an 
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individual that was seen in all the months surveyed in the years it was observed in the 

area. 

 

2.2.6. Movements 

Linear distance between consecutive sightings of individuals was measured with the 

Animal Movement Analyst Extension of ArcView® 3.2 (Hooge & Eichenlaub, 1997) and 

used to assess the extent of movements and to evaluate differences in distance travelled 

by dolphins of different sex and age classes.  

 

2.2.7. Match Index 

The movement rate among areas was determined using the match (or interchange) index, 

which is the inverse of the Petersen capture-recapture estimator (Baker et al., 1986; 

Calambokidis et al., 2001). The match index is given by: 

 

jiI → = 1000×
×
→

ji
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m

 

 

Where mi→j represents the number of individuals recaptured in stratum j that have been 

previously captured in stratum i, and ai and nj are the number of individuals marked in 

stratum i and j, respectively, multiplied by a scalar.  Calambokidis et al. (2001) showed 

that the expected value of this index is directly proportional to the movement probability 

between two strata (e.g., areas, years) and inversely proportional to the abundance of the 

population in the second stratum. Therefore, a low value of the match index reflects a low 

amount of movement between strata or a low probability of recapture due to a large 

population size, or both. In the present study, the match index was used to calculate the 

probability of individuals remaining in, or returning to, the same area in consecutive years 

(return rate), and the probability of moving to a different area within the same year and 

between years (interchange rate). The match index was also used to investigate whether 

there was a directionality of movements within the study area. 
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2.2.8. Home ranges 

Ranges of individual dolphins were calculated using Minimum Convex Polygons (MCP) 

(Mohr, 1947) and the fixed kernel method (Worton, 1989), available from the Animal 

Movement Analyst Extension of ArcView® 3.2 (Hooge & Eichenlaub, 1997). The MCP 

is the smallest convex polygon containing all the observed positions and the area within 

this polygon corresponds to the estimated home range size. The MCP is the oldest and 

most common home range estimator, and although it suffers from several biases 

(Kernohan et al., 2001) it was chosen for comparison purposes. The kernel is a 

probabilistic method that attempts to assess the animal’s utilization distribution (UD) 

within an area (Kernohan et al., 2001). Thus, instead of just reporting the size of the area 

used by the individual in the course of its daily activities, kernel methods also assess the 

individual’s probability of occurrence at each point within its home range. Kernel 

methods have been found to be robust to a number of biases and generally to perform 

better than all the other estimators (Kernohan et al., 2001; Seaman et al., 1999; Seaman & 

Powell, 1996; Worton, 1989).  

 

In the present study, the bandwidth value (which controls the width of individual kernels, 

determining the amount of smoothing applied to the data) used in the fixed kernel was 

calculated through the least squares cross validation (LSCV), considered the most reliable 

and objective method for selecting the smoothing parameter (Seaman et al., 1999). 

Estimators may be critically affected by serial autocorrelation as the distance between 

consecutive positions decreases, leading to the underestimation of home range size 

(Kernohan et al., 2001). To attempt to ensure independence of sampling and decrease the 

bias from autocorrelation, multiple sightings from the same individual made on the same 

date and location were eliminated from the dataset. In spite of this precaution, some 

degree of autocorrelation was still expected to occur. Therefore, Schoener’s ratio (ratio of 

the mean squared distance between successive observations and the mean squared 

distance from the centre of activity, Schoener, 1981) was calculated for each individual 

and used to assess the amount of autocorrelation in the data and the potential effects on 

the estimates. 
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Before calculating home range size, extreme sightings of each individual were identified 

and removed using the harmonic mean outlier removal method (White & Garrott, 1990). 

A bootstrap test was run to examine the increase in the MCP home range size with the 

increase in the number of locations used for each animal. For most of the animals 

analysed, the area-observation curve approached the asymptote at 10 sightings, indicating 

that this value was the minimum number of sightings required to estimate the size of the 

home range. Location data from 31 individuals sighted 10 or more times were used to 

estimate the size of their home ranges, using both MCP and fixed kernel methods (after 

subtracting the area of landmasses from all the estimates).  

 

The Wilcoxon matched pairs test was used to evaluate differences in estimates of home 

range area obtained with each method. The overall ranging area (MCP and kernel 95% 

UD) and core area (kernel 50% UD) calculated for adult and subadult dolphins were 

compared using the Mann-Whitney U test. 

 

2.3. RESULTS 

 

2.3.1. Survey effort and sightings 

In total, 353 surveys were conducted during this study, though most of the survey effort 

was concentrated in the main area, especially during spring and summer months (Table 

2.1). Twenty-eight and 26 surveys were conducted in the eastern and central areas, 

respectively (Table 2.2). The western area was only surveyed 13 times in two years. This 

was mainly due to the poor weather and sea conditions in this region. Bottlenose dolphins 

were encountered during 42% (n=120) of all surveys carried out in the main area, 57% 

(n=16) in the eastern, 40% (n=10) in the central and 31% (n=4) in the western. Overall, 

170 schools of bottlenose dolphins were photographed and 966 different individuals 

identified from the photographs. School size ranged from 1 to 110 individuals, with a 

median of 15 animals (mean=21.3 ± 1.6 SE). There were no significant differences in 

school size among areas (Kruskal-Wallis ANOVA, H(3,142)=3.689, p=0.297) (Figure 2.2). 
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Table 2.1 – Number of surveys and number of dolphin schools encountered per month and year in the main area. 

1999 2000 2001 2002 2003 2004 Total Months 

 Surveys Schools Surveys Schools Surveys Schools Surveys Schools Surveys Schools Surveys Schools Surveys Schools

January --- --- 7 2 --- --- --- --- --- --- --- --- 7 2 

February --- --- --- --- 1 0 3 0 4 3 --- --- 8 3 

March 5 2 4 1 --- --- 2 1 1 0 2 1 14 5 

April 1 0 3 1 4 0 7 3 --- --- 1 2 16 6 

May 3 2 8 2 3 1 9 4 6 5 10 3 39 17 

June 3 1 10 5 8 4 7 4 8 5 8 5 44 24 

July 9 2 2 1 12 3 8 2 16 10 8 6 55 24 

August 1 1 6 2 12 4 12 10 9 5 9 4 49 26 

September 1 0 2 1 6 3 3 1 7 4 7 2 26 11 

October 2 1 4 4 4 2 --- --- 3 2 1 0 14 9 

November 3 3 5 3 --- --- 2 0 --- --- --- --- 10 6 

December --- --- --- --- 1 0 4 2 --- --- --- --- 5 2 

Total 28 12 51 22 51 17 57 27 54 34 46 23 287 135 
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Table 2.2 – Number of surveys and number of dolphin schools encountered per year in 

the secondary areas. 

  Areas 

Central Eastern Western Total  

Years Surveys Schools Surveys Schools Surveys Schools Surveys Schools

2002 13 8 15 13   28 21 

2003 12 4 13 6 6 1 31 11 

2004     7 3 7 3 

Total 25 12 28 19 13 4 66 35 
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Figure 2.2 – Mean school size in each of the areas. Boxes represent standard errors and 

vertical bars correspond to 95% confidence intervals. 

 

 

2.3.2. Resightings within secondary areas 

Dolphin resightings were infrequent in the secondary areas, as a result of the lower 

sighting effort made. The percentage of dolphins sighted only once was 73% in the 

central and 64% in the western areas (Figure 2.3). In the eastern area, sighting frequencies 

did not decrease exponentially and the proportion of animals observed one, two or three 

times was almost the same. 
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Figure 2.3 – Sighting frequencies for dolphins identified in each secondary area. 

 

 

2.3.3. Residence and site fidelity in the main area 

Of the 966 individuals identified in the Azores, 639 were observed at least once in the 

main area. Of these, 28 individuals were classified as calves, and were therefore excluded 

from all the analyses performed. The number of times each individual dolphin was 

observed in the main area varied considerably. Sighting frequencies ranged from 1 to 21 

(median=2.0), with most individuals being recorded only once (n=215) or twice (n=160) 

(Figure 2.4). Only 5% (n=31) of the dolphins identified in the main area were seen 10 or 

more times. The large majority (57%) of the individuals was observed in a single year and 

several dolphins were seen repeatedly but in non-consecutive years. Of the 241 dolphins 

sighted in more than one and less than five years, 34% were seen with more than one year 

interval. Only 22 dolphins were seen in the main area five or more years.  

 

Overall, the mean monthly sighting rate was low, ranging from 0.1 to 0.475 (0.160 ± 

0.003 SE) (Figure 2.5). On average, individuals were encountered in 16% of the months 

surveyed during the years they were recorded in the main area. There was no indication 

that males and females differed in their degree of residency or site fidelity (total sightings: 

Mann-Whitney test, U=204.5, p=0.387, n=44; mean monthly sighting rate: MW, 

U=233.0, p=0.842, n=44). Similarly, there were no significant differences among 

dolphins from different age classes (total sightings: MW, Z=0.721, p=0.471, n=352; mean 

monthly sighting rate: MW, Z=1.637, p=0.101, n=352).  
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Figure 2.4 – Sighting frequencies for dolphins identified in the main area. 

 

 

0,05 0,10 0,15 0,20 0,25 0,30 0,35 0,40 0,45 0,50 0,55

Mean monthly sighting rate

0

40

80

120

160

200

240

280

Fr
eq

ue
nc

y

 
Figure 2.5 – Frequency distribution of the mean monthly sighting rate for dolphins 

identified in the main area. 

 

 

A strong association was observed between the number of years a dolphin was seen in the 

main area and its mean monthly sighting rate (weighted means ANOVA, F(5, 605)=9.014, 

p<0.0001). When considering the two parameters together, two distinct groups with 
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almost no overlap became apparent: one group was composed of 567 individuals sighted 

three or fewer years with mean monthly sighting rates averaging 0.16, and a second group 

comprising 44 dolphins observed at least four years and with an average mean monthly 

sighting rate of 0.23 (Figure 2.6). The latter group was subsequently treated as the 

“resident group” in the main area, while the remaining 567 dolphins were regarded as 

transients or occasional visitors. The two groups included dolphins of both sexes and age 

classes. 
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Figure 2.6 – Relationship between the mean monthly sighting rate and the number of 

years dolphins were seen in the main area. Vertical bars correspond to 95% confidence 

intervals. 

 

 

There was a significant negative correlation between the number of years a given dolphin 

was observed in the main area and the maximum distance travelled by that animal 

(Pearson’s r=-0.165, p<0.05) (Figure 2.7). Large scale movements (>150 km) were only 

detected in dolphins observed in less than two years. With the exception of two 

individuals, distances between consecutive sightings of dolphins sighted three or more 

years were less than 50 km. 
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Figure 2.7 – Relationship between the maximum distance between consecutive sightings 

and the number of years individual dolphins were seen in the main area. 

 

 

2.3.4. Movements 

The average distance between consecutive sightings of recognizable individuals was 21.2 

(± 0.890 SE) km and approximately 74% of the movements recorded were less than 20 

km (Figure 2.8). However, extensive movements (between 150 and 291 km) were also 

detected and these represented about 5% (n= 53) of the total. To investigate whether the 

wide-scale movements were carried out by a given class of individuals, distance between 

consecutive sightings was compared for dolphins of known sex and age class. There were 

no significant differences in the distribution of distances travelled by dolphins of different 

sex (Kolmogorov-Smirnov test, D=0.118, p>0.1, n=251) or age class (K-S, D=0.06, 

p>0.1, n=1141). Because surveys in the secondary areas were only conducted during 

spring and summer months, it was not possible to determine if these wide-scale 

movements occurred year-round or were restricted to a particular season. However, since 

the beginning of surveys in the secondary areas, long-distance movements were recorded 

every year. 
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Figure 2.8 – Frequency distribution of distance between consecutive sightings of 

dolphins. 

 

 

2.3.5. Movement rates between areas 

The number of adult and subadult dolphins photographically identified in each of the 

studied areas, the number and percentage of individuals from each area also observed in 

other sites (designated as “moving individuals”) and the direction of all movements 

recorded are given in Table 2.3. Individuals were considered as belonging to the area 

where they were first seen. Approximately 7% of the dolphins were encountered in more 

than one area during the study period. However, the proportion of moving individuals was 

not independent of the area to which they belonged (χ2=114.386, p<0.0001, df=3). No 

movements were ever detected between the eastern and western areas, the two most 

extreme groups of islands in the archipelago. Some dolphins were documented to 

repeatedly move back and forth between two areas, but there were no records of 

individuals moving to a third area. 

 

Slightly higher return rates (resightings within the same area) were obtained for the 

central (3.42) and main (3.08) areas, although when compared to the other areas, 

differences were small and values were of the same order of magnitude (Table 2.4).  
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Table 2.3 – Number of dolphins identified in each area, number (and percentage) of 

moving individuals, and direction of movements recorded. 

Movements 
Areas 

Dolphins 

identified 

Moving 

individuals Main Central Eastern Western 

Main 611 56 (9.2) --- 21 2 2 

Central 142 58 (40.9) 34 --- 0 7 

Eastern 185 9 (4.9) 5 3 --- 0 

Western 53 9 (17.0) 0 0 0 --- 

Total 925 66 (7.1)     

 

 

Table 2.4 – Match indices for different combinations of areas and years.  

Samples Years Index 

Return rate (same area in different years)   

Main 1999-2004 3.08 

Central 2002-2003 3.42 

Eastern 2002-2003 1.74 

Western 2003-2004 2.86 

     

Interchange rate (different areas in same year)    

Main-Central 2002 0.57 

Central-Main 2002 1.14 

Central-Eastern 2002 0.05 

Main-Central 2003 1.65 

    

Interchange rate (different areas and years)    

Main-Central 2002-2004 0.70 

Main-Eastern 2002-2004 0.05 

Main-Western 2002-2004 0.04 

Central-Eastern 2002-2004 0.11 
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Movements between areas within the same year were detected in 2002 and 2003 but not 

in 2004. The highest interchange rates within the same year were recorded between the 

central and main areas. The interchange rate between all areas in different years was 

calculated using only individuals identified between 2002 and 2004. Overall, the highest 

interchange rates were recorded between the central area and other areas, independent of 

the direction of movement (Table 2.4). In general, the return rates were much higher than 

the interchange rates, indicating that dolphins were more likely to remain in the same area 

than they were of moving to another area. 

 

In the absence of other factors, it would be expected that the interchange rate would 

decrease with increasing distance between the areas. Because survey effort in the 

secondary areas was not evenly distributed, the distance between two areas was defined 

as the linear distance between the mean geographic position of all schools sighted in each 

area. There was no relationship between the interchange rate estimated for each pair of 

areas and the distance separating them (Spearman’s rank correlation, r=0.100, p=0.873, 

n=5).  

 

The size and composition of schools containing moving individuals was investigated to 

look for patterns. If dolphin schools were devoid of any structure and simply represented 

aggregations of individual animals resulting from external factors (such as prey 

distribution or habitat characteristics), it would be expected to find moving individuals 

travelling alone between areas. In this case, by chance alone, it would be unlikely to 

record more than one or two moving individuals in any school. In fact, in approximately 

75% of the times only one moving individual was identified in the school and in 12.5% 

there were two individuals. However, on one occasion, a group of 11 moving individuals 

was reported, indicating some level of school cohesion.  

 

Moving individuals did not remain alone or confined to their original schools but joined 

resident schools. In fact, except for two sightings involving pairs of individuals, dolphins 

from outside the area were always photographed together with dolphins already known in 

the area. Schools in which moving individuals were detected were significantly larger 

than those without moving individuals (MW, Z=2.510, p=0.012, n=113). However, there 
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was no correlation between the number of moving individuals in a school and the school 

size (Spearman’s rank correlation, r=0.118, p=0.452, n=43) or between the number of 

moving individuals and the number of individuals photo-identified in the school 

(Spearman’s rank correlation, r=0.131, p=0.401, n=43). This means that moving 

individuals were consistently observed in larger schools, not because they comprised the 

majority of individuals in the school to which they moved, but because they tended to mix 

with already larger dolphin aggregations. 

 

2.3.6. Home ranges 

The mean MCP range size of the 31 dolphins was 182.0 km2, varying from 62.9 to 725.1 

km2. The kernel method produced a mean 95% UD area of 437.2 km2 and a 50% UD core 

area of 86.4 km2 (Table 2.5). There was a significant correlation between the two 

estimators (Spearman’s rank correlation, r=0.705, p<0.0001, n=31). Estimates produced 

by the 95% UD kernel were between 44 and 243% higher and significantly different from 

the ones generated by the MCP (Wilcoxon matched pairs test, T<0.001, p<0.0001, n=31). 

For approximately 48% of the individuals used in the present study, values of Schoener’s 

ratio ranged from 1.4 to 2.0, indicating a moderate autocorrelation, which may result in a 

5% negative bias in the home range estimates (Swihart & Slade, 1997) (Table 2.5). For 

seven dolphins, location data showed Schoener’s ratios between 1.0 and 1.4, meaning a 

possible negative bias of 5% to 10% (Swihart & Slade, 1997). Schoener’s ratio was above 

2.0 for the remaining dolphins, indicating that the data were independent. 

 

Range areas varied in size and location for the 31 dolphins, but considerable overlap was 

observed in the areas used, and this was especially evident in the core areas (Figure 2.9). 

In all the dolphins studied, the 50% core area encompassed at least one of the two 

extremes of the channel between the islands of Faial and Pico. For most of the dolphins, 

the kernel method produced multiple centres of activity for both the whole range and core 

areas, and these were sometimes several kilometres apart. Estimated overall ranging areas 

and 50% core areas were generally larger for subadults (Table 2.5), though differences 

were not statistically significant (MCP: MW, U=80.0, p=0.379, n=30; 95% UD: MW, 

U=88.0, p=0.598, n=30; 50% UD: MW, U=90.0, p=0.659, n=30).  
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Table 2.5 – Home ranges of 31 dolphins estimated by MCP and fixed kernel (overall 

ranging at 95% UD and core area at 50% UD). 

Individuals Sex Age Class N MCP Kernel 

95% UD

Kernel 

50% UD 

Schoener's 

ratio
5 unknown Adult 20 199.5 305.0 70.4 1.1 
6 unknown Adult 19 159.3 305.7 60.2 2.0 
7 Male Adult 14 152.1 334.1 33.9 1.0 
8 Male Adult 16 216.6 357.5 78.5 1.6 
12 unknown Adult 11 92.2 179.1 32.5 1.3 
18 unknown Adult 15 143.1 313.4 44.0 1.6 
27 unknown Adult 12 163.0 385.4 92.1 1.8 
48 Male Adult 16 143.1 278.9 50.4 2.0 
54 unknown Adult 18 182.1 341.2 44.4 2.5 
66 Female Adult 15 132.1 361.2 59.1 1.6 
67 Female Adult 15 153.1 427.4 101.6 1.1 
77 Male Adult 14 272.8 595.3 96.3 1.5 
78 unknown Adult 10 284.7 863.9 122.0 1.4 
79 unknown Adult 11 219.4 513.3 110.2 1.8 
85 unknown Adult 14 126.6 357.2 88.1 1.1 
86 unknown Adult 14 142.9 443.1 92.4 1.1 
161 unknown Adult 12 114.9 381.7 114.1 1.6 
162 Female Adult 12 184.3 471.9 57.3 2.0 
171 unknown Adult 15 170.5 474.5 114.2 1.5 
190 unknown Adult 10 79.2 294.3 71.1 1.8 
26 unknown Subadult 11 517.7 968.5 206.7 1.9 
135 unknown Subadult 15 157.5 334.2 81.1 2.1 
179 unknown Subadult 11 76.7 212.2 30.0 2.2 
180 unknown Subadult 16 133.2 227.7 33.2 2.0 
181 Male Subadult 10 106.9 452.1 98.3 2.4 
184 unknown Subadult 12 133.2 321.5 60.8 2.1 
185 unknown Subadult 16 133.9 193.9 38.0 2.0 
223 unknown Subadult 11 62.9 171.4 39.0 2.3 
234 unknown Subadult 12 725.1 1887.2 417.8 1.9 
728 unknown Subadult 11 175.8 505.4 79.1 2.6 
160 unknown unknown 10 86.2 296.3 60.9 1.3 

        
Mean    182.0 437.2 86.4  
SD    130.8 320.4 71.5  
SE    23.5 57.5 12.8  
Minimum    62.9 171.4 30.0  
Maximum    725.1 1887.2 417.8  
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Range sizes of males and females could not be compared due to the small sample size. 

Nonetheless, the estimates obtained for the few dolphins for which sex was known did not 

reveal any obvious differences. Mean range calculated for the five males was 178.30 

(SD=65.9) km2 and 403.6 (SD=124.1) km2, and for the three females it was 156.5 

(SD=26.3) km2 and 420.2 (SD=55.7) km2, as given, respectively, by the MCP and 95% 

UD.  

 

There was a high degree of overlap in the home ranges of dolphins in each residency 

category, but resident dolphins ranged less extensively than non-resident animals (Figure 

2.10). As expected, non-resident dolphins had larger home ranges than resident 

individuals, although sample sizes were small and differences were not significant (Table 

2.6).  

 

Table 2.6 - Home ranges of resident and non-resident dolphins in the main area, 

estimated by MCP and fixed kernel (overall ranging at 95% UD and core area at 50% 

UD). 

  Home Range Estimators 

 MCP Kernel 95%UD Kernel 50%UD Residency 

Category N Mean SD Mean SD Mean SD 

Residents 27 176.9 120.9 424.3 323.3 83.5 72.4 

Non-residents 4 215.8 206.5 524.3 330.4 105.8 71.7 

MWU test  U=49.0, p=0.768 U=38.0, p=0.346 U=40.0, p=0.409 
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Figure 2.9 – Ranging patterns of four resident dolphins in the main area, estimated by MCP and fixed kernel (overall ranging at 95% UD 

and core area at 50% UD). 
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Figure 2.10 – Ranging patterns of two non-resident dolphins in the main area, estimated by MCP and fixed kernel (overall ranging at 95% 

UD and core area at 50% UD). 
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2.4. DISCUSSION 

 

2.4.1. Residency and site fidelity in the main area 

Despite the large number of dolphins identified in the main area, only a small number of 

individuals (44 animals) was frequently sighted and showed long-term and year-round 

site fidelity and could be classified as residents. The remaining 567 individuals, classified 

as non-resident animals, showed varying patterns of occurrence. A few dolphins sighted 

once in the main area were observed on several occasions in another group of islands and 

may have been residents there. Data on sighting frequencies and inter-annual resightings 

support the existence of resident groups in secondary areas. The majority of dolphins seen 

once or twice in the main area, however, were never observed again and may have been 

just passing through the Azores. Other dolphins were seen a number of times but in non-

consecutive years, suggesting there may be temporary emigration to other areas within or 

outside the archipelago. The classification of each dolphin as resident or non-resident is 

thus not definitive and requires further study. 

 

In addition to the temporal fidelity, resident dolphins also exhibited considerable 

geographic fidelity and were never encountered outside the main area. With a single 

exception, dolphins classified as residents showed very limited movements and, as 

expected, possessed smaller home ranges than non-resident animals. Within the resident 

group, there was considerable overlap in the ranging areas and core areas. A similar 

pattern was reported for bottlenose dolphins occurring in the Moray Firth, in which 

animals commonly sighted in the inner area of the Firth showed restricted movements, 

whereas animals photographed less frequently in the area were seen significantly further 

from the inner Moray Firth (Wilson et al., 1997; 2004). Furthermore, individual animals 

maintained the same pattern of spatial stratification within the Firth throughout an 11 year 

period (Wilson et al., 2004).  

 

Ranging behaviour is thought to partially shape the social structure by limiting the 

number of potential associates of each animal to those individuals that share similar 

ranges (Lusseau et al., 2006) and several studies have tried to distinguish different 

communities or social units by examining the ranging and association patterns of 
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individuals (e.g., Félix, 1997; Lusseau et al., 2006; Rossbach & Herzing, 1999; Urian, 

2002). At present, however, it is not possible to conclude if the similarity in ranging 

patterns within the resident group means that these individuals comprise a distinct 

community (sensu Wells et al., 1987), with social as well as geographic relationships, and 

the hypothesis that the common ranges simply result from aggregative behaviour as a 

response of higher prey availability cannot be ruled out (Lusseau et al., 2006). In any 

case, it is clear that these dolphins do not constitute a closed and isolated unit since they 

often interacted with animals from outside the group and seemed to share extensive areas 

of their home ranges with non-resident dolphins.  

 

The residence pattern found in the Azores- with a mixture of residents, transients, and 

temporary migrants- is in agreement with findings in other areas and seems to be a 

common trait among populations of bottlenose dolphins (Connor et al., 2000; Shane et al., 

1986). Perhaps more unusual were the large number of individuals identified during this 

study and the relatively low encounter and resighting rates reported. These results can be 

partly explained by the large size of the study site. By extending the survey area far 

beyond the range of the resident group there was a higher chance of photographing 

transient dolphins, as well as animals from different communities, but also a lower 

probability of resighting the resident individuals. The latter point may also explain the 

relatively small resident group when compared to coastal communities, despite the much 

larger study site (eg., Ingram & Rogan, 2002; Shane, 2004; Wells et al., 1987; Wilson et 

al., 1999). However, the size of the study site alone cannot account for the large number 

of transient dolphins recognized during the surveys. 

 

The greater productivity of the waters around the islands, compared to oceanic waters, 

seems responsible for attracting several cetacean species that use the area as a foraging 

post or migration stop (Silva et al., 2003). Thus, it seems reasonable to speculate that 

bottlenose dolphins that occur in neighbouring oceanic regions may also be drawn to the 

Azores and use the area as a feeding ground on a temporary basis. The amount of time 

these transient individuals stay in the area has not been determined but likely depends on 

the outcome of the ratio between prey density and feeding competition. Large populations 

characterised by a low number of individual resightings are typical (Defran & Weller, 
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1999; Defran et al., 1999) but not exclusive of open water habitats. In fact, bottlenose 

dolphins around Sanibel Island (Florida) were described as an open, fluid population with 

seasonal and year-round, long- and short-term residents and transients (Shane, 2004).  

 

2.4.2. Movements 

The average distance between consecutive sightings of individual dolphins was about 20 

km and most of the movements documented were less than 50 km. These restricted 

movements probably correspond to foraging bouts within the usual range of the 

individual, and may reflect shifts in prey distribution with tidal currents or due to daily 

horizontal or vertical migrations. Spinner dolphins (Stenella longirostris) in Hawaii and 

dusky dolphins (Lagenorhynchus obscurus) in New Zealand follow the diel horizontal 

and vertical migrations of their prey by making inshore-offshore movements and adapting 

their foraging depth (Benoit-Bird & Au, 2003; Benoit-Bird et al., 2004).  

 

As well as these localised movements, dolphins also performed long-distance movements 

of more than 100 km between the islands. In fact, there was a substantial degree of 

movement between the studied areas even though the survey effort in some of the 

secondary areas was very low. Consequently, it is likely that the movement rates here 

reported are underestimated. Overall, there was no indication of a directionality of 

movement within the archipelago but movement rates were not independent of the area to 

which the animals belonged. The central area registered the highest interchange rate with 

all the other areas both within and between years, independent of the direction of 

movement. The reason for this remains unclear but it seems evident that the distance 

among areas is not restricting movement because there was no correlation between the 

interchange rate and the linear distance between sites. At present, data are insufficient to 

know whether long-distance movements occur year-round or are restricted to a given 

season. 

 

The fact that long-distance movements were not restricted to a single sex or age class and 

that at least in one instance a school of 11 individuals was involved, suggests that these 

movements are not related to reproductive strategies but are instead a type of foraging 

movement. Exploratory trips in which animals venture outside their usual range in search 
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for new feeding areas seems to be common in pinnipeds (Stevick et al., 2002) but may 

also exist in cetaceans. A good knowledge of the surrounding habitat and of its 

characteristics may represent obvious benefits for animals that live in a highly dynamic 

ecosystem such as the Azores. Alternatively, long-distance movements may be 

unintended and individuals may simply end up in a different area after following large 

fish patches. Dolphins were observed to repeatedly move back and forth between two 

areas, within and between years, but no individuals were ever seen in a third area. It is 

possible that these individuals were moving between familiar and already established 

feeding areas, which implies that dolphins retain some memory of favoured areas and 

have the ability to return to the same areas when necessary. Nevertheless, not all the 

individuals exhibited the same degree of mobility and these longer trips may represent an 

alternative individual or group foraging strategy. Further work will be needed to 

investigate if individual movement patterns remain consistent through time and to relate 

these movements to shifts in the distribution of potential prey species. 

 

The long-distance movements here reported are not unexpected because bottlenose 

dolphins are capable of much wider movements. An adult female dolphin equipped with a 

satellite tag travelled 50 km in one day (Mate et al., 1995) and radiotracking data showed 

that dolphins are able to travel as much as 55 km in 12 hours (Lynn, 1995). Wilson et al. 

(1997) documented movements of about 220 km from the inner Moray Firth, and in the 

Southern California Bight (USA), bottlenose dolphins showed high mobility, ranging up 

to 470 km along a stretch of open coastline 1 km wide (Defran et al., 1999). However, 

moving between oceanic islands is considerably different from moving along the coast, as 

it involves crossing large areas of deep, open waters, and could therefore entail greater 

risks to the animals. In fact, Karczmarski et al. (2005) found that spinner dolphins 

(Stenella longirostris) from a remote Hawaiian atoll lived in stable societies and showed 

strong site fidelity, in contrast to the behaviour documented in animals living around the 

main islands of the archipelago. According to these authors, this behaviour may have 

evolved as a response of the greater geographic distance separating available habitats that 

would force dolphins to travel across large stretches of deep open waters with potentially 

high risk of shark predation. It could be hypothesized that the higher mobility of dolphins 

in the Azores and the observed differences to studies conducted in Hawaii (Baird et al., 
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2002; Karczmarski et al., 2005) result from a lower availability of food resources, 

considerable degree of inter- and intraspecific competition and a comparatively lower 

predation risk. The large number of bottlenose dolphins identified in the area, as well as 

the occurrence of several other dolphin species (Silva et al., 2003) that may use the same 

food resources, reinforces the hypothesis of greater competition in the area. In addition, 

the rarity or absence of the most common predators of bottlenose dolphins and the lack of 

observations of animals bearing shark bite scars suggests that the risk of predation may be 

small in the Azores. However, the available information cannot be used to directly test 

any of these hypotheses and more data will have to be collected in the future.  

 

2.4.3. Home Ranges 

Performance of the estimators 

Home range size of bottlenose dolphins in the Azores was estimated using minimum 

convex polygons and fixed kernel methods. The choice of these estimators relied on their 

performance and robustness relative to other models, but also on the ability to compare 

the results with other studies. In spite of its widespread use, MCP is amongst the most 

sensitive methods to sample size effects and is seriously biased by the presence of outliers 

(Kernohan et al., 2001). Furthermore, and contrary to what was initially thought, MCP 

estimates are more biased by autocorrelated data than kernel estimators (Swihart & Slade, 

1997). Finally, because it delimits the area by connecting the outermost observations, the 

MCP home range contains areas never used by the animal. 

 

The kernel methods (fixed and adaptive) present several advantages over the other 

methods. First, they allow for the calculation of utilization distributions, which assess the 

probability of occurrence of an animal at each point in space. Secondly, kernel methods 

permit the identification of multiple centres of activity, thus revealing the internal 

structure within the home range. Moreover, these models are relatively robust to 

autocorrelated data and outliers, and stabilize at samples sizes ≤ 50 data points (Kernohan 

et al., 2001). Within the kernel methods, the fixed kernel (using the same bandwidth over 

the entire area) was selected because it has a lower bias (Seaman & Powell, 1996) and is 

better at determining centres of activity than the adaptive kernel. The choice of the 

smoothing parameter is the critical step when using kernel methods, as this can seriously 
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affect the estimates (Kernohan et al., 2001; Seaman et al., 1999). When compared to other 

bandwidth selection methods, the LSCV has a tendency to undersmooth the density 

distribution, producing single clusters of observations and resulting in underestimated 

home range sizes. In spite of this, the LSCV was used in this study because it is still the 

recommended method to select the smoothing parameter (Seaman et al., 1999). 

 

In this study, significant differences were found between estimates obtained by the MCP 

and fixed kernel methods, with the latter producing significantly larger home range sizes. 

This result is not unexpected as it was found that, at small sample sizes, kernel methods 

tend to overestimate home range sizes (Seaman et al., 1999; Seaman & Powell, 1996; 

Urian, 2002), whereas MCP significantly underestimate them (Urian, 2002). There is no 

consensus on the minimum number of observations required to accurately estimate home 

range size, and this will likely depend on the biology of the animal under investigation, 

the duration of the study, the estimator chosen and the distribution of the data. It has been 

recommended that home range estimates should be based on a minimum of 30 

observations and preferably more than 50 (Seaman et al., 1999). However, Urian (2002) 

showed that approximately 150 sightings were necessary for obtaining accurate estimates 

of home ranges of bottlenose dolphins in Sarasota. Furthermore, this author also 

demonstrated that at more than 100 sightings MCP and kernel estimators produced 

similar results. 

 

In the present study a minimum of 10 sightings was considered an adequate sample size, 

based on the asymptote of the area-observation curve. Yet, for an area-observation curve 

to be valid, each individual must display a constant centre of activity throughout the 

studied period (Gaustestad & Mysterud, 1995). Although temporal changes in home range 

size and location could not be examined due to the small sample size, ranging patterns of 

individual animals are likely to have varied throughout the 6-year study period, as a result 

of, for example, annual or seasonal shifts in prey distribution and/or social factors. Hence, 

estimates of home range size presented here could be affected by small sample sizes. In 

addition, autocorrelated data could also be biasing the results. According to Schoener’s 

ratio, location data for 22 dolphins showed a moderate degree of autocorrelation which 

could result in a 5 to 10% negative bias of home range size (Swihart & Slade, 1997). In 



 57

the case of the kernel method, bias arising from autocorrelated data would act in the 

opposite direction to the one caused by small sample sizes, while for MCP estimates the 

negative effect of both biases would add up. Unfortunately, it is impossible to quantify 

the magnitude of each bias and to assess its effect in the estimates of home range size 

obtained. Therefore, the estimates of home range size here provided should be viewed as 

approximations of actual ranges. 

 

Home range characteristics 

There was considerable overlap in the overall ranging area and core area of the 31 

bottlenose dolphins, independent of the sex or age class of the individuals. However, 

consistency in home range patterns of individual dolphins across years and seasons could 

not be investigated due to the low number of resightings. Even though the area regularly 

surveyed extended up to 8 km from the islands, the results presented here showed a clear 

pattern of preferential use for the areas very close to the islands. Preference for areas 

adjacent to the islands is understandable as these provide a more suitable habitat 

compared to open waters. Firstly, because the islands are responsible for creating small-

scale upwellings and for trapping flow-driven nutrients that generate enhanced biological 

productivity and ultimately serve to concentrate food resources for the dolphins. 

Secondly, because by dwelling closer to the islands the dolphins may also take advantage 

of bottom fishes in addition to schooling fish and cephalopods. Thirdly, because the 

animals may find increased protection from predators and other dolphin groups in 

shallower, nearshore areas and in relatively confined bays along the coasts of the islands, 

by decreasing the volume of water that must be kept under surveillance (Wells et al., 

1980).  

 

Examination of the 50% core area of these dolphins uncovered the location of two critical 

areas for the population within the study site. For all dolphins examined, at least one of 

the entrances of the channel between the islands of Faial and Pico was part of their core 

area, and some individuals showed two separate core areas, located at both extremes of 

the channel. This channel has some interesting features that make it unique within the 

oceanic environment of the Azores. Being approximately 5 to 8 km wide and 12 km long, 

it is characterized by comparatively shallower waters (less than 200 m), irregular 
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topography (depth varies from 8 to 200 m), strong tidal currents and a diversity of seabed 

types (Tempera et al., 2001). These features account for the significantly higher 

productivity of the channel relative to the surrounding areas, and are largely responsible 

for the observed diversity of habitats and species (Tempera et al., 2001.). Although in a 

totally different setting, the channel Faial-Pico presents certain topographic and 

oceanographic features that have been described as preferred areas for the species in 

several coastal and inshore habitats. In fact, high usage of areas characterised by strong 

tidal currents and irregular bottom topography has been widely documented (e.g., Grigg 

& Markowitz, 1997; Ingram & Rogan, 2002; Mendes et al., 2002; Wilson et al., 1997). It 

has been hypothesized that these features may lead to increased foraging efficiency, either 

because the higher productivity or because the accumulation of fish in the area results in 

greater prey densities, or through facilitating prey capture (Ballance, 1992; Mendes et al., 

2002; Norris & Dohl, 1980; Wilson et al., 1997). 

 

Bottlenose dolphins in the Azores maintain large home ranges 

Notwithstanding the scarcity of information available and the difficulty of comparing 

estimates obtained with different methods and/or sample sizes, estimates of home range 

size for bottlenose dolphins in the Azores were found to be considerably larger than those 

previously reported for this species. MCP areas of 12 bottlenose dolphins sighted on more 

than 10 occasions in the Shannon Estuary (Ireland) varied between 19.2 and 75.5 km2, 

with a mean of 47.7 km2 (Ingram & Rogan, 2002). As these authors point out, however, 

these areas must be treated as known ranges instead of complete home ranges, because 

only a limited part of the distribution area of these dolphins was surveyed. Owen et al. 

(2002) examined differences in overall ranging area and core area between paired and 

unpaired male bottlenose dolphins in Sarasota, Florida, for which there were at least 100 

sightings. Using the fixed kernel method, these authors estimated a mean 95% UD of 

162.6 km2 and 72.1 km2, and a mean 50% UD of 28.7 km2 and 16.6 km2, for paired and 

unpaired males, respectively. Mean home range size (95%UD) calculated with the 

adaptive kernel of bottlenose dolphins in South Carolina ranged from 17.2 to 98.9 km2 

(mean=51.3 km2). Using the MCP estimator, mean home range size of these dolphins was 

40.8 km2 (14.7 – 65.8 km2) (Gubbins, 2002). Shane (1987) documented home range size 

of bottlenose dolphins inhabiting a similar habitat in Sanibel Island, Florida. This author 
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reported a mean MCP of 35.4 ± 13.5 km2 for 17 dolphins with fewer than 15 sightings. 

Although larger than previous estimates, mean area range (mean=140.0 km2 SD=90.7 

km2) recorded for 10 dolphins radiotracked in Mantagorda Bay, Texas (Lynn, 1995) is 

still substantially smaller than the estimates made in this study. In general, all these 

estimates are approximately 3 times lower than the mean ranging area (MCP: 182.0 km2; 

95% UD: 437.2 km2) and core area at 50% UD (86.4 km2) found for dolphins in the 

Azores.  

 

The differences between the home range estimates in this study and others cannot be 

entirely explained by methodological biases. In the present study, the area regularly 

surveyed was over 5400 km2 and a few surveys were conducted outside this area. Unless 

the study site encompasses the whole area generally used by the individuals, estimates of 

home range size will be negatively biased and will fail to represent actual home ranges. 

This seemed to be the case of the home ranges calculated for dolphins in the Shannon or 

Sanibel Island, but does not explain the difference to the other sites. In fact, despite the 

uneven survey effort made in the Sarasota study, overall ranging area of dolphins 

calculated using sighting records was compared and found to be consistent with radio-

tracking data and data collected during focal animal observations of the same individuals. 

Therefore, the calculated area and geographic ranges were considered to accurately 

represent ranging patterns of dolphins within the community (Owen et al., 2002). 

Similarly, home ranges reported for Mantagorda Bay were obtained by radiotracking and 

should therefore be fairly accurate. 

 

Patchy resources are known to cause an increase in the overall ranging area as well as in 

the core area, as the intensity of use throughout the area becomes even (Ford, 1983). 

Oceanic islands are themselves generators of biological patchiness (Barton et al., 2000), 

which coupled with the highly dynamic oceanic ecosystem of the Azores, in contrast to 

the generally more productive coastal and inshore study sites mentioned earlier, could 

explain the much larger home ranges documented in this study, as well as the extensive 

movements reported. Due to the lower availability of prey, dolphins are thus forced to 

maintain larger areas and to travel further in search of adequate food patches. 

Unfortunately, this hypothesis cannot be confirmed with actual data, as nothing is known 
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about the diet composition of bottlenose dolphins in the Azores and there is little 

information on the distribution/abundance of potential prey species. However, these 

findings agree with what is expected by the optimal foraging theory in a patchy 

environment (Ford, 1983) and are consistent with what has been reported for the species 

in equally dynamic ecosystems (Defran et al., 1999).  

 

Dolphins from different sexes and age classes show similar ranging patterns 

There was no evidence that sex or age class of the individuals influenced the movement 

patterns or size of home ranges of bottlenose dolphins in the Azores. Ranging and core 

areas and the frequency distribution of distances travelled were similar in male and 

female dolphins and among individuals from different age classes. This lack of 

differentiation is interesting and represents a marked contrast to what usually happens in 

mammals (Grigione et al., 2002; Herfindal et al., 2005; Thompson et al., 1998). Other 

factors being equal, adults should have significantly larger home ranges in response to 

their higher energetic demands as a consequence of their larger body mass. On the other 

hand, males should maintain larger home ranges and range further than females, probably 

reflecting both the energetic constraints and distinct reproductive strategies (Sandell, 

1989). It is not clear why the same pattern was not observed in this study, especially 

because the less productive ecosystem of the Azores should make more obvious the 

tendency towards larger home ranges in response to the energetic constraints of the 

individuals. This pattern was described in the Eurasian lynx with male home range size 

increasing more rapidly than female range size with decreasing productivity/prey density 

(Herfindal et al., 2005). With respect to the distinction in reproductive strategies, perhaps 

the absence of habitat partitioning among different groups of dolphins and the overlap in 

female home range makes it unnecessary for males to range further in order to gain access 

to potential mates.  

 

Ranging behaviour of bottlenose dolphins in Sarasota is in agreement to what is expected 

by theory, with females using smaller areas within the 100 km2 community range, and 

males frequently ranging to the extremes and even outside the study area (Wells et al. 

1987). In northern bottlenose whales, however, mature males had slightly smaller range 

sizes than subadult males or adult females, which seems to be caused by preference for 



 61

spatial locations that provide better access to mating opportunities (Hooker et al., 2002) 

Other studies also failed to find a clear relationship between sex (Flores & Bazzalo, 2004; 

Gubbins, 2002; Lynn, 1995) or age class (Flores & Bazzalo, 2004; Lynn, 1995) of 

individual dolphins and the size of their home ranges. Typically, however, home range 

size is not determined by a single factor but results from the combination of several 

variables working simultaneously (Ford, 1983; Grigione et al., 2002; McLoughlin & 

Ferguson, 2000). Thus, it is possible that other factors also known to influence ranging 

patterns and not accounted for in this study (eg, social affiliations) could be obscuring the 

effect of body mass and reproductive strategies. 

 

2.4.4. Implications for population structure 

In the Azores, the geographic distance between groups of islands seems to be within the 

ranging ability of bottlenose dolphins and would hardly be an important factor in 

preventing interchange between areas. Furthermore, there is no evidence of any 

topographic feature or oceanographic phenomenon that could provide an ecological 

barrier to gene flow. Still, considering that dolphins would have to cross large areas of 

deep, open waters to move between different groups of islands, it would be reasonable to 

expect that the population would be divided into distinct geographic communities (sensu 

Wells et al., 1987) associated with each group of islands, with little or no movement 

between areas, similarly to bottlenose dolphins (Baird et al., 2002) and spinner dolphins 

(Karczmarski et al., 2005) in Hawaii. The findings concerning residence and ranging 

patterns contradict this expectation and have strong implications regarding the structure of 

the population. The extensive ranging behaviour exhibited by some dolphins and the 

apparent lack of habitat partitioning provide an opportunity for animals associated with 

different islands to mix. In addition, it seems that the Azores constitutes an important 

feeding area in the North Atlantic and may attract dolphins that visit the archipelago but 

are not residents in any single group of islands. If these occasional visitors travel 

throughout the archipelago they may also provide a genetic link between different islands. 

Whether residents at other islands or transients, dolphins from outside the main area 

interacted socially with resident animals. Although it is impossible to determine if 

breeding actually takes place during these encounters, it seems evident that dolphins from 

different groups of islands are not isolated and genetic interchange is likely to occur, thus 
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preventing genetic divergence of geographic-based communities. Therefore, this study 

suggests that bottlenose dolphins occurring in the Azores constitute a single, open 

population, characterized by high mobility levels between the islands. Analysis of 

mtDNA and microsatellite DNA markers supports this hypothesis, indicating a lack of 

genetic differentiation between dolphins sampled in different groups of islands and the 

total absence of a population structure within the Azores (Chapter 3; Quérouil et al., in 

press). Moreover, both mitochondrial and nuclear markers presented high levels of 

genetic variability, comparable to those documented in the pelagic population of the 

North-West Atlantic and in the population of the Mediterranean Sea (Chapter 3; Quérouil 

et al., in press), suggesting that bottlenose dolphins occurring in the Azores are part of a 

very large population and/or constitute an open population. 

 

2.4.5. Implications for abundance estimation 

Knowledge of the size of a population is crucial to understand its structure and dynamics. 

The ability to recognize individual whales and dolphins from natural markings has 

prompted the application of capture-recapture techniques to estimate abundance of 

cetacean populations. A variety of methods is available and the selection of the most 

suited model should be based on the characteristics of the population and taking into 

account the model assumptions (Schwarz & Seber, 1999). The present work revealed 

some critical aspects of the ecology of this population that may pose serious difficulties 

for the application of capture-recapture models to estimate population parameters. First, 

the location of the Azores and the degree of mixing with individuals from other regions 

makes it hard to define the population and its geographic boundaries. Moreover, unless 

the time period used in the analysis is reduced to a few days, the population cannot be 

assumed as closed. This problem could be overcome by using open-models that do not 

assume geographic or demographic closure of the population during the study period. 

However, these models also assume that all individuals have the same probability of 

being captured with each sampling occasion (Hammond, 1986; Seber, 1982), which is 

clearly not the case. If movements were completely random among areas and dolphins, 

each individual would have the same probability of being captured at a given sampling 

occasion and the results of the model would be unbiased. Instead, the constant mixture of 

residents, transients and temporary migrants in the area results in unequal catchability 
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among individuals, which will probably introduce a negative bias in the estimates. 

Furthermore, according to the results obtained, movement rates are not independent of the 

area to which the individuals belonged, which means that capture probabilities will 

certainly vary across sites. The picture is even further complicated if the presence of 

transients or the occurrence of long-distance movements is restricted to a given season, 

implying that capture probabilities will also vary through time.  

 

Capture-recapture models have been developed to address some of the problems 

identified here, which are quite common in biological studies. Pollock’s robust design 

(1982) combines closed- and open-models to provide abundance and survival estimates 

which are less biased by heterogeneity in capture probability. Later developments of this 

method included bringing the two models into a single framework (Kendall et al., 1995), 

application of the likelihood theory (Kendall & Nichols, 1995; Kendall et al., 1995), 

solutions for temporary emigration and transience (Kendall & Nichols, 1995; Kendall et 

al., 1997) and relaxation of the closure assumption within periods (Schwarz & Stobo, 

1997). These models may present a solution to the violation of some of the classical 

assumptions and their application may provide less biased estimates of population size 

and other parameters. This is explored in Chapter 4. 

 

2.4.6. Implications for management 

Knowledge of the space required by an animal/population is critical to the 

implementation of a conservation strategy and a management plan to implement it. It has 

been recognised that “successful conservation and management requires scaling protected 

areas or management units to the biological scales in which species function” (Herfindal 

et al., 2005). If the greater requirements of this population in terms of space are not taken 

into account in a spatial-based management proposal, the designated areas will fail to 

include the whole range (or critical areas within the range) of the population, and any 

conservation measures will probably be ineffective. In addition, information on the 

temporal variability of individual ranging patterns is urgently needed and should also be 

considered in the development of conservation plans. The appropriateness of a spatially-

based management approach to ensure the conservation of this population is examined 

and further discussed in Chapter 6. 
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2.4.7. Conclusion 

The high mobility of individuals and the varying patterns of residence in any single area 

suggest that bottlenose dolphins occurring in the Azores constitute a single and open 

population, composed of several geographic communities that maintain social interactions 

with neighbouring communities and with dolphins that are just crossing the Azores. These 

interactions are facilitated by the extensive ranging behaviour of some individuals and by 

an apparent lack of habitat partitioning. This work also provides support for the 

hypothesis that bottlenose dolphins in open waters carry out extensive movements and 

have large home ranges in response to the lower density and increased patchiness of food 

resources. 
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CHAPTER 3 
 

POPULATION GENETIC STRUCTURE OF BOTTLENOSE DOLPHINS 

IN THE AZORES 
 

 

________________________________________________________________________ 

 

 

3.1. INTRODUCTION 

 

Although ocean current patterns, sea floor topology, and other geographic and ecological 

features provide opportunities for isolation and differentiation of some marine species, for 

the most part the oceans lack obvious barriers to migration and dispersal (Waples, 1998). 

Cetaceans are highly mobile and usually widely distributed across one or more oceans. In 

these circumstances, the potential for gene flow is high and may prevent genetic 

differentiation between populations that are thousands of kilometres apart (Hoelzel et al., 

2002). Some cetacean species, however, have small and relatively defined ranges, and 

genetic differentiation may occur within a given geographic region, even in the absence 

of physical barriers. In fact, there are strong indications that geographic distance and 

genetic differentiation are not necessarily well correlated for cetacean species (reviewed 

by Hoelzel et al., 2002). According to Hoelzel (1998), genetic differentiation may even 

occur in sympatry, as a result of life history and demographic aspects, resource 

polymorphisms (i.e., discrete, intraspecific specializations reflecting differential niche 

use), and in some cases historical changes in marine environment.  

 

In the bottlenose dolphin, analyses of mtDNA of individuals stranded along the British 

coasts revealed a significant degree of genetic structuring and suggested significant levels 

of genetic differentiation between populations from neighbouring areas (Parsons et al., 

2002). Significant genetic differentiation between adjacent populations was also found in 

Shark Bay, Western Australia (Krützen et al., 2004). In addition, genetic distinction 
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between coastal and pelagic populations has been reported in the western North Atlantic 

(Hoelzel et al., 1998) and in Chinese waters (Wang et al., 1999). In the latter case, the 

level of genetic differentiation between the two morphotypes justified their separation 

into different species. In contrast, no clear genetic distinction was reported between the 

coastal and offshore South African populations (Hoelzel et al., 1998). 

 

More recently, genetic analyses of bottlenose dolphin populations from seven geographic 

regions around the globe and from two ecotypes showed significant differentiation among 

all of them at both mtDNA and microsatellite loci, indicating a pattern of local fine-scale 

population structure (Natoli et al., 2004). These authors hypothesized that a combination 

of several factors, including habitat use patterns and historical factors, may have been 

responsible for the structuring of the populations at a regional level. At a finer spatial 

scale, population structuring in the bottlenose dolphin was found to be consistent with 

transitions between habitat regions, as defined by bottom topography and oceanographic 

features (Natoli et al., 2005). In summary, the polymorphic nature of the species, coupled 

with behavioural differences within and between regions, and with habitat dependence, 

seem to create the potential for complex and varying patterns of population structure in 

this species.  

 

Despite the broad geographic coverage of all these studies, bottlenose dolphins have only 

been studied in peri-continental areas, and virtually nothing is known about distant 

offshore regions. The aim of the present study was to fill in this gap, by studying the 

population structure of bottlenose dolphins around the Azores, the most isolated 

archipelago in the North Atlantic. Given that the archipelago is divided into three groups 

of islands, separated by a few hundreds of kilometres of deep waters, it can be 

hypothesised that the individuals ranging in the Azores are from at least two populations: 

one (or more) population(s) of coastal residents and one (or more) population(s) of 

offshore animals that are not residents in the area. Alternatively, or in combination with 

that hypothesis, population structure could follow the physical structure of the 

archipelago, with different populations occupying the three groups of islands. This would 

be in agreement with what was found around other islands (Parsons et al., 2002; Krützen 

et al., 2004). 
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To test these hypotheses, mtDNA sequences were used to investigate the population 

structure of bottlenose dolphins in the Azorean archipelago. Samples from the nearest 

continental coast (mainland Portugal) were also analysed. In addition, mitochondrial 

sequences were compared with published sequences to examine population structure at 

the scale of the Atlantic Basin.  

 

3.2. METHODS 
 

3.2.1. Sample collection 

Samples were collected from free-ranging dolphins during systematic boat-based surveys 

conducted between April 2002 and August 2004 (see Chapter 2 for a description of 

surveys). Tissue samples were collected using biopsy darts fired from a crossbow (Barnett 

Panzer III). Darts were made from a crossbow bolt to which a hollow stainless steel tip 

(25 mm long, 7 mm internal diameter) was attached. The bolts had a polyethylene float 

moulded to the threaded end of the arrow, which also functioned as a stop for dart 

penetration. One sample was collected using a plastic scrub pad. Skin samples were 

stored either in a 20% dimethyl-sulfoxide (DMSO) solution saturated with salt, or in 90% 

ethanol, which proved to be a better preservative than DMSO.  

 

Samples were collected from the mid-lateral region, immediately below the dorsal fin of 

the animal. All samples but two were from adult and subadult individuals. Whenever 

possible, photographs were taken simultaneously with the biopsy to allow the 

identification of the individual sampled. 

 

In addition to the samples collected in the Azores, 12 samples (skin or muscle) from 

bottlenose dolphins stranded along the Portuguese continental coast between 1996 and 

2004 were analysed. These samples were kept frozen until processing. 

 

3.2.2. Extraction and sequencing of mitochondrial DNA 

Total genomic DNA was extracted from skin and muscle tissue using the protocol of 

Gemmel & Akiyama (1996). About 1-2 mm3 of tissue were minced and rinsed in distilled 
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water prior to extraction. Digestion with proteinase K was extended overnight at 37°C, 

followed by lithium chloride (LiCl2) precipitation and phenol-chloroform extraction. 

 

Part of the tRNA-Thr, the tRNA-Pro and the most variable part of the mitochondrial D-

loop were amplified using the primers Dloop-16L 5'-CCCGGTCTTGTAAACC-3' 

(Hoelzel et al., 1991) and H00034 5'-TACCAAATGTATGAAACCTCAG-3' (Rosel et 

al., 1994). For 26 samples, a longer fragment was obtained with the primers Dloop-16L 

and Dloop-19H 5'-ATTTTCAGTGTCTTGCTTT-3' (Hoelzel et al., 1991). Longer 

sequences were used to assess the impact of using shorter sequences on haplotype 

diversity. They were truncated before subsequent analyses. All these primers amplify in 

the 5’ section of the mitochondrial control region (D-loop) which has been found to be 

highly variable in bottlenose dolphins, and therefore, well suited for studies of population 

structure (Hoelzel et al., 1998).  

 

PCR reactions were carried out in a 25 µl volume using 0.75 units of Taq polymerase 

(MBI Fermentas). Except for MgCl2, which final concentration was 2mM, the 

concentration of the reagents followed the manufacturer's recommendations. The number 

of cycles was set to 35 and the annealing temperature to 52°C. PCR products were 

purified with the GFX PCR DNA purification kit (Amersham Biosciences), following the 

manufacturer's protocol. Sequencing was done on ABI-prism capillary sequencers 

(Applied Biosystems), at CRIBI, University of Padova, Italy, and INETI, Portugal. All 

samples were sequenced with the 16L primer, using an annealing temperature of 55°C. 

Thirty-three samples were also sequenced with the reverse primer and no ambiguities 

were found.  

 

All sequences were aligned by eye. Three gaps were identified. The first 23 nucleotide 

positions were deleted due to potential misreading at the beginning of the sequence. The 

final alignment was 604 base pair (bp) long. 

 

3.2.3. Phylogenetic and genetic variability analyses 

To investigate the phylogenetic relationships between the Azorean and Mainland 

haplotypes, a median-joining network was generated using the program Network 4.0 
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(Bandelt et al., 1999). The analysis starts from a Minimum Spanning network inferred 

from a matrix of distances, and then applies the parsimony criterion to add inferred 

intermediate haplotypes to the network, in such a way as to reduce its overall length. The 

homoplasy parameter (ε) was set to zero. Two commonly used weighting schemes were 

applied, in order to account for differences in substitution rates: 1) equal weight for all 

classes of changes, and 2) weight of 10 for transitions and 30 for transversions and gaps.  

 

To obtain a general picture of the phylogenetic relationships among mtDNA haplotypes 

across the Atlantic basin, D-loop sequences obtained in this study were compared with 

182 published sequences of the species available in GenBank and elsewhere. As most 

fragments were only 296 bp long, all sequences were truncated to that length for the 

analyses within the Atlantic Basin. Two additional gaps were added for alignment with 

these sequences. Samples were grouped into eight putative populations defined by 

geographic region or habitat use (such as coastal and pelagic populations in the western 

North Atlantic): United Kingdom (UK; Parsons et al., 2002; Natoli et al., 2004, where this 

population was called ENA for Eastern North Atlantic), Mediterranean Sea (MS; Natoli et 

al., 2004), North West Atlantic Pelagic (NWAP; Siemann, 1994; Natoli et al., 2004), East 

Atlantic (EA; Wang et al., 1999; Natoli et al., 2004), South West Atlantic (SWA; Wang et 

al., 1999; Barreto, 2000), North West Atlantic Coastal (NWAC; Natoli et al., 2004), 

Bahamas (BAH; Parsons et al., 1999; Parsons, 2001; Natoli et al., 2004), and Gulf of 

Mexico (GM; Natoli et al., 2004). Individual haplotypes were compared phylogenetically 

by the neighbour-joining method using the program PAUP 4.0b10 (Swofford, 1997). Two 

sequences from T. aduncus were used as outgroups. 

 

Genetic differentiation among potential Azorean and Mainland populations was assessed 

taking into account nucleotide differences between haplotypes (ΦST, Weir & Cockerham, 

1984), after correction by the Tamura-Nei formula (Tamura & Nei, 1993). The number of 

migrants (Nm) between populations was estimated from ΦST, such as Nm=M. 

Calculations were performed with Arlequin 2.000 (Schneider et al., 2000). Significance 

was assessed by a permutation procedure (10000 permutations). As mitochondrial DNA 

is maternally transmitted, calculations were done for both sexes and for females only. We 

performed Fu's test of selective neutrality (Fu, 1997) to test for evidence of selection or 
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changes in population size, using Arlequin 2.000. The Fs p-value was estimated by 

coalescent simulations and considered significant at p<0.02, as recommended by the 

author.  

 

Genetic differentiation between the Azorean and Mainland putative populations and other 

populations of the Atlantic Basin was assessed by calculating ΦST and its significance, as 

above. For each population, gene diversity (H) and nucleotide diversity (π) were 

calculated using Arlequin 2.000. Shared haplotypes between populations were also 

identified using that software. 

 

3.3. RESULTS 
 

Biopsy samples were collected from 80 individuals from 43 different schools. DNA was 

successfully extracted from 77 of these samples, of which 45 were from the central group, 

23 from the eastern group and 9 from the western group of islands (Figure 3.1, Table 3.1).  
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Figure 3.1 – Location of the biopsy samples collected during this study. 
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Table 3.1 – Summary information on the samples of biopsied and stranded dolphins used 

in the analysis of mitochondrial DNA. Molecular sexing was performed in another study 

(Quérouil et al., in press) by co-amplification of a short fragment of the male-specific 

SRY gene. Individual ID corresponds to the photo-identification code of individuals (see 

Chapter 2 for details). 

Reference Individual ID Age 
class Sex Date Location Population Tissue 

Tt001 not identified Adult Male 26-04-02 Faial Central skin 
Tt002 TTR072 Subadult Male 26-04-02 Faial Central skin 
Tt003 TTR204 unknown Male 03-05-02 Pico Central skin 
Tt004 not identified unknown Male 03-05-02 Pico Central skin 
Tt005 TTR159 Calf Female 04-05-02 Faial-Pico Central skin 
Tt006 TTR008 Adult Male 04-05-02 Faial-Pico Central skin 
Tt007 TTR235 Adult Male 17-06-02 Pico Central skin 
Tt008 TTR274 Adult Female 01-07-02 Pico Central skin 
Tt009 TTR308 Adult Female 07-07-02 S. Miguel Eastern skin 
Tt010 TTR361 Subadult Female 07-07-02 S. Miguel Eastern skin 
Tt011 TTR331 Adult Male 07-07-02 S. Miguel Eastern skin 
Tt012 not identified unknown Male 07-07-02 S. Miguel Eastern skin 
Tt013 not identified unknown Male 07-07-02 S. Miguel Eastern skin 
Tt014 TTR329 Adult Male 07-07-02 S. Miguel Eastern skin 
Tt015 TTR309 Subadult Male 07-07-02 S. Miguel Eastern skin 
Tt016 TTR299 Adult Female 10-07-02 S. Miguel Eastern skin 
Tt017 TTR312 Adult Female 10-07-02 S. Miguel Eastern skin 
Tt018 TTR383 Adult Female 11-07-02 S. Miguel Eastern skin 
Tt019 TTR390 Calf Male 11-07-02 S. Miguel Eastern skin 
Tt020 TTR393 Subadult Female 13-07-02 S. Miguel Eastern skin 
Tt021 TTR396 Subadult Female 13-07-02 S. Miguel Eastern skin 
Tt022 TTR401 Adult Male 14-07-02 S. Miguel Eastern skin 
Tt023 TTR392 Subadult Female 17-07-02 S. Miguel Eastern skin 
Tt024 TTR413 Subadult Male 21-07-02 S. Miguel Eastern skin 
Tt025 TTR420 Subadult Female 25-07-02 S. Miguel Eastern skin 
Tt026 not identified Adult Male 28-08-02 Terceira Central skin 
Tt027 not identified Subadult Male 28-08-02 Terceira Central skin 
Tt028 TTR489 Adult Male 28-08-02 Terceira Central skin 
Tt029 TTR490 Adult Male 28-08-02 Terceira Central skin 
Tt030 TTR518 Adult Male 29-08-02 S. Jorge Central skin 
Tt031 TTR503 Adult Male 29-08-02 S. Jorge Central skin 
Tt032 TTR504 Subadult Male 29-08-02 S. Jorge Central skin 
Tt033 TTR527 Adult Male 01-09-02 Graciosa Central skin 
Tt034 TTR533 Adult Male 01-09-02 Graciosa Central skin 
Tt035 TTR536 Subadult Female 01-09-02 Graciosa Central skin 
Tt036 TTR528 Adult Male 01-09-02 Graciosa Central skin 
Tt037 TTR430 Adult Male 12-12-02 Pico Central skin 
Tt038 TTR723 Subadult Male 12-12-02 Pico Central skin 
Tt039 not identified Subadult Female 13-06-03 Faial Central skin 
Tt040 TTR960 Adult Male 13-06-03 Faial Central skin 
Tt041 TTR255 Adult Male 13-06-03 Faial Central skin 
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Table 3.1 – (cont.) 

Reference Individual ID Age 
class Sex Date Location Population Tissue 

Tt042 not identified Subadult Female 16-06-03 Faial-Pico Central skin 
Tt043 TTR437 Adult Male 11-07-03 Terceira Central skin 
Tt044 TTR007 Subadult Male 04-07-03 Faial Central skin 
Tt045 TTR042 Adult Male 04-07-03 Faial Central skin 
Tt046 TTR077 Adult Male 22-07-03 Faial-Pico Central skin 
Tt047 TTR428 Subadult Female 23-07-03 Faial-Pico Central skin 
Tt048 TTR048 Adult Male 01-08-03 Pico Central skin 
Tt049 TTR743 Subadult Male 01-08-03 Pico Central skin 
Tt050 TTR181 Subadult Male 01-08-03 Pico Central skin 
Tt051 TTR762 Adult Male 16-08-03 Flores Western skin 
Tt052 TTR761 Adult Male 16-08-03 Flores Western skin 
Tt053 TTR759 Subadult Male 16-08-03 Flores Western skin 
Tt054 TTR053 Adult Male 15-08-03 S Pico Central skin 
Tt055 not identified Adult Male 15-08-03 S Pico Central skin 
Tt056 TTR433 Subadult Male 02-08-03 Faial Central skin 
Tt057 TTR305 Subadult Male 01-09-03 S. Miguel Eastern skin 
Tt058 TTR789 Subadult Male 02-09-03 S. Miguel Eastern skin 
Tt059 TTR797 Adult Male 06-09-03 Sta. Maria Eastern skin 
Tt060 TTR810 Adult Male 13-09-03 S. Miguel Eastern skin 
Tt061 TTR806 Subadult Male 13-09-03 S. Miguel Eastern skin 
Tt063 TTR815 Adult Male 13-09-03 S. Miguel Eastern skin 
Tt064 not identified Adult Male 08-09-03 Faial Central skin 
Tt065 TTR670 Adult Female 15-10-03 Faial Central skin 
Tt066 not identified Subadult Male 16-10-03 Pico Central skin 
Tt067 TTR56 Subadult Female 16-10-03 Pico Central skin 
Tt069 TTR870 Adult Female 28-06-04 Faial-Pico Central skin 
Tt070 TTR660 Subadult Male 30-06-04 Faial-Pico Central skin 
Tt072 not identified Adult Male 07-07-04 Flores Western skin 
Tt073 not identified Adult Female 07-07-04 Flores Western skin 
Tt074 TTR749 Adult Male 13-07-04 Flores-Corvo Western skin 
Tt075 TTR872 Adult Male 13-07-04 Flores-Corvo Western skin 
Tt076 TTR862 Adult Male 13-07-04 Flores-Corvo Western skin 
Tt077 TTR876 Adult Male 13-07-04 Flores-Corvo Western skin 
Tt078 TTR786 Subadult Female 19-08-04 Faial-Pico Central skin 
Tt079 not identified unknown Male 30-08-04 Faial Central skin 
Tt080 TTR924 Adult Female 30-08-04 Faial Central skin 
LUA  unknown Male --- Sado Estuary Mainland skin 
TT/01/1998  unknown Male --- Comporta Mainland skin 
TT/03/1997  unknown Female 28-01-97 Sado Mainland muscle
TT/102/1997  unknown Male 19-10-97 Melides Mainland skin 
TT/141/2004  Subadult Male 01-08-04 Sado Estuary Mainland skin 
TT/15/1998  unknown Female --- Almagreira Mainland muscle
TT/152/2004  unknown Female --- Mira Mainland skin 
TT/31/1996  unknown Male 15-04-96 Sado Estuary Mainland muscle
TT/31/2000  unknown Male --- Bicas Mainland skin 
TT/43/2004  unknown Female --- --- Mainland skin 
TT/61/2002  unknown Male --- Sado Estuary Mainland skin 
TT/71/1997  unknown Female --- Arrábida Mainland skin 
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3.3.1. Genetic diversity 

Long sequences were obtained for 26 samples. Long sequences (833 bp) revealed 19 

different haplotypes, while short sequences (604 bp) corresponded to 18 haplotypes. Loss 

of haplotype diversity due to the use of short sequences amounted to 5.3 %. For the entire 

set of 604 bp sequences, there were 36 haplotypes out of 77 samples for the Azores, and 8 

haplotypes out of 12 samples for the Mainland (Table 3.2). Gene diversity amounted to 

0.970 (SD=0.007) for the Azores and 0.924 (SD=0.057) for the Mainland. Nucleotide 

diversity was 0.017 (SD=0.008) and 0.019 (SD=0.010) for the Azores and Mainland, 

respectively. Fu's test of selective neutrality was not significant for the Mainland 

(Fs=0.202, p=0.521) but was highly significant for the Azores (Fs=-12.11, p=0.005). This 

large negative value may be the consequence of a population demographic expansion. 

 

3.3.2. Population structure within the Azores 

The Median Joining network showed that haplotype clustering was independent of 

sampling location (Figure 3.2). The application of differential weights did not alter 

significantly the phyletic relationships between haplotypes and, except for the breakage of 

two loops, the weighted network was identical to the unweighted one. This network 

revealed two main groups of haplotypes separated by 7 substitutions. Mean Tamura-Nei 

distance between the two clusters was 12.72, but only 7.59 after correction for intra-

population polymorphism. Fixation indexes indicated a lack of population differentiation 

between the central and eastern groups of islands and between the eastern and western 

groups, but a slightly significant differentiation between the central and western groups 

(Table 3.3).  

 

Also, haplotype groupings were independent from the relative proximity of the sampling 

location to the islands. In half of the cases where more than one individual was sampled 

within a group (and thus at a given sighting location), there were individuals bearing 

haplotypes of each of the two types 
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Table 3.2 – Variable sites in mtDNA control region sequences (where “.” indicates identity with first sequence) and frequency of occurrence 

of each haplotype in each of the four sampled regions (C=Central group; E=Eastern group; W=Western group; M=Mainland). 

Haplotype 
name Sequences 

Frequency within 
geographic 
populations 

 

10
6 

11
7 

17
2 

17
9 

18
4 

22
4 

26
9 

27
9 

28
0 

29
1 

30
9 

32
0 

32
3 

32
4 

32
6 

33
9 

34
0 

34
4 

35
3 

35
4 

35
5 

35
7 

35
8 

36
9 

37
0 

37
8 

40
4 

43
2 

44
5 

46
5 

46
6 

46
7 

46
8 

52
6 

52
8 

55
3 

57
6 

57
7 

58
0 C E W M 

TT016E C C T A C T T C C A T C G C C T C C C C T C C C C A C C T A T C T T T C A T A 2 1   
TT073W . . . . . . . . . . . . . . . . . . . . T . . . . . . . . G . . . . . . . . .   1  
TT061E . . . . . . . . . . . . . . . . . T . . T . . . . . . . . . . . . . . . . . .  1   
TT020E . . . . . . . . . . . T . . . . . . T . T . . . . . . . . . . . . . . . . C . 3 1   
TT002C . . . . . . . . . . . T . . . . T . . . T . . . . . . . . . . . . . . . . . . 3 1 1  
TT006C . . . . . . . . . . . T . . . . T . . . T . . . . . . T . . . . . C . . G . . 4 1   
TT015E . . . . . . . . . . . T . . T . T . . . T . . . . . . . . . . . . . . . . C .  1   
TT048C . . . . . . . . T . . T . . . . . T . . . T . . . . . . . . . . . . . . . . . 1    
TT005C . . . . . . . . T . . T . . . . . T . . T T . . . . . . . . . . . . . . . . . 6 2   
TT041C . . . . . . . . T . . T . . . . . T . . T T . . . G . . . . . . . . . . . . . 1    
TT001C . . . . . . . . T . . T . T . . . T . . T T . . . . . . . . . . . . . . . . . 3    
TT023E . . . . . . . . T . . T . T . . . T . T T T . . . . . . . . . . . . . . . . . 1 1   
TT028C . . . . . . . . T T . T . T . . . T . . T T . . . . . . . . . . . . . . . . . 1    
TT10297P T . C . T C . . T . . . . . . . A . T . T . . . . G . T C . C A . . . . G . .    1 
TT029C T . C . T C . . T . . . . . . . A . T . T . . . . G . T C . . A . . . . G . . 1   2 
TT052W T . . . T C C . . . . T . . . . A . . T T . . . . G . T . . C . . . C . G . .   1 1 
TT069C T . . . T C . . . . . . . . . . A . . . T . . . . G . T . . C . . . . . G . . 1    
TT035C T . . . T C . . . . . . . . . . A . . . T . . . . G . T . . . . . . . T G . G 2    
TT031C T . . . T C . . . . . . . . . . A . . . T T . . . . . T . . . . . . . T G . . 1    
TT013E T . . . T C . . . . . . . . . . A . . T T . . . . G . T . . C . . . C . G . . 1 1   
TT012E T . . . T C . . . . . T A . . . A . . T T . . . . G . T . . C . . . C . G . . 1 2   
TT043C T . . . T C . . . . . T . . . . A . . . T . . . . G . T . . C . . . C . G . . 2    
TT014E T . . . T C . . . . . T . . . . A . . T T . . . . G . T . . C . . . C . G . . 1 1 2  
TT009E T . . . T C . . . . . T . . . . A . . T T . . . . G . T . . . . . . C . G . .  1   
TT004C T . . . T C . . . . . T . . . . A . . T T . . . . G T T . . C . . . C . G . . 1    
TT066C T . . . T C . . . . . T . . . . A . . T T . . T . G . T . . C . C . . T G . . 1    
TT019E T . . . T C . . . . . T . . . . A . . T T . . T . G . T . . C . . . . T G . . 2 1 1 3 
TT003C T . . . T C . . . . . T . . . . A . . T T . . T . G . T . . . . . . . T G . . 1    
TT021E T . . . T C . . . . . T . . . . A . . T T . . T . G T T . . C . . . . T G . . 1 1   
TT008C T . . . T C . . . . . T . . . . A . . T T T . T . G . . . . C . . . . T G . . 1    
TT072W T . . . T C . . . . . T . . . . A . . T T T . T . G . T . . C . . . . T G . .   1  
TT058E T . . . T C . . . . . T . . . . A . T T T . . . . G . T . . C . . . C . G . G  2   
TT3100P T . . . T C . . . . . T . . . . A . T T T . . . . G . T . . . . . . C . G . .    1 
TT017E T . . . T C . . T . . . . . . . A . . . T . T . T . . T . . . . . . . T G . . 1 3 1 2 
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Table 3.2 – (cont.) 

Haplotype 
name Sequences 

Frequency within 
geographic 
populations 

TT3196P T . . . T C . . T . . T . . . . A . . T T . . . . G . T . . C . . . C . G . .     
TT053W T . . . T C . T . . . . . . . . A . . T T . . T . G . T . . C . . . . T G . .   1  
TT033C T . . . T . . . T . . T . . . C . A . . T . T . . . . . . . C . . . . . . . . 2   1 
TT1598P T . . . T . . . T . . T . . . C . A T . T . . . . . . . . . C T . . . . . . .    1 
TT010E T . . G T C . . . . C T . . . . A . . T T . . . . G . T . . C . . . . . G . .  1   
TT059E T T . . T C . . . . . . . . . . A . . . T T . . . G . T C . C . . . . . G . .  1   
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Figure 3.2 - Median Joining network obtained with differential weighting of transitions, 

transversions and indels. Circle size is proportional to the number of samples. Filling 

patterns illustrate the origin of the samples (vertical lines = eastern, grid = central, grey = 

western group of islands, black = Mainland). Connector length is proportional to the 

number of substitutions. Small open circles represent potential intermediate haplotypes 

that were not sampled. Dashed lines represent unresolved relationships in the unweighted 

network that were solved in the weighted network.  

 

 

Table 3.3 – Genetic differentiation (expressed as ΦST) among pairwise putative 

populations based on mtDNA haplotype frequencies.  

Population N Mainland Eastern Central Western 

Mainland 12 -    

Eastern 23 0.048 -   

Central 45 0.142** 0.016 -  

Western 9 0.025 -0.014 0.108* - 

Statistical significance is reported as follows: * p<0.05, ** p<0.01. 
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3.3.3. Population differentiation between the Azores and the Mainland 

Four haplotypes were shared between the Azores and the Mainland (Figure 3.2). The 

mean number of pairwise differences between the Azores and the Mainland was 9.71 

(Tamura-Nei distances), but the value dropped to 0.91 after correction for intra-

population polymorphism. There was a significant genetic differentiation between 

bottlenose dolphins sampled in the central group and those from the Mainland (Table 

3.3). Population differentiation between the Azores (all samples pooled together) and the 

Mainland was weak (ΦST=0.093, p=0.019). The expected number of migrants between the 

two populations was 4.9 individuals per generation. Calculations based only on female 

samples (data on molecular sexing provided by Quérouil et al., in press) gave a non-

significant ΦST value (ΦST=0.080, p=0.111, n=21 (Azores), n=5 (Mainland)) and an 

expected number of migrants of 5.8 individuals per generation.  

 

3.3.4. Population differentiation within the Atlantic Basin 

Shortening the sequences to 296 bp resulted in the loss of nine haplotypes for the Azores 

and one haplotype for the Mainland, totalling a loss of 10 haplotypes among the 40 

haplotypes of the initial data set.  

 

The mtDNA sequences available at the GenBank formed four major and distinct 

groupings (lineages) that can be seen in the neighbour-joining tree (Figure 3.3). 

Haplotypes from the Azores and from Mainland were spread within the phylogenetic tree 

and were observed to fit in three of the groups: a group containing haplotypes from all the 

Atlantic (excluding the northwest coastal population) and from the Mediterranean, a 

second group with haplotypes from the Pacific, in addition to the former haplotypes, and 

a third group with haplotypes from the Mediterranean, the Pacific and the southwest 

Atlantic. Samples from Azores and from the Mainland did not group with haplotypes 

from the Bahamas, the Gulf of Mexico or the northwest Atlantic coastal population. 
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1

TT019E 3
TT0198P 3
TT051W 1

TT008C 1
TT072W 1

ENAH 1
MS6 1

TT053W 1
MS11 1
TT003C 5

ENA2 4
WNAPt 1
MS4 3
SEA3 8
SWA10 1

WNAP13 1
WNAP15 1

WNAP17 1
WNAP12 1

TT052W 1
ENAG 1

WNAPw 3
WNAP11 1

TT010E 1
TT032C 1
TT074W 1

TT055C 1
TT012E 2

TT014E 1
TT075W 1

TT3196P 2
WNAPv 2

TT043C 2
TT004C 1
SWA27 1
MS5 1
TT009E 1
WNAPx 3

TT060E 3
TT3100P 1

TT013E 1
WNAPe 2
TT078C 1

TT6102P 3
ENAF 1

TT029C 1
MS2 1

ENA3 28
MS1 3
SEA2 3
WNAPb 1
SWA06 9

SWA47 1
SWAel 1

SWA63 2
SWA13 1

SWAm 1
TT026C 1
TT076W 1
TT017E 3

TT031C 1
MS3 1

TT035C 3
ENA1 2
SEA1 2
WNAPd 2

WNAPy 1
WNAP14 1

PACm 1
PAC01 2
PAC26 2

PAC85 1
PAC87 1

PAC08 2
PAC28 5

TT039C 3
MS7 2
TT10297P 1

TT015E 1
WNAPz 1

TT077W 1
SWApm 1

TT018E 1
TT002C 3

PAC25 1
PAC09 9

PAC24 1
TT034C 2
TT016E 1

TT061E 1
WNAP10 1
WNAPj 1

TT073W 1
SEAn 1

WNAP16 1
TT001C 3

TT028C 1
TT056C 1
TT023E 1

TT048C 1
TT011E 2
ENAI 1
TT005C N6

TT041C 1
WNAPa 8

WNAP19 1
WNAP20 1
PAC31 1

PAC22 2
PAC23 2

TT006C 4
TT022E 1

SEAs 3
MS8 1

MS9 1
TT1598P 1

MS10 3
TT033C 2
TT15204P 1
PAC21 1

PAC29 1
SWA66 1

BAHk 3
GM1 1

WNACb 1
BAHl 1

BAH1 3
BAH4 1
BAH3 2
BAH2 2

GM2 1
GM5 1

GM3 4
GM4 4
GM6 1

BAH5 1
WNACi 2

WNACh 2
WNACu 1

WNACc 22
WNACg 1

PAC82 1
TAF459521

TAF287955

Population codes:
TTxxxE – Azores: Eastern group
TTxxxC – Azores: Central group
TTxxxW – Azores: Western group
TTxxxP: Mainland Portugal
MS: Mediterranean Sea
ENA: Eastern North Atlantic (UK)
WNAP: North West Atlantic Pelagic
WNAC: North West Atlantic Coastal
SWA: South West Atlantic
SEA: South East Atlantic
PAC: Pacific
GM: Gulf of Mexico
BAH: Bahamas
TAF: T. aduncus

 
Figure 3.3 – Neighbour-Joining tree based on all available partial D-loop sequences of T. 

truncatus, rooted with T. aduncus. Only unique haplotypes were considered for each 

putative population (number of identical haplotypes indicated following haplotype name). 
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The high gene and nucleotide diversities found in the Azorean and Mainland populations 

were comparable to the values obtained for the northwest Atlantic pelagic and 

Mediterranean Sea populations (Table 3.4). The Azorean and Mainland populations 

shared haplotypes with the Mediterranean Sea and most populations of the Atlantic 

Ocean. No haplotypes were shared with the coastal populations of the northwest Atlantic, 

Bahamas and Gulf of Mexico.  

 

Table 3.4 – Number of samples (N), haplotypes, gene diversity (H) and nucleotide 

diversity (π) for each putative population. Standard deviation values are given in 

parenthesis.  

Population N Haplotypes H π 

Azores 77 28 0.957 (0.009) 0.021 (0.011) 
Mainland 12 7 0.894 (0.063) 0.018 (0.011) 

United Kingdom 38 7 0.452 (0.097) 0.009 (0.006) 

Mediterranean Sea 18 11 0.935 (0.035) 0.022 (0.012) 

North West Atlantic Pelagic 36 22 0.941 (0.027) 0.025 (0.013) 

North West Atlantic Coastal 29 6 0.426 (0.113) 0.006 (0.004) 

East Atlantic  17 5 0.743 (0.086) 0.016 (0.009) 

South West Atlantic 19 10 0.784 (0.098) 0.016 (0.009) 

Bahamas 13 7 0.987 (0.054) 0.007 (0.005) 

Gulf of Mexico 12 6 0.818 (0.084) 0.007 (0.005) 

 

 

The Azorean population was significantly differentiated from all the populations of the 

Atlantic Basin except the northwest Atlantic pelagic population (Table 3.5). Estimated 

number of migrants between these two populations was 9.0 individuals per generation. 

The Mainland population was not significantly differentiated from the Mediterranean Sea 

and eastern Atlantic ones, and only marginally differentiated from the northwest Atlantic 

pelagic population (Table 3.5). Both for the Azores and the Mainland, the highest levels 

of differentiation were found with the coastal populations of the northwest Atlantic, 

Bahamas and Gulf of Mexico (Table 3.5). 
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Table 3.5 - Genetic differentiation (expressed as ΦST) between the Azores, Mainland and 

the other putative populations of the Atlantic Basin, based on mtDNA haplotype 

frequencies. P= pelagic ecotype; C= Coastal ecotype.  

Population N P / C Azores Mainland 

United Kingdom 38 C ? 0.357 *** 0.212 ** 
Mediterranean Sea 18 C 0.103 ** -0.042 

North West Atlantic Pelagic 36 P 0.027 0.076 * 

North West Atlantic Coastal 29 C 0.620 *** 0.707 *** 

East Atlantic  17 ? 0.113 ** 0.032 

South West Atlantic 19 C 0.213 *** 0.104 * 

Bahamas 13 C 0.567 *** 0.640 *** 

Gulf of Mexico 12 C 0.592 *** 0.668 *** 

Statistical significance is reported as follows: * p<0.05, ** p<0.01, *** p<0.001. 
 

 

3.4. DISCUSSION 
 

3.4.1. Variability 

Mitochondrial DNA sequences showed a high gene and nucleotide diversity in the 

Azorean and Mainland samples. The values were similar to those obtained for the pelagic 

population of the northwest Atlantic and the Mediterranean Sea (Table 3.4; see also 

Natoli et al., 2004). In the Azores, Fu's test of selective neutrality for mitochondrial DNA 

sequences suggested a potential population expansion. However, no heterozygosity 

excess or deficit was observed for microsatellites (Quérouil et al., in press). Discrepancy 

between these results could be related to the age of the population expansion, as 

mitochondrial DNA can retain information from older events than fast evolving 

microsatellites. 

 

3.4.2. Absence of population structure within the Azores 

Within the Azores, the western group of islands appeared to be slightly differentiated 

from the central group. However, the western group was not differentiated from the 

eastern one, despite a greater geographic distance. Similarly, analysis of microsatellites 
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showed a weak but significant (RST but not FST) differentiation between the western and 

central groups but not between the western and eastern groups (Quérouil et al., in press). 

Although previous studies showed that genetic differentiation of cetacean populations is 

poorly correlated with geographic distance (reviewed in Hoelzel et al., 2002), most likely, 

the mild differentiation of the western group is due to a sampling bias, since only nine 

samples were obtained in that area. This explanation is also supported by photo-

identification data that confirmed that individuals moved between the western and central 

groups, and between eastern and central groups (Chapter 2). Nonetheless, this question 

should be further investigated with the analysis of more samples. 

 

Because haplotypes clustered in two distinct groups, it seemed possible that these 

phylogenetic groupings were underlying differentiation between coastal and offshore 

populations. However, haplotype type was independent of sampling location and relative 

distance from coast, as indicated by the large number of groups bearing haplotypes of 

each of the two types. Moreover, microsatellite data indicated high levels of gene flow 

between the two haplotype groups (Quérouil et al., in press). Thus, the hypothesis that 

haplotypes groups represent coastal and pelagic populations can be rejected. Instead, 

these groups can be a heritage of past environmental changes and population isolation 

during glacial stages, as observed in other cetacean species (Hoelzel et al., 2002). 

 

Alternatively, this result could arise if dolphins from different ecotypes form mixed 

aggregations and be sampled together. In the northwest Atlantic coast of the United 

States, coastal and offshore ecotypes occasionally form mixed groups (Torres et al., 

2003). Although at present there is no evidence to support this hypothesis, photo-

identification data suggested that non-resident dolphins tended to join schools containing 

resident individuals (Chapter 2). 

 

The present study suggests that sampled bottlenose dolphins belong to a single 

community freely swimming in Azorean waters, or at least that some individuals 

incorporate most of the archipelago into their range. An alternative hypothesis is that 

Azorean bottlenose dolphins are indeed divided into separate communities, as could be 

expected in this species (Connor et al., 2000), but that the communities have highly 
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overlapping or even fluctuating ranges. Both the hypotheses are consistent with findings 

reported in the previous Chapter concerning the residence and ranging patterns of this 

species. 

 

3.4.3. Population differentiation between the Azores and the Mainland 

Mitochondrial DNA differentiation between the Azorean and Mainland putative 

populations was only slightly significant. The dataset from the Mainland included five 

samples from dolphins thought to belong to the resident group living in the Sado Estuary 

(Gaspar, 2003). This group consists of 38 individuals which are long-term, year-round 

residents in the estuary and show strong-site fidelity to the area. The small size of this 

population and the low levels of interaction with dolphins from outside the estuary create 

the potential for inbreeding within this group (Gaspar, 2003). Thus, it seems likely that 

the mild genetic differentiation observed between the Azorean and Mainland populations 

was caused by the inclusion of samples from these dolphins. In fact, after removing these 

samples from the analysis, both mitochondrial and nuclear markers failed to detect 

significant differentiation between the two study sites (Quérouil et al., in press). 

 

3.4.4. Population differentiation within the Atlantic Basin 

Comparisons within the Atlantic Basin required a shortening of the sequences to half of 

their initial length, which reduced haplotype diversity by 24% in our sample. This may 

result in an overestimation of population similarity. 

 

The neighbour-joining tree showed that the mtDNA haplotypes from bottlenose dolphins 

of Azores and Mainland did not show any distinct grouping pattern. Instead, these 

haplotypes fitted into clusters with a mixture of haplotypes from several regions, 

including the pelagic population of the western North Atlantic, the coastal population 

from the United Kingdom and the population from the Pacific. Haplotypes from the 

Azores and Mainland were not included in the well-differentiated lineage formed by 

haplotypes from Bahamas, Gulf of Mexico and from the coastal population of the 

northwest Atlantic.  
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Mitochondrial DNA sequences indicated that the Azorean population was significantly 

differentiated from all the Atlantic Basin populations except the pelagic population of the 

northwest Atlantic. The ΦST value obtained between the Azorean and the northwest 

Atlantic pelagic samples was very low (ΦST=0.027, which is below the limit of 0.05 set 

by Wright, 1978). The Azorean population would thus be of the pelagic type, despite the 

fact that bottlenose dolphins are primarily spotted within five nautical miles from the 

shore in Azorean waters (Silva et al., 2003). Similarly, Quérouil et al. (in press) showed 

that the bottlenose dolphin population of the Madeira Archipelago was significantly 

differentiated from all the Atlantic Basin putative populations, except the northwest 

Atlantic pelagic population. These authors claim that these results are related with the 

specificity of the marine habitat around the islands of both the archipelagos, namely with 

the absence of a continental shelf and the occurrence of deep waters at short distances 

from the coast (e.g., Santos et al., 1995).  

 

Large scale microsatellite analyses encompassing the North Atlantic are required to 

determine whether the observed lack of population differentiation between the northwest 

Atlantic and the Azores is actually the consequence of present gene flow. In the latter 

case, there would be a single pelagic population ranging from the northwest Atlantic to 

the mid-Atlantic. The latitudinal extent of this putative population is unknown, but might 

be limited given that the Azorean population is differentiated from those of the United 

Kingdom and eastern Atlantic. 

 

The Mainland population was not differentiated from the Mediterranean Sea and eastern 

Atlantic populations. Lack of significance was certainly accentuated by small sample size, 

but could reflect a real absence of differentiation as the obtained ΦST values were very 

small or even negative. If true, these results partly contradict what was reported by Natoli 

et al. (2005) who found that the population from the East North Atlantic (samples from 

South England, Galicia and mainland Portugal) was genetically differentiated from the 

population of East and West Mediterranean. 

 

Overall, the results here reported are not in full agreement with previous studies that 

indicate a high degree of population structuring at local (Krützen et al., 2004; Natoli et al., 
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2005; Parsons et al., 2002) and regional (Natoli et al. 2004) scales. This discrepancy 

might be explained by the fact that, while the former studies analysed coastal populations, 

the present work investigates a pelagic population.  

 

3.4.5. Conclusion 

This study showed there is a single population of bottlenose dolphins in the Azorean 

archipelago, and this population is not significantly differentiated from the pelagic 

population of the North West Atlantic. The absence of a differentiated coastal ecotype in 

the Azores is consistent with the steep topography of the area, with deep waters occurring 

at short distances from the coast. The lack of geographic structuring suggests larger home 

ranges and/or higher dispersal in the Azores than in coastal populations. This could be a 

characteristic of pelagic dolphins. The non-differentiation between the Azorean and the 

North West Atlantic populations was unexpected. The "unproductive" waters of the deep 

Atlantic appear not to constitute an absolute barrier to dispersal. Although requiring 

confirmation by microsatellite analyses, this result indicates that gene flow is probably 

higher than previously thought in pelagic bottlenose dolphins. The fission-fusion social 

structure of the species probably facilitates the maintenance of gene flow through genetic 

admixture between neighbouring communities. 
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CHAPTER 4 
 

CAPTURE-RECAPTURE ESTIMATES OF SURVIVAL, TEMPORARY 

EMIGRATION AND POPULATION SIZE 
 

 

________________________________________________________________________ 

 

 

4.1. INTRODUCTION 

 

The study of life history parameters is of fundamental importance to understanding the 

dynamics of animal populations. Demographic processes, such as fluctuations in survival 

and reproduction, are the ultimate cause of population change (Gaillard et al., 1993). As 

these processes can be influenced by ecological and anthropogenic factors, they are of 

great importance for several research areas, including evolutionary, population and 

behavioural ecology, as well as for management and conservation reasons (Brooks et al., 

2004).  

 

The study of demographic parameters in animal populations has mainly relied on 

information obtained from marked individuals (Shefferson et al., 2001). The ability to 

recognize and follow the fate of individual animals through time not only permits the 

collection of data on several population parameters, but also provides information on the 

processes and mechanisms influencing changes in the observed parameters (Brooks et al., 

2004).  

 

Individual-based information forms the basis of capture-recapture studies, in which 

animals are captured, marked in some way and then released into the population. The 

initial marking is followed by one or several capture occasions where live animals are 

recaptured or resighted, and/or dead animals are recovered. The combination of these 

multiple recapture occasions results in individual capture histories: a record denoting 
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whether each individual was observed or not in each sampling occasion (White & 

Burnham, 1999). Capture-recapture models developed to analyse the information 

contained in these capture histories have been used extensively to estimate demographic 

parameters of biological populations, such as population size, survival probability, 

population growth rates and recruitment (Schwarz & Seber, 1999). Moreover, recent 

statistical developments in some of these models offer a way of assessing the influence of 

specific factors on the patterns of variation of population parameters (Schwarz & Seber, 

1999).  

 

In cetacean populations, capture-recapture studies are generally based on the use of 

natural markings like nicks and notches on dorsal fins, pigmentation and saddle patch 

patterns, markings on tail flukes and callosity patterns on rostrum (Hammond et al., 

1990). To avoid violation of one of the key assumptions of capture-recapture analysis, 

these distinctive features must be sufficiently long lasting, slow changing and unique to 

be recognized in subsequent sightings (Hammond, 1986). This author presents a 

comprehensive review of the advantages and problems associated with the use of natural 

markings in capture-recapture analysis and on the application of these techniques to 

estimate the abundance of cetacean populations.  

 

Following Hammonds’s (1986) cornerstone paper, there was a rapid increase in the 

number of studies that attempted to estimate population parameters of cetaceans using 

capture-recapture methods (e.g. Special Issue of International Whaling Commission, 

Hammond et al., 1990). The great majority of these studies focused exclusively on 

abundance estimation and even today the literature on the use of capture-recapture 

methods to estimate other demographic parameters in cetacean populations is scant (but 

see Bradford et al., 2006; Buckland, 1990; Slooten et al., 1992; Zeh et al., 2002). This is 

certainly related to the difficulty of studying long-lived marine animals. Furthermore, 

cetaceans are highly mobile, making it difficult to define the population under study and it 

is usually not possible to set the limits of the study area to include the entire distribution 

range of the population. Even when populations appear to inhabit well-defined 

geographic areas, they are rarely isolated from neighbouring populations and frequently 

there are individuals with varying degrees of residence in the study area (Connor et al., 
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2002). In addition, within a population, individual animals often differ in their patterns 

and extent of movements depending on their gender, age-class, reproductive status or 

strategies (Stevick et al., 2002; Wells et al., 1980).  

 

This seems to be the case for the bottlenose dolphin population in the Azores, according 

to the results presented in Chapters 2 and 3. Analysis of photo-identification data 

demonstrated that only a small percentage of the dolphins identified showed strong year-

round site fidelity to the area. Several animals were present in the area in some years but 

not in others, while the majority of the dolphins seemed to be transients in the area. These 

results are supported by the lack of genetic differentiation between different groups of 

islands and the unusually high genetic diversity which suggests the existence of an open 

population with high levels of mixing between animals associated with different groups 

of islands and also with populations from outside the Azores. Although these behavioural 

characteristics make the population less amenable to capture-recapture analysis, recent 

developments in these methods (Kendall & Bjorkland, 2001; Kendall et al., 1997; 

Lebreton et al., 1992) seem particularly promising at solving the aforementioned 

problems and may provide robust estimates of population parameters. 

 

4.1.1. Overview of capture-recapture models used to estimate population parameters 

Capture-recapture models include closed models, where the population is assumed to 

remain effectively unchanged for the duration of the study, open models, where the 

population may change through additions (births or immigration) and deletions (deaths or 

emigration), and combinations of both open and closed models (Schwarz & Seber, 1999), 

often referred to as Pollock’s robust design (Pollock, 1982). 

 

Estimation of survival obviously requires the use of open population models. The 

Cormack-Jolly-Seber (CJS) open-population model was the first approach to survival 

estimation using capture-recapture data (Cormack, 1964; Jolly, 1965; Seber, 1965), 

allowing for variability in survival and capture probabilities among sampling occasions 

(time-dependent variation). Several extensions to the classical CJS full-time dependent 

model have been subsequently developed, including age and time-dependent and cohort 
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models, and models with group contrasts, external variables, individual covariates or 

additive effects (reviewed in Lebreton et al., 1992). 

 

Because only marked animals are followed over time, the CJS models do not provide 

estimates of abundance. The Jolly–Seber (JS) model (Jolly, 1965; Seber, 1965) can be 

viewed as a more general case of the CJS model that, in addition to apparent survival and 

capture probabilities, provide abundance estimates, and estimates of entries into (“births”) 

and losses from (“deaths”) the population (Pollock et al., 1990). In JS models, however, 

survival and capture parameters pertain to both marked and unmarked animals, in contrast 

to the CJS models where these parameters refer only to the marked component of the 

population.  

 

Schwarz and Arnason (1996) presented a new parameterization of the classical JS model 

in which the probability that an animal from a “superpopulation” (N) would enter the 

population between two occasions and survive to the next sampling occasion was also 

included in the likelihood and could therefore be modelled. The method developed by 

these authors has the advantage of allowing constraints to be imposed on the parameters, 

and of allowing external covariates and group contrasts. It also permits estimation and 

hypothesis testing to be performed with maximum likelihood estimation, likelihood ratio 

tests and Akaike’s Information Criterion. 

 

An important assumption of capture-recapture models is the homogeneity of capture 

probabilities among individuals; i.e., the model assumes that all animals have the same 

probability of being captured given that they are alive and in the population (Lebreton et 

al., 1992). This assumption is often unrealistic in biological populations: some animals 

may have home ranges that extend beyond the study area and may, therefore, be 

unavailable to sampling during a specific sampling occasion; the study area may be 

traversed by migratory animals; and individual animals may differ in the extent of their 

movements, with some individuals being permanently present in the study area, whereas 

other individuals may temporarily move out of the area. Additionally, animals may show 

different behaviours that ultimately affect their capture probability, and this may result 

from inherent individual differences or be induced by previous sampling efforts. Unless it 
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is specifically associated with static group covariates (e.g., sex, age), heterogeneity in 

capture probabilities cannot be adequately modelled using open models (Pradel et al., 

1997). While survival estimates from open models are relatively unaffected by 

heterogeneity in capture probabilities, estimates of population size and recruitment rates 

may suffer from serious bias (Carothers, 1973). Alternatively, closed population models 

that allow for heterogeneity in catchability among animals (Otis et al., 1978; Pledger, 

2000) can be employed to generate unbiased estimates of population size. However, these 

models assume geographic and demographic closure of the population and cannot be used 

to estimate survival or recruitment rates.  

 

The robust design, a method than combines both open and closed population models, was 

first proposed by Pollock (1982) to alleviate bias in estimates of abundance caused by 

heterogeneity in capture probabilities. The robust design consists of a long-term capture–

recapture experiment where there are k primary periods, each of which is composed of li 

(i=2,…,k) secondary sampling periods. Consecutive primary periods should be 

sufficiently separated in time to allow the population to change through gains (birth and 

immigration) or losses (death or emigration). Conversely, within each primary period, the 

time interval between consecutive secondary sampling occasions must be sufficiently 

short so that the population can be assumed closed. With this design, data from secondary 

samples within each primary period can be analysed using standard closed models to 

derive estimates of population size. Survival can be estimated with CJS models by 

collapsing data from the secondary periods into a single instance of captured or not 

captured (Pollock, 1982). The estimators provided by Pollock (1982) under the robust 

design were ad hoc but Kendall et al. (1995) developed likelihood models for the 

complete sampling process. These authors also showed that the robust design performed 

better than standard JS models in the presence of heterogeneity in capture probabilities 

and allowed estimation of several parameters that were not estimable under either JS or 

closed models (Pollock et al., 1990). 

 

4.1.2. Dealing with transience and temporary emigration 

In open population models, apparent capture probability is actually the product of the 

probability of being present in the sampled area and the probability of being detected, 
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given presence (Lebreton et al., 1992). Classical CJS models do not permit discrimination 

between these two probabilities nor therefore the estimation of the probability of being 

unavailable for capture (Kendall et al., 1997).  

 

A transient individual is defined as “an individual that is marked, released, and which 

then permanently emigrates from the sample, such that it is no longer available for 

encounter in future” (Pradel et al., 1997). Because CJS models do not distinguish between 

permanent emigration and true death, a transient individual will appear to have died after 

its initial capture. Failure to deal with transients produces survival rates for resident 

animals that are negatively biased (Pradel et al., 1997). However, by definition, transient 

animals leave the area immediately after the first sampling occasion, and the negative bias 

will only be evident in the first survival estimate. Thus, one way to account for transience 

is to use a model in which the probability of survival over the first interval after marking 

is allowed to differ from that of following intervals. Age (or Time-since marking) CJS 

models have been frequently used to deal with the negative bias in survival caused by the 

occurrence of transient animals in the study area (Brownie & Robson, 1983). Although 

this approach does not account explicitly for heterogeneity because the relative proportion 

of residents and transients in the sample is unknown and therefore cannot be taken into 

account, it generally provides satisfactory results (Pradel et al., 1997). 

 

CJS models can allow for one entry and one exit from the study area but cannot account 

for temporary emigration, in which members of the population are available for capture in 

some sampling occasions but not in others (Kendall et al., 1997). These authors showed 

that when temporary emigration is a random process; i.e., all individuals have the same 

probability of becoming emigrants on a given occasion independent of their emigration 

status on the previous occasion, then survival estimates provided by the JS models are 

unbiased (but have lower precision). The remaining estimators, including capture and 

population size, will yield biased estimates with respect to the animals exposed to 

sampling efforts in a given period but unbiased with respect to the “superpopulation” 

(Kendall et al., 1997). However, when the emigration model is Markovian (the 

probability of being a temporary emigrant depends on whether the individual was a 

temporary emigrant in the previous primary period) all the JS estimators will be biased 
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(Kendall et al., 1997). Using Pollock’s robust design general framework, Kendall et al. 

(1997) developed unbiased estimators of demographic parameters for both these models 

of temporary emigration, in addition to providing estimators of the probability of 

temporary emigration. 

 

In this Chapter, photo-identification data collected over a 6-year period are used to 

estimate population parameters of bottlenose dolphins occurring in the Azores, using 

capture-recapture analysis. Open-population models and Pollock’s robust design are used 

to derive estimates of population size, survival and temporary emigration rates of 

dolphins occurring around three islands of the archipelago (main study area). 

 

4.2. METHODS 
 

4.2.1. Data collection 

Capture-recapture analyses were based on data collected in the main study area, in an area 

of 5400 km2 around the islands of Faial and Pico and in the channel between Pico and S. 

Jorge (Figure 2.1). Details of the surveys, photo-identification procedures and analysis of 

photographs are presented in Chapter 2. Photographs of individual bottlenose dolphins 

were collected during boat-based surveys. Surveys were conducted year-round (weather 

permitting) from March 1999 to October 2004, following a pre-determined track. Once a 

school of dolphins was encountered, an attempt was made to photograph both sides of the 

dorsal fin of every individual present. Dolphins were photographed irrespective of their 

age class and degree of marking. Photographs were taken with a Nikon F-90X autofocus 

camera equipped with a Nikkor AF 70-300 mm (f4-5.6) zoom lens, and using Kodak 

Elitechrome ISO 200 or Ektachrome Elite II ISO 200 colour slide film. 

 

Photographs were graded “good”, “fair” or “poor”, according to their focus, light and 

contrast, size of dorsal fin in relation to the frame and angle of dorsal fin. Only “good” 

and “fair” quality photographs were used in this study. Individual animals were identified 

based primarily on the number and location of nicks and scars on their dorsal fins, but 

also on the scars and pigmentation pattern along the flanks (Würsig & Jefferson, 1990; 

Würsig & Würsig, 1977). Individuals with sufficiently distinctive marks to allow future 
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recognition were classified as “marked” and included in the catalogue. Individuals with 

few distinct marks or bearing marks judged to be only temporary were classified as 

“poorly marked” and maintained in a separate catalogue. These individuals were not 

included in the capture-recapture analysis but were used to estimate the proportion of 

well-marked individuals present in a school (see details below). Calves were excluded 

from all the analyses performed because they usually do not possess enough marks to 

ensure their future recognition without error.  

 

4.2.2. Construction of capture histories 

The data analysed consisted of records of capture (in this case, sighting) histories of 

individual animals, where each row represents the fate - captured (denoted by 1) versus 

not captured (denoted by 0) - of a given individual in each sampling occasion. The 

frequency of occurrence of each capture history was then used to calculate the probability 

of the various possible capture histories, using maximum likelihood estimation 

procedures. Assuming total independence among individuals, the likelihood of obtaining 

a particular capture dataset is simply the product of the probabilities of the possible 

capture histories over those actually observed. Thus, this method derives the estimates for 

the population parameters that maximize the likelihood of the observed frequencies of 

each capture history (Lebreton et al., 1992; White & Burnham, 1999). 

 

4.2.3. CJS models – estimating survival and capture probabilities 

For open population models, photographic data collected from 1999 to 2004 in the main 

study area were used to construct the capture histories. Sightings of individual dolphins 

made during the same year were pooled and each year was treated as a sampling 

occasion. Mammals typically have age-specific survival probabilities (Caughley, 1966). 

In addition, large long-lived mammals usually have constant adult survival (Fowler, 

1981), whereas juvenile survival can show high annual fluctuations (Gaillard et al., 1998). 

Adult and subadult dolphins were also anticipated to exhibit different capture rates due to 

differences in the degree of marking and in their behaviour towards the survey boat. 

Hence, it made intuitive sense to incorporate age class in the models as a group effect to: 

1) investigate if there were differences in survival and capture probabilities among the 
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two groups; and 2) control for some of the heterogeneity in capture probability, thus, 

increasing the precision of the estimates by obtaining separate parameters for each group.  

 

Standard CJS models were used to estimate annual survival (φ) and capture probabilities 

(p) of bottlenose dolphins occurring in the main study area, using the methods described 

in Lebreton et al. (1992). CJS models provide estimates of survival for each interval 

between sampling occasions (except for the interval following the last occasion) and of 

capture probabilities for each sampling occasion (except for the initial release) (Lebreton 

et al., 1992). The fully time-dependent CJS model makes several assumptions: (1) marks 

are not lost or missed; (2) individuals are immediately released after being sampled, and 

samples are instantaneous relative to the intervals between sampling occasions; (3) every 

marked individual present in a given sampling occasion (i) has the same probability of 

capture (pi); and (4) every marked individual alive in the population at a given sampling 

occasion (i) has the same probability of surviving to the next sampling occasion (i+1). 

 

Errors in identification of individuals leading to violation of the first assumption may 

result from the poor quality of photographs used, lack of distinctiveness of the individual 

markings and lack of stability of markings throughout time (Hammond, 1986; Stevick et 

al., 2001). To reduce the chances of missing or misidentifying marks, the dataset analysed 

in this study only included well-marked individuals and high-quality photographs. In spite 

of this precaution, the chances of making identification errors during the analysis of a 

catalogue as extensive as the one analysed in this study are likely to be non-zero and 

possible biases associated with violating the first assumption will be addressed in the 

discussion. The second assumption should have been easily met because the length of the 

photo-identification sessions was negligible compared to the interval between sampling 

occasions, and because individuals are not removed from the population during the 

sampling process. Departure of the data from the last assumptions was specifically 

assessed through goodness-of-fit tests (GOF) provided in the program U-CARE (Choquet 

et al., 2003).  
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4.2.4. CJS models - modelling procedures  

Data analysis and model selection procedures followed the recommendations of Lebreton 

et al. (1992) and Burnham & Anderson (2002) and were carried out using program 

MARK (version 5.1) (White & Burnham, 1999). A set of candidate models was 

developed, based on the knowledge of the ecology of the population under study and also 

taking into account the study design. This set of models included a general model 

containing all potentially important effects. This general model was used to evaluate how 

well the model fitted the data, using GOF tests available in program U-CARE. This 

program calculates the chi-square statistics of several tests (designated as TEST 2 and 

TEST 3) and the goodness of fit of the general model is given by the sum of the statistics 

and by the degrees of freedom of the appropriate components of these tests (Lebreton et 

al., 1992). In addition, U-CARE has the advantage of providing directional tests for 

transience (Pradel et al., 1997) and trap-dependence (trap-happiness or trap-shyness) 

(Choquet et al., 2003). After finding an adequate general model, the analysis proceeded 

by fitting progressively simpler models; i.e., models with fewer parameters, derived as 

special cases of the global model. Models developed included the effect of time, cohort, 

age-class and time-since marking (hereafter designated as age-dependence) on survival 

and capture probabilities. 

 

There was an increase (although not linear) in survey effort during the present study and 

this may have had two consequences: 1) an increase in the number of photo-identified 

individuals from one release to the next; and 2) an increase in the probability of recapture 

of marked individuals with time within each cohort. The effect of effort (calculated as the 

time spent looking for dolphins plus the time spent photographing each school) on capture 

probabilities was tested by introducing effort in the model as an external covariate and by 

forcing the time or cohort-dependent capture probabilities to be estimated as a linear 

function of the values of effort. Finally, a special case of linear models was developed to 

test for the significance of a linear trend in capture probabilities across cohorts.  

 

Estimating overdispersion in the data 

The CJS model assumes that the data are binomially distributed, but overdispersion, or 

extra-binomial variation, is a common occurrence in most capture-recapture data. This is 
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especially true in the case of flocking or schooling species, such as dolphins, because the 

fate (seen versus not seen) of each individual within the school is not independent of the 

fate of the others (Anderson et al., 1994). Statistically, this means that individual 

probabilities are positively correlated instead of behaving like a series of independent 

binomial trials. Overdispersion frequently causes the variances of the parameters to be 

underestimated, which means that the true variability in the estimates is higher than the 

estimated variance (Krzanowski, 1998). Another cause of overdispersion is heterogeneity 

in survival or capture probabilities, particularly common when the dataset comprises a 

large number of individuals or includes data from several years (Anderson et al., 1994). 

 

Data were examined for overdispersion by calculating the variance inflation factor, ĉ. 

Several methods are currently available to estimate ĉ but there is no agreement on which 

of the methods gives the best estimate. One way to estimate ĉ is to use the chi-square 

statistics provided by programs RELEASE (Burnham et al., 1987) and U-CARE and 

divide it by the number of degrees of freedom. However, this approach is generally not 

valid and the resulting estimate of ĉ is a biased estimate of the true overdispersion (Cooch 

& White, 2006). Additionally, this approach can only be used in a limited type of models, 

such as the full-time dependent or the two-age class model. Another way is to use the 

parametric bootstrap approach available in program MARK. With this procedure, the 

estimates of the model being evaluated are used to simulate capture histories that meet the 

assumptions of the model, namely, no overdispersion and independence between 

individuals. The simulated capture histories are then analysed and used to calculate a 

model deviance and ĉ. The deviance of the model being evaluated is compared with the 

distribution of simulated deviances to calculate the probability of obtaining a deviance as 

large as the one obtained. The ĉ of the observed model is divided by the mean of the 

simulated values of ĉ from the bootstrap (which represent the expected value of ĉ under a 

model with perfect fit) to obtain a measure of the lack of fit of the model. Alternatively, 

the median ĉ approach estimates ĉ as the value for which the observed ĉ falls halfway in 

the distribution of all possible ĉ generated under the hypothesis that a given value of ĉ is 

the true value. In general, the median ĉ is closer to truth than the ĉ estimated from 

RELEASE, even though it is usually biased high. A conservative approach was followed 

in this study, in which all the available methods were employed to obtain an estimate of ĉ 
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and the highest estimate of ĉ was then used to measure and adjust for the lack of fit of the 

models. 

 

Model selection and averaging 

Traditionally, model selection has been based on Likelihood ratio tests (LRT) and on 

Akaike’s Information Criterion (AIC). The LRT calculates the difference in the maximum 

log-likelihoods of the general model and a reduced model and tests it against a chi-square 

statistic. Thus, the LRT can only be used to compare nested models, where the reduced 

model is a special case of the more general model. The AIC computes two separate terms: 

the log-likelihood at its maximum and the number of estimable parameters for a given 

model. The first term is a measure of the lack of model fit while the second term is a 

penalty for increasing the number of parameters in the model (K). Anderson et al. (1994) 

found that AIC outperformed LRT, not only in the ability to choose the “true model” but 

also in the quality of the resulting inference. Moreover, AIC is not affected by the 

problem of multiple tests, in which the probability of obtaining a significant test by 

chance alone increases with the increasing number of tests performed (Lebreton et al., 

1992). 

 

In spite of its advantages over the LRT approach, AIC-based model selection behaves 

poorly in the presence of overdispersion (Anderson et al., 1994). Quasi-likelihood AIC 

(QAIC) provides a convenient way to deal with overdispersed data (Anderson et al., 

1994; Seber, 1992). The QAICc is a modified version of the AIC that takes into account 

the amount of overdispersion in the data, as well as differences in effective sample size 

between models (Burnham & Anderson, 1998). The QAICc is given by: 
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where L represents the model likelihood, ĉ is the variance inflation factor, K is the number 

of identifiable parameters in the model and M is the effective sample size. 
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In the present study, model selection was based on the QAICc and the model with the 

lowest value was selected as the best fitting model. The normalized QAICc weights were 

used to measure the strength of evidence of a given model relative to other models in the 

candidate model set. LRT were only used between nested models to test specific 

biological hypotheses.  

 

When the ratio of weights gives relatively weak support for the best model it would be 

reasonable to expect a lot of variation in the selected best model if the analyses were 

repeated with replicate datasets (Burnham & Anderson, 2002). These authors advocate 

that if there is uncertainty in which model is the best, this model uncertainty should also 

be incorporated in the parameter estimates reported. Thus, instead of using a single best 

model to make inferences, models in the candidate set were averaged based on the 

normalized Akaike weights to obtain least biased estimates for the parameters and 

respective standard errors (SE). 

 

Except for models fitted with additive effects, external covariates and linear trends, where 

the logit-link function was used, all the remaining models were fitted using the sin-link 

function, which is the default in program MARK. Confidence intervals of the parameters 

were calculated using profile likelihood intervals. While standard confidence intervals are 

generally symmetric about the mean value of the parameter, profile intervals can be 

asymmetric in response to the asymmetry of the likelihood function (Lebreton et al., 

1992). 

 

Comparing parameter estimates 

When appropriate, the parameters that resulted from model averaging were averaged 

again within a single group, time interval or cohort, to provide a unique estimate and to 

facilitate statistical comparisons. Because the parameters are not independent within each 

group, to calculate the SE of the averaged parameters, it was necessary to use the values 

of the variance-covariance matrix generated by MARK. The SE were calculated as: 
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The new averaged parameters (delta) could then be compared using the following test 

statistic 
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where under the null hypothesis z ~ N[0,1] (Lebreton et al., 1992). When the two 

parameters to be compared were independent (e.g., survival estimates from different age 

classes), their covariance equalled 0 and the denominator of the test statistic only included 

the sum of variances of both parameters. 

 

4.2.5. JS models – estimating population size 

Population size (N) for each year of the study was estimated using the Schwarz & 

Arnason (1996) parameterization of the JS model using the same dataset used for the CJS 

model. Data analysis was performed with the POPAN module available in program 

MARK. Besides abundance, this model also derives net births (Bi) which represent the 

number of animals that enter the population between two sampling occasions and survive 

to the next occasion. Unlike the CJS models, the JS only allow for a set of survival and 

capture parameters, implying that cohort models could not be fitted. Thus, CJS models 

offer greater flexibility in modelling survival and capture probabilities and the resultant 

parameter estimates will likely be more reliable. In this study, survival and capture 

probabilities derived from the JS models were not reported. Also, the super-population 

parameter is assumed to be constant through time.  

 

4.2.6. JS models – modelling procedures  

Data analysis and model selection were performed following the same procedures as 

described above for the CJS models. Before attempting to find a parsimonious model that 

fitted the data, the more general model was checked for overdispersion and the value of ĉ 

was used to adjust the models. The ĉ was estimated by dividing the value of the chi-

square test provided in program RELEASE by the number of degrees of freedom. 

Although this method is less reliable then the methods mentioned above, it is the only one 

available for JS models. Fitted models included the effects of time, age-dependence and 
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group (age-class) on survival, capture and entrance probabilities. Following the 

recommendations of Cooch & White (2006), survival and capture parameters were fitted 

using a logit function, the log function was used for the super-population parameter and 

the multinomial link function for the probability of entrance. As in the case of the CJS 

models, model averaging was performed to obtain least biased estimates of the 

parameters.  

 

Abundance estimates obtained from the Jolly-Seber model pertain only to the population 

of marked individuals; i.e., the individuals with sufficiently distinct natural markings to 

allow their identification. Total population size (Ntotal) of bottlenose dolphins occurring in 

the main area was calculated by dividing the population estimate provided by the JS 

models (N) by the proportion of identifiable individuals (θ) in the schools encountered. 

The proportion of identifiable individuals was estimated as the number of individuals 

with recognizable marks divided by the total number of individuals observed in a given 

encounter. The variance of total population size was estimated following Wilson et al. 

(1999) as:  
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Log-normal confidence intervals for total population size were calculated according to 

Burnham et al. (1987), with a lower limit of totalN̂ L= totalN̂ /C and an upper limit of 

totalN̂ U= totalN̂  ×  C, where:  
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4.2.7. Robust design – estimating survival, temporary emigration and population size 

Data analysis was done using the Robust Design module available in program MARK. 

The dataset consisted of the sighting histories of individual dolphins generated using only 

data collected in a two-month period during the summers of 2001 to 2004. Data from 

1999 and 2000 were excluded from the analysis because of the potential effect of the 
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lower sampling effort on the final results. Each two-month period represented a secondary 

sampling occasion in which the population was assumed to be closed. The two-month 

period represented a compromise between getting as many data as possible and selecting 

a time interval sufficiently short so it would be reasonable to assume that the population 

was effectively closed. Information from each two-month period was then collapsed into 

a single primary period corresponding to one year. The number of within-season 

recaptures of subadults was too small to provide reliable survival and emigration 

probabilities. Thus, only data from adult individuals were analysed with robust design.  

 

Using the full-likelihood approach described in Kendall et al. (1995), information from 

the primary periods was used to estimate survival and temporary emigration rates, and 

population size was estimated using data from each secondary period. In addition to the 

assumptions associated with open models outlined earlier, the robust design also includes 

the assumptions of closed-population models for the secondary periods (Kendall et al., 

1995). The latter assumptions were not investigated prior to data analysis and possible 

violations will be considered in the discussion. 

 

Kendall et al. (1997) developed estimators for two models of temporary emigration. 

These models assume the existence of a “superpopulation” of 0
iN  animals that are 

associated with the area sampled, meaning that they have some non-negligible probability 

of being in the area when period i begins. Within the “superpopulation” there are Ni 

animals that are, in fact, in the area exposed to sampling during the entire primary period 

i. Under the completely random emigration model, Kendall et al. (1997) defined a 

parameter, γi, denoting the probability that a member of the “superpopulation” 0
iN is not 

in the area exposed to sampling during period i, i.e., is a temporary emigrant. In this case, 

the expected number of individuals in the sampling area in period i is E(Ni)=(1- γi)/ 0
iN . 

Under the Markovian emigration model, the probability of being a temporary emigrant in 

period i is '
iγ  for animals that were temporary emigrants in period i-1, and ''

iγ for animals 

that were in the sampling area in the previous period.  

 



 111

The robust design module in MARK includes the eight classical closed-population 

models (Otis et al., 1978) identified according to the appropriate source of variation in 

capture probabilities: none, time, behaviour, heterogeneity, plus all possible combinations 

of the previous effects. Models with a behavioural response were not fitted to the data 

because there was no evidence of trap-happiness or trap-shyness in any sampling 

occasion (results of the U-CARE test of the open-models). Heterogeneity in capture 

probabilities was modelled using Pledger’s (2000) mixture models, in which the 

population is assumed to comprise a mixture of individuals with different capture 

probabilities. Models with more than three mixtures led to non-identifiability of the 

parameters, so in this study a maximum of two mixtures of capture probabilities was 

used. Full-likelihood estimators of temporary emigration have not been developed for 

models incorporating heterogeneity in capture probabilities, and the performance of 

existing ad hoc estimators for the completely random emigration model has not yet been 

studied in detail (Kendall et al., 1997). Therefore, heterogeneity in capture probabilities 

was not included in models that incorporated temporary emigration. Program MARK 

offers two parameterizations of the closed models: the full-likelihood, where the 

population size (N) is included in the likelihood, and Huggin’s (1991) parameterization 

that does not include (N) as a parameter. In this study, the full-likelihood approach was 

preferred because it has a more precise estimator of population size (Cooch & White 

2006).  

 

The model with no emigration (i.e., where γ”= γ’= 0) was used as a basis to assess the 

effect of time and age-dependence on survival, and of heterogeneity, session (variation in 

capture probabilities among secondary periods) and the interaction between session and 

time on capture probabilities. After selecting the more parsimonious model based solely 

on survival and capture parameters, models that incorporated constant and time-specific 

random and Markovian emigration were fitted to the data. In some of the temporary 

emigration models with time-specific variation, the probabilities of the penultimate and 

ultimate occasion were set equal to allow identifiability of the parameters (Kendall et al., 

1997). 
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4.2.8. Robust design – modelling procedures 

There is no GOF test available in MARK for robust design models so the overall model 

fit could not be evaluated. This also implied that the variance inflation factor could not be 

estimated and the candidate models were not adjusted to incorporate the amount of 

overdispersion in the data. Hence, the AICc was used to assess the relative model fit and 

the model with the lowest AICc was selected as the more parsimonious. Model averaging 

was performed to obtain more precise estimates of parameters. LRT were used to test 

hypotheses of biological interest between nested models. 

 

The estimates of population size provided by the models were corrected for the proportion 

of identifiable individuals calculated for the JS models. For the robust design analysis that 

only includes adult individuals, estimates of the proportion of identifiable individuals 

calculated before may be slightly overestimated because of the inclusion of the generally 

less well-marked subadult animals. The variance and log-normal confidence intervals of 

the abundance estimates were calculated in the same way as for the open-population 

models. 

 

4.3. RESULTS 
 

4.3.1. Photo-identification  

A total of 611 bottlenose dolphins was photographed during 120 surveys conducted in the 

main study area between March 1999 and October 2004. The cumulative number of new 

individuals identified during the photo-identification surveys is presented in Figure 4.1. 

The rate of discovery of new individuals did not decrease with time and after 6 years of 

study the discovery curve was still far from approaching an asymptote, suggesting that 

new individuals would be found with additional surveys. In fact, during the last year of 

this study, the monthly rate of recruitment of new individuals to the catalogue varied 

between 0.7 (4 individuals) and 3% (18 individuals). This level of recruitment cannot 

solely be due to births within the population or to individuals acquiring new marks. 

Instead, the high continuous rate of addition of new individuals to the catalogue most 

probably results from the immigration of dolphins into the main area. These results are in 

agreement with the information given by the sighting rates reported in Chapter 2, in 
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which the large percentage of individuals seen just once suggested the existence of 

transient dolphins. Thus, unless the period of time considered is short, the population 

occurring in the main study area cannot be assumed as geographically closed.  
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Figure 4.1 – Discovery curve of the cumulative number of bottlenose dolphins identified 

in the main study area between March 1999 and October 2004. 

 

 

4.3.2. Capture-recapture data used in open models 

Over the 6 years of study, 244 adults and 367 subadults were photo-identified in the main 

area. The number of individuals photographed and recaptured per year varied greatly 

(Tables 4.1 and 4.2). In the first two years of the study, the number of individuals photo-

identified in each age-class usually did not exceed 30, with the recapture rate approaching 

100% in the adult and 50% in the subadult class. In 2002 and 2003, the number of marked 

individuals increased more than four-times but the percentage of adults recaptured in 

subsequent occasions dropped considerably. The subadult recapture rate was more or less 

stable throughout the study. Between 40% and 80% of the adults photo-identified in one 

year were recaptured on the following year. Among subadults, there was a lower 

recapture rate in the year immediately following marking and the individuals were 

recaptured gradually over time. 
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Table 4.1 – Capture-recapture data used in open-population models. Number of adult 

individuals marked and recaptured in each sampling occasion. 

Individuals recaptured Sampling 
occasion 

Individuals 
marked 2000 2001 2002 2003 2004 

Total 
recaptured 

1999 15 11 4 0 0 0 15 
2000 23  15 5 0 0 20 
2001 37   28 5 2 35 
2002 120    52 19 71 
2003 133     52 52 
2004 89      --- 

 

 

Table 4.2 – Capture-recapture data used for open-population models. Number of subadult 

individuals marked and recaptured in each sampling occasion. 

Individuals recaptured Sampling 
occasion 

Individuals 
marked 2000 2001 2002 2003 2004 

Total 
recaptured 

1999 32 7 2 3 2 1 15 
2000 29  6 7 1 1 15 
2001 98   42 14 1 57 
2002 195    70 24 94 
2003 135     63 63 
2004 142      --- 

 
 

4.3.3. CJS models 

Model selection 

The model selection process is summarized in Table 4.3. Initially, the standard CJS 

models with constant or time variation in survival and capture probabilities and group 

effect were fitted to the data. The full time-dependent model with group effect [φ(g*t) 

p(g*t), QAICc=1167] provided a poor fit to the data (χ2=78.719, p<0.0001, df=22). As 

expected, the directional test for transience was highly significant among the adult age-

class, indicating that newly marked individuals had a lower probability of being resighted 

on subsequent occasions than previously marked animals (N(0,1) statistic for 

transient=4.428, p<0.0001). The transience test was moderately significant for subadults 

(N(0,1) statistic for transient=1.758, p=0.039). There was no evidence of a behavioural 

response to the sampling process in either age-class, as suggested by the non-significant 
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tests for trap-happiness and trap-shyness (adults: N(0,1) signed statistic for trap-

dependence=0.683, p=0.495; subadults: N(0,1) signed statistic for trap-dependence=-

0.146, p=0.884). Following the significance of the transience test, a model with age-

dependence was fitted to the data to allow the first sampling interval of each cohort to 

have a different survival parameter from the subsequent intervals. The global model with 

age-dependence on survival [φ(g*a2*t-t) p(g*t), QAICc=1140)] represented a 

considerable improvement over the full-time dependent model (∆QAICc=26) but still 

fitted the data poorly (χ2=24.435, p=0.041, df=14).  

 

 

Table 4.3 – Subset of CJS candidate models of survival (φ) and capture (p) probabilities. 

Models are presented in decreasing order of QAICc. For each model the table shows the 

∆QAICc, QAICc weight, likelihood, number of parameters to be estimated and deviance.  

Model QAICc ∆AICc 
QAICc 
Weight

Model 
Likelihood 

Nº 
parameters Deviance 

φ(g+2a) p(g*cohorts) 1092,71 0 0,426 1 13 78,44 
φ(g*a2) p(g*cohorts) 1093,72 1,01 0,257 0,603 14 77,38 
φ(g*a2) p(g*trend+/-)  1095,13 2,42 0,127 0,298 8 91,14 
φ(g) p(g*cohorts) 1096,16 3,46 0,075 0,177 12 83,97 
φ(g*a2) p(g*cohorts*t) 1096,25 3,55 0,072 0,170 29 48,23 
φ(g*a2*.-t) p(g*cohorts) 1099,58 6,88 0,014 0,032 20 70,72 
φ(g*a2) p(g*effort cohort)  1099,95 7,25 0,011 0,027 8 95,96 
φ(g*a2) p(g*trend3-/+) 1100,35 7,65 0,009 0,022 8 96,36 
φ(g*a2) p(g*cohort3) 1101,31 8,61 0,006 0,014 10 93,23 
φ(g*a2*t-.) p(g*cohorts) 1102,97 10,27 0,003 0,006 20 74,11 
φ(g*a2) p(g*cohort3/cohort*t) 1106,75 14,04 <0,001 <0,001 22 73,66 
φ(g*a2*t-t) p(g*cohorts) 1108,55 15,84 <0,001 <0,001 26 66,96 
φ(g*a2) p(g*cohort3*t/.) 1109,25 16,55 <0,001 <0,001 16 88,76 
φ(g*a2) p(g+trend-/+) 1111,87 19,17 <0,001 <0,001 7 109,92 
φ(a2) p(g*cohorts) 1114,91 22,20 <0,001 0 12 102,71 
φ(a2) p(g*cohort/a*t)  1119,60 26,89 0 0 22 86,51 
φ(a2.-t) p(g*cohorts/a*t)  1120,65 27,94 0 0 25 81,19 
φ(a2) p(g*cohort3) 1122,01 29,30 0 0 8 118,02 
φ(a2.-t) p(g*a*t)  1128,43 35,73 0 0 35 67,40 
φ(g*a2) p(g*a/.)  1129,25 36,55 0 0 10 121,17 
φ(a2*t-t) p(g*a*t)  1131,69 38,98 0 0 38 64,06 
φ(g*a*t) p(g*a*t)  1135,21 42,51 0 0 51 38,47 
φ(g*a2) p(g*a)  1135,46 42,75 0 0 14 119,12 
φ(a*t) p(g*a*t)  1136,20 43,49 0 0 41 61,94 
φ(a2*t-t) p(g*a)  1136,31 43,60 0 0 19 109,54 
φ(g*a2*t-t)p(g*t) 1140,18 47,47 0 0 26 98,59 
φ(g*a*t) p(a*t)  1143,10 50,40 0 0 41 68,85 
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Table 4.3 – (cont.)   

Model QAICc ∆AICc
QAICc 
Weight

Model 
Likelihood 

Nº 
parameters Deviance 

φ(g*a2) p(g*t)  1152,95 60,25 0 0 14 136,62 
φ(g*a2) p(g*effort time)  1154,34 61,64 0 0 8 150,35 
φ(g*a2*.-t) p(g*t)  1154,45 61,75 0 0 17 131,88 
φ(g*a2/a2*t*.) p(g*t)  1155,73 63,03 0 0 18 131,06 
φ(g*a2/a) p(g*t)  1156,86 64,15 0 0 17 134,28 
φ(a2*t-t) p(a*t)  1158,98 66,28 0 0 22 125,90 
φ(g) p(g*t)  1159,78 67,08 0 0 12 147,59 
φ(g*a) p(g*t)  1161,65 68,94 0 0 20 132,78 
φ(a*t) p(a*t)  1162,10 69,40 0 0 25 122,65 
φ(a2*t-t) p(g*t)  1163,01 70,31 0 0 18 138,34 
φ(g*t) p(g*t)  1166,74 74,04 0 0 18 142,07 
φ(g*t) p(g)  1170,87 78,17 0 0 12 158,67 
φ(g*t) p(.)  1174,24 81,53 0 0 11 164,10 
φ(.) p(g*t)  1177,63 84,92 0 0 11 167,49 
φ(g*t) p(t)  1177,80 85,10 0 0 14 161,47 
φ(g) p(.)  1178,08 85,37 0 0 3 184,23 
φ(g) p(t)  1178,08 85,38 0 0 7 176,13   

Model notation follows Lebreton et al (1992): g=group effect (age class); t= time variation; .=constant; 

*=interaction between effects; +=additive effect; a=age model; cohort=cohort model. Other notation: 

effort=variation in effort as a covariate; trend=linear trend (of negative or positive value); /=used to 

distinguish models fitted separately for adults/subadults; number used as suffix corresponds to the number 

of parameters fixed (e.g., p(g*cohort3) – group effect on capture probabilities, with 3 cohorts fitted, without 

time-specific variation in each class). 

 

The lack of fit resulted from the statistical significance of the Test 3.Sm (one of the 

components of the GOF test of U-CARE) among adult individuals (χ2=18.316, p=0.0004, 

df=3). Although to date this test still has received no simple interpretation, the 

significance of the test implies that newly and previously marked individuals differed on 

when they were re-encountered again (Choquet et al., 2003). Despite the poor fit provided 

by the model with age-dependence, it was used as a starting point to find more 

parsimonious models. 

 

To investigate if and how the survey effort was affecting the capture rate, models with 

effort as an external covariate and cohort models were fitted to the data. The effect of 

time variation in survival and capture rates was assessed in the best fitting models. The 

model with capture probability constrained as a linear function of the observation effort 

[φ(g*a2) p(g*effort time)] provided a very slightly worse fit to the data (QAICc=1154) 
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than the model with time variation and group effect (QAICc=1153). When cohort-

dependence was introduced as an effect to model capture rates [(φ(g*a2) p(g*cohorts)] 

there was a substantial improvement in model fit (QAICc=1094).  

 

Starting with this global model, other simpler models were fitted to the data, for example, 

by forcing cohorts with similar amounts of effort to have equal capture parameters 

[φ(g*a2) p(g*cohort3)], constraining capture probabilities to be a function of the survey 

effort by cohort [φ(g*a2) p(g*effort cohort)], or imposing a linear trend over cohorts on 

capture probabilities [φ(g*a2) p(g*trend+/-)]. Although all cohort-dependent models 

provided a better fit to the data than models with only time or age-specific variation on 

recapture probabilities, none was more parsimonious than the global model, with the 

exception of the model without the interaction between group and age-dependence on 

survival [φ(g+2a) p(g*cohorts), QAICc=1093].  

 

Testing biological hypotheses 

Although the later model was only 1.7 times better supported than the model containing 

the interaction, the effect of the interaction between group and age-dependence on 

survival was not statistically significant (Table 4.4), implying that the effect of age-

dependence was similar among adults and subadults. Both group and age-dependence had 

a significant effect on annual survival rates (Table 4.4). The model with constant capture 

per group cohort was almost four times better supported by the data than the model where 

cohort capture probabilities varied across the years (QAICc=1096). In spite of this, the 

results of the LRT test showed there was a significant effect of year on capture probability 

but not on survival (Table 4.4). There was a significant linear trend in the capture 

probability along the cohorts, with opposite effects in each age-class (Table 4.4).  

 

Overdispersion 

The variance inflation factor of the best fitting model ranged from 0.95 to 1.31, as 

estimated by the median ĉ and the mean ĉ bootstrap approaches, respectively. These 

values were not substantially different from 1 (model with perfect fit), indicating there 

was no excess of variation and the model structure was correct (Lebreton et al., 1992). In 

addition, the results of the bootstrap indicated that the deviance of the best model was 
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reasonably likely to be observed (p=0.338). The highest estimate of ĉ was used to adjust 

the candidate models before averaging the models to obtain estimates of survival and 

recapture parameters and the respective standard errors.  

 

Table 4.4 – Results of the likelihood-ratio tests (chi-square statistics, degrees of freedom 

and significance value) used to evaluate specific hypothesis about survival and capture 

probabilities produced by the CJS models. 

Hypothesis Models χ2 df p 

φ(g+2a) p(g*cohorts) Interaction between group and age-
dependence on survival φ(g*a2) p(g*cohorts) 

1.058 1 0.304 

φ(a2) p(g*cohorts) Effect of group on survival 
φ(g+a2) p(g*cohorts) 

24.269 1 <0.001 

φ(g) p(g*cohorts) Effect of age-dependence on survival 
φ(g+a2) p(g*cohorts) 

5,525 1 0.019 

φ(g*a2) p(g*trend+/-) 13.754 6 0.033 Linear trend in group recaptures over 
time φ(g*a2) p(g*cohorts)    
Time variation in survival φ(g*a2) p(g*cohorts) 10.425 12 0.579 
 φ(g*a2*t-t) p(g*cohorts)    
Time variation in recapture φ(g*a2) p(g*cohorts) 29.153 15 0.015 
 φ(g*a2) p(g*cohorts*t)    
 

 

Survival probabilities 

The age-dependent and group specific survival estimates calculated based on the QAICc 

weights of the 15 best models are shown in Figure 4.2. Although two of the models 

included a time-effect, annual differences in survival rate were negligible or nonexistent. 

Similarly, there was no variation in survival rate within each cohort. Annual and cohort-

specific survival parameters were averaged to provide a single survival estimate and to 

allow statistical comparisons between age-classes. As expected, survival rate over the first 

time interval (φ1) was lower than for subsequent intervals (φ2+) in both age-classes, 

although among adults the difference was small (φ1=0.961±0.049, φ2+=0.970±0.029). 

Subadult survival rate over the first time interval was considerably lower 

(φ1=0.623±0.080) than for subsequent intervals (φ2+=0.815±0.083). Average adult 

survival following the first interval after marking was significantly higher than subadult 

survival across all years and within all cohorts (z=1.762, p=0.039). 



 119

0,4

0,5

0,6

0,7

0,8

0,9

1

20
00

20
01

20
02

20
03

20
04

20
01

20
02

20
03

20
04

20
02

20
03

20
04

20
03

20
04

20
04

Years

A
nn

ua
l s

ur
vi

va
l r

at
e

Adults Subadults
 

 

Figure 4.2 – Annual survival rates of adult and subadult bottlenose dolphins estimated 

based on the weighted averages of the more parsimonious CJS models. Each grouping 

represents the estimates of a given cohort, so the first group corresponds to the animals 

identified in the 1999 release, and the last grouping the animals identified in the 2003 

release. Vertical bars represent the 95% profile confidence intervals. 

 

Capture probabilities 

Figure 4.3 shows the cohort-time capture rates for each age class weighted by the QAICc 

weights of the models in the candidate set. In the first two cohorts of the study 

(individuals photo-identified in the 1999 and 2000 releases), capture rate was much 

higher in adults than subadults. Probability of capture was similar among adult and 

subadult individuals from the 2001 cohort, but was lower in adults identified in the last 

two cohorts. Overall, there was a marked negative trend in adult capture and a slight 

positive trend in subadult capture probabilities. Within each cohort, there were only minor 

fluctuations in annual capture rates for both adult and subadult individuals. Average 

cohort capture rates for each age class are presented in Table 4.5. Adult individuals 

photo-identified in the 2003 cohort showed the lowest capture rate (0.236±0.063) with the 

highest captures found among individuals from the 2000 cohort (0.908±0.090). Subadult 

capture probability varied between 0.808 (±0.159) in 2003 and 0.431 (±0.107) in 1999. 
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Except for 2001, differences in capture rates among age-classes were always significant 

(Table 4.5). 
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Figure 4.3 – Annual capture rates of adult and subadult bottlenose dolphins estimated 

based on the weighted averages of the more parsimonious CJS models. Each grouping 

represents the estimates of a given cohort, so the first group corresponds to the animals 

identified in the 1999 release, and the last grouping the animals identified in the 2003 

release. Vertical bars represent the 95% profile confidence intervals. 

 

 

Table 4.5 – Average cohort estimates of capture probability (p) and respective standard 

errors (SE) for adults and subadults, produced by the CJS models. 

Adults Subadults Test statistic 
Cohort 

p SE p SE z p 

1999 0.892 0.061 0.431 0.107 3,730 <0.001 

2000 0.908 0.090 0.552 0.143 2,108 0.018 

2001 0.599 0.102 0.571 0.085 0,210 0.417 

2002 0.288 0.056 0.543 0.092 -2,352 0.009 

2003 0.236 0.063 0.808 0.159 -3,339 <0.001 
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4.3.4. JS models 

Model selection 

The JS candidate models are presented in Table 4.6. In addition to the standard models 

with constant and time-variation in survival and capture rates, models with group and 

age-dependence effects were also fitted to the data, following what was learnt from the 

CJS modelling. Since cohort effects cannot be tested with JS models, the final results 

differed from what was obtained with the CJS models. Two models – with group specific 

survival or group and age-dependence survival, and group and time-variation in capture 

and entrance probabilities – received all the support from the data (Table 4.6). Thus, 

parameter inference was done using only these models.  

 

 

Table 4.6 – Subset of JS candidate models of survival (φ) capture (p) and entrance (pent) 

probabilities. Models are presented in decreasing order of QAICc. For each model the 

table shows the ∆QAICc, QAICc weight, likelihood and number of parameters to be 

estimated.  

Model QAICc ∆ QAICc 
QAICc 
Weight

Model 
Likelihood 

Nº 
parameters

φ(g) p(g*t) pent (g*t) 1231,57 0 0,576 1 22

φ(g*a2) p(g*t) pent (g*t) 1232,19 0,62 0,423 0,735 23

φ(g*t) p(g*t) pent (g*t) 1246,39 14,82 <0,001 <0,001 24

φ(g*a2) p(g) pent (g*t) 1247,11 15,54 <0,001 <0,001 15

φ(a2) p(g*t) pent (g*t) 1247,34 15,77 <0,001 <0,001 22

φ(.) p(g*t) pent (g*t) 1249,23 17,66 <0,001 <0,001 22

φ(g*a2) p(.) pent (g*t)  1249,86 18,29 <0,001 <0,001 15

φ(g*a2) p(t) pent (g*t) 1250,90 19,33 <0,001 <0,001 19

φ(g*a2) p(g*t) pent (t) 1271,30 39,73 0 0 21

φ(g*a2) p(g*t) pent (g*t) fixed p ‡ 1291,75 60,18 0 0 22

φ(t) p(g*t) pent (g*t) 1352,03 120,46 0 0 23
  
Model notation follows Lebreton et al (1992): g=group effect (age class); t= time variation; .=constant; 

*=interaction between effects; a2=age-dependence model. Following the recommendations of Schwarz & 

Arnason (1996), the first and last recapture probabilities were fixed to 1 in model ‡ to solve the non-

identifiability of the parameters. 
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Population size 

There were considerable variations in the annual estimates of population size for both 

age-classes, with higher numbers of subadults in all but two years (Table 4.7). Also, the 

number of net births (entrances in the population from birth and immigration) varied 

greatly between years, ranging from 15 to 111 among adults, and from 19 to 323 among 

subadults.  

 

Table 4.7 – Averaged estimates of annual population size (N) and net births (B) with 

respective standard errors (SE) for adults and subadults, produced by the JS models. 

Adults Subadults Year 
N SE B SE N SE B SE 

1999 16 6,5 15 7,1 32 8,3 73 34,5 

2000 31 7,2 20 7,7 97 36,0 323 135,3 

2001 49 8,5 104 15,7 389 135,2 54 97,7 

2002 150 15,9 111 18,5 323 35,2 19 25,4 

2003 253 16,3 --- --- 242 24,3 55 16,2 

2004 239 23,6   222 29,7   

 

 

The estimate of the proportion of identifiable individuals in a school (θ̂ ) varied 

substantially between years (Table 4.8). Consequently, instead of using a single estimate 

of θ̂ , annual values of θ̂  were used to estimate total population size for that year. The 

total number of adult bottlenose dolphins in the main area ranged from 27 (CV=0.47) in 

1999 to 334 (CV=0.18) in 2004 (Figure 4.4). Abundance estimates of subadults using the 

area varied from 55 (CV=0.36) to 590 (CV=0.40) individuals (Figure 4.4). Overall, there 

was an increase in abundance of adults throughout the study which appeared to parallel 

the increase in survey effort. Estimates of subadults showed wider fluctuations between 

the years and did not seem to follow exactly the trend in survey effort. 
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Table 4.8 – Annual estimates of the proportion of identifiable individuals in a school (θ̂ ) 

with respective standard errors (SE). 

Year θ̂  SE 

1999 0,59 0,06 
2000 0,40 0,06 
2001 0,66 0,07 
2002 0,74 0,04 
2003 0,81 0,03 
2004 0,72 0,06 
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Figure 4.4 – Annual abundance estimates of adult and subadult bottlenose dolphins 

occurring in the main study area calculated using JS models and annual variation in 

survey effort (hours spent searching and photographing bottlenose dolphins). Vertical 

bars represent log-normal 95% confidence intervals. 

 

 

4.3.5. Robust design models 

Model selection 

Capture-recapture data used in the robust design are presented in Table 4.9. The model 

with time variation in survival probabilities and a separate parameter for each capture 



 124

occasion (session * time) was selected as the best fitting model in the first modelling 

round [φ(t) γ’’=γ’=0 p(s*t)=c(s*t), AICc=333] and was used to investigate a suitable 

emigration model (Table 4.10). This model fitted the data much better than the model 

with constant capture probability [φ(t) γ’’=γ’=0 p(.)=c(.), AICc=452] or the models with 

heterogeneity with two-mixtures [φ(t) γ’’=γ’=0 pi(.) p(s), AICc=419; φ(t) γ’’= γ’=0 pi(s) 

p(s), AICc=409]. At this stage, models where survival was kept constant (AICc=350) or 

varied as a function of age-dependence (AICc=337) also received less support from the 

data than the model with time-variation in survival.  

 

Table 4.9 – Capture-recapture data used in the robust design analysis. Number of adult 

individuals marked and recaptured within each primary period. 

Individuals 

recaptured 

Total 

recaptured 
Primary 

period 

Secondary 

period 

Sampling 

occasions 

Individuals 

marked 
2002 2003 2004  

2001 11/07 – 25/09 4 24 10 11 2 24 

2002 01/07 – 27/08 8 84  15 20 35 

2003 04/07 – 09/09 11 73   36 36 

2004 01/07 – 14/09 9 76   --- --- 

 

 

In the second round of modelling, constant and time-specific random and Markovian 

emigration models were fitted to the data, and in the third round the survival parameter 

was modelled again to look for a more parsimonious model. Overall, the best fitting 

model had constant survival, Markovian emigration (with time variation in γ’’ and 

constant γ’) and a different capture probability for each sampling occasion. This model 

fitted the data almost two-times better than the second model (with time variation in γ’) 

and almost 7 times better than the third model (with age-dependence on survival). 

Theoretically, by setting the final and penultimate emigration probabilities equal, these 

parameters should be identifiable (Kendall et al., 1997). In the present study, however, 

not only the constrained parameters remained unidentified in all models but the models 

with constrained parameters fitted the data a lot worse than the equivalent models without 

constraints.  
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Table 4.10 – Subset of Robust design candidate models of survival (φ), capture (p), 

recapture (c) and emigration (γ) probabilities. Models are presented in decreasing order of 

the AICc. For each model the table shows the ∆AICc, AICc weight, likelihood and number 

of parameters to be estimated.  

Model AICc ∆ AICc 
AICc 

Weight 
Model 

Likelihood 
Nº 

parameters Deviance

φ(.) γ’’(t) γ’(.) p(s*t)=c(s*t)   298,83 0 0,579 1 41 598,40 
φ(.) γ’’(t) γ’(t) p(s*t)=c(s*t) 300,07 1,25 0,310 0,536 42 597,08 
φ(a2) γ’’(t) γ’(t) p(s*t)=c(s*t)   302,66 3,83 0,085 0,147 43 597,08 
φ(t) γ’’(t) γ’(t) p(s*t)=c(s*t)   305,27 6,44 0,023 0,04 44 597,08 
φ(.) γ’’(t)=γ’(t) p(s*t)=c(s*t)  310,39 11,56 0,002 0,003 40 612,52 
φ(a2) γ’’(t)=γ’(t) p(s*t)=c(s*t)   312,94 14,12 <0,001 <0,001 41 612,52 
φ(t) γ’’(t)=γ’(t) p(s*t)=c(s*t)   314,47 15,65 <0,001 <0,001 42 611,47 
φ(t) γ’’(.) γ’’(.) p(s*t)=c(s*t)   329,62 30,79 0 0 41 629,19 
φ(t) γ’’(t) γ’(t) p(s*t)=c(s*t)  ‡ 331,84 33,01 0 0 42 628,84 
φ(t) γ’’= γ’ p(s*t)=c(s*t)   332,29 33,46 0 0 40 634,42 
φ(t) γ’’=γ’=0 p(s*t)=c(s*t)   332,68 33,85 0 0 39 637,35 
φ(t) γ’’(t)= γ’(t) p(s*t)=c(s*t)  ‡ 334,30 35,47 0 0 41 633,87 
φ(a2) γ’’= γ’=0 p(s*t)=c(s*t)   337,13 38,31 0 0 38 644,32 
φ(.) γ’’(t)= γ’(t) p(s*t)=c(s*t)  ‡ 337,19 38,37 0 0 39 641,87 
φ(.) γ’’= γ’ p(s*t)=c(s*t)   337,47 38,64 0 0 38 644,66 
φ(.) γ’’(t) γ’(t) p(s*t)=c(s*t)  ‡ 337,58 38,75 0 0 40 639,71 
φ(.) γ’’= γ’=0 p(s*t)=c(s*t)   350,21 51,39 0 0 37 659,91 
φ(t) γ’’= γ’=0 pi(s) p(s)   409,47 110,64 0 0 17 766,20 
φ(t) γ’’=γ’=0 p(s)=c(s)   419,38 120,56 0 0 11 789,16 
φ(t) γ’’= γ’=0 pi(.) p(s)  419,45 120,62 0 0 15 780,58 
φ(t) γ’’= γ’=0 p(.)=c(.)  452,14 153,31 0 0 8 828,27 

Model notation follows Lebreton et al. (1992), Kendall et al. (1997), Otis (1078) and Pledger (2000): t=time 

variation; s=session variation; .=constant; *=interaction between effects; a2=age-dependence model; 

γ’’=γ’=0=no emigration model; γ’’=γ’=random emigration model; γ’’(x) γ’(x)=Markovian emigration 

model; pi=mixture proportion; p(x)=c(x)=no behaviour effect. In models marked ‡ the last and penultimate 

emigration probabilities were set equal to allow identifiability of the parameters (Kendall et al., 1997). 

 

 

Testing biological hypotheses 

The LRT rejected the models with no emigration and random emigration in favour of the 

models with a Markovian emigration process (Table 4.11). The tests provided no 

evidence of either temporal variation or age-dependence in survival rates, once the 

models accounted for emigration. Although there was strong evidence in favour of annual 
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variation in temporary emigration probabilities, it only concerned the probability of 

emigrating (γ’’) for animals that were in the sampled area in the previous year.  

 

Table 4.11 – Results of the likelihood-ratio tests (chi-square statistics, degrees of freedom 

and significance value) used to evaluate specific hypothesis about survival and emigration 

probabilities produced by the robust design analysis. 

Hypothesis Models χ2 df p 

φ(.) γ’’(t) γ’(.) p(s*t)=c(s*t) 1.325 1 0.250 Constant emigration vs. Time-specific 
emigration (under Markovian emigration) φ(.) γ’’(t) γ’(t) p(s*t)=c(s*t)    

φ(.) γ’’(t) γ’(t) p(s*t)=c(s*t) Constant survival vs. Age-dependent 
survival (under Markovian emigration) φ(a2) γ’’(t) γ’(t) p(s*t)=c(s*t) 

0.0 1 0.999 

φ(.) γ’’(t) γ’(t) p(s*t)=c(s*t) Constant survival vs. Time-specific 
survival (under Markovian emigration) φ(t) γ’’(t) γ’(t) p(s*t)=c(s*t) 

0.0 2 0.999 

φ(t) γ’’(.) γ’’(.) p(s*t)=c(s*t) Constant vs. Time-specific Markovian 
emigration φ(t) γ’’(t) γ’(t) p(s*t)=c(s*t) 

32.115 3 <0.001 

φ(t) γ’’= γ’ p(s*t)=c(s*t)   5.227 1 0.022 Constant random vs. Constant Markovian 
emigration φ(t) γ’’(.) γ’’(.) p(s*t)=c(s*t)    

φ(t) γ’’=γ’=0 p(s*t)=c(s*t) 8.155 2 0.017 No emigration vs. constant Markovian 
emigration φ(t) γ’’(.) γ’’(.) p(s*t)=c(s*t)    

φ(t) γ’’=γ’=0 p(s*t)=c(s*t) 2.928 1 0.087 No emigration vs. constant random 
emigration φ(t) γ’’= γ’ p(s*t)=c(s*t)      
 
 

Survival, temporary emigration and population size 

Survival probability was equal or very close to unity in all the candidate models and the 

resulting averaged survival rate (weighted over the 7 best models) varied between 0.999 

(±0.003) and 1 (±0.000). The probability of temporary emigration for animals that were in 

the sampled area in the previous period was 0.421 (±0.124) for the first time interval 

(2001-2002), and 0.760 (±0.057) for the second interval (2002-2003). For animals that 

were emigrants during the previous year, the emigration probability in the interval 2003-

2004 was 0.097 (±0.164). The remaining emigration parameters were not estimable. 

Capture probabilities varied greatly between and within primary periods but were usually 

very low, ranging from 0.590 to 0.017. 

 

The robust design and total estimates of population size for the years 2001-2004 are 

shown in Table 4.12. Total estimates were corrected for the proportion of well-marked 
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individuals in the schools, using the estimates calculated for the JS models for the years 

of interest. Population size varied considerably between the years, reaching the lowest 

value in 2001 with 41 (CV=0.23) adult dolphins and the highest in 2004 with 288 

(CV=0.20) animals. 

 

Table 4.12 – Averaged estimates of annual population size (N) of adult dolphins from the 

robust design method and total population size (Ntot) after adjusting for the proportion of 

well-marked individuals. The coefficient of variation (CV) and log normal 95% 

confidence intervals are presented for Ntot.  

Model estimates Total estimates 
Year 

N SE 95%CI Ntot CV 95% CI 

2001 27 2,8 22-33 41 0,23 26-65 

2002 159 21,6 117-201 213 0,20 145-315 

2003 92 6,7 79-105 114 0,15 85-152 

2004 206 30,4 147-206 288 0,20 196-423 

 

 

4.4. DISCUSSION 
 

4.4.1. Analysis of model assumptions 

A key issue in the use of capture-recapture models is the satisfaction of the underlying 

assumptions, as violations of these assumptions may cause severe bias in parameter 

estimates (Seber, 1992). In this study, the assumption that marking does not affect future 

catchability seemed to hold, as indicated by the results of the test of trap-dependence. 

This is an expected result because in studies using photo-identification techniques the 

marking process does not involve physical capture, handling or changing the appearance 

of the animals (Hammond, 1986). Despite the precaution of using only high-quality 

photographs, the assumption that the animals did not loose their marks and that all 

marked individuals were correctly identified was probably violated. The large number of 

individuals in the catalogue (n=966) implied that each new photograph had to be 

compared with several hundreds of others, increasing the chances of committing 

identification errors. Failure to recognize previously marked individuals due to lack of 



 128

distinctiveness of marks or to changes in the pattern of marking may also have occurred, 

especially among subadults. This type of identification error produces negatively biased 

survival estimates and positively biased abundance estimates (Gould & Pollock, 2002). 

 

Perhaps the most difficult assumption to satisfy in capture-recapture studies is the equal 

probability of capture among individuals. In cetaceans, unequal catchability may arise 

from differences in the probability of an individual being sighted and photographed, and 

also from the way photographs are treated and analysed (Hammond, 1986). As mentioned 

earlier, differences in movement patterns and ranging behaviour between individuals may 

affect their sighting probability, and behavioural differences may influence their 

probability of being photographed (Hammond, 1986). Differences in distinctiveness of 

natural markings also influence the individual’s probability of identification and leads to 

heterogeneity in capture probabilities (Stevick et al., 2001).  

 

In the present study, some of the heterogeneity in capture probabilities was controlled 

through stratification per age-classes. Yet, the results of the GOF tests suggested there 

was still a considerable amount of heterogeneity, especially within the group of adults. 

Although differences in the probability of photographing or identifying the individuals 

may have contributed to some heterogeneity in capture probabilities, the most plausible 

explanation is linked to the unique biological characteristics of the population. As 

documented in Chapter 2, bottlenose dolphins in the Azores showed varying degrees of 

residence and at any given moment there was a mixture of residents, temporary migrants 

and transient individuals in the main study area. Approximately 9% of non-calves 

photographed in the main area were resighted in other parts of the archipelago and this 

number is certainly underestimated. Several of these animals were encountered again in 

the main area which means that these movements did not represent dispersal from the 

natal area and were instead a form of temporary emigration. Under these circumstances, it 

is almost impossible to solve for the heterogeneity in capture probabilities with open 

models and the estimates of population size produced by the JS method will likely be 

underestimated (Carothers, 1973). However, Pollock et al. (1990) claimed that the bias 

decreases if average capture probabilities are greater than 0.5, which was generally the 

case in the present study. Because the model of temporary emigration was Markovian, 
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survival rates produced by the open-models will also be biased. Kendall et al. (1997) 

predicted that when the probability of temporary emigration was higher for animals that 

were not emigrants in previous periods, such as in the present study, the JS capture 

probabilities will be negatively biased but survival probabilities will be positively biased. 

 

Heterogeneity may also be induced by the sampling design. Survey effort varied 

considerably during the present study, resulting in large annual differences in the number 

of dolphins photographed and resighted. As a consequence, capture probabilities varied 

both within and between cohorts (see below).  

 

Perhaps one of the most critical assumptions of the robust design is that of population 

closure within primary periods. Under the Markovian movement model, violation of the 

closure assumption will bias capture probabilities and population size (for the 

superpopulation) but the magnitude and direction of the bias cannot be predicted 

(Kendall, 1999). Available tests to verify the closure assumption suffer from lack of 

power or are insensitive to behavioural responses or temporary emigration (Kendall, 

1999). In this study, the secondary period spanned over two-months as this was the 

minimum interval with enough recaptures to allow reliable parameter estimation. The 

periods were established in order to include only summer months because of the higher 

sampling effort. There is no evidence of an influx of new dolphins into the main area 

during this time of the year (see Chapter 6). However, of the 162 adults included in the 

robust design dataset, six were photographed outside the main area six days after the end 

of the 2002 secondary period. Although it is impossible to know if these animals 

emigrated during or just after the secondary period, this illustrates the degree of mobility 

and the probability of violation of the geographical closure assumption. 

 

Another implicit assumption in the robust design is that survival probability is not 

affected by the emigration status. This may be an unrealistic assumption in many species, 

including bottlenose dolphins, because individuals that move away from their familiar 

area may be subjected to higher mortality and this may especially affect subadult 

individuals (see below), although its influence on the overall results should be 

meaningless. 
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In conclusion, some critical assumptions of the models used in the present study have not 

been met, with variable consequences in terms of the reliability and precision of the 

parameter estimates. Yet, the final GOF testing of the open models suggests the model 

structure was correct and the small variance inflation factor indicates the excess of 

variation was within reasonable and acceptable limits. Moreover, by incorporating a 

measure of the extra-binomial variation into model selection and parameter inference, the 

precision of the estimates presented here reflects the extra amount of variance in the data.  

 

4.4.2. Effect of sampling effort 

The objectives of model selection are two-fold: obtaining precise parameter estimates and 

unveiling the underlying ecological patterns by comparing models with different effects. 

If the set of candidate models includes “all potentially relevant effects and reflects causal 

mechanisms thought likely” as advocated by Burnham and Anderson (2002), then model 

selection may also inform on and assess methodological procedures. 

 

The number of hours spent searching for and photographing schools of bottlenose 

dolphins increased almost two times from 1999 to 2000/2001, and almost three times 

from 1999 to 2002-2004. It was reasonable to expect that the variation in survey effort 

strongly influenced capture probabilities, but all attempts to model it directly were 

unsuccessful. It is possible that the variable chosen was not a good proxy or, most likely, 

it failed to tease apart the simultaneous effect of the increase in the number of dolphins 

identified and of the probability of recognizing previously photographed dolphins with 

time, but more importantly, across cohorts.  

 

By allowing capture probability to vary by cohort, bias resulting from heterogeneity in 

sampling effort was minimized. As anticipated, within a cohort, capture probabilities also 

varied with time, although the temporal effect appeared less influential.  

 

Variation in sampling effort affected the number of dolphins photographed each year and, 

consequently, the relative proportion of individuals with various degrees of site fidelity in 

the sample. In the first two years of the study, less than 30 adults were photographed in 

the main area and over 90% of these animals belonged to the resident group. By 
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definition, resident individuals were seen in the main study area at least four years 

(Chapter 2). Therefore, nearly all the dolphins photographed on the first two cohorts were 

recaptured again, most of which in the year following release. As a result, in the 1999 and 

2000 cohorts, adult survival rate was close to unity and recapture rates approached 90%. 

In 2001, the proportion of residents dropped to 60%, decreasing the recapture rates within 

that cohort. The increase in survey effort in the next years resulted in a substantial 

increase in the number of dolphins photographed and, expectedly, in the proportion of 

non-residents sampled. Consequently, survival and recapture rates of the last two cohorts 

dropped. This explains the observed pattern of a negative trend in adult recapture rates 

across cohorts.  

 

The explanation for the patterns observed in subadults is more complex and possibly 

results from the combined effect of sampling effort, and photographic and identification 

efficiency. As noted earlier, it is easier to loose track of subadult dolphins because they 

usually are less distinctively marked. During the first years of the study, the sampling 

effort may have been insufficient to ensure that enough good-quality photographs were 

obtained to allow recognition of subadults, resulting in slightly lower recapture rates. 

With more effort put into photographing the schools in later stages of the study, 

individuals from the first cohorts continued to be identified and a greater proportion of 

newly marked subadults was recognized on the year following release. This explains the 

slight increase of subadult capture probabilities across cohorts and the larger difference in 

survival probabilities between the first time interval and the following.  

 

Although unlikely, it could be argued that the observed pattern in recapture rates was 

caused by a lower site fidelity to the study area among subadults. Available evidence 

suggests that both female and male bottlenose dolphins exhibit geographical philopatry, 

remaining within their community range for most or all of their lives (Connor et al., 2000; 

Wells, 1991). Annual rates of immigration and emigration reported for dolphins from the 

Sarasota community were less than 3% (Wells et al., 1987). However, after weaning at 

approximately 3 years of age, bottlenose dolphins leave their natal group and form 

separate groups containing individuals of both sexes. These groups share their mother’s 

home range but tend to visit the extremes of the ranges more frequently (Wells et al., 
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1987). In this study, range sizes and maximum distances travelled reported for adults and 

subadults were similar (Chapter 2), although the sample size may have prevented 

detection of small differences. Moreover, even if subadult dolphins visited the extremes 

of their natal group’s range more frequently than other animals, they would hardly be 

missed during photo-identification surveys, given the size of the study area. 

 

4.4.3. Survival 

In spite of potential biases, survival rates reported in this study are consistent with 

prediction from mammalian life-history theory. Caughley (1966) described the typical 

mammalian mortality curve as being “U-shaped” consisting of a juvenile stage with a 

initially high but rapidly decreasing rate of mortality, and an adult phase characterized by 

a initially low but steadily increasing rate of mortality. Very high adult survival is 

characteristic of large, slow reproducing and long-lived mammals (Harvey et al., 1989), 

including cetaceans (Olesiuk et al., 1990; Zeh et al., 2002) and sirenians (Langtimm et al., 

2004). Furthermore, in mammals, adult survival rates are usually less influenced by 

changes in environmental conditions (Benton & Grant, 1996) or density-dependent 

factors (Gaillard et al., 1998) than subadult survival, and in general show little annual 

fluctuations. On the other hand, subadult survival often shows considerable temporal 

variability (Caughley, 1966).  

 

In the present study, the CJS and robust design methods produced very high survival 

estimates (0.97–1) and both methods failed to provide any evidence of temporal 

variability in survival probabilities. It is important to stress that the estimates produced by 

the two methods pertain to different time periods and are not directly comparable. Until 

recently, estimates of survival for free-ranging bottlenose dolphins were based on 

recovery of dead carcasses/disappearance of ill individuals and young calves from the 

population (Wells & Scott, 1990), number of survival days for each known individual 

(Wells & Scott, 1990) or age-at-death life tables (Stolen & Barlow, 2003), and few 

studies have applied capture-recapture models to derive survival probabilities. 

Nonetheless, survival rates of adult bottlenose dolphins from the Azores are similar to the 

ones reported from the Moray Firth, Scotland (0.94, Sanders-Reed et al., 1999), 



 133

Kvarneric, Croatia (<0.94, Fortuna, 2006) and the Sado Estuary, Portugal (0.95–0.99, 

Gaspar, 2003).  

 

Although estimates of subadult survival reported here may be biased low, the pattern of 

lower survival in subadults agrees with what has been reported for other populations 

(Gaspar, 2003; Stolen & Barlow, 2003). In bottlenose dolphins, increased mortality may 

occur after weaning, when individuals leave their mother’s group and join groups of 

immatures (Wells et al., 1987). During this period, dolphins may be exposed to higher 

predation risks (Wells, 1991), suffer from sub-optimal nutritional stress (Ralls et al., 

1980), and be more susceptible to harmful interactions with humans or with other 

dolphins due to lack of experience (Sloten & Barlow, 2003). They may also be injured or 

suffer from social stress when struggling to be accepted or attempting to establish 

themselves in the hierarchy of the new group, as documented in some terrestrial mammals 

(Ralls et al., 1980). Higher mortality during the juvenile phase may also result from 

prolonged or accelerated growth (Read et al., 1993), ultimately leading to greater 

nutritional stress.  

 

As noted in Chapter 2, predation is hardly a major factor of dolphin mortality in the 

Azores due to the absence of the most common predators. Risk of entanglement in fishing 

gear should be minimal since trawling, purse seine nets, trammel and drift nets are 

completely banned in the Azores, and coastal gillnets nets are limited to 500 m from the 

islands. Monitoring of the tuna-fishery and of fisheries directed at demersal species 

suggest low levels of interaction and no bycatch (Catarino, 2006; Prieto et al., 2005; Silva 

et al., 2002). Impact from commercial or recreational boat traffic should be small but the 

animals may be disturbed by whale-watching boats (this will be addressed in detail in 

Chapter 6). Given the dynamic and poorly productive ecosystem in the Azores, it is 

possible that inexperienced young animals suffer from sub-optimal nutritional stress when 

they leave their mother’s group.  

 

4.4.4. Temporary emigration 

As expected, the robust design analysis provided clear evidence for the existence of 

temporary emigration from the main area. Movement patterns of adult bottlenose 
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dolphins seem to follow a Markovian model. The probability of temporary emigration for 

dolphins seen in the main area in the preceding year ranged from 42% to 76%. Once 

again, between-year variation in emigration rates likely reflects the heterogeneity in 

capture probabilities caused by sampling effort and was probably exaggerated by the 

small sample sizes. The probability of remaining unavailable for capture for dolphins that 

were outside the area during the previous year was about 10%. If true, this is an 

interesting result since it suggests a very high return rate to the area.  

 

Yet, care should be taken when interpreting these results, as the number of surveys 

conducted in each primary period was certainly insufficient to sample the majority of 

dolphins present in the area, given the size of the area and the extensive ranging 

behaviour of the dolphins. In fact, precision of the estimates was generally low which, 

according to Kendal et al. (1997), possibly reflects the small sample size considering the 

number of parameters required under the more complex Markovian model. On the other 

hand, temporary emigration probabilities approached zero in some years which may have 

been caused by sampling variation (Kendall et al., 1997). Thus, estimates of emigration 

probability reported in this study are likely overestimated although high levels of 

emigration were expected and are in agreement with the extensive ranging behaviour 

already reported for these animals. 

 

These findings contrast to what was documented for bottlenose dolphins inhabiting the 

region of Kvarneric, Croatia, where adult animals showed lower rates of non-random 

temporary emigration (8-30%) but a higher probability of remaining outside the area (15-

71%) (Fortuna, 2006). According to this author, the pattern of strong site fidelity 

observed for the population combined with the existence of temporary emigration with 

high probabilities of staying away from the area suggest the use of a wider area by the 

population. She also speculated that differences in the probability of emigration between 

genders may reflect stronger nomadic behaviour of males and non-reproductive females 

(Fortuna, 2006). 
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4.4.5. Population size 

As described earlier, possible violation of the assumptions of homogeneity of capture 

probabilities and of geographic closure under, respectively, the JS and robust design 

likely resulted in biased estimates of population size. However, without other estimates of 

abundance available for this area it is impossible to have an idea of how plausible are the 

estimates here provided.  

 

As anticipated by the variation in sampling effort, abundance estimates varied 

substantially between the years but the pattern of temporal variability was not always 

consistent between the two methods. This is not unexpected, given that each method used 

very different datasets. In addition, the short secondary sampling periods of the robust 

design model resulted in low sighting probabilities for some periods, ultimately leading to 

poorer precision of the estimates of abundance. 

 

Taking the two estimates with the lowest coefficient of variation for both methods and 

age-classes, which also corresponded to the years with greater sampling effort, then the 

number of adult dolphins occurring in the main area in 2002 and 2003 was 202 

(CV=0.16) and 312 (CV=0.11) individuals, according to the JS method, and 213 

(CV=0.20) and 114 (CV=0.15) individuals, according to the robust design. The number of 

subadult individuals that frequented the main area in 2002 and 2003 was 434 (CV=0.16) 

and 300 (CV=0.13). 

 

These estimates fall outside the range of population sizes typically reported in coastal and 

estuarine areas (Fortuna, 2006; Gaspar, 2003; Ingram & Rogan, 2002; Wells et al., 1980; 

Wilson et al., 1999). It should be stressed however, that these estimates pertain to a much 

bigger study area than that surveyed in the aforementioned studies. Only a few abundance 

estimates are available for other oceanic islands. Based on two-years of capture-recapture 

data, Baird et al. (2001) estimated a population of 134 dolphins (95% CI=107-179) in an 

area of 3000 km2 around the islands of Hawaii but aerial surveys conducted within 25 

nautical miles of the main Hawaiian Islands produced a larger estimate (740 individuals, 

CV=0.56) (Mobley et al., 2000).  
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It is worth noting that both JS and robust design methods presume the existence of a 

“superpopulation” in the area. At any instance, animals from this “superpopulation” may 

“enter” or “leave” the sampled area, either by demographic or movement processes. This 

means that, at least theoretically, the estimates presented in this study refer to the 

population of bottlenose dolphins frequenting all the islands of the archipelago. However, 

there is some suspicion of the existence of resident dolphins in other islands. If their 

behaviour is similar to that reported for the group residing in the main area, then they will 

probably show a restricted range. This implies that these animals do not belong to the 

“superpopulation” that occur in the main area and are therefore not included in the 

estimates. 

 

4.4.6. Recommendations for future analyses 

The present study highlights the importance of establishing an adequate sampling 

protocol in capture-recapture analyses. In future years, data should be collected following 

a consistent protocol, so that precise and reliable estimates can be obtained. A larger 

dataset will also allow a better understanding of social and ecological strategies of 

different genders, age-classes and social groups, namely, by comparing emigration and 

survival rates among them. Another unsolved question is related to the timing of 

temporary emigration, and this may be crucial to understand why animals move so much. 

 

At present, the main study area is the only region within the Archipelago with enough 

data to allow estimation of population parameters. Capture-recapture data from the other 

areas are urgently needed to produce single and reliable estimates for the population in 

the Azores. If data are collected simultaneously, multi-state models could be employed to 

provide population parameters and at the same time to estimate movement probabilities 

between the different groups of islands (Arnason, 1972; Brownie et al., 1993). 

Alternatively, if there is no information from other areas, temporary emigration and 

survival probabilities in the main area could be more precisely estimated using a novel 

model approach that calculates transition probabilities to “unobservable” states (Kendall 

& Nichols, 2002). 
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4.4.7. Conclusion 

This study provides the first estimates of survival, temporary emigration and population 

size for bottlenose dolphins occurring in the Azores. Despite suffering from an unknown 

degree of bias, survival probabilities of dolphins in the Azores are consistent with 

estimates provided for other populations of the species and conform to the general pattern 

of mammalian life history. Adult survival was significantly higher than survival of 

subadult dolphins in all years of the study. Rates of temporary emigration of adult 

dolphins are likely biased, even though they confirm initial expectations given the 

extensive ranging behaviour previously documented for this population. A few hundreds 

bottlenose dolphins occur in the area on a given year, though the majority should use the 

area on a temporary basis, as suggested by the high emigration rates. 
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CHAPTER 5 
 

DISTRIBUTION OF BOTTLENOSE DOLPHINS IN RELATION TO 

HABITAT PHYSIOGRAPHY 
 

 

________________________________________________________________________ 

 

 

5.1. INTRODUCTION 

 

The description and understanding of the processes that determine the distribution of a 

species are a central issue in ecology. The development of new spatial statistical tools has 

improved our ability to understand species-habitat associations but also provided a 

framework from which spatial and temporal patterns of species occurrence can be 

predicted (Olden et al., 2002). As a result, distribution modelling has been increasingly 

used not only as a research tool but also to aid conservation and management initiatives 

(e.g., to assess the effects of habitat change and the impact of human activities on the 

distribution of organisms, or to establish protected areas) (reviewed in Guisan & 

Zimmermann, 2000; Redfern et al., 2006). 

 

Cetaceans are known to associate with predictable regions of enhanced prey densities, 

including specific water masses, surface currents, hydrographic fronts, and other 

mesoscale features such as eddies (Balance et al., 2006). Foraging cetaceans also 

concentrate over areas of abrupt topography, such as shelf breaks, steep slopes, canyons, 

shallow banks and seamounts (Baumgartner et al., 2001; Cañadas et al., 2002; Cañadas et 

al., 2005; Croll et al., 1998; Yen et al., 2004). These habitats are usually characterized by 

higher productivities, as a result of upwelling-driven nutrient enrichment (normally 

restricted to large topographies such as over continental shelves), or via increased flux of 

prey and prey accumulation (Genin, 2004).  

 



 145

While cetacean association with specific physical and biological features has been 

demonstrated at distinct spatial and temporal scales, the predictability of species-habitat 

associations and the underlying bio-physical mechanisms are still poorly understood (Yen 

et al., 2004). This may be partly explained by the fact that cetacean-habitat relationships 

are usually indirect, and cetacean distribution likely reflects the way prey species respond 

to physical and oceanographic features (Balance et al., 2006). Furthermore, cetaceans 

have the ability to respond to the dynamic nature of the marine ecosystem by changing 

their distribution patterns to follow preferred habitats as they move through time and 

space (Forney, 2000). Yet, it may be difficult to differentiate distribution patterns due to 

cetacean-habitat associations from those linked to other aspects of the species biology 

(e.g., migrations, movements related with reproduction) (Balance et al., 2006). 

 

Bottlenose dolphins are one of the most widespread cetacean species, occurring in both 

pelagic and coastal habitats (Connor et al., 2000). In open waters, they are commonly 

encountered over the continental shelf and along the shelf break, over seamounts and 

around islands (Baumgartner et al., 2001; Cañadas et al., 2002; Davis et al., 2002). Their 

distribution has been related with several environmental variables, including water depth 

(Baumgartner et al., 2001; Cañadas et al., 2002; Cañadas et al., 2005; Davis et al., 2002; 

Hastie et al., 2004), slope (Cañadas et al., 2002; Cañadas et al., 2005; Hastie et al., 2004) 

and sea-surface temperature (Barco et al., 1999; Baumgartner et al., 2001, Cañadas et al., 

2005). However, the importance of each environmental predictor varies considerably 

between studies. Lack of consistency may arise from differences in analytical methods 

and in the spatial and temporal scales used to collect and analyse the data, but may also 

reflect regional differences in dolphin behaviour and in the relationship with their habitat, 

highlighting the need to conduct studies in different areas.  

 

Located in the middle of the North Atlantic, about 1300 km from the nearest continental 

margin, the Azores islands present the ideal setting to study bottlenose dolphin-habitat 

associations in the open ocean ecosystem. The bottom topography of the region is 

characterized by numerous shallow-water and emergent features (shoals, seamounts, islets 

and the islands) rising steeply from abyssal depths (>4000 m), as well as deep-water 
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ridges and submarine canyons. This complex topography influences local and regional 

patterns of ocean circulation, which in turn affects the distribution of marine organisms.  

 

This study examines the relationship between the distribution of bottlenose dolphins in 

the Azores and several physiographical and physical variables, using generalized linear 

models. Cetacean sightings and effort data collected during dedicated and opportunistic 

surveys are used in combination with a bathymetric dataset to characterise bottlenose 

dolphin habitat in a pelagic ecosystem, based on water depth, slope, slope aspect and 

distance to shore. Temporal persistence and spatial variability in dolphin-habitat 

associations are also investigated. 

 

5.2. METHODS 
 

5.2.1. Study area 

Data analysed in this study were collected in the waters surrounding the Archipelago of 

the Azores between 36º30’ and 40º00’ North and 24º30’ and 31º45’ West (see Figure 

5.1). The research area was selected to include the region with the greatest sampling 

coverage by fishing and research vessels and to encompass a wide range of habitat types, 

including shallow regions near the islands, steep slope areas, several seamounts and 

canyons, and deep oceanic areas.  

 

5.2.2. Sighting data and survey effort 

Photo-identification surveys 

A detailed account of the photo-identification surveys was given in Chapter 2. From 

March 1999 to October 2004, systematic surveys were conducted in the study area using a 

5.5 m rigid inflatable boat with a 70 hp outboard engine or a 12 m fibreglass boat 

equipped with two 200 hp inboard engines. Surveys followed one of two possible routes: 

alongshore at approximately 1 km from the coast of the islands, or in a zig-zag pattern up 

to 8 km from the coastline. The survey route was selected depending on the weather and 

sea state and time constraints on each day. Surveys were conducted throughout the year 

although most of the effort was made during spring and summer months due to the most 

suitable weather conditions. During surveys, the position of the boat was recorded every 
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15 minutes and every time the boat changed course. Once a school was detected, the 

initial time and location, size, composition, behaviour and direction of movement of the 

school were recorded. The survey route was resumed after as many animals as possible in 

the school had been photographed and biopsied. 

 

Sighting surveys 

Besides the photo-identification surveys, dedicated sighting surveys were carried out in a 

28 km area around the islands in 1999 and 2000. Silva et al. (2003) present a preliminary 

analysis of the patterns of cetacean occurrence and relative abundance in the Azores and 

provide a complete description of the surveys. The area surveyed was stratified into a 

coastal zone, extending up to 9 km (5 nautical miles) from shore, and an offshore area, 

beginning at the limit of the coastal zone and extending up to 28 km (15 nautical miles). 

Zones were divided into smaller blocks according to the orientation of the coastline and 

bathymetry, and survey effort (km of transect length) was proportional to the size of the 

blocks. In each block, the starting point of the transect line was randomly chosen and 

transects followed a zig-zag pattern, perpendicular to the bathymetry. Surveys were 

carried out from July to December in 1999 and from May to September in 2000. The 

central area was surveyed every month during the study period, whereas the eastern 

islands were surveyed in September in both years, and the western islands were only 

surveyed in July 2000. In 1999, surveys were conducted in a 12 m yacht sailing at an 

average speed of 5 knots, and in 2000 a 10 m motor boat was used and the average speed 

was about 10 knots. During surveys, between three and four observers searched the area 

ahead of the boat with naked eye and using binoculars, while another observer recorded 

environmental, effort and sighting information.  

 

Opportunistic surveys 

To increase the amount of data and the spatial coverage provided by the dedicated 

surveys, cetacean sightings and effort data collected by observers placed aboard tuna-

fishing vessels were also used. Silva et al. (2002) provide a complete description of the 

tuna-fishery in Azores and of the Azorean Fisheries Observation Programme (POPA). 

The tuna-fishing vessels operating in the Azores are 25-30 m long and 8-10 m height. All 

the vessels operating within the Azorean EEZ use the pole-and-line technique with live 
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bait. The tuna fishing season starts at the beginning of May and extends until the end of 

October, with a peak in the number of operating fishing vessels between May and July. 

The trips last on average 5-6 days and most of the time is spent searching for schools of 

tuna, using seabirds or floating objects as sighting cues, or travelling to or from the 

harbour. In contrast to what happens in the Eastern Tropical Pacific, tuna-fishing vessels 

in the Azores do not follow dolphins to find schools of tuna, since the fishermen believe 

that dolphins interfere with the fishing by frightening small tunas or competing with 

larger species for food. Fishing operations are generally concentrated around the islands 

and seamounts, but there is considerable spatial variation between years (Silva et al., 

2002). The observers receive intensive training on fishing gear and operations, 

identification of fish, cetacean, seabird and turtle species, and survey procedures. These 

observers collect information on the activity of the vessel, fishing effort and captures, 

sightings of cetaceans, seabirds and turtles, and interaction of these animals with fishing 

activity. All the information is recorded on standardized sheets.  

 

The analyses presented in this study were based on data collected from 2001 to 2004. 

Observers were required to conduct concentrated lookouts for each taxonomic group 

separately, outside the fishing periods. Cetacean surveying was only conducted when the 

vessel was travelling or searching for tunas, at speeds that ranged from 5 to 10 knots. 

During a cetacean watch the observers stood on the bridge and scanned the area ahead of 

the vessel with binoculars and by naked eye. Data on the time, position, speed and 

bearing of the vessel (determined by a portable GPS), and on weather and sea conditions 

were collected every 30 minutes and whenever the vessel changed course. Time, position, 

species, estimated number of individuals, behaviour, direction of movement and number 

of calves in the school were recorded for each sighting. 

 

5.2.3. Data synthesis 

Sighting locations of bottlenose dolphins collected during dedicated and opportunistic 

surveys were plotted on a digital map using ArcGIS® 9.0, along with date, time, 

information on school size, composition and activity, and environmental parameters. The 

effort data consisted of a series of position/time/date records collected by each research 

boat or fishing vessel during cetacean on-effort periods. These records were also plotted 
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on the map allowing the reconstruction of the daily survey track by assuming a straight 

line course between consecutive positions. This procedure also permitted the datasets to 

be checked for unreasonable positions. After eliminating or correcting data errors, the 

survey tracks were included in the Geographic Information System (GIS) as vector layers, 

and the observation effort was measured as the distance (in km) covered in adequate 

sighting conditions (Beaufort sea-states ≤ 3). Each survey leg was associated with a set of 

attributes, such as code of the vessel, date, initial and end time, length, and weather and 

sea conditions. These attributes were used to refine the analyses by creating queries that 

met certain conditions. 

 

The study area was divided into a grid consisting of 75600 quadrats with a cell resolution 

of 1 minute of latitude by 1 minute of longitude. This gridline vector layer was 

overlapped with the GIS layers containing dolphin sightings and observation effort. By 

intersecting the gridline layer with the former layers, the number of sightings and the 

survey effort (transect length in km) conducted in each cell were automatically calculated. 

Similarly, by overlapping the layers containing the environmental information (see 

below) with the gridline layer, the value of each environmental variable corresponding to 

the midpoint of a grid cell was automatically extracted. 

 

5.2.4. Environmental data 

Four environmental variables presumed to influence the distribution of bottlenose 

dolphins were calculated for each grid cell: water depth, seabed slope, seabed aspect and 

distance from shore. A local bathymetric dataset with a spatial resolution of 1 × 1 minute 

was interpolated to produce a Digital Terrain Model of seabed bathymetry (original 

dataset was obtained during project MOMAR 

(http://www.ipgp.jussieu.fr/rech/lgm/MOMAR/) and made available by Nuno Lourenço, 

from the Faculty of Sciences, University of Lisbon). The terrain model was generated 

with the same cell resolution of the original dataset. Slope was derived from the terrain 

model and calculated as the gradient of maximum change in depth for each grid cell, 

ranging from 0º to 90º. Seabed aspect, also derived from the bathymetric terrain model, 

referred to the geographical orientation of the bottom slopes and was measured in 

degrees. This variable was reclassified by grouping the values into 9 broad classes: 1=Flat 
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(-1), 2=North (0-22.5, 337.5-360), 3=Northeast (22.5-67.5), 4=East (67.5-112.5), 

5=Southeast (112.5-157.5), 6=South (157.5-202.5), 7=Southwest (202.5-247.5), 8=West 

(247.5-292.5), 9=Northwest (292.5-337.5). Distance from shore corresponded to the 

Euclidian distance between the midpoint of each grid cell and the closest point on land. 

All the procedures were performed using ArcInfo® 9.0 (ESRI). 

 

5.2.5. Data analysis 

Exploratory analysis 

Initially, interannual and seasonal variability in the relative abundance of bottlenose 

dolphins were investigated by conducting a Kruskal-Wallis ANOVA on dolphin 

encounter rate. Encounter rate was calculated per grid cell as the number of sightings per 

100 km searched. Months were grouped into seasons according to similarities in 

oceanographic conditions: winter (January – March), spring (April – June), summer (July 

– September) and autumn (October – December).  

 

Based on available data that suggests that different groups of islands present different 

environmental characteristics (Santos et al., 1995), some of which may influence 

bottlenose dolphin distribution, the study area was divided into three distinct regions, 

corresponding to the oceanic areas around the three groups of islands. These regions 

differed on surface area and, consequently, on the number of grid cells: western group 

65673 Km2 (19224 cells), central group: 121712 Km2 (35856 cells), eastern group: 70842 

Km2 (20952 cells). Regional differences on dolphin encounter rates were evaluated using 

a Kruskal-Wallis ANOVA. 

 

Log-likelihood ratio tests (G-tests) were used to test the hypothesis that sightings of 

bottlenose dolphins were uniformly distributed in relation to environmental variables 

(Sokal & Rohlf, 1995). The G-test compared the number of dolphin sightings in each 

habitat class, with the expected sighting frequency, Ei, calculated as:  

 

iE = 
L
l

N i×  
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where N = total number of sightings of bottlenose dolphins, li = amount of effort in 

habitat class i, and L = total amount of effort. Depth, slope and distance to shore were 

arbitrarily divided into 19, 9 and 16 classes, respectively (Table 5.1). 

 

Modelling dolphin distribution 

Generalized linear models (GLMs) were used to investigate the relationship between 

environmental variables and the distribution of bottlenose dolphins in the study area. The 

number of dolphin sightings in each grid cell was used as the response variable and 

modelled by specifying a Poisson distribution of errors with a log link function. Due to 

the likely influence of survey effort on the response variable, the number of km searched 

in each grid cell was incorporated in the model as an offset. This way, the sighting rate 

was modelled but the response variable still maintained a Poisson error structure.  

 

Year, season, region and slope aspect were included in the models as categorical 

variables, whereas depth, slope and distance to coast were treated as continuous 

predictors. Before analysis, linear predictors were standardized as shown in Table 5.1. 

Linear predictors were significantly correlated (Spearman’s rank correlation, depth vs. 

slope: r=-0.36, p=0.00; depth vs. distance: r=0.55, p=0.00; slope vs distance: r=-0.39, 

p=0.00, n=51651), although correlations were moderately weak.  

 

Table 5.1 – Interval classes for each range of values of depth, slope and distance to shore 

used for the G-tests and GLM analysis. 

 Depth (m) Slope (degrees) Distance to shore (km) 

Analysis Range of values Nº of 

intervals 

Range of values Nº of 

intervals 

Range of values Nº of 

intervals 

G-test 0-100 2 0-16 8 1-10 10 
 100-1900 19 16- 20.5 1 10-50 5 
 1900-3702 1   50-100 2 
     100-209 1 
       
GLM 0-100 2 0-18 10 1-10 10 
 100-2500 25 18-20.5 1 10-50 8 
 2500-3702 1   50-100 5 
     100-209 1 
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The analysis began by first examining the relationship between individual environmental 

variables and the response variable, through the construction of scatterplots. Next, models 

with a single predictor were fitted to the data to have an idea of the importance of each 

variable to the full model and to assess the need for transformations (logarithmic and 

square-root) and for the inclusion of quadratic or cubic terms. Based on the results of the 

exploratory analysis, the transformations that provided the better fit to the data (using the 

lowest value of the Akaike Information Criterion (AIC)) were used to construct a global 

model containing all the environmental variables. Higher order terms of significant 

variables and interactions between pairs of variables were also included to see if they 

improved the fit of the best model. A backward stepwise selection procedure was 

employed to identify the best fitting models, using the AIC value. The backward stepwise 

approach often left non-significant terms in the model. When this happened, a new model 

without that variable was built and the significance of the variable was evaluated by 

comparing the change in deviance between the reduced and full models.  

 

A scale parameter was estimated for the final habitat model and used to examine whether 

the data were over or underdispersed. The residual deviance of the final model, scaled for 

the estimated dispersion parameter (residual deviance/scale parameter), was tested against 

a Chi-square distribution and used as a measure of model fit. Partial regression plots and 

deviance residuals on the scale of the linear predictor were used to assess the adequacy of 

the link function. Halfnormal plots of jacknife residuals and halfnormal plots of the Cook 

statistics were used to detect outliers and influential points in the data (Faraway, 2006). 

 

Once the final habitat model was constructed, temporal persistence of dolphin-habitat 

associations was investigated by including year and season in the model, as well as the 

interactions between these variables and significant environmental covariates. To 

examine if the same environmental variables were useful at explaining the distribution of 

bottlenose dolphins throughout the Archipelago, a new model was fitted including region 

and an interaction term between region and each environmental variable. As before, 

model fit and fulfilment of model assumptions were assessed by inspecting the residuals 

and looking for unusual points and by comparing the deviance of the final model with the 

deviance of the saturated model. All analyses were carried out using R 2.3.1. 
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5.3. RESULTS 
 

5.3.1. Survey results: effort, sightings and environmental variables 

Survey coverage was extensive but it was not uniformly distributed throughout the 

research area (Figure 5.1). Survey effort covered mainly the area around the islands and 

around seamounts and less effort was made in the oceanic areas between different groups 

of islands. Of the 131683 km surveyed, 80% were conducted in the central area, 12% in 

the eastern and the remaining 8% in the western area (Table 5.2).  

 

A

B

AA

BB

 
 
Figure 5.1 - Transects conducted in the study area during dedicated (A) and opportunistic 

surveys (B). 
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Table 5.2 – Survey effort (km) and number of dolphin schools encountered per year and 

season in each group of islands. Months were grouped into seasons according to 

similarities in oceanographic conditions: winter (January – March), spring (April – June), 

summer (July – September) and autumn (October – December).  

Area Years Winter Spring Summer Autumn Total 
  Effort Schools Effort Schools Effort Schools Effort Schools Effort Schools

Eastern 1999   458 0  458 0
 2000   1421 1  1421 1
 2001   1872 2 1773 1  3645 3
 2002   1826 2 2316 17 27 1 4169 20
 2003   231 1 3728 11  3959 12
 2004   1879 2 382 1  2261 3

 Total   5808 7 10079 31 27 1 15914 39
Central 1999 246 2 258 1 1110 6 418 3 2033 12
 2000 518 2 882 11 1948 9 291 5 3640 27
 2001 26 0 11317 16 11956 29 258 1 23557 46
 2002 213 0 8736 17 12050 48 1110 3 22110 68
 2003 487 4 8888 20 16611 48 727 4 26713 76
 2004 268 1 14743 45 12446 22 688 0 28144 88

 Total 1759 9 44824 110 56122 182 3492 16 106196 317
Western 1999    
 2000   488 1 242 1  730 2
 2001   124 0 682 0  807 0
 2002   978 4 709 2  1687 6
 2003   1061 2 864 2  1925 4
 2004   254 1 4170 10  4424 11

 Total   2905 8 6668 15  9573 23
 

 

There was a substantial increase in survey effort when data collected from the tuna-

fishing vessels was added to the dataset. Annual survey effort ranged from approximately 

2500 km and 5800 km in 1999 and 2000, respectively, to 34800 km in 2004. Survey 

effort was generally higher during the summer and reached the lowest values in winter 

months. Bottlenose dolphins were encountered 379 times throughout the study area, with 

the largest number of sightings occurring in the central region, during spring and summer 

months (Table 5.2).  

 

Dolphin relative abundance differed significantly between years and seasons, with the 

highest mean encounter rates occurring in 2004 and during autumn months (Kruskal-
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Wallis ANOVA, year: H(5,51651)=12.151, p=0.033; season: H(3,51651)=15.426, p=0.002). In 

the central area, dolphin encounter rate (0.42) was nearly two-times greater than in the 

other areas (eastern: 0.24, western: 0.25) and this difference was highly significant 

(H(3,51651)=18.695, p=0.001). 

 

Table 5.3 shows the summary statistics for environmental variables measured in the 

research area. The range of environmental conditions differed considerably between years 

and seasons, reflecting the variability in survey effort. In general, a higher survey effort in 

the later years of the study and in spring and summer months resulted in greater means 

and wider ranges of water depth and distance to shore. In contrast, the mean slope of the 

areas surveyed decreased from 1999 to 2004 and was higher in winter and autumn, while 

the ranges were more or less constant in all years and months. Survey coverage of classes 

of seabed aspect was similar between years and seasons. Differences in environmental 

conditions between the three regions were not consistent with the variation in survey 

effort and should reflect real physiographic differences. A wider interval of water depths 

and slopes was surveyed in the eastern area, where the higher mean values of these 

variables were obtained. In the western area, the average distance of grid cells surveyed 

was higher and also a wider range of distances was covered by the boats. The eastern and 

central areas showed the same frequency distribution of classes of seabed aspect, but an 

inverse pattern was found in the grid cells surveyed in the western area. 

 

Figure 5.2 shows the distribution of bottlenose dolphin sightings in relation to water depth 

and seabed slope. The log-likelihood ratio tests suggested that bottlenose dolphins were 

not uniformly distributed with respect to the environmental variables analysed. Dolphins 

significantly preferred shallower depths (between 100 and 600 m) and areas with higher 

slopes, and tended to avoid depths greater than 1000 m, and slopes smaller than 4 degrees 

(depth: G=126.294, p<0.0001, df=18; slope: G=48.397, p<0.0001, df=8). Bottlenose 

dolphins showed a clear preference for areas within 2 and 5 km from the islands, avoiding 

areas more than 9 km away (G=83.495, p<0.0001, df=15). Although the distribution of 

sightings did not agree with the distribution of survey effort across classes of slope aspect 

(G=20.776, p=0.0078, df=8), there was no clear pattern of preference for a given 

orientation of the bottom slopes. 
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Table 5.3 – Summary statistics for environmental variables measured in the study area. 

Number of grid cells, mean, standard error of the mean, median and range of values are 

presented for continuous variables. Number of grid cells and percentage of total grids are 

presented for each class of slope aspect. 

Variables 
N Mean Standard 

error Median Range 
% of total 

grids 

Depth (m) 20663 1473.2 4.3 1522.0 1-3702 
Slope (degrees) 20663 3.6 0.02 2.5 0.005-20.5 
Distance to coast (km) 20663 49.5 0.26 40.1 0-208.6 

Slope aspect   
1 15  0,07
2 2657  12,86
3 2972  14,38
4 2371  11,47
5 2388  11,56
6 3036  14,69
7 3108  15,04
8 2043  9,89
9 2073  10,03

 

 

5.3.2. Habitat model 

The AIC-based results of the stepwise selection procedure suggested that only two 

variables, depth and slope, significantly explained the probability of dolphin occurrence 

in the area (Table 5.4). In the second model run, higher order terms and an interaction 

between depth and slope were fitted to the data. The best fitting model included five 

terms: depth, slope, quadratic terms for depth and slope and a cubic term for depth (Table 

5.4). However, the quadratic term for slope was not significant (χ2=3.806, p=0.051, df=1) 

and the results of the analysis of deviance gave no reasons to keep this term in the final 

habitat model (Deviance=3.8, p=0.1, df=1). The difference in AIC between the best 

fitting model and the reduced model was smaller than 2, indicating the two models 

received equal support from the data.  

 

Data were only slightly overdispersed (scale parameter=1.28) and comparison of the 

deviance with a saturated model suggested that the final model was correct (p=0.99). 
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There were no signs of outliers or influential points but inspection of the partial residual 

plots indicated that the model did not provide a very good fit to the data (Figure 5.3). In 

fact, the final model only represented a reduction in deviance of 3.2% in relation to the 

null model. 

 

A

B
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BB

 
 

Figure 5.2 – Location of sightings of bottlenose dolphins in relation to water depth (A) 

and slope (B). Sightings made during dedicated surveys are shown in purple and those 

made during opportunistic surveys are shown in light pink. 

 

Table 5.5 presents the parameter estimates of the final model after adjusting for the scale 

parameter. Dolphin occurrence was positively associated with water depth, slope and with 

the cubic power of depth, but negatively related with the quadratic function for depth.  
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Table 5.4 – Summary of the backward stepwise selection procedure for the habitat model, 

showing the model terms, AIC, Deviance and degrees of freedom for each model. All the 

models include log of effort as an offset. The best-fitting model selected at each model 

run is indicated in bold. Selection of the final model was based on the results of the 

analysis of deviance. 

Model terms AIC Deviance df 

1st model run    
Depth+Slope+Distance+Aspect 3927.5 3170.3 51638 
Depth+Slope+Distance 3921.1 3179.9 51646 
Depth+Slope 3919.1 3179.9 51647 
    
2nd model run    
Depth+Slope+Depth×Slope+Depth2+Slope2+Depth3+Slope3 3909.4 3159.8 51642 
Depth+Slope+Depth2+Slope2+Depth3+Slope3 3907.8 3160.6 51643 
Depth+Slope+Depth2+Slope2+Depth3 3906.8 3161.6 51644 
    
Final model    
Depth+Slope+Depth2+Depth3 3908.5 3165.3 51645 

 

 

 
 
Figure 5.3 – Partial residual plots generated for the best-fitting habitat model, relating 

bottlenose dolphin sighting rate with water depth and slope. The dash line represents the 

fitted model. 
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Table 5.5 – Summary of parameter estimates of significant variables (in decreasing order 

of significance) selected in the final habitat model.  

Model term Estimate Standard error t p 

Intercept -5.886 2.055 × 10-1 -28.639 < 2 × 10-16 
Depth2 -2.519 × 10-6 7.580 × 10-7 -3.323 0.0009 
Depth3 6.706 × 10-10 2.098 × 10-10 3.196 0.0014 
Depth 1.723 × 10-3 7.289 × 10-4 2.364 0.0181 
Slope 2.921 × 10-2 1.453 × 10-2 2.010 0.0444 

 

 

5.3.3. Temporal and regional persistence of dolphin-habitat association 

By including temporal variability, the fit of the habitat model improved considerably 

(Table 5.6). At no stage of the model building process was season or the interaction 

between season and any of the other variables significant. The best fitting model of 

dolphin occurrence contained all the environmental variables previously selected for the 

habitat model, plus year and the interaction between year and slope. This model explained 

4.6% of the deviance from the null model. Although none of the parameters of the 

interaction between year and slope was significant individually, removing the interaction 

term resulted in a significant increase in deviance (Deviance=14.41, p=0.01, df=5). Also, 

with the inclusion of the interaction term, the effect of slope on dolphin sighting rate was 

no longer significant. Once again, the removal of this variable resulted in a significant 

change in deviance (Deviance=6.61, p=0.01, df=1). In addition, the results of the analysis 

of variance indicated that all the variables were significant at predicting dolphin sighting 

rate (all p<0.02) and should be kept in the model. 

 

The probability of sighting bottlenose dolphins in the research area was significantly 

lower in 2001, when compared to 1999 (Table 5.7). Although there was some interannual 

variability in the probability of dolphin occurrence, parameter estimates for the remaining 

years were non-significant. Dolphin association with bottom slope differed between years 

but the coefficients were not significant. 

 

The best model incorporating spatial variability contained depth and the respective higher 

powers, slope, area and the interaction between area and depth (Table 5.6). However, an 
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analysis of deviance suggested that the latter terms had no significant effect on the 

probability of sighting bottlenose dolphins (Area×Depth: Deviance=5.5, p=0.2, df=4; 

Area: Deviance=0.6, p=0.7, df=2), and the final model was equal to the habitat model. 

 

Table 5.6 – Summary of the backward stepwise selection procedure for the habitat model 

with temporal and spatial variation, showing the model terms, AIC, Deviance and degrees 

of freedom for each model. All the models include log of effort as an offset. The best-

fitting model selected at each model run is indicated in bold.  

Model terms AIC Deviance df 

Habitat model with temporal variables    

Depth+Slope+Depth2+Depth3+Year+Season+Year×Season+ 3900.5 3079.3 51606
+Depth×Year+Slope×Year+Depth×Season+Slope×Season    

Depth+Slope+Depth2+Depth3+Year+Season+Depth×Year+ 3894.0 3102.8 51621
+Slope×Year+Depth×Season+Slope×Season    

Depth+Slope+Depth2+Depth3+Year+Season+Depth×Year+ 3888.5 3103.3 51624
+Slope×Year+Depth×Season    

Depth+Slope+Depth2+Depth3+Year+Season+Depth×Year+ 3888.2 3109.0 51627
+Slope×Year    

Depth+Slope+Depth2+Depth3+Year+Depth×Year+ 3884.6 3111.4 51630
+Slope×Year    

Depth+Slope+Depth2+Depth3+Year+Slope×Year 3882.4 3119.2 51635
    
Habitat model with spatial variables    

Depth+Slope+Depth2+Depth3+Area+Depth×Area+Slope×Area 3914.4 3159.2 51639

Depth+Slope+Depth2+Depth3+Area+Depth×Area 3911.0 3159.8 51641
    
 
 

5.4. DISCUSSION 

 

5.4.1. Habitat preferences 

This study showed that bottlenose dolphins did not occur randomly but that their 

distribution was influenced by the physiography of the research area. The GLM indicated 

that water depth and seabed slope significantly affected the probability of dolphin 

occurrence, while distance to coast and orientation of the bottom slope did not seem to be 
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important at predicting dolphin distribution. Overall, depth and its higher-order terms 

were the most important variables in determining the distribution of dolphins. Combining 

the results from the generalized linear models and the log-likelihood ratio analyses, 

bottlenose dolphins preferentially used shallow areas (between 100 and 600 m) with high 

bottom relief. In the Azores, the absence of a continental shelf limits this kind of 

physiography to a narrow stretch around the islands. This explains the high degree of 

clumping of sightings of bottlenose dolphins around the islands, despite the extensive 

spatial coverage provided by the surveys.  

 
Table 5.7 – Summary of parameter estimates of significant variables (in decreasing order 

of significance) selected in the model with temporal variability.  

Model term Estimate Standard error z p 

Intercept -5.502 6.256 × 10-1 -8.794 < 2 × 10-16

Depth2 -2.570 × 10-6 6.676 × 10-7 -3.849 0.000 
Depth3 6.834 × 10-10 1.853 × 10-10 3.688 0.000 
Depth 1.748 × 10-3 6.404 × 10-4 2.730 0.001 
Slope 4.183 × 10-2 7.734 × 10-2 0.541 0.589 
Year  (reference level: 1999) 

2000 4.124 × 10-1 7.200 × 10-1 0.573 0.567 
2001 -1.571 6.907 × 10-1  -2.275 0.023 
2002 -3.664 × 10-1 6.467 × 10-1 -0.566 0.571 
2003 -5.541 × 10-1 6.485 × 10-1 -0.854 0.393 
2004 1.631 × 10-1 6.412 × 10-1 0.254 0.799 

Slope × Year (reference Year: 1999) 
2000 -4.597 × 10-2 9.233 × 10-2 -0.498 0.619 
2001 6.007 × 10-2 8.288 × 10-2 0.725 0.469 
2002 2.849 × 10-3 8.089 × 10-2 0.035 0.972 
2003 1.095 × 10-2 8.084 × 10-2 0.135 0.892 
2004 -7.749  × 10-2 8.126 × 10-2 -0.952 0.341 

 

 

However, areas of abrupt topography below 600 m can also be found around several 

scattered seamounts and banks located in offshore waters. During this study, bottlenose 

dolphins were frequently encountered around offshore seamounts, especially over two 

banks located at 40 and 80 km from the islands, and this possibly explains why there was 

no relationship between dolphin sighting rate and distance to the nearest island. Likewise, 

Seabra et al. (2005) found that bottlenose dolphins in the Azores prefer shallow, steep 

zones, in both coastal and offshore areas, with an evident association with seamounts.  
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These findings contradict a recent study that tested the seamount effect on aggregating 

top-predators (Morato et al., unpublished). These authors investigated the relationship 

between the mean relative abundance of common dolphins (Delphinus delphis), spotted 

dolphins (Stenella frontalis), bottlenose dolphins, and sperm whales (Physeter 

macrocephalus), with the distance to the summit of seamounts in the Azorean EEZ. Of 

the species investigated, only common dolphins showed a statistically significant 

association with seamounts, with a decreasing trend in the number of sightings per square 

kilometre per hour with increasing distance from the summit. Although the same general 

trend was also observed for bottlenose dolphins, it was not statistically significant 

(Morato et al., unpublished). According to these authors, the lack of association may be 

related with the more benthic feeding habits of this species, as well as with a preference 

for coastal habitats. 

 

While bottlenose dolphins inhabiting inshore and coastal waters feed mainly on benthic 

and demersal fish species (Barros & Odell, 1990; Cockroft & Ross, 1990), dolphins 

occurring in offshore waters forage on a wide variety of prey but seem to rely more on 

epipelagic and mesopelagic schooling fish and cephalopods (Barros et al., 2000; González 

et al., 1994; Mead & Potter, 1990; Mead & Potter, 1995). There is no information on the 

diet of bottlenose dolphins in the research area. Still, given the scarcity of adequate 

foraging areas (shallow and with complex topography) in coastal habitats, it is likely that 

these dolphins have learned to take advantage of other habitats that provide localised 

abundance of prey.  

 

Year significantly affected the probability of encountering bottlenose dolphins but the 

absence of a clear longer-term trend seems to indicate these annual fluctuations simply 

reflected the natural variability in the occurrence of the species in the area. In contrast, 

bottlenose dolphins appear to use the research site with similar intensity year-round. 

Despite the slight significance of the interaction between year and slope (although none of 

the coefficients was significant on their own), bottlenose dolphins showed consistent 

bathymetric associations across the years and seasons. Similarly, the relationship between 

dolphin occurrence and environmental variables showed the same general form in the 

three regions of the archipelago, in spite of physiographic differences noted in the grid 
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cells sampled in each region. These findings concur with those of a study that investigated 

the association of three dolphin species (Phocoenoides dalli, Lagenorhynchus 

obliquidens, Grampus griseus) and one baleen whale (Megaptera novaeanglieae) with a 

variety of topographic features and shallow-water topographies in the central California 

Current System (Yen et al., 2004). These authors found that cetaceans displayed relatively 

persistent bathymetric associations through interannual and weekly periods.  

 

5.4.2. Persistence of dolphin-habitat associations 

The preference of bottlenose dolphins for shallower areas with complex high-relief 

bottom structures has often been linked to the biological enhancement usually found in 

the vicinity of these areas, as well as with foraging specializations of the species (Cañadas 

et al., 2002; Davis et al., 2002). Persistence of dolphin-habitat associations documented in 

this study and others (Yen et al., 2004) further supports the idea of a close relationship 

between certain bathymetric features and important hydrographic processes (Genin, 2004; 

Palacios et al., 2006).  

 

Although the influence of the archipelago of the Azores on fine-scale oceanographic 

processes remains unknown, the physical presence of the island chain, coupled with the 

complex topography that characterises the region, likely results in localised upwellings, 

eddies and convergence zones, which in turn may cause enhanced primary productivities 

and promote biomass accumulation at specific sites (Caldeira et al., 2002; Palacios, 2002; 

Palacios et al., 2006). In addition, the islands may act as a barrier to the horizontal 

dispersal of zooplankton and larval/juvenile fish that tends to become entrapped in their 

vicinity (Palacios, 2002), thereby increasing feeding opportunities for dolphins. Enhanced 

horizontal flux of prey, topographic blockage of vertical migrating zooplankton, local 

upwellings and depth retention, are thought to be the principal mechanisms leading to the 

concentration of zooplankton, micronekton and fish over seamounts at shallow (<200 m) 

and intermediate (<400 m) depths, as well as over other areas of abrupt topography 

(Genin, 2004). Ultimately, these mechanisms may lead to the aggregation and entrapment 

of prey at depths easily accessible to shallow-diving predators, such as bottlenose 

dolphins.  
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Persistence of dolphin association with certain bathymetric features of their habitats 

suggests that the occurrence of prey aggregations over these areas may be, to some extent, 

predictable. According to Genin (2004), the mechanisms described above produce 

recurrent and fairly predictable prey aggregations over abrupt topographies, such as 

seamounts, coastal regions, shelf breaks and submarine canyons. However, other physical 

features that potentially affect biological productivity in these areas, including local 

upwellings and eddies, may vary significantly in terms of spatial scales, degree of 

persistence and recurrence and biological impact (Palacios et al., 2006). A better 

knowledge of the oceanographic characteristics of the oceanic ecosystem of the Azores is 

necessary to understand the relationship between local bathymetry and habitat 

productivity.   

 

5.4.3. Critique and recommendations for future analyses 

In spite of the significance of some of the variables used to describe dolphin distribution, 

the models developed did not provide a very good fit to the data and only explained a low 

percentage of the deviance, which implies a low predictive capacity from the models. 

Several factors may explain these results. Habitat physiography likely influences cetacean 

distribution indirectly, by promoting primary productivity and/or prey aggregation. As a 

consequence, statistical relationships between dolphin occurrence or density and 

physiographic parameters may be weak (Balance et al., 2006). Even if bathymetric 

features are good predictors of prey distribution, other measures of bathymetry (e.g., 

variability in mean depth and slope, distance to other shallow-water features (seamounts)) 

not taken into account in this study may be more important proxies to the factors 

determining dolphin distribution than the ones used. Also, other environmental variables 

(e.g., chlorophyll concentration, sea-surface temperature) not used in this study are likely 

to influence the distribution of this species. Future analyses should incorporate variables 

useful at describing oceanographic processes, as well as a wider range of physiographic 

parameters.  

 

The spatial and temporal scales used to analyse the data affects both the strength and 

direction of correlations with environmental variables used as indicatives of prey 

distribution (Redfern et al., 2006). In the present study, some measure of temporal 
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variability in dolphin-habitat associations was explored and the results of the models were 

consistent independent of the unit (year, season, or no temporal variable) selected to 

analyse the data. This is not unexpected since temporal variability should be less 

influential on the models including only static predictors. However, it is possible that the 

spatial scale used to analyse the data was inappropriate to capture the relationship 

between the physical features of the habitat and dolphin occurrence. In the future, 

dolphin-habitat associations should be examined for a range of spatial scales in order to 

identify and understand the role of each environmental variable. 

 

Finally, the dataset analysed also included sightings of non-foraging schools. Although 

other behavioural factors may be equally important in determining the distribution of 

bottlenose dolphins, analysing all the sightings together may complicate the interpretation 

of the models. Ideally, the dataset should be divided according to the behaviour of the 

schools sighted and a separate model should be developed for each activity (Cañadas, 

2006).  

 

Statistical modelling techniques represent a powerful tool for predicting cetacean 

distribution, understanding the ecological processes behind the distribution of the species 

and testing ecological hypothesis (Redfern et al., 2006). In turn, predictive models can be 

used to plan research studies (e.g., sighting surveys design, study particular areas) and to 

aid in the formulation of management measures. Future work will include generating a 

predictive map of the distribution of bottlenose dolphins in the research area, and 

assessing the predictive accuracy of the model by comparing the predictive values with 

observed values from an independent dataset. 

 

5.4.4. Conclusion  

Although cetaceans are highly mobile, their distribution seems to be linked with 

hydrographic domains associated with a variety of bathymetric features (Baumgartner et 

al., 2001; Cañadas et al., 2002; Yen et al., 2004). In the present study, bottlenose dolphins 

were frequently found in shallow areas characterized by high topographic relief, 

suggesting the existence of bathymetrically influenced biological processes. These results 

suggest the possibility of identifying important areas of habitat for this species based on 
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static bathymetric features. However, cetacean distribution should also be affected by 

hydrographic processes not dependent from local bathymetry. Therefore, determining the 

relationship of bottlenose dolphins with bathymetric characteristics and oceanographic 

processes of their habitat is crucial to understanding dolphin-habitat association patterns. 
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CHAPTER 6 
 

DISTRIBUTION AND HABITAT USE PATTERNS OF BOTTLENOSE 

DOLPHINS IN AND AROUND A PROPOSED MARINE PARK 
 

 

________________________________________________________________________ 

 

 

6.1. INTRODUCTION 

 

Three areas in the channel between the islands of Faial and Pico (designated as the Faial-

Pico Passage) were declared as Special Areas of Conservation (SAC) within the 

framework of European Union’s (EU) Habitats Directive in 2001. The designation of 

these and other areas followed the recommendations of Santos et al. (1995), who 

conducted a thorough review of potential sites to be included in a network of Marine 

Protected Areas (MPAs) in the Azores. Nothing was stated in this review about the 

significance of these areas to cetaceans.  

 

The ecological, economic and scientific relevance of the three SAC was confirmed 

through a comprehensive characterization of the physiographic features and biological 

communities of the proposed sites and adjacent areas (Tempera et al., 2001b). At the 

time, data from an ongoing study on cetacean distribution and habitat use patterns were 

used to assess the importance of the designated and adjacent areas for different cetacean 

species (Silva et al., 2003; Tempera et al., 2001b). Prior to this, no other systematic study 

has been conducted in the Azores and very little was known about the spatial and 

temporal patterns of occurrence of cetaceans in the area. Thus, the information available 

from a period of two years was used to ascertain the occurrence of several dolphin species 

in the Faial-Pico Passage, including the bottlenose dolphin. More importantly, 

preliminary data from a photo-identification study suggested that bottlenose dolphins seen 

in the Passage showed some degree of site fidelity and could be residents in the area 
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(Tempera et al., 2001b). Despite their ecological value, the proposed SAC were 

considered too restricted and too confined to coastal areas to be representative of the 

biological diversity of the whole Passage and to have significant repercussions in the 

protection of the habitats and species therein, including cetaceans (Tempera et al., 2001a).  

 

At the end of 2001, the University of the Azores proposed that the Regional Government 

should extend the designated SCI to the whole Faial-Pico Passage and should increase the 

level of protection by creating a Marine Park (Tempera et al., 2001a). Although the 

original SAC were not specifically designated to ensure protection to bottlenose dolphins, 

the proposal for the creation of a Marine Park was largely supported by available 

evidence of a resident group in the area and of the area providing important habitat for a 

large number of non-resident individuals (Tempera et al., 2001a). The proposed 

boundaries of the Park therefore included the region where the highest concentration of 

sightings of bottlenose dolphins was recorded during those two years. In spite of this, the 

Marine Park management plan did not include any specific measures to protect these 

dolphins (Tempera et al., 2001a). The reason for this was that, at the time, the most 

significant threats that could be mitigated through spatial protection were either addressed 

by activity-based management measures or were naturally regulated.  

 

In the Azores, the interaction between cetaceans and fishing activity is regulated by a 

combination of strict fishery policies, cultural traditions and the topographic features of 

the region. The fishing fleet is mainly composed of small (<9 m) open-boats that operate 

traditional fishing gear, such as small purse seine nets and dip nets for epipelagic fish, 

traps for crustaceans and hand lines for demersal species. Trawling, purse seine nets for 

tuna, trammel and drift nets are banned from the Azorean Economic Exclusive Zone 

(EEZ). The use of coastal gillnets nets is limited to the area up to 500 m from the 

coastline and to depths less than 30 m. The tuna fishery uses exclusively pole-and-line 

gear, a fishing technique with minimal levels of interaction with cetaceans and no 

confirmed mortality (Silva et al., 2002). Preliminary data on dolphin interaction with hand 

lines and bottom longlines for demersal species also suggests low levels of interaction and 

no bycatch (Catarino, 2006; Prieto et al., 2005). The low level of industrial activity and 
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the low population density in the islands mean that chemical and organic pollution and 

similar threats are minor.  

 

One of the most important current potential threats to the welfare of cetaceans in the 

Azores is whale-watching activity. In recent years, several studies have shown that the 

presence, density and manoeuvring patterns of whale-watching boats elicit various 

behavioural responses from the target individual/group, which may include changes in the 

activity, movement and dive patterns (reviewed in Bejder & Samuels, 2003). Populations 

that are resident in whale-watching areas should be more adversely affected because 

repeated encounters with boats potentially result in chronic stress and/or repeated 

disruption to critical behaviours, such as feeding, resting and breeding (Bejder & 

Samuels, 2003). Nevertheless, few studies have been able to establish a relationship 

between the whale-watching activity and changes in the distribution, habitat use or 

productivity of the targeted population (e.g., Mann et al., 2000; Samuels & Bejder, 2004).  

 

In the Azores, a study aimed at assessing the short-term reactions of bottlenose dolphins 

to the presence and activity of whale-watching boats failed to document any significant 

effects (Magalhães et al., 2002). Data on movement patterns of bottlenose dolphins 

collected using land-based theodolite tracking indicated that the animals did not change 

speed, orientation or diving behaviour in the presence of boats. However, there has been 

no attempt to examine potential effects at the population level, including possible changes 

in the way the resident group uses the area.  

 

Nevertheless, the constant growth of whale-watching activity and the acknowledgement 

that it was increasingly concentrated in a small geographic area, led to the proposition of 

a zoning scheme and to the definition of a carrying capacity of vessels for each zone. The 

Passage area was included in this zoning plan and would be one of the areas benefiting 

from special protection. It was therefore concluded that the measures predicted in the 

forthcoming regulation of whale-watching activity would be sufficient to ensure the 

protection of the bottlenose dolphins using the Faial-Pico Passage. As a result, the Marine 

Park management plan proposal only included recommendations for monitoring the 

bottlenose dolphin population. However, the proposed zoning scheme was not accepted 
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and the recently issued regional decree (DLR nº 10/2003/A, Portaria nº 5/2004) is far 

from being a useful instrument to protect the dolphins in the Passage. 

 

Although no specific conservation measures have been put forward in the management 

proposal, Tempera et al. (2001b) recognize the Marine Park as a valuable conservation 

tool, in case the current legislation proves to be insufficient or unsuitable for warranting 

the safeguard of these dolphins. To evaluate the relevance of the Marine Park as a 

management tool, the importance of the area to bottlenose dolphins is assessed in light of 

new information obtained after the management plan was presented. Data collected 

during systematic and opportunistic boat-based surveys are used to examine the spatial 

and temporal distribution and relative abundance of the species in the Marine Park and to 

compare these with the surrounding area. The usage of the Marine Park by the resident 

group of bottlenose dolphins is quantified and used to assess whether the Park includes 

important areas of habitat for this group. Based on these results, the appropriateness of the 

boundaries currently proposed for the Marine Park is examined. 

 

6.2. METHODS 
 

6.2.1. Study area 

This study focused on an area of about 5400 km2 around three islands – Faial, Pico and S. 

Jorge – of the Archipelago of the Azores (Figure 2.1). The area between the islands of 

Faial and Pico forms a shallow-water channel – the Faial-Pico Passage – approximately 5-

8 km wide and 12 km long. The maximum depth of the whole channel is less than 200 m 

but in its narrowest part the average depth is around 70 m. The channel is characterised by 

strong currents that result from the simultaneous influence of the tides, winds, reflexive 

currents and frequent storms. The overall hydrography of the channel is also affected by 

the presence of two small islets and three rocky reefs (Tempera et al., 2001a). The Marine 

Park encompasses the whole channel and a narrow stretch along the southern coast of the 

island of Faial, covering an area of approximately 123 km2 (see Figure 6.1). 
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6.2.2. Data collection 

Data collected during systematic boat surveys were complemented by sighting and effort 

data recorded by observers placed aboard tuna-fishing vessels. A detailed account of the 

two types of surveys was given in Chapters 2 and 5. The analyses presented in this study 

were based on data collected by research vessels from March 1999 to October 2004, and 

on data collected by observers aboard tuna-fishing vessels from 2001 to 2004.  

 

6.2.3. Distribution and relative abundance of dolphins - data preparation and analysis 

Data preparation and analysis was performed as described in Chapter 5. Data collected 

during systematic and opportunistic surveys were initially treated separately. Sighting 

locations of bottlenose dolphins and survey tracks were plotted on a digital map using 

ArcGIS® 9.0, along with information on date, time, environmental parameters, and 

information on the schools sighted. Observation effort was measured as the distance (in 

km) covered in adequate sighting conditions (Beaufort sea-states ≤ 3).  

 

Because searching effort was not evenly distributed across the study site, the number of 

sightings of bottlenose dolphins could not be taken as an indication of the relative 

abundance of the species. To investigate whether there was a higher concentration of 

bottlenose dolphins in the Marine Park when compared to the surrounding area, the study 

site (excluding the Marine Park area) was divided into equal-sized cells and the observed 

sighting frequencies in each cell were compared to the expected sighting frequencies, 

calculated after taking into account the survey effort. This was done by generating a 

gridline vector layer with 10x10 nautical mile (343 km2) cells, which was overlapped 

with the GIS layers containing dolphin sightings and the observation effort. By 

intersecting the gridline layer with the former layers, the number of sightings and the 

survey effort (transect length in km) conducted in each cell were automatically calculated. 

A similar procedure was used to calculate the number of sightings and the survey effort 

within the Marine Park, which was treated as another cell. The expected sighting 

frequency of cell i, Ei, was then calculated as:  

 

iE = 
L
l

N i×  
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where N = total number of sightings of bottlenose dolphins, li = amount of effort in grid 

cell i, and L = total amount of effort. A log-likelihood ratio goodness of fit test (G-test) 

(Sokal & Rohlf, 1995) was used to compare the observed frequency distribution of 

dolphin sightings across the grid cells with the expected distribution determined from the 

effort data. If bottlenose dolphins were uniformly distributed within the study area, the 

distribution of dolphin sightings would be explained by the distribution of survey effort, 

implying that the observed frequency distribution would not be significantly different 

from the expected distribution.  

 

Generalized linear models (GLMs) were used to assess the influence of temporal 

variables on the relative abundance of bottlenose dolphins in the Marine Park and in the 

surrounding area. The daily encounter rate (ER), calculated as the number of groups 

sighted in a given day divided by the total distance searched in that day, was used as the 

response variable. ER was transformed as ER’= 1+ER  to account for large numbers of 

zeros and to ensure that variance was independent of the mean (Sokal & Rohlf, 1995). A 

separate model was built for each area, using year and season as categorical explanatory 

variables and survey effort as a continuous predictor. Models were fitted assuming a 

Normal distribution with log and power link functions. Differences between models fitted 

with the power and log links were negligible but the latter always gave slightly better 

results. Therefore, only models fitted with the log link function are presented. 

 

A backward stepwise selection procedure was used to select which variables went into the 

model. With this method, all variables and their two-way and three-way interactions were 

initially considered in a saturated model. At each step of the model building process, a 

variable or interaction term was removed from the model and a variable or term 

previously removed was entered again. The stepwise entry or removal of the variables or 

interaction terms was determined by the significance value of the Wald statistic. The 

Wald statistic was tested against a Chi-square distribution and, at each step, the effect 

with the highest p-value was dropped from the model. In the end, only those variables and 

interaction terms that significantly improved the fit of the model were selected. Akaike 

Information Criterion (AIC) was also used to further evaluate the best subset of models. 

AIC provides a measure of model fit by calculating a log-likelihood function using the 
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parameter estimates of the model, penalized by the number of parameters estimated in a 

model.  

 

6.2.4. Usage of the Marine Park by the resident group 

Photographs of individual animals collected during systematic boat surveys were 

analysed following the procedures described in Chapter 2. Sighting locations of schools 

of bottlenose dolphins containing individuals classified as residents in the study area were 

plotted using ArcView® 3.2. The resident group comprised 44 adult and subadult 

individuals of both sexes observed in at least four years and with an average mean 

monthly sighting rate of 0.23 (Chapter 2). A single data point was plotted per sighting, 

which means that all sightings were given equal weight regardless of the number of 

resident individuals present in the school. The fixed kernel method (Worton, 1989), 

available from the Animal Movement Analyst Extension of ArcView® 3.2 (Hooge & 

Eichenlaub, 1997), was used to identify areas of high-use by the resident group. The 

kernel is a probabilistic home range technique that generates contours around areas of 

equal probability of occurrence within the group’s range. Thus, besides estimating the 

size of the whole area used by the resident group, this method also allows the 

identification of areas associated with a certain probability of having a resident animal at 

any given time. By overlapping these contours with the Marine Park polygon it was 

possible to quantify the percentage of the critical areas included in the Park.  

 

6.3. RESULTS 
 

6.3.1. Survey effort 

Between 1999 and 2004, 17139 km were searched during systematic surveys carried out 

in the study area, of which 3937 km were within the Marine Park. From 2001 to 2004, 

tuna-fishing vessels conducted 1588 km of transect legs in the Marine Park and 34737 km 

in the surrounding area. Opportunistic surveys provided a wider geographic distribution 

and greater amount of observation effort than systematic surveys. In spite of this, 

preliminary analysis of data collected by the two types of surveys produced similar spatial 

patterns and temporal trends. Therefore, the datasets were pooled and analysed together. 

The number of km surveyed in the Marine Park and surrounding area per year and season 
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is shown in Table 6.1 and the distribution of survey effort within the study area is 

presented in Figure 6.1. The research effort covered the whole study area but was mainly 

concentrated around the islands.  

 

Table 6.1 – Survey effort (km) and number of dolphin schools encountered per year and 

season in each area. Months were grouped into seasons according to similarities in 

oceanographic conditions: winter (January – March), spring (April – June), summer (July 

– September) and autumn (October – December).  

Area  Winter Spring Summer Autumn Total 
 Years Effort Schools Effort Schools Effort Schools Effort Schools Effort Schools

Park 1999 126 1 156 0 100 0 26 1 408 2
 2000 197 1 264 6 104 0 123 3 688 10
 2001 12 0 340 0 841 2 36 0 1230 2
 2002 51 0 458 2 539 2 84 0 1132 4
 2003 76 0 366 4 571 5 43 0 1056 9
 2004 23 0 414 4 555 3 19 0 1012 7
 Total 485 2 1999 16 2710 12 331 4 5525 34
Main 1999 304 4 134 1 522 1 170 0 1131 6
 2000 332 1 368 2 1198 9 160 2 2058 14
 2001 14 0 5752 11 7445 19 179 1 13390 31
 2002 163 0 3966 12 5545 23 682 2 10356 37
 2003 365 4 3436 8 5598 24 611 4 10011 40
 2004 245 1 4453 14 6020 26 276 0 10994 41
 Total 1422 10 18110 48 26328 102 2078 9 47939 169
Total  1907 12 20109 64 29038 114 2409 13 53464 203

 

 

6.3.2. Spatial distribution 

A total of 203 schools of bottlenose dolphins were sighted during the study period, of 

which 34 were encountered within the Marine Park and 169 in the surrounding area 

(Table 6.1, Figure 6.1). Sightings were concentrated around the islands, mainly around 

Faial and in the south of Pico, where the highest observation effort was made. However, 

the distribution of sightings was significantly different from the expected frequency 

distribution predicted by the survey effort (G-test, G=48.199, p<0.0001, df=17). 

 

Several grid cells had sighting frequencies higher than expected, suggesting that there 

were parts of the study area more frequently used by the dolphins. To investigate if the 

pattern of habitat use remained consistent throughout the study period, the observed and 
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expected sighting frequencies of each grid cell were calculated separately for each year. 

For three grid cells- north of Faial (A2), Marine Park (P), and south of Pico (C4) - the 

ratio of observed to expected frequencies was consistently greater than 1, suggesting that 

dolphins always used these areas more often than what was predicted by the amount of 

effort (Figure 6.2). Some grid cells, like A4, A3, C1 and C3, had mean ratios greater than 

1 but showed a wide variation. For the remaining cells the sighting frequencies recorded 

were always smaller than predicted by the observation effort (Figure 6.2).  
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Figure 6.1 – Distribution of survey effort and the location of sightings of bottlenose 

dolphins (dots). Effort and sighting data of grids B2 and B3 were pooled into a single grid 

(b2+3) with approximately the same surface area of the other grids, after subtracting the 

Marine Park (inset area in grid cells B2 and B3). 

 

 

The distribution of dolphin sightings between the Marine Park and contiguous area (cells 

A2, A3, B2+3 pooled) did not differ significantly from the uniform distribution predicted 

by the effort (G=0.156, p= 0.693, df=1) When the comparison was done with the 

remaining grid cells, the distribution of sightings was significantly different from a 
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uniform distribution (G=30.224, p<0.007, df=14), with the number of sightings in the 

Marine Park being 100% higher than what would be expected. To investigate if the 

cluster of sightings observed in the southern part of the Marine Park implied a real 

preference for the site, the Marine Park was further subdivided into four equal-sized cells. 

There was no evidence of high-used sub-areas within the Marine Park (G=4.775, 

p=0.189, df=3). 
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Figure 6.2 – Mean ratio of observed to expected sighting frequencies in each grid cell 

within the study area. Ratios were calculated separately for each year. Effort and sighting 

data of grid cells B2 and B3 were pooled into a single grid cell (B2+3) with 

approximately the same surface area of the other grid cells, after subtracting the Marine 

Park. Vertical bars represent ± 1 standard error. 

 

 

6.3.3. Temporal distribution 

Bottlenose dolphins were observed in the Marine Park and surrounding area in all years 

and seasons (Table 6.1) but there were wide variations in the annual and seasonal daily 
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encounter rates in each area (Table 6.2). For both areas, the highest ER occurred in 1999 

and 2000 although these were also the years with the greatest variation in the ER value. 

Between 2001 and 2004, there were only minor fluctuations in the mean ER in both 

regions. There was no consistent pattern in the seasonal variation of the mean ER among 

areas. In the Marine Park, the greatest ER was found in spring and the lowest in summer, 

whereas outside the Park the lowest values occurred during spring and summer and the 

highest in winter. 

 

Table 6.2 – Mean encounter rate (ER) and respective standard errors (SE) of dolphin 

schools per year and season in each area. Months were grouped into seasons according to 

similarities in oceanographic conditions: winter (January – March), spring (April – June), 

summer (July – September) and autumn (October – December).  

Area  Winter Spring Summer Autumn Total 
 Years ER SE ER SE ER SE ER SE ER SE

Park 1999 1.51 --- 0 0 0 0 2.45 --- 1.02 0.74
 2000 1.33 --- 2.85 1.40 0 0 2.66 1.92 1.79 0.68
 2001 0 0 0 0 0.29 0.21 0 0 0.82 0.13
 2002 0 0 0.50 0.39 0.24 0.17 0 0 0.30 0.17
 2003 0 0 1.02 0.66 0.47 0.25 0 0 0.61 0.26
 2004 0 0 1.52 0.88 0.18 0.10 0 0 0.68 0.34

 Total 0.67 0.47 0.94 0.30 0.28 0.09 0.91 0.55 
Main 1999 3.41 1.88 0.81 --- 0.21 --- 0 0 1.32 0.66
 2000 0.08 --- 0.22 0.15 1.05 0.44 2.51 1.84 0.80 0.31
 2001 0 0 0.14 0.06 0.29 0.07 0.82 --- 0.25 0.06
 2002 0 0 0.28 0.09 0.36 0.09 0.20 0.14 0.30 0.06
 2003 2.16 1.17 0.39 0.19 0.48 0.15 0.87 0.51 0.55 0.12
 2004 0.38 0.38 0.24 0.07 0.48 0.12 0 0 0.36 0.08
 Total 1.16 0.70 0.27 0.05 0.42 0.06 0.64 0.28 
 

 

In the Marine Park, the backward stepwise procedure excluded effort, season and the 

interaction between year and season as explanatory variables (Table 6.3); year was the 

only significant effect on the daily encounter rate of bottlenose dolphins (Wald 

test=13.43, p=0.02, df=5) (Table 6.4). The model revealed that the higher and lower 

peaks in ER’ observed in 2000 and 2001, respectively, were both significant (at the 

p=0.05 level). However, there was no significant overall annual trend in the mean daily 

encounter rate of bottlenose dolphins in the Marine Park. 
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Table 6.3 – Results of the backward stepwise selection procedure for the model exploring 

the effects of effort, year and season on the encounter rate in the Marine Park, showing 

the results of the Wald test, the significance of the term and the fate of the variable at each 

step of the analysis. 

Steps Effect Wald test p df Variable 

Step   1 Effort 0,105 0,746 1 Removed
 Year 9,588 0,088 5 In
 Season 4,857 0,183 3 In
 Year x Season 16,173 0,371 15 In
Step   2 Year x Season 16,087 0,376 15 Removed
 Year 9,598 0,087 5 In
 Season 4,802 0,187 3 In
 Effort   1 Out
Step   3 Season 5,214 0,157 3 Removed
 Year 11,955 0,035 5 In
 Year x Season   15 Out
 Effort   1 Out
Step   4 Year 13,431 0,020 5 In
 Season   3 Out
 Year x Season   15 Out
 Effort   1 Out

 
 
 
Table 6.4 – Summary of the GLM analysis for assessing the effects of effort, year and 

season on the encounter rate of dolphin schools in the Marine Park. The table shows the 

final results of the Wald test and the significance of each variable or interaction term in 

the model.  

Model term Wald test  p df 

Included terms    
Intercept 27.22 <0.001 1 
Year 13.43 0.020 5 

Rejected terms    
Effort 0.10 0.746 1 
Season 4.86 0.183 3 
Year × Season 16.17 0.371 15 

 



 182

In the area surrounding the Marine Park, survey effort and season (when considered 

singly in the model) were not significant predictors of the ER’ (Table 6.5) but the daily 

encounter rate was significantly related to the year and to the interaction between year 

and season (Table 6.6). Three different models were built with the terms that had a 

significant effect on the ER’: i) model containing just the variable year; ii) model with the 

interaction between year and season; and iii) model including all the significant predictors 

(year+year×season). The AIC was used to evaluate this subset of models. The most 

parsimonious model contained year and the two-way interaction between year and season 

(AIC=-4650.9) (Table 6.7). The interaction between year and season meant that the 

observed annual variation in the ER’ did not follow the same pattern among seasons.  

 

Table 6.5 – Results of the backward stepwise selection procedure for the model exploring 

the effects of effort, year and season on the encounter rate in the area surrounding the 

Marine Park, showing the results of the Wald test, the significance of the term and the 

fate of the variable at each step of the analysis. 

Steps Effect Wald test p df Variable 

Step   1 Effort 0,997 0,318 1 Removed
 Year 17,173 0,004 5 In
 Season 4,967 0,174 3 In
 Year × Season  56,996 0,000 15 In
Step   2 Year × Season  56,549 0,000 15 In
 Year 17,614 0,003 5 In
 Season 5,311 0,150 3 Removed
 Effort  1 Out
Step   3 Year × Season  69,150 0,000 15 In
 Year 30,165 0,000 5 In
 Season  3 Out
 Effort  1 Out

 

 

6.3.4. School size 

Mean size of schools encountered outside the Marine Park was larger (mean= 15.1, SE= 

1.19 than of those encountered within the Park (mean=12.7, SE=1.69) but differences 

were not significant (Mann-Whitney test, U=2503.0, p=0.530, n=196). There was no 

evidence of annual or seasonal variations in the mean size of schools using the Marine 
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Park and surrounding areas (year: Kruskal-Wallis ANOVA, H(5,196)=1.546, p=0.908; 

season: H(3,196)=1.479, p=0.687). 

 

Table 6.6 – Summary of the GLM analysis for assessing the effects of effort, year and 

season on the encounter rate of dolphin schools in the area surrounding the Marine Park. 

The table shows the final results of the Wald test and the significance of each variable or 

interaction term in the model.  

Model term Wald test p df 

Included terms    
Intercept 38.34 <0.001 1 
Year 17.27 0.004 5 
Year × Season 57.47 <0.001 15 

Rejected terms    
Effort 1.03 0.311 1 
Season 5.09 0.165 3 

 

 

Table 6.7 – Evaluation of the best subset of models for assessing the effect of year and 

season on the encounter rate of dolphin schools in the area surrounding the Marine Park, 

based on the AIC value and accounting for the number of parameters (k). Smaller values 

of AIC indicate better-fitting models. 

Model AIC k 

Year + Year × Season -4650.90 20 
Year × Season -4631.28 15 
Year -4615.22 5 

 

 

6.3.5. Usage of the Marine Park by the resident group 

During the study period 287 systematic surveys were conducted and bottlenose dolphins 

were encountered on 120 of these surveys. Of the 135 schools photographed in the main 

study area, 104 contained dolphins considered as residents (Chapter 2). Sightings of 

resident individuals were unevenly distributed across the study area, being concentrated 

in and around both entrances of the Faial – Pico Passage. The kernel home range method 
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highlighted the southern part of the Passage as a favoured area within the range of the 

resident group (Figure 6.3). This method produced a 95% utilization distribution (UD) of 

650 km2 and a 50% core area of 95 km2 for the resident group. Except for 2002, the 

estimated range area of the resident group showed little annual variation, ranging from 

483 km2 to 657 km2 (Figure 6.4). In contrast, there were considerable differences between 

seasons in the size of the area used by the resident dolphins (Figure 6.5). Annual and 

seasonal variations in the estimated range size were not related to survey effort (year: 

Spearman’s rank correlation, r=0.486, p=0.329, n=6; season: r=0.800, p=0.200, n=4).  
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Figure 6.3 – Overall ranging (95% UD in yellow) and core areas (50% UD in orange) of 

the resident group, estimated by the fixed kernel method. 

 

 

Usage of the Marine Park area by the resident group varied between years and seasons, 

reflecting changes both in size and location of the range and core areas of the resident 

group (Figures 6.4 and 6.5). Resident dolphins were frequently sighted in the Marine Park 

and used 99% of the 123 km2 of surface area that constitute the Park. However, this 

represented less than 20% of the overall range area of the group. The 50% UD identified 

one critical area that crossed the southern boundary of the Park (Figure 6.3) and, on 

average, only about 41% (39 km2) of this high-used area lay within the Marine Park. In 

some years and seasons, a second critical area located at the northern entrance of the 
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Passage was highlighted by the 50% UD. Once again, only a small section of this 

favoured area was included within the Marine Park. 
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Figure 6.4 – Annual variation in the relationship between the range size (95% and 50% 

UD) of the resident group and the size of the section included within the Marine Park.   
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Figure 6.5 – Seasonal variation in the relationship between the range size (95% and 50% 

UD) of the resident group and the size of the section included within the Marine Park. 
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The home-range calculations were repeated using the initial location of encounters with 

resident dolphins only engaged in foraging and socialising/resting behaviours. The areas 

used for foraging and social activities largely overlapped, but foraging was more 

concentrated at the entrances of the channel, while socialising/resting was mainly 

observed in the southern entrance and south of Pico island. Approximately 21% of the 

area used for foraging and 11% of the area used for socialising/resting were included in 

the Marine Park.  

 

6.4. DISCUSSION 

 

6.4.1. Distribution of bottlenose dolphins in and around the Marine Park 

This study showed that bottlenose dolphins were not uniformly distributed within the 

study area as indicated by the discrepancy between the distribution of sightings and the 

distribution of survey effort. Moreover, the pattern of low or high-use of some of the 

areas was consistent throughout the study period, suggesting that dolphins were not 

randomly distributed. Sightings were mainly concentrated in the Marine Park, north of 

Fail and south of Pico, and although there was some inter-annual variability, the number 

of schools observed in these areas was always higher than expected.  

 

Several studies have shown that bottlenose dolphins seek and associate with certain 

environmental features known to enhance biological productivity or promote prey 

aggregation (Baumgartner et al., 2001; Cañadas et al., 2002). In fact, prey distribution has 

been described as the main driving force behind habitat use patterns of bottlenose 

dolphins at various spatial scales (Connor et al., 2000). Although few studies were able to 

relate dolphin space-use patterns with prey distribution/abundance, there is indirect 

evidence of a strong relationship between the two. Two recent studies conducted in the 

Moray Firth (Scotland) showed that the occurrence of foraging behaviour (Hastie et al., 

2004) and of types of movement associated with foraging (Bailey & Thompson, 2006) 

were significantly higher in the areas used intensively by the dolphins, supporting earlier 

suggestions that these were feeding sites (Wilson et al., 1997). Although an investigation 

of the factors influencing habitat use patterns is beyond the scope of this work, the higher 

relative abundance found in the aforementioned areas is likely related to a greater 
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availability of prey. As already discussed in previous chapters, the Faial-Pico Passage 

shows several physical and hydrographical characteristics consistent with bottlenose 

dolphin’s habitat preferences (Connor et al., 2000; Ingram & Rogan, 2002; Wilson et al., 

1997). The reason for the preference for the other two areas is not so clear. Nonetheless, 

the reliability in the use of these areas over a 6-year period suggests that their importance 

for the population remains relatively stable, making those suitable candidates for site-

based management. 

 

For other areas, however, the pattern of habitat use was less obvious. The absence of 

temporal consistency either suggests that there was not a real preference for these areas 

and the greater sighting frequencies in some years simply resulted from the random 

distribution of the schools, or that there were significant changes between years in the 

way the population used certain areas. Within the Marine Park, there was no indication of 

favoured areas. 

 

The occurrence of bottlenose dolphins in the Marine Park varied between years but no 

clear overall trend was detected. Between-year variability in the number of schools using 

the area may reflect temporal changes in local availability of food resources. However, 

the same general pattern was also found outside the Park, suggesting that if prey 

availability caused such variation, then it was acting at the scale of the whole study area, 

and possibly even at a broader scale. Although there were minor differences in the mean 

daily encounter rate among seasons, dolphins seemed to use the Marine Park with equal 

intensity throughout the year. Also, size of schools encountered in the area did not vary 

significantly with the season. From the combination of these results it is clear that there 

was no seasonal influx either in the number of schools or in the number of individuals 

using the Marine Park. 

 

The influence of temporal variables in the distribution of bottlenose dolphins outside the 

Marine Park was more complex. In this area, the interaction between year and season was 

significant, meaning that the effect of year in the mean encounter rate was not consistent 

between seasons (or vice-versa), and this was particularly evident during autumn and 
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winter. In the absence of a clear pattern, the interaction term is interpreted as the natural 

temporal variability in the occurrence of the species in the area.  

 

6.4.2. Usage of the Marine Park by the resident group 

The resident group’s normal range included the area north and south of Faial up to 10 km 

from the coast, the whole Passage, and the area along the south-western coast of Pico. 

There were annual and seasonal variations in the areas used but in general these 

represented expansions or contractions centred around the normal range, or changes in the 

relative use of each region within the home range. The overall range of the resident group 

was reasonably constant across years. The only exception occurred in 2002, when a few 

sightings of resident individuals made far-outside the group’s normal range caused a 

marked increase in range size (1296 km2). 

 

In contrast, there were noticeable differences in range size among seasons; dolphins 

tended to expand their range in winter and summer and contract it in the other seasons. 

The typical range of the resident group corresponds to an area of about 650 km2; the 

Marine Park, with a surface area of 123 km2, is clearly too small to encompass the whole 

range of the group.  

 

Animals do not use all parts of their home range with equal intensity (Kaufmann, 1962), 

and the pattern of habitat use may provide an indirect indication of the quality and 

abundance of resources in those areas (Boyce & McDonald, 1999). The resident group’s 

normal range contained two distinct core areas situated at both entrances of the Faial-Pico 

Passage. The southern entrance, especially the region closer to the coast of Pico, was 

identified as a favoured area in all years and seasons. Core areas likely contain the most 

reliable food resources and may provide refuges from predators (Samuel et al., 1985). The 

latter will hardly be a decisive factor in shaping space-use patterns in the Azores due to 

the rarity or complete absence of dolphin predators (Chapter 2).  

 

Lusseau and Higham (2004) reported that the bottlenose dolphins resident in Doubtful 

Sound (New Zealand) rest and socialize in preferred locations within their range and use 

the same locations year-round. The southern Passage was still the most intensively used 



 189

part of the range for feeding and socialising/resting, even though dolphins used a wider 

area when engaged in social activities. Regardless of the potential importance of this area 

for social activities, the concentrated use of the southern Passage core area suggests the 

presence of a profitable foraging spot and its persistence through time (with only minor 

shifts) suggests a relatively stable system within a very dynamic habitat.  

 

6.4.3. Assessing the usefulness of the Marine Park as a management tool 

Marine Protected Areas are regarded as a useful and powerful management tool and have 

been increasingly used to protect marine mammal populations/species (Hooker & Gerber, 

2004; Reeves, 2000). However, lack of regulation and policing in several MPAs has 

given rise to the criticism that they represent “paper parks”, created only with the 

intention of providing a false sense of conservation achievement (Duffus & Dearden, 

1995; Hooker & Gerber, 2004). Moreover, because the establishment of some of these 

areas is grounded on political rather than scientific principles, they frequently have strong 

limitations: the boundaries are often set arbitrarily and without strong knowledge of 

individual movements; limits are based on geographical boundaries and cannot adapt to 

species movements and behaviour; and once the area is set usually there is no attempt to 

measure its effectiveness (Gerber et al., 2005b; Hooker & Gerber, 2004). 

 

The Marine Park of the Channel Faial-Pico was not created to promote the conservation 

of bottlenose dolphins in the Azores. Yet, after the proposal of the zoning plan of the 

whale-watching law was rejected, the establishment of this MPA could be an invaluable 

instrument to protect this population, particularly the resident dolphins, from potential 

disturbance of the whale-watching activity. In this sense, an understanding of the 

requirements for use of space of the resident group is vital to scale the size of the 

management unit (Burt, 1943).  

 

The present work supports preliminary findings that indicated the area delimited by the 

Marine Park is important habitat for bottlenose dolphins frequenting the study site. It also 

provides evidence that the area is used with similar intensity year-round by resident and 

non-resident dolphins. However, this study demonstrates that the area covered by the 

Marine Park is clearly insufficient to satisfy the spatial requirements of the resident group 
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and, therefore, its conservation value may be limited. In particular, the Park does not 

encompass the whole region of the head and mouth of the Faial-Pico Passage that 

constitute critical habitat used by the individuals during essential activities such as 

foraging or socializing and resting. Including these two areas could decrease the 

probability of displacing the resident group from the most intensively used areas within 

their range.  

 

However, extending the boundaries of the proposed MPA to include critical habitat areas 

of the resident group will hardly achieve significant results unless it is integrated in a 

broader set of management actions. It is therefore essential to develop a management plan 

that establishes achievable conservation targets for this population, identifies a series of 

actions to accomplish those, and includes a monitoring programme to measure their 

effectiveness (Carr & Raimondi, 1999; Hooker & Gerber, 2004). The definition of 

management objectives and actions is beyond the scope of this work. However, a few 

critical points deserve to be mentioned. 

 

The management plan should clearly distinguish between objectives and actions 

established for the resident group and those that refer to non-resident dolphins using the 

area. While non-resident dolphins can benefit from enhanced protection given to 

important habitats, their reliance on the area surrounding the MPA should be lower than 

for resident animals 

 

The management plan should specifically address different issues involved with the 

whale-watching activity. Apart from regulating the observation within the area of the 

MPA, it is important to consider the potential harmful effect of the whale-watching boats 

crossing the area and of the “swimming-with-dolphin” programs. Boat traffic in the fjords 

of Milford Sound (New Zealand) was suggested as the factor responsible for the observed 

change in the habitat use patterns of bottlenose dolphins (Lusseau, 2005), and in 

Clearwater, Florida, bottlenose dolphins were found to reduce the use of primary foraging 

habitats during periods of high boat density (Allen & Read, 2000). Swimming with 

dolphins is increasingly popular in the Azores, especially since it has been banned from 

several places around the world, following reports of injuries to the tourists and 
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detrimental effects to the dolphins (reviewed in Bejder & Samuels, 2003). Appropriate 

management actions range from the establishment of a zoning scheme to prevent 

disturbance around critical areas but allow the activity in the rest of the MPA, to the 

creation of corridors for boat traffic and regulation of speed limits, up to the complete ban 

of swimming with dolphins within the MPA. 

 

It has often been argued that several MPAs are designed to address a single threat 

affecting a population/species and are incapable of mitigating other important threats 

(Gerber et al., 2005b). Although the whale-watching seems to be the most significant 

threat to bottlenose dolphins, the management strategy should also address other potential 

threats, including mechanical destruction of the bottom caused by sand extraction, direct 

and indirect impact of fishing, oil spills from commercial and recreational ships using the 

harbours (the second largest harbour in the Azores is located in the MPA), and acoustic 

surveying of the sea-bottom.  

 

Effectiveness of an MPA can only be evaluated with respect to the stated objectives 

(Gerber et al., 2005a). In the present case, quantifying the effect of the MPA could be 

particularly problematic due to the difficulty in developing a set of parameters to measure 

effectiveness. Possible parameters include quantifying the relative usage of the area by 

residents and non-resident dolphins (although density-dependent factors and temporal 

changes in prey distribution may confound the results) or analysis of life history 

parameters of the resident group (Gerber et al., 2005a). Finally, enforcement ensures 

compliance with the MPA regulations and is therefore crucial to the success and 

credibility of an MPA (Gubbay, 1998). 

 

6.4.4. Conclusion 

In summary, the temporal consistency in the habitat use of the Marine Park throughout 

the 6 years of this study reinforces its importance to the bottlenose dolphin population, 

and in particular to the resident group. However, the current boundaries of the area limit 

its usefulness in the protection of this group. The extension of the boundaries of the Park 

and the development and implementation of a management plan are essential to turn the 
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MPA into a useful tool to promote the conservation of the resident group and the 

protection of important habitat to the bottlenose dolphin population living in the Azores.  
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CHAPTER 7 
 

DISCUSSION 
 

 

________________________________________________________________________ 

 

 

The bottlenose dolphin occurs in a wide variety of habitats worldwide (Caldwell & 

Caldwell, 1972). The existence of several populations and communities (sensu Wells et 

al., 1987) in nearshore areas, where they are easily accessible for researchers, makes the 

bottlenose dolphin the best well-studied cetacean (see reviews in Connor et al., 2000; 

Shane et al., 1986). However, current knowledge on the biology and ecology of the 

species comes almost exclusively from populations inhabiting coastal regions and even 

today there is a severe lack of information on bottlenose dolphins living in oceanic areas. 

This thesis examined several aspects of the biology and ecology of bottlenose dolphins 

occurring in the Azores, including the residence and ranging patterns, genetic structure, 

population size, survival and temporary emigration rates, and the influence of habitat 

physical features on the distribution and habitat use.  

 

7.1. RESIDENCE PATTERNS AND RANGING BEHAVIOUR 
 

The dolphin population that frequents the Azores consisted of a mixture of residents, 

transients, and temporary migrants. Each island or group of islands appears to hold a 

small number of resident individuals that showed some degree of site fidelity, but the 

large majority of the dolphins encountered were not residents in the area. In fact, of 611 

adult and subadult dolphins photographed in the main study area, only 44 were frequently 

sighted and could be considered as residents. These dolphins also showed considerable 

geographic fidelity and were never seen outside the main area. The remaining animals 

were either residents in other islands that made occasional incursions to the main area, or 

may have been just passing through the Azores. Thus, the population of bottlenose 
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dolphins occurring in the Azores appears to be composed of several geographic 

communities that maintain social interactions with neighbouring communities and with 

dolphins that travel through the Azores. This residence pattern is similar to the pattern 

described previously for populations living in coastal waters. In several geographic 

regions, bottlenose dolphins segregate into different communities with overlapping ranges 

(e.g., Chilvers & Corkeron, 2001; Félix, 1997; Smolker et al., 1992; Urian, 2002). These 

communities are defined by patterns of geographic and social relationships, in the sense 

that members of a given community share large portions of their range and interact with 

each other more frequently than with dolphins from outside their community (reviewed in 

Wells et al., 1987). However, communities are not closed demographic or genetic units. 

Dolphins may change community membership, they often mix with animals from other 

communities and genetic exchange is known to occur between communities (Connor el 

al., 2000). Dolphins from coastal communities along the US Atlantic coast are also 

known to mix occasionally with offshore animals (Torres et al., 2003), although the two 

ecotypes seem to be genetically differentiated at both mitochondrial and nuclear markers 

(Hoelzel et al., 1998; Natoli et al., 2004; Torres et al., 2003). 

 

Despite the fact that resident dolphins showed restricted movements and considerable 

geographic fidelity to a well-defined area, estimates of home range size of dolphins from 

the Azores were approximately three times larger than those documented for dolphins 

living in estuarine and coastal areas (e.g., Gubbins, 2002; Ingram & Rogan, 2002; Owen 

et al., 2002). In addition, dolphins showed high mobility levels and frequently travelled 

hundreds of kilometres between different groups of islands. The ranging behaviour of 

bottlenose dolphins in the Azores appears unusual in relation to what was previously 

reported for bottlenose dolphins living in coastal waters (reviewed in Connor et al., 2000) 

and in other oceanic islands (Baird et al., 2002).  

 

In order to understand why dolphins in the Azores exhibit such extensive ranging 

behaviour it is important to understand the nature of dolphin movements. There were no 

differences in home range size and extent of movements between dolphins from different 

sexes or age-classes (Chapter 2). These findings are supported by tests for sex-biased 

dispersal based on genetic data which did not support the hypothesis of higher gene flow 
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in any of the sexes (Quérouil et al., in press). In addition, the high temporary emigration 

rates, but most especially the unusually high return rates documented in Chapter 4, 

suggest that these movements were ranging and did not represent dispersal from natal 

sites. These results suggest dolphin ranging behaviour is linked with foraging strategies 

and needs, rather than being primarily influenced by reproductive or social factors. I 

hypothesize that dolphins in the Azores need to range extensively in search for adequate 

food patches due to the lower productivity and higher dynamics of the Azorean 

ecosystem, which ultimately lead to a lower density and/or greater spatiotemporal 

heterogeneity of food resources. As resource availability decreases, dolphin range size is 

expected to increase. The inverse relationship between food supply and home range size 

is even more pronounced in a patchy heterogeneous environment like the oceanic 

ecosystem of the Azores.  

 

Habitat productivity is known to influence the size and structure of social groups, home 

range size, territoriality and population density (Clutton-Brock & Harvey, 1977), and 

studies conducted over a wide range of habitat types demonstrated that terrestrial 

mammals show considerable behavioural flexibility in response to environmental 

variability (e.g., Ganas & Robbins, 2005; Grigione et al., 2005; Herfindal et al., 2005). 

Similarly, variability in ranging patterns among cetacean populations has been related to 

environmental conditions, especially with food availability and predation pressures. 

Bottlenose dolphins living in habitats that provide fairly predictable and abundant food 

resources year-round, with suitable locations for resting and socializing, show strong site 

fidelity and restricted ranges (Scott et al., 1990; Gubbins, 2002, Lusseau et al., 2006; 

Parsons, 2002; Wilson et al., 1997). On the other end of the spectrum, in dynamic or less 

productive habitats, dolphins are often highly mobile and only use the area on a 

temporary basis (Defran et al., 1999; Defran & Weller, 1999).  

 

Another indirect evidence for the lower productivity of the Azorean ecosystem comes 

from the small number of dolphins considered to be residents in the main area (44) in 

comparison with resident groups in coastal and inshore areas (reviewed in Connor et al., 

2000). Given the size of the main study area and the estimates of total population size 

(Chapter 4), the fact that only 44 dolphins used the area on a regular basis could be an 
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indication that the habitat is unable to provide enough food resources to hold a large 

population year-round. 

 

In a highly dynamic ecosystem such as the Azores, dolphin prey are expected to be 

ephemerally available in time and patchily distributed in space. In this kind of habitat, 

knowledge of the spatiotemporal distribution of food resources may be crucial. The 

ability to remember or predict the location of prey should enable foraging dolphins to 

decrease travelling time between feeding sites and to concentrate search efforts in specific 

areas, therefore increasing foraging efficiency (Davoren et al., 2003; Ford, 1983). At 

present, data on dietary habits of bottlenose dolphins and on the distribution and 

movements of potential prey are lacking and this hypothesis cannot be confirmed. Yet, 

the consistent association of bottlenose dolphins to areas with certain topographic 

characteristics known to enhance biological productivity (Chapters 5 and 6) may provide 

indirect evidence of the ability of dolphins to predict the location of profitable foraging 

areas. Thus, I hypothesize that long-distance movements recorded in this study may either 

represent exploratory foraging trips or movements between alternative feeding areas 

known to have adequate food resources in the past. Recently, Sheppard et al. (2006) 

proposed that macro-scale movements of dugongs (Dugong dugon) in Australia were 

related to the unpredictable and patchy nature of seagrass beds, and represented a way of 

exploring and monitoring the quantity and quality of food resources available in their 

heterogeneous habitat. Tracking data suggested that dugongs maintain a spatial memory 

of patches of quality seagrass food resources which they visit periodically (Sheppard et 

al., 2006).  

 

Therefore, the extensive ranging behaviour of bottlenose dolphins appears to have 

evolved as a response to the lower availability of prey. Yet, such behaviour can only 

evolve in the absence of strong predation pressure. The risk of predation is one of the 

factors known to influence social and ranging patterns in small cetaceans. For example, 

Karczmarski et al. (2005) suggested that the risk of shark predation was partially 

responsible for the evolution of stable societies with strong site fidelity in spinner 

dolphins living in the far-western islands of Hawaii. According to these authors, the fact 

that available habitats are separated by large stretches of deep open waters with 
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potentially high risk of shark predation forces dolphins to remain at home rather than 

travel between atolls. The high risk of shark predation may also explain why bottlenose 

dolphins living in Hawaii show little or no movement between different islands (Baird et 

al., 2002). This is agreement with theoretical models that predict that, as the cost of 

movement decreases, due to lower predation rate, animals should have larger home range 

sizes (Ford, 1983). The rarity or absence of the most common predators of bottlenose 

dolphins and the lack of observations of animals bearing shark bite scars suggests that the 

risk of predation may be small in the Azores. 

 

In summary, the higher mobility of dolphins in the Azores should result from the lower 

density and/or greater patchiness of food resources, and the observed differences to 

studies conducted in other oceanic islands (e.g., Baird et al., 2002; Karczmarski et al., 

2005) might be explained by a comparatively lower predation risk. 

 

7.2. POPULATION STRUCTURE 
 

One of the main objectives of this study was to investigate how the population of 

bottlenose dolphins living in the Azores was structured. The spatial structure of a 

population can profoundly affect genetic, epidemiological and population dynamic 

processes (Harding & McNamara, 2002). The degree of spatial subdivision of a 

population influences the amount of gene flow between subpopulations and can promote 

speciation through the evolution of genetic divergence between them (Orr & Smith, 

1998). In cetaceans, patterns of population structuring are complex and cannot be entirely 

explained by the presence or absence of geographical barriers (Hoelzel et al., 2002). 

Instead, many of these patterns possibly result from the interaction of historical factors, 

environmental pressures exerted by the distribution of key resources, and social factors. 

These factors determine the spatiotemporal distribution of a given species, and ultimately 

influence the degree of structuring between and within populations (Hoelzel et al., 2002).  

 

Fullard et al. (2000) found that genetic differentiation between populations of long-finned 

pilot whales (Globicephala melas) was associated with the water temperature. According 

to these authors, the relationship with water temperature suggests the existence of 
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differences in distribution of prey species. Recently, population structure of bottlenose 

dolphins over a geographical range extending from the Black Sea to Scotland was found 

to coincide with different habitat regions, defined by ocean floor topography and 

oceanographic features, such as salinity, temperature and productivity (Natoli et al., 

2005). 

 

Several physical and ecologic factors that characterize the Azores create the potential for 

some degree of structuring in the bottlenose dolphin population. First, the Azores is an 

isolated archipelago located in the middle of the North Atlantic, thousands of kilometres 

away from the nearest continental margin. Second, the oceanic waters in the middle of the 

Atlantic are characterized by low productivity, which could represent an ecological 

barrier to the dispersal of individuals. Finally, the archipelago is divided into three groups 

of islands that are hundreds of kilometres apart, separated by large areas of deep, open 

waters. In this habitat, it would be reasonable to expect that the population would be 

divided into distinct geographic communities associated with each group of islands, with 

little or no movement between areas, and relatively isolated from other populations in the 

Atlantic basin. 

 

In this study, a combination of different non-genetic and genetic approaches was 

employed to examine the population structure of bottlenose dolphins and to assess 

whether dolphins associated with different groups of islands were isolated from each 

other and from populations outside the Azores. Photo-identification data enabled the 

detection of movements of individual dolphins between the three groups of islands and 

showed that animals associated with different islands interacted more frequently than 

initially thought (Chapter 2). In addition, the constant mixture of residents, temporary 

migrants and transients in a given site, combined with the apparent lack of habitat 

partitioning (Chapter 2), provide an opportunity for animals from different areas to mix 

and for interbreeding to take place. Furthermore, there was no evident gap in the 

distribution of bottlenose dolphins across the Azores (Chapter 5), as would be expected if 

the open waters would represent a barrier to the movement of individuals between groups 

of islands. Although it could not be determined if these movements were restricted to a 
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given season or year, this seems unlikely given that no major seasonal or annual influx of 

individuals into the main area was detected during 6 years of study (Chapter 6).  

 

Photo-identification and observational data are entirely supported by the results of the 

mtDNA analysis that showed a lack of genetic differentiation within the Azores (Chapter 

3). MtDNA haplotypes clustered in two well differentiated groups but these were 

independent of the geographical origin of samples, distance to coast and individual 

grouping patterns. The hypothesis that haplotype groups reflected differentiation between 

coastal and pelagic populations was therefore excluded (Chapter 3). In addition, 

microsatellite data indicated the existence of high gene flow between the two haplotype 

groups, and Bayesian analysis on microsatellite data failed to unveil any hidden 

population structure in the Azores due to undetected factors (Quérouil et al., in press). 

These findings are consistent with results from fatty acid analysis carried out using the 

same samples used for genetic analyses. Fatty acid profiles did not reveal any clear 

distinctions between dolphins found in different groups of islands, suggesting the 

existence of inter-island movements (Walton et al., in press).  

 

Photo-identification data indicated that resident and non-resident dolphins used the same 

areas within the main study area and often formed mixed aggregations. Lack of isolation 

of the resident group is further supported by results of genetic analyses. Genetic diversity 

at the level of mtDNA shown by resident dolphins was similar to that found for the whole 

Azorean sample and microsatellites indicated that mean relatedness within the resident 

group was similar to that of the whole Azorean sample (Quérouil et al., in press). Taken 

together these results suggest that there is substantial gene flow between resident and 

temporary migrants or transient dolphins in the Azores. Moreover, the high levels of 

genetic variability found in the Azores and the lack of differentiation from the pelagic 

population of the northwest Atlantic, suggest that gene flow is not restricted to dolphins 

living in the Azores and that genetic exchange with dolphins from other oceanic regions 

also occurs (Chapter 3). 

 

The results of the mtDNA analyses seemed to suggest that gene flow with the nearest 

continental margin was limited, given the slight differentiation between the Azorean and 
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Mainland samples (Chapter 3). However, this result could also be an artefact due to the 

inclusion of samples of dolphins from the small resident population living in the Sado 

Estuary, Mainland (Gaspar, 2003). This suggestion was supported by later analyses. In 

fact, after removing these samples, both mitochondrial and nuclear markers failed to 

detect a significant differentiation between the two study sites (Quérouil et al., in press). 

MtDNA sequences indicated that the population of the Azores was significantly 

differentiated from all the Atlantic Basin populations except the northwest Atlantic 

pelagic population. 

 

In summary, there is a single and open population of bottlenose dolphins in the pelagic 

waters of the Azores, composed of several geographical communities, and this population 

is not significantly differentiated from the pelagic population of the northwest Atlantic. 

These results imply higher levels of gene flow than previously known in this species, and 

indicate that the poorly productive waters of the deep Atlantic do not prevent gene flow. 

These findings contradict recent studies conducted on this species (e.g., Natoli et al., 

2004; 2005; Parsons et al., 2002), as well as on the genus Tursiops (e.g., Krützen et al., 

2004), that show clear population structure at regional and local scales. However, this 

discrepancy is not unexpected, since the present study investigated a pelagic population, 

while the others focused on coastal and inshore populations.  

 

7.3. DEMOGRAPHIC PARAMETERS 
 

In order to understand the structure and dynamics of a natural population it is essential to 

know something about the population size and vital rates, such as recruitment and 

survival (Seber, 1982). Estimates of population parameters are also crucial to the 

formulation of effective conservation measures.  

 

Capture-recapture methods provide a way of estimating animal abundance and other 

demographic parameters (Schwarz & Seber, 1999). These methods analyse information 

obtained from individually recognizable animals that may be followed through time. For 

many cetacean species, individuals can be identified from photographs of unique natural 

markings. The ability to use natural markings presents obvious advantages because it does 
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not imply capturing, handling and changing the physical appearance of the captured 

animals (Hammond, 1986). The relative easiness of obtaining photo-identification data 

encouraged the application of capture-recapture models to estimate parameters of 

cetacean populations (Hammond et al., 1990). Chapter 4 provides estimates of population 

size, survival and temporary emigration rates for bottlenose dolphins in the Azores, based 

on capture-recapture models. These are the first demographic parameters presented for 

this or any other cetacean species in the Azores. 

 

There are many capture-recapture models available and selection of the most suited 

model should be based on the characteristics of the population under study and taking into 

account the model assumptions (Schwarz & Seber, 1999). As shown in Chapters 2 and 3 

of this thesis, bottlenose dolphins living in the main study area do not constitute a closed 

demographic or genetic unit, and movements in and out of the study area seem to be 

common. Unless the time period considered in the study was very short, the only way of 

avoiding bias resultant from violating the closure assumption was to use open-population 

models. In this study, I used the Jolly-Seber and the Cormack-Jolly-Seber models to 

estimate abundance and survival rates, respectively, and the Pollock’s robust design - that 

combines open and closed models - to estimate abundance, survival and temporary 

emigration rates.  

 

A key issue in capture-recapture analyses is the satisfaction of the underlying 

assumptions, as violation of these assumptions may cause severe bias in parameter 

estimates (Seber, 1982). In the present study, the assumption that the sampling process 

did not affect catchability seemed to hold, as indicated by the results of directional tests. 

Also, there are no reasons to believe that marked and unmarked animals differed on their 

probability of survival or that this probability was affected by the sampling process, so 

these assumptions should have been easily met. In photo-identification studies, sampling 

time is usually negligible and “captured” animals are released immediately after being 

sampled. Despite the precaution of using only high-quality photographs and well-marked 

individuals, the assumption that animals did not loose their marks and that all marked 

individuals were identified correctly was probably violated because of the large photo-

identification catalogue used in this study. At present, it is not possible to assess if this 
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violation occurred and what were the consequences but this type of error results in 

negatively biased survival estimates and positively biased abundance estimates (Gould & 

Pollock, 2002). 

 

One of the most important assumptions of capture-recapture models is the homogeneity 

of capture probabilities among individuals; i.e., the model assumes that all animals have 

the same probability of being captured given that they are alive and in the population 

(Lebreton et al., 1992). There are several reasons why this assumption was not satisfied in 

the present study. First, differences in distinctiveness of natural markings influenced the 

individual’s probability of identification, leading to heterogeneity in capture probabilities. 

This problem, which is common to all photo-identification studies and arises from the use 

of natural markings, was aggravated in this case due to the large number of identification 

pictures analysed. Second, differences in residency and ranging behaviour between 

dolphins affected their probability of being sighted. As shown in Chapter 2, the majority 

of dolphins that occurred in the main study area were not residents there and had home 

ranges that extended beyond the area. As a result, these dolphins should have been 

unavailable to detection during several sampling occasions. In addition, the study area 

was traversed by animals from outside the Azores that were only available to sampling on 

a few occasions. In contrast, a small group of dolphins, classified as residents, did not 

appear to leave the main study area, which means they were available to sampling on 

most if not all occasions. Third, heterogeneity due to differences in the natural behaviour 

of dolphins was accentuated by variations in sampling effort. In the first two years of this 

study, the low sampling effort resulted in that most of the animals photographed were 

residents in the area. With the increase in survey effort, large numbers of dolphins, 

including a large percentage of non-resident dolphins, were photographed. This suggests 

that in the beginning of the study the survey effort was insufficient to ensure that non-

resident dolphins, with lower capture probabilities, were sampled. 

 

Unless it is specifically associated with static group covariates (e.g., sex, age), 

heterogeneity in capture probabilities cannot be adequately modelled using open models 

(Pradel et al., 1997). In the present study, some of the heterogeneity in capture 

probabilities was controlled through stratification per age-classes. This was particularly 
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important to solve the problem of subadult dolphins being less distinctively marked than 

adult animals. However, it didn’t solve the problem of heterogeneity in capture 

probabilities due to individuals varying in their degree of residency. In the future, this 

problem can be minimized by including in the models a measure of residence time in the 

area. Bradford et al. (2006) found that incorporating an index of the relative duration of 

residency of an individual whale as a covariate in the model, successfully reduced 

individual heterogeneity in capture probabilities and improved model fit. Violation of the 

assumption of homogeneity in capture probabilities likely resulted in estimates of 

population size and recruitment rates that were negatively biased (Carothers, 1973). To 

alleviate this bias, I used Pollock’s robust design method. This method also allowed 

estimation of survival and temporary emigration rates which were more robust to 

heterogeneity. 

 

Estimates of the size of the population using the area varied greatly between years, mainly 

as a consequence of variation in sampling effort. Taking the two estimates with the lowest 

coefficient of variation for both methods and age-classes, which also corresponded to the 

years with greater sampling effort, then the number of adult dolphins occurring in the 

main area in 2002 and 2003 was 202 (CV=0.16) and 312 (CV=0.11) individuals, 

according to the Jolly-Seber method, and 213 (CV=0.20) and 114 (CV=0.15) individuals, 

according to the robust design. The number of subadult individuals that frequented the 

main area in 2002 and 2003 was 434 (CV=0.16) and 300 (CV=0.13), as estimated by the 

Jolly-Seber method.  

 

Estimates of survival probabilities for Azorean dolphins were very high (0.99-1) and are 

consistent with prediction from mammalian life-history theory (Caughley, 1966) and with 

other studies (Fortuna, 2006; Gaspar, 2003; Sanders-Reed et al., 1999). As expected, 

subadults showed lower survival than adults, possibly due to higher nutritional or social 

stress, and to greater susceptibility to harmful interactions with human activities.  

 

Although estimates of temporary emigration provided in this study may be biased 

upwards (Chapter 4), they are in agreement with the high movement rates observed 

between the groups of islands (Chapter 2). Annual temporary emigration rates for adult 



 207

dolphins documented in Chapter 4 ranged from 42% to 76%. Interestingly, the probability 

that these dolphins would return to the main area in the subsequent year approached 90%. 

Unfortunately, immigration rates could only be calculated for a single year which limits 

the interpretation of the results. Still, a pattern of high levels of emigration followed by 

immigration back to the original area is consistent with the extensive ranging behaviour 

reported in Chapter 2. Alternatively, this pattern may suggest the existence of a seasonal 

or annual migratory movement of dolphins crossing the archipelago. In this case, it would 

be expected to detect a rise in the encounter rate or in the number of dolphins using the 

area in certain times of the year, which didn’t occur (Chapters 5 and 6) 

 

7.4. HABITAT USE AND PREFERENCES 
 

The relationship between the distribution of bottlenose dolphins in the Azores and several 

physiographical and physical variables was explored in Chapter 5, using generalized 

linear models. Amongst the environmental variables available for the study area, I 

selected those reported to influence the distribution or relative abundance of bottlenose 

dolphins in other geographic areas. The distribution of bottlenose dolphins was found to 

be significantly related with water depth (Baumgartner et al., 2001; Cañadas et al., 2002; 

Cañadas et al., 2005; Davis et al., 2002; Hastie et al., 2004), slope (Cañadas et al., 2002; 

Cañadas et al., 2005; Hastie et al., 2004), and distance to coast (Balance, 1992; Torres et 

al., 2003). Because there were important differences between the three areas in the 

frequency of each class of seabed aspect, this variable was also included in the analysis to 

attempt to discriminate the effect of the region from the potential influence of this 

environmental variable. For other variables also known to influence cetacean distribution, 

such as sea surface temperature (Barco et al., 1999; Baumgartner et al., 2001; Cañadas et 

al., 2005) and chlorophyll concentration (D’Amico et al., 2003; Reilly & Fiedler, 1994), 

there were no data available at the time of this study. In the future, these variables will be 

incorporated in the analysis.  

 

The purpose of this Chapter was to examine dolphin distribution in space and time, to 

investigate if variables known to influence dolphin distribution in coastal waters also 

affected the distribution of dolphins living in open waters, and to characterize bottlenose 
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dolphin habitat. In order to examine dolphin-habitat associations over a wide range of 

habitat types, the research area encompassed shallow regions near the islands, steep slope 

areas, several seamounts and canyons, and deep oceanic areas.  

 

Mean encounter rate of bottlenose dolphins was almost two-times higher in the central 

area when compared to the other areas. However, when environmental variables were 

incorporated in the model with spatial variables, area was no longer a significant predictor 

and was excluded from the final model. It can be speculated that the higher dolphin 

encounter rate in the central area may be due to a greater number of topographic features 

(oceanic islands and seamounts), which may influence patterns of ocean circulation and, 

ultimately, prey distribution. By including in the model variables that reflected this 

bathymetric heterogeneity, area per se no longer explained dolphin distribution patterns. 

The subdivision of the study region into three areas was based on information about the 

general patterns of ocean circulation and on previous accounts of biogeographic 

differences between the areas (Santos et al., 1995). Yet, the boundaries of the three areas 

were set arbitrarily and in the future a multi-ordination process should be used so grid 

cells are grouped according to their similarities in biophysical parameters. 

 

Dolphins occurred in the Azores during all months and used the area with equal intensity 

year-round. There were, however, inter-annual differences in dolphin abundance. The 

absence of a clear long-term trend suggests that inter-annual variability was related with 

the distribution of survey effort, particularly with the number and location of grid cells 

surveyed in each year. However, the temporal pattern of dolphin abundance not always 

matched the variation in survey effort, indicating there may be other explanations. It is 

possible that inter-annual differences reflected the natural variability in the occurrence of 

the species in the area, as a consequence of, for example, fluctuations in prey abundance. 

 

According to the results of the model, only water depth and slope were important at 

predicting dolphin sighting rate in the Azores. The fact that seabed aspect had no 

significant influence on dolphin probability of occurrence is not surprising given the 

complex topography of the Azores and the diversity of seabed aspects found even within 

a small area. Although photo-identification (Chapter 2) and genetic (Chapter 3) data 
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indicated bottlenose dolphins were capable of long-distance movements across open 

waters, the fact that distance to the nearest coast had no influence on dolphin distribution 

was unexpected. I hypothesize that the absence of a relationship between dolphin sighting 

rate and distance to coast is a consequence of the concentration of animals around 

offshore seamounts. As discussed below, seamounts, like oceanic islands, are areas of 

enhanced biological productivity that attract highly mobile marine predators (Genin, 

2004). Thus, bottlenose dolphins that are travelling across the Azores may be attracted to 

seamounts in the same way they are to oceanic islands and use these areas as “foraging 

posts”. In addition, dolphins associated with the islands may be forced to seek other 

foraging areas, given the small area of suitable habitat available around the islands. 

Dolphins may also use seamount chains as “stepping stones” during their inter-island 

movements.   

 

Bottlenose dolphins preferentially used shallow areas (between 100 and 600 m) with 

steep slopes, which may be explained by the greater biological productivity usually found 

in the vicinity of these areas, as well as by foraging specializations and diving limitations 

of the species (Cañadas et al., 2002; Davis et al., 2002). Preference of bottlenose dolphins 

for shallow-waters with complex topography was already evident in Chapters 2 and 6, by 

the consistency in the location of home range among individuals (Chapter 2) and across 

seasons and years (Chapter 6). In the Azores, given the absence of a continental shelf, 

areas with these characteristics are restricted to a narrow fringe around the islands and to 

shallow-water seamounts.  

 

The distribution of upper trophic-level consumers often reflects the patchy productivity of 

dynamic marine ecosystems (Suryan et al., 2006). Cetaceans are known to actively seek 

out and associate with productive shelf-slope regions, coastal upwelling zones, regions of 

water mass convergence and divergence, and mesoscale features such as eddies (Balance 

et al., 2006). Oceanic islands and seamounts are important discontinuity structures in the 

open ocean that generate local processes, making these areas “hot spots” of high 

biological productivity. Specifically, the topographic disturbance of oceanic flow by an 

island may produce warm wakes, eddies and small-scale upwelling features, which may 

increase the supply of nutrients into the euphotic layer, ultimately leading to enhanced 
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primary productivities, or promote the entrainment of plankton at the surface (Caldeira et 

al., 2002). In seamounts, enhanced horizontal flux of prey, topographic blockage of 

vertical migrating zooplankton, local upwellings and depth retention, are thought to be the 

principal mechanisms leading to aggregation and entrapment of prey at depths easily 

accessible to shallow-diving predators, such as bottlenose dolphins (Genin, 2004). 

Persistence of dolphin-habitat associations documented in this study and others (Yen et 

al., 2004) further supports the idea of a close relationship between certain bathymetric 

features and important hydrographic processes (Genin, 2004; Palacios et al., 2006). 

 

7.5. POPULATION STATUS AND CONSERVATION 
 

Although requiring confirmation by microsatellite analyses, the lack of genetic 

differentiation at mtDNA between bottlenose dolphins from the Azores and those from 

the pelagic population of the northwest Atlantic coast suggests the existence of a single 

oceanic population in the mid-latitude pelagic waters of the North Atlantic Ocean. From a 

conservation standpoint, this population should be regarded as a single management unit, 

characterised by high genetic diversity and large population size. Although this pelagic 

population is probably not threatened in the short time, preserving it may be crucial as it 

may act as a pool for inshore populations (Natoli et al., 2004{ XE "Natoli et al. 2004" }) 

and enable recovery following dramatic events. 

 

Even at the scale of the Azores, the estimated population size and the high survival rates 

reported in Chapter 4 seem to give no reasons for concern about the status of this 

population. Care should be taken, however, because these estimates are only preliminary 

and pertain to a small number of years. Moreover, without previous information about 

these parameters it is impossible to know if the population is increasing, declining or 

stable. Nonetheless, the absence of the most common threats to this species in the Azores 

(Chapter 6) and the high genetic diversity (Chapter 3), provide no concern for the 

viability of this population at present.  

 

This doesn’t mean, however, that certain individuals or groups may not be adversely 

affected by localized threats, such as the one arising from potential disturbance from 
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whale-watching boats (Chapter 6). The constant growth of the whale-watching activity 

and its concentration in a small geographic area, that partly overlaps the home range of 

the resident group, may threaten the welfare of this group. Although a study aimed at 

evaluating the short-term reactions of bottlenose dolphins to the presence of whale-

watching boats failed to document any significant effects (Magalhães et al., 2002), a 

recent study questioned the use of short-term behavioural responses as indicators of 

impacts of anthropogenic disturbance on wildlife (Bejder et al. 2006a). Bejder et al. 

(2006b) documented a long-term decline in the abundance of bottlenose dolphins 

(Tursiops sp.) in Shark Bay related to the whale-watching activity. These authors argue 

that the decline in abundance must have been due at least partially to the displacement of 

more sensitive animals from the area of disturbance, suggesting a long-term shift in 

habitat use (Bejder et al., 2006b). Thus, they only documented moderated responses not 

because impact-site dolphins had become habituated to vessels but because those 

individuals that were sensitive to vessel disturbance left the region before their study 

began (Bejder et al. 2006a). 

 

Knowledge of the space required by an animal/population is critical to the 

implementation of a conservation strategy and a management plan to implement it. It has 

been recognised that “successful conservation and management requires scaling protected 

areas or management units to the biological scales in which species function” (Herfindal 

et al., 2005). In protecting a specific population, the optimal protected area would 

encompass that population’s year-round distribution (Reeves, 2000). In Chapter 6, the 

distribution and usage of a proposed Marine Park by bottlenose dolphins was investigated 

to assess the usefulness of this future protected area as a management tool. The area 

delimited by the Marine Park constituted important habitat for bottlenose dolphins 

throughout the year. Yet, the area covered by the Marine Park was clearly insufficient to 

satisfy the spatial requirements of the resident group. In addition, the areas more 

frequently used during essential activities such as foraging or socializing and resting were 

not included. Thus, the current boundaries of this area limit its conservation value. The 

results from Chapters 2 and 6 also illustrate the risk of conceiving and implementing 

conservation strategies based on information available from other areas and populations.  
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Even if the whole area used by the resident group is not included in the Marine Park, the 

establishment of this protected area may still be beneficial if the threat posed by the 

whale-watching activity can be reduced or removed. This would contribute to reduce the 

frequency with which each individual was exposed to the vessels and diminish the 

cumulative impacts of the activity. In order to achieve this goal, the implementation of a 

management plan is urgently needed to turn the MPA into a useful tool to promote the 

conservation of the resident group and the protection of important habitat to the 

bottlenose dolphin population. In addition, information on the temporal variability of 

individual ranging patterns is urgently needed and should also be considered in the 

management plan. For instance, the range expansion recently documented in the Moray 

Firth bottlenose dolphin population seriously compromises the protection afforded by the 

designation of a Special Area of Conservation under the European Union Habitat’s 

Directive (Wilson et al., 2004). As these authors point out, the Moray Firth example 

stresses the need of incorporating the temporal component into management plans. 
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Abstract  

Despite the openness of the oceanic environment, limited dispersal and tight social 

structure often induce genetic structuring in marine organisms, even in large animals such 

as cetaceans. In the bottlenose dolphin, mitochondrial and nuclear DNA analyses have 

revealed the existence of genetic differentiation between pelagic (or offshore) and coastal 

(or nearshore) ecotypes in the western North Atlantic, as well as between coastal 

populations. Because previous studies concentrated on continental margins, we analysed 

the population structure of bottlenose dolphins in two of the most isolated archipelagos of 

the North Atlantic: the Azores and Madeira. We analysed 112 samples collected on live 

animals in the two archipelagos, and nine samples collected on stranded animals in 

Madeira and mainland Portugal. Genetic analyses consisted in molecular sexing, 

sequencing of part of the mitochondrial hyper-variable region, and screening of ten 

microsatellite loci. We predicted that: 1/ there is at least one pelagic and one or more 

coastal populations in each archipelago; 2/ populations are differentiated between and 

possibly within archipelagos. Contrary to these predictions, results indicated a lack of 
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population structure in the study area. In addition, comparison with published sequences 

revealed that the samples from the Azores and Madeira were not significantly 

differentiated from samples of the pelagic population of the western North Atlantic. Thus, 

bottlenose dolphins occurring in the pelagic waters of the North Atlantic belong to a large 

oceanic population, which should be regarded as a single conservation unit. Unlike what 

is known for coastal populations, oceanic bottlenose dolphins are able to maintain high 

levels of gene flow.  

 

Introduction 

Stock assessment has become an important issue for the conservation and sustainable 

management of marine ecosystems. The improvement of molecular genetic techniques 

over the last twenty years enables to identify conservation units on the basis of genetic 

population structure and dynamics (e.g. Frankham et al. 2002{ XE "Frankham et al. 2002" 

}). In the marine environment, barriers to dispersal are few, and one may expect species 

with high dispersal capacities to demonstrate little population structure. However, recent 

studies have revealed fine-scale population genetic structure in highly vagile marine 

organisms such as squids (Shaw et al. 1999{ XE "Shaw et al. 1999" }) and cods (Knutsen 

et al. 2003{ XE "Knutsen et al. 2003" }). In marine mammals, most species show 

extensive structure among populations (Hoelzel et al. 2002{ XE "Hoelzel et al. 2002" }). 

Population differentiation can occur on a small geographic scale, as a result of isolation 

by distance (e.g. in western Australian bottlenose dolphins, Krützen et al. 2004{ XE 

"Krützen et al. 2004" }) or due to ecological specialisation in relation with habitat features 

(e.g. in the Pacific white-sided dolphin, Hayano et al. 2004{ XE "Hayano et al. 2004" }, 

and the killer-whale, Hoelzel et al. 1998a{ XE "Hoelzel et al. 1998a" }).  

 

In the bottlenose dolphin, Tursiops truncatus (Montagu 1821), a distinction can be made 

between pelagic (or offshore) and coastal (or nearshore) ecotypes (see Hoelzel et al. 

1998b{ XE "Hoelzel et al. 1998b" } for a review). Mitochondrial and nuclear DNA 

analyses have revealed the existence of genetic differentiation between the two ecotypes 

in the North-West Atlantic (Hoelzel et al. 1998b{ XE "Hoelzel et al. 1998b" }). Recently, 

a comprehensive study showed significant differentiation between several coastal 

populations and two highly polymorphic pelagic populations, one in the north-eastern 
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Pacific and one in the north-western Atlantic (Natoli et al. 2004{ XE "Natoli et al. 2004" 

}). Some coastal populations appeared to be morphologically and genetically sufficiently 

distinct to be classified as a separate species, such as T. aduncus in Chinese waters (Wang 

et al. 1999{ XE "Wang et al. 1999" }; Wang et al. 2000{ XE "Wang et al. 2000" }) and a 

potential third species along the South African coast (Natoli et al. 2004{ XE "Natoli et al. 

2004" }). Pelagic forms have been reported to range primarily between the 200- and 

2000 m-isobaths (cf. Wells et al. 1999{ XE "Wells et al. 1999" }). Genetic differentiation 

between ecotypes has been used to characterise ecotype distribution according to water 

depth and/or distance to the coast. In the North-West Atlantic, the pelagic ecotype occurs 

mainly in waters beyond 34 km from shore and 34 m depth while the coastal one occurs 

at least up to 7.5 km from shore (Torres et al. 2003{ XE "Torres et al. 2003" }). In the 

Gulf of California, a distribution break is found around the 60m-isobath (Segura et al. 

2006{ XE "Segura et al. 2006" }). At a regional scale, genetic analyses evidenced 

differentiation between the eastern and western basins of the Mediterranean Sea (Natoli et 

al. 2005{ XE "Natoli et al. 2005" }), as well as between coastal populations of the Gulf of 

Mexico (Sellas et al. 2005{ XE "Sellas et al. 2005" }) and the Northern Bahamas (Parsons 

et al. 2006{ XE "Parsons et al. 2006" }). Despite the broad geographic coverage of all 

these studies, bottlenose dolphins have only been studied in peri-continental areas, and 

virtually nothing is known about distant offshore regions. The aim of the present study 

was to fill in this gap, by studying the population structure of bottlenose dolphins around 

two of the most isolated archipelagos in the North Atlantic, the Portuguese archipelagos 

of the Azores and Madeira.  

 

The archipelago of the Azores is situated about 1500 km away from the nearest coast. It 

comprises nine islands divided into three groups that are separated by a few hundreds of 

kilometres. The archipelago of Madeira is located about 500 km west of the North 

African coast. It comprises two main islands separated by a few dozens of kilometres and 

two sub-archipelagos, with a total of seven islands. Previously reported bathymetric limits 

between coastal and pelagic populations of bottlenose dolphins cannot apply to the 

Portuguese archipelagos, because deep waters (> 200 m) occur at very short distances 

from the coast (Santos et al. 1995{ XE "Santos et al. 1995" }). Nonetheless, in the Azores, 

cetacean species seem to present different habitat preferences, with a distinction between 
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a coastal and a pelagic zone (Silva et al. 2003{ XE "Silva et al. 2003" }). Bottlenose 

dolphins tend to be more abundant in coastal waters, less than 9 km from the coast and 

shallower than 1000 m (Silva et al. 2003{ XE "Silva et al. 2003" }). Another way to 

distinguish between ecotypes is to look at patterns of residency, as coastal dolphins tend 

to be resident while pelagic ones may be transient (Wells et al. 1999{ XE "Wells et al. 

1999" }). Bottlenose dolphins are present year-round in the two Portuguese archipelagos. 

Separate photo-identification surveys carried out in each archipelago have shown that 

some individuals are sighted repeatedly in the same area at different seasons (Silva 2006{ 

XE "Silva 2006" }; L.F., unpublished results). These animals are probably resident. On 

the opposite, some individuals are rarely observed in the main study area and can travel 

large distances. They may be visitors. Thus, it can be hypothesised that the individuals 

ranging in each archipelago are from at least two populations, at least one population of 

coastal / residents and at least one population of pelagic / transients. Alternatively, or in 

combination with that hypothesis, population structure could follow the geographical and 

physical structure of the archipelagos. Different populations could occupy the two 

archipelagos and there may be some population differentiation between groups of islands. 

In that case, a correlation between geographical and genetic distances can be expected. 

 

We used a combination of mitochondrial DNA (mtDNA) sequences and microsatellite 

markers to test our predictions about the population structure of bottlenose dolphins 

around the Portuguese archipelagos of the Azores and Madeira. Sampling was performed 

at a wide range of distances from the coast (from 0.2 to 100 km) in order to cover both 

coastal and pelagic habitats. A few samples from the continental coast of Portugal were 

also analysed. Comparisons were made with published mtDNA sequences from other 

populations of the Atlantic Basin, in order to evaluate the degree of differentiation of the 

two archipelagos in relation with peri-Atlantic areas. 

 

Material and methods 

Study sites 

The archipelago of the Azores (AZ - Portugal, Fig. 1A and 1B) is located in the North 

Atlantic Ocean, about 1500 km away from the continent. It lies between the 37th and 41st 

northern parallel and the 25th and 31st western meridian, extending more than 480 km 
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along a Northwest-Southeast axis and crossing the Mid-Atlantic Ridge. It is composed of 

nine volcanic islands divided into three groups (the eastern, central and western groups) 

separated by deep waters (ca. 2000 m) with scattered seamounts (Santos et al. 1995{ XE 

"Santos et al. 1995" }). Shallow waters (< 200m) occur only at very short distances from 

the coast, and in the channel between Pico and Faial islands. Most field work was 

conducted in the central group of islands (around the islands of Pico and Faial, from the 

harbour of Horta - 38.53°N and 28.63°W), on a daily basis. Cruises of longer duration 

were organized in order to cover the whole archipelago. 

 

The archipelago of Madeira (MA - Portugal, Fig. 1A) is located in the North Atlantic 

Ocean, 580 km West of Morocco, Africa. It is composed of two main volcanic islands, 

Madeira and Porto Santo, which are separated by a stretch of 35 km getting as deep as 

3000 m. It also comprises two sub-archipelagos, Desertas Islands and Selvagens Islands, 

located 11 km Southeast and 300 km South of Madeira, respectively. Fieldwork was 

conducted on the southern coast of Madeira and West of the Desertas Islands, from the 

harbour of Caniçal (32.7°N and 16.7°W). 

 

Samples from mainland Portugal (hereafter "Mainland") were obtained from animals that 

stranded along the oceanic shoreline (38.15°N-8.73°W to 40.48°N-8.78°W). 

 

Sample collection and DNA extraction 

Skin samples were collected using a biopsy darting system (a 125-lb Barnett crossbow, 

with arrows and darts specially designed for small cetaceans by F. Larsen, Ceta-Dart). In 

the Azores, 86 biopsy samples were obtained between 2002 and 2005: 46 samples in the 

central group, 24 in the eastern group, 9 in the western group and 5 around seamounts 

located 100 km south of the central group. All samples but two were from adult and 

subadult individuals, and all samples were retained for analyses. Samples were stored 

either in a 20% dimethyl-sulfoxide (DMSO) solution saturated with salt, or in 90% 

ethanol, which proved to be a better preservative than DMSO. Photographs of sampled 

individuals were collected for photo-identification purpose. Eight individuals were 

identified as being resident in the central group of islands (Silva 2006{ XE "Silva 2006" 

}). In Madeira, 26 biopsy samples were collected in 2004 and 2005, at a maximum of 
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10 km from the coast of the main highland. Sampling scheme precluded any attempt to 

make comparisons between groups of islands. All samples were from adult individuals 

and stored in alcohol. Two additional samples were obtained from individuals that 

stranded on the coast of Madeira in 1998.  

 

In addition, seven samples were collected on animals that stranded along the coast of 

mainland Portugal between 1997 and 2005. These samples were used for comparison with 

a continental population, despite small sample size.  

 

Biopsy samples were classified into two categories according to habitat characteristics at 

sampling location, following the dichotomy suggested by previous work on cetacean 

distribution in the Azores (Silva et al. 2003{ XE "Silva et al. 2003" }): 1/ distance to the 

coast smaller than 9 km and depth lower than 1000 m (mean depth 396 m +/-266, 95% 

CI: 331-461 m; N=64 for the Azores and 21 for Madeira), 2/ distance to the coast larger 

than 9 km and depth ranging from 385 to 1655 m (mean depth 884 m +/-414, 95% CI: 

698-1070 m; N=19 for the Azores and 3 for Madeira). Depth and distance to the coast at 

sampling location were estimated by means of a Geographic Information System.  

 

Samples were processed at the INETI, Lisbon, Portugal. DNA extractions were 

performed following the protocol of Gemmel & Akiyama (1996{ XE "Gemmel & 

Akiyama 1996" }). About 1-2 mm3 of skin were minced and rinsed in dd-water prior to 

extraction. Digestion was extended overnight at 56°C, using recombinant proteinase K. 

The LiCl2 precipitation and chloroform extraction were performed as described by the 

authors, except that the chloroform extraction was repeated twice.  

 

Mitochondrial DNA sequences 

Acquisition of sequences 

Part of the tRNA-Thr, the tRNA-Pro and the most variable part of the mitochondrial D-

loop were amplified using the primers Dloop-16L 5'-CCCGGTCTTGTAAACC-3' 

(Hoelzel et al. 1991{ XE "Hoelzel et al. 1991" }) and H00034 5'-

TACCAAATGTATGAAACCTCAG-3' (Rosel et al. 1994{ XE "Rosel et al. 1994" }). For 

26 samples, a longer fragment of 833 base pairs (bp) was obtained with the primers 
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Dloop-16L and Dloop-19H 5'-ATTTTCAGTGTCTTGCTTT-3' (Hoelzel et al. 1991{ XE 

"Hoelzel et al. 1991" }). Longer sequences were used to assess the impact of using shorter 

sequences on haplotype diversity. They were truncated to 604 bp before subsequent 

analyses.  

 

PCR reactions were carried out in a 25 µl volume using 0.75 units of Taq DNA 

polymerase (MBI Fermentas) and 2mM MgCl2. The number of cycles was set to 35 and 

the annealing temperature to 52°C. PCR products were purified with the GFX PCR DNA 

purification kit (Amersham Biosciences), following the manufacturer's protocol. 

Sequencing was done on ABI-prism capillary sequencers (Applied Biosystems), at one of 

the following institutions: 1/ CRIBI, University of Padova, Italy, 2/ INETI, Portugal, and 

3/ Macrogen, Korea. Two samples were sequenced at all three locations to ensure cross-

institution reliability. All samples were sequenced with the 16L primer, using an annealing 

temperature of 55°C. Thirty-three samples were also sequenced with the reverse primer 

and no ambiguities were found. All sequences were double-checked for errors. Sequences 

were deposited in GenBank, with reference numbers DQ073641 to DQ073729 and 

DQ525357 to DQ525388. 

 

Alignment was performed visually. Three gaps were identified. The first 23 nucleotide 

positions were deleted due to potential misreading at the beginning of the sequence. The 

final alignment was 604 bp long.  

 

In addition, 194 published D-loop sequences of Tursiops truncatus were used to obtain a 

general picture of population structure in the Atlantic Basin (Fig. 1A). Seven populations 

were considered: United Kingdom (UK; N = 38: 29 sequences from Parsons et al. 2002{ 

XE "Parsons et al. 2002" }, and 9 from Natoli et al. 2004{ XE "Natoli et al. 2004" }), 

Mediterranean Sea (MS; N = 18; Natoli et al. 2004{ XE "Natoli et al. 2004" }), North-

West Atlantic Pelagic (NWAP; N = 25; Natoli et al. 2004{ XE "Natoli et al. 2004" }), 

East Atlantic (EA; N = 17; Natoli et al. 2004{ XE "Natoli et al. 2004" }), North-West 

Atlantic Coastal (NWAC; N = 29; Natoli et al. 2004{ XE "Natoli et al. 2004" }), Bahamas 

(BAH; N = 55; Parsons et al. 2006{ XE "Parsons et al. 2006" }), and Gulf of Mexico 

(GM; N = 12; Natoli et al. 2004{ XE "Natoli et al. 2004" }). These populations were 
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classified as coastal or pelagic according to the nomenclature adopted in one of the most 

recent studies (Natoli et al. 2004{ XE "Natoli et al. 2004" }). As most fragments were 

only 296 bp long, all sequences were truncated to that length for the analyses within the 

Atlantic Basin. Two additional gaps were added for alignment with these sequences. 

 

Haplotype networks 

We investigated the phyletic relationships between the haplotypes from the Portuguese 

archipelagos and Mainland using network-building methods. These methods are more 

efficient than classical phylogenetic algorithms when genetic distances between 

individuals are small and the number of equally parsimonious connections is high, as 

expected for intra-specific comparisons (Templeton et al. 1992{ XE "Templeton et al. 

1992" }; Crandall 1996{ XE "Crandall 1996" }). We selected the Median Joining 

approach (MJ), implemented by the software Network4 (Bandelt et al. 1999{ XE "Bandelt 

et al. 1999" }), for being one of the most efficient network-building methods available to 

date (Cassens et al. 2003{ XE "Cassens et al. 2003" }). The homoplasy parameter (ε) was 

set to zero. Two weighting schemes were applied in order to account for differences in 

substitution rates: 1/ equal weight for all classes of changes, and 2/ weight of 10 for 

transitions and 30 for transversions and gaps, as suggested by the authors for a tenfold 

difference in mutation rates between substitution classes.  

 

Population structure 

Genetic distances between and within archipelagos were calculated using the Tamura-Nei 

formula (Tamura & Nei 1993{ XE "Tamura & Nei 1993" }). Corrected distances 

accounting for intra-population variability (PiXY-(PiX+PiY)/2) were also calculated. 

Genetic differentiation among potential populations was assessed taking into account 

nucleotide differences between haplotypes (ΦST, Weir & Cockerham 1984{ XE "Weir & 

Cockerham 1984" }), after correction by the Tamura-Nei formula. Significance was 

assessed by a permutation procedure (10,000 permutations). These calculations were 

performed with Arlequin 3.1 (Excoffier et al. 2005{xe "Excoffier et al. 2005"}). 

 

Genetic differentiation between the studied populations and other populations of the 

Atlantic Basin was assessed by calculating ΦST and its significance, as above. For each 



 229

population, gene diversity (H) and nucleotide diversity (π) were calculated using Arlequin 

3.1. Shared haplotypes between populations were identified using the same software. An 

asymmetric estimate of the migration rate (Nem) between relevant populations was 

calculated using Migrate 2.0 (Beerli 2004{ XE "Beerli 2004" }). Initial runs were set 

estimating θ and M with FST. Reruns were performed using the parameters estimated 

during the first run, with 10 short chains of 50,000 steps and 3 long chains of 500,000 

steps. For each estimate of M, significant departure from zero and from a symmetric 

migration scheme was tested by a lilekihood ratio test. 

 

We tested for the effect of geographic distances on population structure by means of a 

Mantel test, using the program Genetix 4.03 (Belkhir et al. 2001{ XE "Belkhir et al. 

2001" }). Given that the distribution of sampling locations was three-dimensional, ΦST 

/(1- ΦST) was expected to vary linearly with the logarithm of geographic distances. 

Individuals were grouped according to sampling locations following two different 

schemes. First, we considered Madeira, the Mainland, and four populations within the 

Azores: the three groups of islands and the seamounts. Second, we divided the central 

group of islands into three groups: Graciosa (N = 4 samples), Terceira (N = 5), and the 

remnant islands (N = 37). The latter scheme allowed increasing the number of 

populations and accounting for the large distances between sampling locations within the 

central group, but resulted in lower sample sizes. The significance of the tests was 

assessed by 10,000 Monte Carlo-Markov Chain (MCMC) simulations. 

 

In order to determine whether there was some degree of genetic differentiation between 

individuals sampled in "coastal" or "pelagic" habitats, we performed a Molecular 

Analysis of Variance (AMOVA) using Arlequin 3.1. Because differentiation between 

groups of islands was also expected, two alternative grouping schemes were compared: 1/ 

clustering of samples first according to habitats (within or beyond 9 km from the coast) 

and second according to groups of islands (Madeira, the three groups of Azorean islands, 

and the seamounts); 2/ clustering of samples first according to groups of island and 

second according to habitats. Finally, we measured gene diversity (H) and nucleotide 

diversity (π) in known resident individuals, using Arlequin 3.1. 

 



 230

Microsatellites and molecular sexing 

Data acquisition 

Ten polymorphic dinucleotide microsatellite loci were analysed: d22 (Shinohara et al. 

1997{ XE "Shinohara et al. 1997" }), EV5, EV14, EV37 (Valsecchi & Amos 1996{ XE 

"Valsecchi & Amos 1996" }), FCB1, FCB17 (Buchanan et al. 1996{ XE "Buchanan et al. 

1996" }), Mk6, Mk8 (Krutzën et al. 2001{ XE "Krutzën et al. 2001" }), Sw10 and Sw19 

(Richard et al. 1996{ XE "Richard et al. 1996" }). PCR reactions were performed in 

multiplex whenever possible, applying a touched-down decrease in annealing 

temperatures: Sw19 and Sw19 (50 → 47.5°C); FCB1, FCB17 and EV37 (56 → 53°C); 

Mk6, Mk8, d22 (56 → 53°C). Fragments were scanned on an ABI 310 capillary 

sequencer using the size marker ROX350 (Applied Biosystems).  Molecular sexing was 

performed by co-amplification of a short fragment of the male-specific SRY gene (CSY, 

157 bp, Abe et al. 2001{ XE "Abe et al. 2001" }) and a monomorphic microsatellite 

fragment used as a PCR control for positive identification of females (Sw15, 234 bp, 

Richard et al. 1996{ XE "Richard et al. 1996" }).  

 

Polymorphism control 

Prior to analyses, genotypes were checked for potential errors and replicated individuals 

using Microsatellite Tools (MsTools, Park 2001{ XE "Park 2001" }). Genotyping was 

repeated whenever necessary. There were three cases of individuals that had been 

sampled twice in the Azores and one case in Madeira. The duplicated samples were 

removed from all data sets, so that the final number of individuals analysed was 83 for the 

Azores, and 27 for Madeira. 

 

Polymorphism was estimated as the number of alleles per locus, observed heterozygosity 

(HO), unbiased expected heterozygosity (HE), and polymorphism information content 

(PIC; Botstein et al. 1980{ XE "Botstein et al. 1980" }), using Cervus (Marshall et al. 

1998{ XE "Marshall et al. 1998" }). The PIC, which is based on expected heterozygosity 

and the number of alleles per site, is representative of the diversity found at each locus. 

Departure from Hardy-Weinberg (HW) frequencies within populations was tested with 

FSTAT 2.9.3 (Goudet 2001{ XE "Goudet 2001" }) using a randomization procedure. A 

sequential Bonferroni correction was applied to compensate for multiple tests (Rice 1989{ 
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XE "Rice 1989" }). For the main two populations, global FIS was calculated and its 

significance estimated by a permutation procedure (10.000 replicates) using Genetix 4.03 

(Belkhir et al. 2001{ XE "Belkhir et al. 2001" }).  

 

Population structure 

Preliminary analysis of allele-size distribution indicated that half of the loci seemed to 

conform to the uni- or bi-modal distribution of allele sizes expected under the Stepwise 

Mutation Model (SMM, Ohta & Kimura 1973{ XE "Ohta & Kimura 1973" }). Other loci 

presented multimodal distributions and/or large gaps in allele sizes, more in agreement 

with the Infinite Allele Model (IAM, Kimura & Crow 1964{ XE "Kimura & Crow 1964" 

}) or the Two Phase Model. Thus, genetic differentiation among potential populations was 

assessed based on both the IAM model (FST, Weir & Cockerham 1984{ XE "Weir & 

Cockerham 1984" }) using Arlequin 3.1, and the SMM model (RST = RhoST of Slatkin 

1995{ XE "Slatkin 1995" }) using RstCalc (Goodman 1997{ XE "Goodman 1997" }). In 

the latter case, data were standardized in order to compensate variance differences 

between loci. Significance was assessed by a permutation procedure (10,000 

permutations). The influence of allele size on population differentiation was tested with 

the permutation test implemented in SPAGeDi 1.1b (Hardy & Vekemans 2002{ XE 

"Hardy & Vekemans 2002" }). Note that, although RST was designed especially for 

microsatellites and accounts for differences in allele sizes, FST was shown to be more 

reliable than RST when sample size is limited (Gaggiotti et al. 1999{ XE "Gaggiotti et al. 

1999" }) and when gene flow is high (Balloux & Goudet 2002{ XE "Balloux & Goudet 

2002" }). Therefore, FST should be preferred to RST when allele size does not contribute to 

population differentiation. An asymmetric estimate of the migration rate (Nem) between 

the Azores and Madeira was calculated using Migrate 2.0 (Beerli 2004{ XE "Beerli 2004" 

}), as described above, and using the Brownian motion model.  

 

Population structure was also evaluated by Bayesian analyses, using the software 

Structure 2.1 (Pritchard et al. 2000{ XE "Pritchard et al. 2000" }). We examined the 

possibility of an undetected population structure by carrying out MCMC simulations with 

no prior information on the origin of samples. The maximum number of populations (K) 

was assumed to vary between 1 and 6. For each potential value of K, five replications 
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were performed. The program was also run for the whole data set using prior knowledge 

on geographic population structure, in order to identify potential migrants. Three 

populations were considered based on sample origin: Azores, Madeira and Mainland. In 

both cases, the number of steps for the burning process and the simulations was set to 

50,000.  

 

We tested for the effect of geographic distances on population structure by means of a 

Mantel test, as explained above, but replacing ΦST by FST. Given the difficulty of defining 

boundaries between groups and the high mobility of focus animals, we also performed the 

Mantel test at the individual level, using Alleles In Space 1.0 (AIS; Miller 2005{ XE 

"Miller 2005" }). The genetic distance implemented in this program is an analogue of 

Nei's distance (Nei et al. 1983{ XE "Nei et al. 1983" }) applied to pair of individuals. 

Log-transformed geographic distances were used and significance was assessed by 10,000 

permutations. 

 

The degree of genetic differentiation between individuals sampled in "coastal" or 

"pelagic" habitats was estimated by means of an AMOVA, as described above. Because 

haplotypes clustered in two distinct groups (cf. result section), an AMOVA was also 

performed to determine how microsatellite diversity was partitioned between haplotype 

groups. 

 

Mean degree of relatedness between resident individuals was compared to mean 

relatedness in the Azores based on Moran’s I coefficients calculated with SPAGeDi 1.1b 

(Hardy & Vekemans 2002{ XE "Hardy & Vekemans 2002" }). This coefficient was 

chosen because it is defined in a way that mean relatedness is zero for the whole 

population. Actual variance and standard deviation were estimated by the method of 

Ritland (2000{ XE "Ritland 2000" }). 

 

Sex-biased dispersal was tested using the program FSTAT 2.9.3 (Goudet 2001{ XE 

"Goudet 2001" }) based on sex-specific expectations with respect to FIS, FST, and a 

likelihood assignment index. Significance was tested by 10,000 permutations. The 
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analysis was performed twice, using adults only, and using adults and subadults, as a 

mean to increase sample size. 

 

Results 

Molecular sexing indicated a sampling bias in favour of males in the Azores. Excluding 

the samples from stranded animals (2 males from Madeira), there were 61 males and 22 

females in the Azores (sex-ratio = 2.77:1) and 13 males and 12 females in Madeira (sex-

ratio = 1.08:1). 

 

Mitochondrial DNA sequences 

Variability 

Among the 26 Azorean samples for which long sequences were obtained, long sequences 

(833 bp) revealed 19 different haplotypes, while short sequences (604 bp) corresponded 

to 18 haplotypes, resulting in a loss of 5.3 %. For the entire set of 604 bp sequences, there 

were 37 different haplotypes out of 83 samples for the Azores, 16 out of 25 samples for 

Madeira (note that two samples from Madeira could not be sequenced) and 5 out of 7 

samples for the Mainland. Gene diversity and nucleotide diversity were high at the three 

locations and similar to the values obtained for the 296 bp sequences (cf. Table 4).  

 

Population structure within and between archipelagos  

Twelve haplotypes were shared between the Azores and Madeira. The mean Tamura-Nei 

distance between archipelagos was 7.17, but lowered to 0.47 after correction for intra-

population polymorphism. Within the Azores, the mean Tamura-Nei distance was 7.45, 

while it was 5.95 in Madeira.  

 

In the Azores, fixation indexes indicated a lack of population differentiation between all 

sampling sites, except between the central and western groups of islands (Table 1A). 

Comparisons between the Azores, Madeira and the Mainland revealed significant 

differentiation between the two archipelagos (ΦST = 0.059, p = 0.017), but no significant 

differentiation with regards to comparisons involving the Mainland (Table 1B). Estimates 

of migration rates indicated that gene flow was very high from Madeira to the Azores 

(Table 2), and significantly higher than in the opposite direction (p < 0.001). Mantel tests 
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were not significant when performed on the originally defined populations (Z = 4.200, p = 

0.254) or on refined populations (central group of islands subdivided between Terceira, 

Graciosa, and the remnant islands: Z = 1.103, p = 0.200). 

 

The AMOVA indicated that most (> 95 %) of the genetic variance was found within 

groups of samples collected in the same habitat and the same group of islands (Table 3). 

Clustering the samples first according to groups of islands and then according to habitats 

(Table 3A), or the reverse (Table 3B), had little impact on the output of the analysis. The 

proportion of variance attributed to differentiation between habitats was negative, while 

the proportion found between groups of islands was positive. None of the fixation indices 

was significant. 

 

In the eight known resident individuals of the Azores, a high level of molecular diversity 

was found (H = 1 and π = 0.016). These values were similar to those found for the whole 

Azorean sample (see above).  

 

The Median Joining network showed that haplotype clustering was independent of 

sampling location (Fig. 2). The application of differential weights did not alter 

significantly the phyletic relationships between haplotypes. The weighted network was 

identical to the unweighted one, except for the breakage of three loops. The network 

revealed two main groups of haplotypes separated by a large genetic distance. Mean 

Tamura-Nei distance between the two clusters was 12.88, and only 7.84 after correction 

for within cluster polymorphism.  

 

Population structure within the Atlantic Basin 

Shortening the sequences from 604 to 296 bp resulted in the loss of eight haplotypes for 

the Azores (21.6%) and two for Madeira (12.5%). Shorter sequences could result in 

overestimation of similarity, but we verified that using shorter sequences had little impact 

on the evaluation of population differentiation between the Azores and Madeira (ΦST 

= 0.057, p = 0.036). 
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The high gene and nucleotide diversities found in the Azores and Madeira were 

comparable to the values obtained for the North-West Atlantic Pelagic and Mediterranean 

Sea populations (Table 4). The studied populations shared haplotypes with the 

Mediterranean Sea and most populations of the Atlantic Ocean (Table 4). No haplotypes 

were shared with the coastal populations of the North-West Atlantic, Bahamas and Gulf 

of Mexico.  

 

The populations of the Portuguese archipelagos were significantly differentiated from all 

the populations of the Atlantic Basin, except the North-West Atlantic Pelagic population. 

The population of Madeira was also not differentiated from that of the Eastern Atlantic 

(Table 5). For both archipelagos, the highest levels of differentiation were found with the 

coastal populations of the North-West Atlantic, Bahamas and Gulf of Mexico. Estimates 

of migration rates indicated significant gene flow between the Azores, Madeira and the 

NWAP population (Table 2). Gene flow was relatively high from the NWAP to the 

Azores, but not significantly higher than in the opposite direction (p = 0.110). 

 

Microsatellites 

Variability 

The ten selected loci presented a high level of allelic diversity (13.5 alleles on average) 

despite the low variability of two loci (EV5 and Sw10, with three alleles each; Table 6). 

Expected heterozygosity and polymorphism information contents were high. These 

values, which were calculated for the whole dataset, were quite similar to those obtained 

for each of the main two populations. All loci appeared to be in HWE after application of 

a Bonferroni correction (Table 6). The inbreeding coefficient calculated over all loci was 

non-significant for the Azores (FIS = 0.012, p = 0.179) and Madeira (FIS = 0.014, 

p = 0.326).  

 

Population structure within and between archipelagos 

Apart from a significant Rst-value between the central and western groups of islands in 

the Azores (RST = 0.032, p = 0.046), there was no evidence of population differentiation 

within the Azores or between the three study sites (Tables 7A and 7B). Allele size 

appeared not to play a significant role in determining population differentiation (p-values 
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were non significant), suggesting that FST should be preferred to RST. Estimates of 

migration rates between the Azores and Madeira indicated significantly higher gene flow 

from (Nm = 26.3; 95% CI = 23.1-29.9) than to the Azores (Nm = 1.1; 95% CI = 0.9-1.3; 

p < 0.001). Population-based Mantel tests were not significant when performed on the 

originally defined populations (Z = 0.067, p = 0.914) or on refined populations (Z = 

0.307, p = 0.460). Individual-based Mantel test was also not significant (r = 0.002, p = 

0.452).  

 

The AMOVA indicated that 99.8 % of the genetic variance was found within groups of 

samples collected in the same habitat and the same group of islands (Table 3). Less than 

0.4 % of variance was explained by comparing samples between groups of islands or 

habitats. None of the fixation indices was significant. 

 

The mean relatedness between resident individuals (Moran’s I = 0.000 +/- 0.055) was 

similar to the mean relatedness of the whole Azorean sample (0.000 +/- 0.008).  

 

Bayesian analyses performed on unassigned individuals failed to uncover any population 

structure. The highest likelihood value was obtained for K = 1 and assignment indexes 

were close to 1/K. When running the analysis with predefined populations, all the samples 

had a higher probability to come from the population they had been collected in. This was 

likely due to lack of differentiation between populations (Kullback-Leibler distances 

varied between 0.00 and 0.03). 

 

Tests for sex-biased dispersal did not yield significant differences between sexes for any 

of the indicators. Furthermore, while two indicators tended to match the expectations for 

higher dispersal in males than females (FST = 0.007 for females and -0.004 for males, p = 

0.224; Variance of Assignment Index = 8.79 for females and 10.48 for males, p = 0.615), 

the other two showed the opposite trend (FIS = 0.055 for females and 0.009 for males, p = 

0.912; Mean Assignment Index = -0.638 for females and 0.263 for males, p = 0.891; 

N = 26 females and 63 males). When the tests were repeated using both adults and 

subadults, similar results were obtained. 
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Population differentiation between haplotype groups  

The AMOVA revealed that 100 % of the microsatellite variance was found within 

haplotype groups. FST was negative and not significant (FST = -0.0004, p = 0.554), 

indicating that microsatellite diversity tended to be higher within than among haplotype 

groups.  

 

Discussion 

Variability 

In the Azores, sampling was strongly biased in favour of males (male / female sex-ratio = 

2.8). This bias was probably a sampling artefact, as it seemed that adult females tended to 

avoid the boat, especially when accompanied by young calves. However, no such bias 

was observed in the samples from Madeira, suggesting a potential difference in dolphins' 

behaviour or an actual difference in sex-ratio between archipelagos. Results might have 

been influenced by the fact that field work was conducted year-round in Madeira, but 

only in summer in the Azores, when many young calves were present. 

 

MtDNA sequences showed a high gene and nucleotide diversity in our samples. The 

values were similar to those obtained for the North-West Atlantic Pelagic population and 

for the Mediterranean Sea (Table 4; see also Natoli et al. 2004{ XE "Natoli et al. 2004" }). 

Sequencing of 604 bp of the most variable part of the D-loop rather than a longer 

fragment (833 bp) had little effect on diversity assessment (loss of diversity = 5.3%). 

Using the shorter fragment available for most samples from the Atlantic Basin resulted in 

a loss of diversity of 21.6 % for the Azores and 12.5 % for Madeira.  

 

The ten selected microsatellite loci were globally very polymorphic and showed high 

polymorphism information contents. The mean number of alleles and level of 

heterozygosity were comparable to those reported for the North-West Atlantic Pelagic 

population and for the Mediterranean Sea (Natoli et al. 2004{ XE "Natoli et al. 2004" }). 

Such high values are typical of large panmictic populations (Frankham et al. 2002{ XE 

"Frankham et al. 2002" }). 
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Absence of population structure within and between archipelagos 

Within the Azores, the western group of islands appeared to be slightly differentiated 

from the central group with respect to female-transmitted mtDNA and possibly 

microsatellites (RST but not FST). However, the western group was not differentiated from 

the eastern one, despite a greater geographic distance. The significant differentiation of 

the western group might be due to a sampling bias, as only nine samples were obtained 

from that area. This question requires further examination.  

 

MtDNA indicated significant differentiation between the Azores and Madeira, but not 

between the two archipelagos and the Mainland (Table 1B). This latter result could be due 

to small sample size for the Mainland. Microsatellites showed no population 

differentiation between the three study sites (Table 7B). Estimates of asymmetric 

migration rates revealed high gene flow between the two archipelagos (Table 2). While 

mtDNA indicated high gene flow from Madeira to the Azores, microsatellites suggested 

the opposite. For both markers, Mantel tests did not show any significant effect of 

isolation by distance. The AMOVA analyses performed on samples grouped according to 

groups of islands and habitats revealed little differentiation between groups of islands and 

no differentiation between habitats (Table 3). Furthermore, Bayesian analyses of 

microsatellite data performed on unassigned individuals failed to uncover any population 

structure, suggesting that there was no cryptic population structure depending on 

undetected factors. 

 

MtDNA haplotypes clustered in two well differentiated groups that were independent of 

the geographical origin of samples (Fig. 2). We intended to know whether these 

phylogenetic groupings were underlying differentiation between coastal and pelagic 

populations. We verified that haplotype type was independent of individual grouping 

patterns, sampling location and geographic features. In half of the cases where more than 

one individual was sampled within a group (and thus at a given sighting location), there 

were individuals bearing haplotypes of each of the two types. Samples obtained at the 

seamounts, situated 100 km from the shore, also fell into the two haplotype groups. In 

addition, the AMOVA performed on microsatellite data revealed that all of the genetic 

variance was found within haplotype groups. The negative and non significant FST-value 



 239

between haplotype groups indicated the existence of high gene flow between them. Thus, 

we can reject the hypothesis that haplotype groups are reflecting differentiation between 

coastal and pelagic populations. These groups would rather be a heritage of past 

environmental changes and population isolation during glacial stages, as observed in 

other cetacean species (Hoelzel et al. 2002{ XE "Hoelzel et al. 2002" }).  

 

In the Azores, eight individuals could be identified as resident in the central group of 

islands based on photo-identification data (Silva 2006{ XE "Silva 2006" }). These 

individuals showed a high level of mtDNA diversity, similar to that found for the whole 

Azorean sample. Microsatellites indicated that their mean relatedness was similar to that 

of the whole Azorean sample. Although gene flow between resident and non resident 

individuals could not be quantified (because lack of recognition as a resident does not 

imply that an individual is not resident), results suggest that there is substantial gene flow 

between resident and potentially transient bottlenose dolphins in the Azores. 

Interbreeding must be facilitated by the extensive ranging behaviour of some individuals 

and by a lack of habitat partitioning (Silva 2006{ XE "Silva 2006" }), which facilitate 

encounters between groups.   

 

The fact that genetic differentiation was lower for microsatellites (biparental inheritance) 

than for mtDNA (female transmission) suggested that dispersal could be higher in males 

than in females. In several cetacean species, microsatellites also display less population 

structure than mtDNA (Hoelzel et al. 2002{ XE "Hoelzel et al. 2002" }). This pattern is 

usually interpreted as male-mediated gene flow, as in western Australian bottlenose 

dolphins (Tursiops sp., Krützen et al. 2004{ XE "Krützen et al. 2004" }). In the present 

study, the tests for sex-biased dispersal did not support the hypothesis of higher gene flow 

in males than females. While the outcome of our tests might have been flown by small 

sample sizes, the same tests applied to T. truncatus populations of the eastern North 

Atlantic and the Mediterranean and Black Seas also showed no evidence for sex-biased 

dispersal (Natoli et al. 2005{ XE "Natoli et al. 2005" }). By contrast, a similar procedure 

revealed sex-biased dispersal in Australian resident bottlenose dolphins of the species 

T. aduncus (Möller & Beheregaray 2004{ XE "Möller & Beheregaray 2004" }), 

suggesting that there might be some intra-generic differences in sex-biased dispersal.  
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Population differentiation based on mtDNA within the Atlantic Basin 

MtDNA sequences indicated that the populations of the Azores and Madeira were 

significantly differentiated from all the Atlantic Basin populations except the North-West 

Atlantic Pelagic population (Table 5). The ΦST values obtained between these populations 

were very low (ΦST = 0.035 and 0.054, which is close to the "low gene flow" limit of 

0.05, Wright 1978{ XE "Wright 1978" }). The populations of the Azores and Madeira 

would thus be of the pelagic type, despite the fact that bottlenose dolphins are primarily 

encountered within 9 km from the shore in Azorean waters (Silva et al. 2003{ XE "Silva 

et al. 2003" }). This result is consistent with the specificity of the marine habitat around 

the islands of the Azores and Madeira. These volcanic islands are virtually devoid of 

typical coastal habitat, due to the absence of a continental shelf and the occurrence of 

deep waters at short distances from the coast (e.g. Santos et al. 1995{ XE "Santos et al. 

1995" }).  

 

Estimates of migration rates indicated that the eastern and western Atlantic pelagic 

populations were actually exchanging migrants, but that gene flow was relatively low as 

compared to that observed between Madeira and the Azores (Table 2). The existence of 

high gene flow in the North-East Atlantic was unexpected. A recent study showed a high 

level of gene flow between the eastern North Atlantic and the western Mediterranean, but 

in that case, the two populations were contiguous and only separated by the Strait of 

Gibraltar (Natoli et al. 2005{ XE "Natoli et al. 2005" }). Worldwide, gene flow tends to 

be restricted in both sexes (Natoli et al. 2004{ XE "Natoli et al. 2004" }). In West 

Australian bottlenose dolphins, Tursiops sp., gene flow appears to be restricted over short 

distances (Krützen et al. 2004{ XE "Krützen et al. 2004" }). The discrepancy between 

previous studies and ours might be explained by the fact that, while the former mostly 

dealt with coastal populations, the latter investigated a pelagic population. Consistently, 

in common dolphins (genus Delphinus), Natoli and collaborators (2006{ XE "Natoli et al. 

2006" }) found low genetic differentiation among pelagic populations across a large 

geographic scale. The authors’ interpretation was that pelagic populations would tend to 

show high genetic variability and low population differentiation, as a result of high 

mobility and fluid social structure. 
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Results suggest that pelagic bottlenose dolphins are able to maintain a high level of gene 

flow over very large distances. However, it is unclear whether individual dolphins 

actually cross the thousands kilometres that separate the two Portuguese archipelagos and 

these archipelagos from the continental shelves. Satellite-tracking of two pelagic 

bottlenose dolphins in the North-West Atlantic has shown that they were able to travel 

very large distances in a short period of time (up to 4200 km along a 2500 km axis in 47 

days; Wells et al. 1999{ XE "Wells et al. 1999" }). Whatsoever, a preliminary comparison 

of the photo-identification catalogues of the Azores and Madeira did not reveal any 

individual in common (M.A.S. and L.F., unpublished). Gene flow might be achieved 

indirectly, through genetic admixture between social groups. This process must be 

facilitated by the fission-fusion social structure which characterises the species (cf. 

Connor et al. 2000{ XE "Connor et al. 2000" }). Accordingly, high levels of gene flow 

were found in terrestrial species with a fission-fusion social system, such as chimpanzees 

(Gagneux et al. 2001{ XE "Gagneux et al. 2001" }). 

 

Given that present results are only based on mtDNA sequences, we recommend that large 

scale microsatellite analyses encompassing the North Atlantic are performed. Such 

analyses will allow to determine whether the observed lack of population differentiation 

between the North-West Atlantic and the Portuguese archipelagos is actually the 

consequence of present gene flow and to characterize the geographic extent of this 

oceanic population.  

 

Conclusions 

This study suggests that there is a single population of bottlenose dolphins in the pelagic 

waters of the North-East Atlantic, and that this population is not significantly 

differentiated from the pelagic population of the North-West Atlantic. The absence of a 

genetically differentiated coastal ecotype around the North-East Atlantic Islands was 

unexpected, given the prevalence of this finding in the Atlantic and Pacific Oceans 

(Hoelzel et al. 1998b{ XE "Hoelzel et al. 1998b" }; Segura et al. 2006{ XE "Segura et al. 

2006" }) and the pattern of residency observed in the Azores (Silva 2006{ XE "Silva 

2006" }). However, it is consistent with the steep topography of the area, with deep waters 

occurring at short distances from the coast. The lack of geographic structuring suggests 
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larger home ranges and/or higher dispersal in the study area than in previously studied 

populations, as suggested by a photo-identification study (Silva 2006{ XE "Silva 2006" 

}). These findings are probably related to behavioural differences between populations 

exploiting coastal versus pelagic habitats.  

 

The non-differentiation between the North-East and the North-West Atlantic pelagic 

populations was also unexpected. This latter result implies higher levels of gene flow than 

previously known in this species, and indicates that the supposedly poorly productive 

waters of the deep Atlantic do not prevent gene flow. Although requiring confirmation by 

microsatellite analyses, this finding suggests the existence of a single oceanic population 

in the mid-latitude pelagic waters of the North Atlantic Ocean. From a conservation 

standpoint, this population can be regarded as a single management unit, characterised by 

high genetic diversity and large population size. It is probably not threatened in the short 

time, but it still raises a conservation issue. As local threats may impact the whole 

population, there is a need for concerted conservation policies at the scale of the North 

Atlantic. Preserving this pelagic population is all the more important as it may act as a 

pool for inshore populations (cf. Natoli et al. 2004{ XE "Natoli et al. 2004" }) and enable 

recovery following dramatic events. 
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Figure 1. A. Map of the Atlantic Basin showing the populations for which mtDNA 

sequences were available (Sampling site abbreviations: AZ: Azores, MA: Madeira, MP: 

Mainland Portugal, UK: United Kingdom, MS: Mediterranean Sea, NWAP: North-West 

Atlantic Pelagic, EA: East Atlantic, SWA: South-West Atlantic, NWAC: North-West 

Atlantic Coastal, BAH: Bahamas, GM: Gulf of Mexico). B. Enlarged map of the Azorean 

archipelago, with sample collecting sites indicated by plain triangles. One triangle main 

represent more than one sample. 
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Figure 2. Median Joining network obtained with differential weighting of transitions, 

transversions and indels. Circle size is proportional to the number of samples. Filling 

patterns represent the provenance of the samples (red = western, yellow = central, 

orange = seamounts, green = eastern group of Azorean islands, blue = Madeira, black = 

Mainland). Connector length is proportional to the number of substitutions. Small open 

circles represent potential intermediate haplotypes that were not sampled.  
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Tables 1. Population differentiation within the archipelago of the Azores (2A) and 

between the Portuguese archipelagos and Mainland (2B) based on 604 bp-long D-loop 

sequences: ΦST with level of significance (*: p < 0.05, **: p < 0.01). 

A N Western Central Seamounts Eastern 

Western 9 - 0.163** 0.121 0.025 

Central 46  - -0.052 0.032 

Seamounts 5   - -0.011 

Eastern 23    - 

 

B n Azores Madeira Mainland 

Azores 83 - 0.059* 0.089 

Madeira 25  - 0.020 

Mainland 7    - 

 

 

Table 2. Asymmetric migration rates (Nm) with 95% confidence intervals (between 

brackets) between populations, based on DNA sequences. All estimates were significantly 

different from zero (p < 0.001).  

From \ To n Azores Madeira NWAP 

Azores 83 - 0.4 1.0 

   [0.1-3.9] [0.2-8.6] 

Madeira 25 222.1 - 9.5 

  [67.7-671.3]  [2.3-30.3] 

NWAP 36 10.6 1.4 - 

  [2.3-220.1] [0.3-6.4]  
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Tables 3. AMOVA with samples grouped first according to island groups (island gr.) and 

then according to habitats (4A), or first according to habitats and then according to island 

groups (4B) based on D-loop sequences (Tamura-Nei distances) and microsatellites 

(number of different alleles).  

A D-loop Microsatellites 

Source of variation df % var F p df % var F p 

Among habitats (Fct) 1 -3.78 -0.038 0.951 1 -0.02 -0.001 0.335 

Among island groups 

within habitats (Fsc) 

7  5.28  0.051 0.172 7  0.21  0.002 0.352 

Within island gr. (Fst) 98  98.50  0.015 0.074 207 99.81  0.002 0.329 

 
 
B D-loop Microsatellites 

Source of variation df % var F p df % var F p 

Among island gr. (Fct) 4  8.60  0.086 0.250 4 -0.20 -0.002 0.447 

Among habitats within 

island gr. (Fsc) 

4 -4.54 -0.050 0.703 4  0.39  0.004 0.085 

Within habitats (Fst) 98  95.95 0.041 0.076 207 99.81  0.002 0.329 

 

df: degree of freedom, % var: percentage of variance, F: fixation indices, p: probability of 

significance. 
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Table 4. Gene diversity (H) and nucleotide diversity (π) by population with standard deviation (s.d.), and haplotype sharing between the 

Portuguese  archipelagos and Mainland and the Atlantic Basin populations, based on truncated 296 bp sequences.  

 Azores Madeira Mainland NWAP EA MS UK BAH GM NWAC 

Study This 

study 

This 

study 

This  

study 

Natoli et 

al. 2004 

Natoli et 

al. 2004 

Natoli et 

al. 2004 

Parsons et 

al. 2002* 

Parsons et 

al. 2006 

Natoli et 

al. 2004 

Natoli et 

al. 2004 

N. samples 83 24 7 25 17 18 38 55 12 29
N. haplotypes 29 14 5 11 5 11 7 31 6 6
H 
s.d. 

0.957 
0.008 

0.927 
0.033

0.857 
0.137

0.877 
0.049

0.743 
0.086

0.935 
0.035

0.452 
0.097

0.668 
0.061

0.818 
0.084

0.426 
0.113

π  
s.d. 

0.015 
0.008 

0.012 
0.007

0.014 
0.008

0.022 
0.012

0.016 
0.009

0.022 
0.012

0.009 
0.006

0.008 
0.005

0.007 
0.005

0.006 
0.004

Published reference  
AF268357G 1 0 1 0 0 0 1 0 0 0
AF268357I 10 1 0 0 0 0 1 0 0 0
ENA1 3 1 0 0 2 0 2 0 0 0
MS1 2 0 0 1 3 3 28 0 0 0
MS4 8 4 3 0 8 3 0 0 0 0
MS5 3 1 0 0 0 1 0 0 0 0
MS7 4 1 0 0 0 2 0 0 0 0
MS9 0 0 1 0 0 1 0 0 0 0
WNAPd 1 1 0 2 0 0 0 0 0 0
WNAPe 2 3 0 2 0 0 0 0 0 0
WNAPw 1 0 0 3 0 0 0 0 0 0
WNAPx 3 5 0 3 0 0 0 0 0 0
UK: United Kingdom (* including 9 sequences from Natoli et al. 2004), MS: Mediterranean Sea, NWAP: North-West Atlantic Pelagic, EA: 

East Atlantic, SWA: South-West Atlantic, NWAC: North-West Atlantic Coastal, BAH: Bahamas, GM: Gulf of Mexico
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Table 5. Population differentiation between the Portuguese archipelagos and the 

Mainland, and other populations of the Atlantic Basin, based on 296 bp-long D-loop 

sequences: ΦST, with level of significance (*: p < 0.05, **: p < 0.01 and ***: p < 0.001). 

 Ecotype n Azores  

(n = 83) 

Madeira 

(n = 24) 

Mainland 

(n = 7) 

NWAP Pelagic 25 0.035 0.054 0.101 

EA ? 17 0.126** 0.026 0.019 

MS Coastal 18 0.104** 0.096* 0.006 

UK Coastal? 38 0.354*** 0.374*** 0.435*** 

BAH Coastal 55 0.583*** 0.648*** 0.696*** 

GM Coastal 12 0.584*** 0.681*** 0.727*** 

NWAC Coastal 29 0.614*** 0.703*** 0.754*** 

NWAP: North-West Atlantic Pelagic, EA: East Atlantic, MS: Mediterranean Sea, SWA: 

South-West Atlantic, UK: United Kingdom, BAH: Bahamas, GM: Gulf of Mexico, 

NWAC: North-West Atlantic Coastal. 
 
Table 6. Locus-specific information: allelic diversity (K), observed (HO) and expected 

(HE) heterozygosity, Polymorphism Information Content (PIC), and probability of 

departure from Hardy-Weinberg Equilibrium within populations (HWE p-value).  

Locus K HO  HE  PIC  HWE (p) 

D22 11 0.846 0.869 0.851 0.279 

EV5 3 0.558 0.556 0.460 0.586 

EV14 14 0.870 0.894 0.881 0.234 

EV37 25 0.889 0.891 0.877 0.463 

FCB1 12 0.812 0.832 0.812 0.338 

FCB17 25 0.906 0.887 0.873 0.818 

Mk6 19 0.922 0.893 0.879 0.880 

Mk8 10 0.692 0.769 0.734 0.032 

Sw10 3 0.621 0.595 0.524 0.740 

Sw19 13 0.836 0.874 0.856 0.161 

Mean 

+/-s.d. 

13.5 

+/- 7.7 

0.992 

+/-0.127 

0.806 

+/-0.128 

0.775 

+/-0.156 
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Tables 7. Population differentiation within the archipelago of the Azores (7A) and 

between the Portuguese archipelagos and Mainland (7B) based on microsatellites: FST 

(below diagonal) and RST (above diagonal) with level of significance (*: p < 0.05, **: p < 

0.01, ***: p < 0.001). 

 

A n Western Central Seamounts Eastern 

Western 9  -  0.032*  0.028  0.035 

Central 46  0.007  -  0.034 -0.011 

Seamounts 5 -0.010  0.001  -  0.021 

Eastern 23  0.002 -0.001 -0.001 - 

* p = 0.046 

 

B n Azores Madeira Mainland 

Azores 83 - -0.001 0.027 

Madeira 27 0.001 - 0.010 

Mainland 7 0.011  0.014 - 

 


