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Abstract Very little is known about the ecology of
common bottlenose dolphins (Tursiops truncatus) living in
oceanic waters. This study investigated the ranging and
residence patterns of bottlenose dolphins occurring in the
Azores (Portugal), the most isolated archipelago in the
North Atlantic. Data were collected during standardized
boat-based surveys conducted over a 6-year period in an
area of approximately 5,400 km? (main study area). To
investigate the extent of movements of individual animals,
non-systematic surveys were also conducted outside this
area. Only 44 individuals out of 966 identified were fre-
quently sighted within and between years. The remaining
individuals were either temporary migrants from within or
outside the archipelago, or transients. Resident dolphins
showed strong geographic fidelity to the area. Long-
distance movements (of almost 300 km), consistent with
foraging or exploratory trips, were observed among non-
resident dolphins. Home range size was estimated for 31
individuals sighted >10 times. Range areas of these dol-
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phins varied in size and location, but considerable overlap
was observed in the areas used, suggesting the absence of
habitat partitioning between resident and non-resident dol-
phins. Estimates of home range size of bottlenose dolphins
in the Azores were found to be considerably larger than
those previously reported for this species. It is hypothesized
that dolphins living in the Azores carry out extensive move-
ments and have large home ranges in response to the lower
density and patchy distribution of prey compared to other
areas. The extensive ranging behaviour and the lack of ter-
ritoriality provide an opportunity for interbreeding between
dolphins associated with different islands, thus preventing
genetic differentiation within the population of the Azores.

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 may be used to identify
residency and territoriality (Sandell 1989) and can provide
important insights into the spatial and temporal distribution
of resources (Damuth 1981). 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”. Inter- and intra-specific variation in home
range size have been mainly explained as a function of
body size/mass, diet, climate, competition, predation
and reproductive strategies (McNab 1963; Damuth 1981;
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Swihart et al. 1988; Sandell 1989). Among these, variation
in prey availability is considered one of the most important
factors. In less productive habitats animals should maintain
larger home ranges because they need to range further to
find enough food (Sandell 1989). Similarly, animals prey-
ing on patchily distributed resources are predicted to have
larger home ranges because they must travel further in
order to find adequate food patches (Ford 1983). In prac-
tice, an increase in home range size with decreasing food
availability/density seems to be a general result in mam-
mals (Sandell 1989).

Although data on whole home ranges is scarce for most
cetacean species, several studies reported a strong correlation
between cetacean movement patterns and patterns of distri-
bution and abundance of their prey (reviewed in Stevick
et al. 2002). Differences in ranging patterns among popula-
tions of common bottlenose dolphins (hereafter called bot-
tlenose dolphin) (Tursiops truncatus) 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 km? and show strong site fidelity to the area (Scott
et al. 1990). In South Carolina, resident dolphins have even
smaller home ranges, show moderate levels of mobility and
are never encountered outside estuarine areas (Gubbins
2002). These authors 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 dis-
tances in search for new food patches (Ballance 1992;
Defran et al. 1999). These results are in agreement with the-
oretical 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 aim of this study is to fill in this gap,
by studying the ranging behaviour of bottlenose dolphins
living around the oceanic islands of the Azores.

The Azores archipelago is the most isolated archipelago
in the North Atlantic, located about 1,500 km away from
the nearest continental margin. The Gulf Stream and North
Atlantic and Azores currents, and the dynamic Azores
Front, are responsible for the seasonal and inter-annual
dependent complex pattern of ocean circulation that charac-
terizes the region, and results in the high salinity, high
temperature and low-nutrient regime waters (Santos et al.
1995). Prominent topographic features in the ocean, such as
islands and seamounts, are often associated with higher lev-
els of biological productivity and diversity than open
waters (Palacios 2002; Genin 2004). Oceanic islands are
responsible for the development of localized upwellings,
eddies and convergence zones, which in turn may cause
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enhanced primary productivities and promote biomass
accumulation at specific sites (Caldeira et al. 2002; Palacios
2002). 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 preda-
tors.

Although the influence of the islands on fine-scale
oceanographic processes remains unknown, it has long
been realized that amid this open ocean oligotrophic region,
the waters in the vicinity of the Azores represent an “oasis”
of biological productivity that attracts numerous pelagic
organisms (Santos et al. 1995). If the waters around the
islands provide suitable habitat and enough food resources,
we expect bottlenose dolphins to show limited ranging
behaviour and strong site fidelity to the area. If, on the other
hand, food resources are scarce or available only sporadi-
cally, then dolphins are predicted to range over long dis-
tances in search of adequate food. Ultimately, the ranging
behaviour of bottlenose dolphins may influence the struc-
ture of the population in the area, by providing the opportunity
for dolphins from different islands to mix and genetic inter-
change to occur.

We used photo-identification data collected over a 6-year
period to study the ranging patterns of bottlenose dolphins
living around the Azores archipelago. Quantitative data on
site fidelity, movements and home ranges of individually
recognizable dolphins were examined to investigate whether
bottlenose dolphin’s behavioural patterns are consistent
with those of a coastal resident population, or of an oceanic
transitory population.

Materials and methods
Study area

The Azores Archipelago (Portugal) is located in the middle
of the Atlantic, between 37° and 41°N and 25° and 31°W,
extending more than 600 km along a northwest-southeast
trend and crossing the Mid-Atlantic Ridge (Santos et al.
1995). It consists of nine volcanic islands divided into three
groups: eastern (comprising the islands of S. Miguel and
Sta. Maria), central (islands of Faial, Pico, S. Jorge, Terceira
and Graciosa) and western (islands of Flores and Corvo)
(Fig. 1). The eastern and central groups of islands are
approximately 230 km apart and the central and western
groups are about 160 km apart. 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 (>3,000 m), as
well as deep-water ridges and submarine canyons (Fig. 2).
Logistical reasons prevented equal survey effort within the
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Fig. 1 Map showing the location of the Azores in the Atlantic Ocean
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Fig. 2 Map of the study area showing the survey tracks (1999-2004)
and the bathymetry

central area and for the purpose of this study, the central
group of islands was subdivided into two areas: main (com-
prising the islands of Faial, Pico and the channel between
Pico and S. Jorge) and central (islands of Terceira, Graciosa
and northern part of S. Jorge) (Fig. 1).

Boat surveys

Boat surveys were conducted in the main study area
(approximately 5,400 km?) 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 dur-
ing 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. Surveys in the secondary areas were
restricted to spring and summer months when better
weather conditions were expected to occur. Searching effort
was not equally distributed throughout these areas and was
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 or from a 12 m fibreglass boat. During surveys, a
steady speed of 16-22 km h~! 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, school size
and composition and the initial time and location [deter-
mined by Global Positioning System (GPS)] were
recorded. A ‘school’ was defined as all individuals within
100 m radius of each other (Irvine et al. 1981). An attempt
was made to obtain several photographs of both sides of
every individual present in the school. 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. Females were identified in the
field by consistent association with a small calf during the
course of a sighting (n =21) (Mann and Smuts 1999), and
in a few cases (n=3) gender was assigned by visual
inspection of the genital area. Sex was determined for
other 64 dolphins through genetic analyses (see below).
Dolphins were classified into broad categories—adults,
subadults or calves—according to their size, colour, and
behaviour (Mann and Smuts 1999). This classification was
performed in the field while the individual was being pho-
tographed, 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 recogni-
tion without error.

Beginning in April 2002, biopsy samples of adult and
subadult dolphins were collected to investigate the genetic
structure of the population. The biopsy sampling procedures
and the methods and results of the genetic analyses were
presented elsewhere (Quérouil et al. 2007) and in the pres-
ent study we only used data on gender identification. For 64
dolphins that were simultaneously photographed and biop-
sied, sex was later determined through co-amplification of a
short fragment of the male-specific SRY gene and a micro-
satellite fragment used as a PCR control for positive identi-
fication of females (see Quérouil etal. 2007). Once
photographic data and biopsy samples had been collected,
the dolphin school was abandoned and the survey resumed
from that location.
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Photo-identification procedures

Pictures obtained from each encounter were examined in
the laboratory with an 8-20x binocular lens. 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 (Wiirsig and Jefferson 1990). The best photographs
of each dolphin were then compared with the best photo-
graph of all previously identified individuals, and included
in the catalogue as either a new identification or as a resigh-
ting 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. Other-
wise, the school size estimated in the field was used.

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 con-
sidered were judged insufficient to conduct these analyses.
The dataset used to investigate residency and site fidelity
included all dolphins seen at least once in the main area.
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
individual that was seen in all the months surveyed in the
years it was observed in the area.

Movements

Linear distance between consecutive sightings of recogniz-
able individuals was measured with the Animal Movement
Analyst Extension of ArcView® 3.2 (Hooge and 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. There was a weak but signifi-
cant correlation between distance and time elapsed between
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consecutive sightings of individuals (Pearson’s correlation,
r=0.206, P <0.001). Thus, only sightings of individual
dolphins made >31 days apart were analyzed, as we consid-
ered 1 month to be a time interval long enough to ensure
independence between sightings.

Home ranges

Ranges of individual dolphins were calculated using Mini-
mum Convex Polygons (MCP) (Mohr 1947) and the fixed
kernel method (Worton 1989), available from the Animal
Movement Analyst Extension of ArcView® 3.2 (Hooge and
Eichenlaub 1997). The MCP is the smallest convex poly-
gon 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 pur-
poses. The kernel is a probabilistic method that attempts to
assess the animal’s utilization distribution (UD) within an
area. Thus, instead of just reporting the size of the area used
by the individual, kernel methods also assess the individ-
ual’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).

In the present study, the bandwidth value (which con-
trols 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 vali-
dation, 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 sight-
ings from the same individual made on the same survey
were eliminated from the dataset. In spite of this precau-
tion, 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.

Before calculating home range size, extreme sightings of
each individual were identified and removed using the har-
monic mean outlier removal method (White and 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
analyzed, the area-observation curve approached the
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asymptote at ten sightings, indicating this value as the
minimum number of sightings required to estimate the size
of the home range. Location data from 31 individuals
sighted >10 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).

Because MCP and kernel methods are known to behave
differently when subject to the same source of bias, univari-
ate general linear models were used to determine the effect
of sample size and autocorrelation (indicated by Schoener’s
ratio) on each of the estimators. 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.

Spatial overlap between dolphin’s home ranges was esti-
mated by measuring the size of the overlapping region of
the kernel 95% UD of all possible pairs of dolphins using
ArcView® 3.2. Percentage of home range overlap between a
pair of dolphins was calculated using the formula (R;;/
R) x (R;/R;), where R;; is the size of the area of overlap
between dolphins i and j, and R; and R; are the total range
sizes of dolphins i and j, respectively. To determine if the
degree of space use sharing differed among dolphins of
different sex, age and residence classes, the percentage of
home range overlap between pairs of dolphins was com-
pared using the Kruskal-Wallis test.

Results
Survey effort and sightings

In total, 353 surveys were conducted in the study area. Each
survey lasted between 1 and 12 h, with an average of 4 h, and
surveys in different areas were carried out with time intervals
varying between 5 and 33 days. Most of the survey effort was
concentrated in the main area, especially during spring and
summer months (Table 1; Fig. 2). The western area was only
surveyed 13 times in both years due to the poor weather and
sea conditions in this region. Bottlenose dolphins were
encountered during 42% of all surveys carried out in the
main area, 57% in the eastern, 40% in the central and 31% in
the western. Overall, 170 schools were photographed and
966 different individuals identified from the photographs.
The number of dolphins identified in each year and area var-
ied greatly but, as expected, largest numbers of dolphins
were identified in the main study area (Table 1). Group size
ranged from 1 to 110, with an average of 21.3 (£1.6 SE) ani-
mals. Fifty-one percent of the schools photographed ranged
from 1 to 15 dolphins, 34% ranged from 16 to 40, and 15%
of the schools had more than 40 animals. There were no
significant differences in group size among areas (Kruskal—
Wallis ANOVA, H =3.689, P =0.297, df = 3).

Table 1 Number of surveys and dolphin schools photographed, and number of individuals identified per year in each of the areas

Total

Areas

Western

Eastern

Central

Main

Schools

Individuals Surveys

Schools

Individuals Surveys

Schools

Individuals Surveys

Surveys  Schools Individuals Surveys Schools

Years

12
22

28

47

12
22

28

1999
2000
2001

51

52
135
315
268
231

51

17
48

51

17
27
34
23

51

85

13 122

15
13

135

13
12

57
54
46
287

2002
2003

45

85
53
353

20

35

80

13

26
170

2004
Total

13

19

28

12

25

135
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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 were
calves and were excluded from all the analyses. The num-
ber 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).
Only 5% of the dolphins were seen >10 times in the main
area. The majority (57%) of the individuals was observed
in a single year and several dolphins were seen repeatedly
but in non-consecutive years. Only 22 dolphins were seen
in the main area >5 years. These dolphins were seen
throughout the year, without an evident seasonal pattern
of occurrence.

Overall, the mean monthly sighting rate was low, rang-
ing from 0.1 to 0.475 (0.160 = 0.003 SE). On average,
individuals were encountered in 16% of the months sur-
veyed 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: U =204.5, P=0.387, n=44; mean monthly
sighting rate: U =233.0, P =0.842, n=44). Similarly,
there were no significant differences among dolphins from
different age classes (total sightings: Z = 0.721, P = 0.471,
n = 352; mean monthly sighting rate: Z=1.637, P =0.101,
n =352).

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=9.014, P <0.0001, df=5). This means that these dol-
phins not only showed between-year site fidelity but also
used the area regularly throughout the year. Using the two
variables together, dolphins were subsequently divided into
two arbitrary groups: one group composed of 567 individu-
als sighted <3 years with mean monthly sighting rates
averaging 0.16, and a second group comprising 44 dolphins
observed at least 4 years and with an average mean
monthly sighting rate of 0.23 (Fig. 3). The latter group was
subsequently treated as the resident group in the main area,
while the remaining dolphins were regarded as transients or
occasional visitors. The two groups included dolphins of
both sexes and age classes.

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 correlation, r=—0.165, P <0.05) (Fig.4).
Large scale movements (>150 km) were only detected in
dolphins observed in less than 2 years, and with the excep-
tion of two individuals, distances between consecutive
sightings of dolphins sighted more than 2 years were less
than 50 km.
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Movements

The average distance between consecutive sightings of
recognizable individuals was 254 (£1.47 SE) km and
approximately 72% of the movements recorded were less
than 20 km. However, extensive movements (150-291 km)
were also detected and these represented about 5% 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 differ-
ences in the distribution of distances travelled by dolphins of
different sex (D=0.178, P>0.1, n=150) or age class
(D=0.143, P>0.05, n=595). 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
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surveys in the secondary areas, long-distance movements
were recorded every year.

Individuals were considered as belonging to the area
where they were first seen. Approximately 7% of the 925
adult dolphins identified were encountered in more than
one area during the study period (Table 2). However, the
proportion of moving individuals (individuals first seen in
one area and later photographed in a different area) was
not independent of the area to which they belonged
(;52 =114.386, P <0.0001, df=3), with the central area
recording the highest value (41%) (Table 2). The largest
number of movements was recorded between the central
and main areas, both within and between years, possibly
because of the shortest distance separating them. No move-
ments were ever detected between the eastern and western
areas, the two most extreme groups of islands in the archi-
pelago. 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.

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. When moving to a different area,
individuals did not remain alone or confined to their origi-
nal groups but joined resident schools in the area. 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 (Z=2.510,
P=0.012, n=113). However, there 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 indi-
viduals 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 consis-
tently 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.

Home ranges

The mean MCP range size of the 31 dolphins was
182.0 km?, varying from 62.9 to 725.1 km® The kernel
method produced a mean 95% UD area of 437.2 km? and a
50% UD core area of 86.4 km? (Table 3). There was a sig-
nificant correlation between the two estimators (Spear-
man’s rank correlation, r = 0.705, P < 0.0001, n = 31), but
estimates produced by the 95% UD kernel were 44-243%
higher from the ones generated by the MCP. For approxi-
mately 48% of the individuals used in the present study,
values of Schoener’s ratio ranged from 1.4 to 2.0, indicat-
ing a moderate autocorrelation, which may result in a 5%
negative bias in the home range estimates. For seven dol-
phins, location data showed Schoener’s ratios between 1.0
and 1.4, meaning a possible negative bias of 5-10%. Scho-
ener’s ratio was above 2.0 for the remaining dolphins, indi-
cating that the data were independent. The univariate GLM
model was not significant for both estimators (MCP:
R*=0.04, F3,,=0.386, P=0.764; 95% UD: R*=0.04,
F327,=0.365, P=0.779) and we found no significant
effect of sample size or autocorrelation in the estimates of
home range size produced by MCP or kernel methods.

Range areas varied in size and location for the 31
dolphins. For most of the dolphins, the kernel method
produced multiple centres of activity for both the whole
range and core areas (Figs. 5, 6). Estimated overall ranging
areas and 50% core areas were generally larger for sub-
adults (Table 3), though differences were not statistically
significant (MCP: U = 80.0, P =0.379, n=30; 95% UD:
U=288.0,P=0.598, n=30; 50% UD: U =90.0, P = 0.659,
n =30). Range sizes obtained for the few dolphins for
which sex was known did not reveal any obvious differ-
ences, although small sample sizes prevented any statistical
analysis (Table 3).

Overlap in home ranges between pairs of dolphins, varied
from 2.2 to 94.3%, with an average of 39.9%. Spatial over-
lap was especially evident in the core areas. In all the dol-
phins studied, the 50% core area encompassed at least one
of the two extremes of the channel between the islands of
Faial and Pico. Percentage of home range overlap was
higher among adult dolphins (45.3%), than among subadult

Table 2 Total number of dol-

. . . Areas Dolphins Moving Area to which dolphins moved
phins identified in each area, . . s
identified individuals
number (and percentage) of Main Central Eastern Western
moving individuals (dolphins
seen in more than one area), Main 611 56 (9.2) - 21 2 2
and direction of movements Central 142 58 (40.9) 34 _ 7
recorded
Eastern 185 9(4.9) 5 3 - 0
Western 53 9(17.0) 0 0 0 -
Total 925 66 (7.1)
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Table 3 Home ranges calcu-

. Home range estimators
lated for different sub-samples of &

the dataset, as givenby MCPand  Data subset N MCP Kernel 95%UD Kernel 50%UD
fixed kernel methods (overall
ranging at 95% UD and core Mean Range Mean Range Mean Range
area at 50% UD)
All data 31 182.0 62.9-725.1 437.2 171.4-1887.2 84.4 30.0-417.8
Age classes
Subadults 10 222.3 62.9-725.1 527.4 171.4-1887.2 108.4 30.0-417.8
Adults 20 166.6 79.3-284.7 399.2 179.1-863.9 76.6 32.5-122.0
Sex
Males 178.3 143.1-272.8 403.6 278.9-595.3 64.8 33.9-96.3
Females 156.5 132.1-184.3 420.2 361.2-471.9 72.7 59.1-101.6
Resident categories
Resident 27 176.9 76.7-725.1 4243 179.1-1887.2 83.5 30.0-417.8
Non-resident 4 215.8 62.9-517.7 5243 171.4-968.5 105.8 39.0-206.7
Fig. 5 Ranging patterns of four
resident dolphins in the main ar- TTRO05 TTR007

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

[0 s0%UD
95%UD
N wmcp

[l s0%uUD [ 50%UD
1 95%UD . 95%UD
0 75 5 km 0 75 15km
> wmcp e MCP
TTR067 TTR135

[ s0%uD
o 75 15k 95%UD )
g m 0 75 15km
—-_— B mcp

(34.9%) and adult-subadult pairs (29.3%) (H = 89.426,
P <0.0001, df=2). The overlap in the areas used by
female—female pairs (48.4%) was higher than the overlap
among female—male (41.6%) or male-male pairs (30.4%),
but the sample size was too small for any statistical analysis.

Non-resident dolphins in the main area had larger home
ranges than resident individuals, although sample sizes
were small and differences were not significant (Table 3).
Resident dolphins tended to share larger percentages of
their home ranges with other resident animals (42.0%)
(Fig. 5). Still, there was a high degree of overlap (21.4%) in
the home ranges of resident and non-resident individuals
(H=142.408, P <0.0001, df = 2) (Fig. 6).
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Discussion
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. Data on
sighting frequencies and inter-annual resightings suggests
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Fig. 6 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)

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.

The residence pattern found in the Azores—with a mix-
ture of residents, transients, and temporary migrants—is in
agreement with findings from coastal areas and seems to be
a common trait among populations of bottlenose dolphins
(Connor et al. 2000). 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 or dolphins 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 (Wells
etal. 1987; Wilson et al. 1999; Ingram and Rogan 2002).
However, the size of the study site alone cannot account for
the large number of transient dolphins recognized during
the surveys. Large populations characterized by a low num-
ber of individual resightings are typical of open water habi-
tats (Defran etal. 1999) but also occur in coastal and
inshore areas (Shane 2004). 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 dol-
phins 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 fact that these dolphins do not
stay in the area also suggests that there are not enough food

resources to sustain a larger population permanently. An
alternative explanation could be that non-resident dolphins
have different foraging strategies or prey preferences which
cannot be sustained in the Azores. There is no information
on the diet composition of dolphins in the Azores but analy-
sis of fatty acids present in the blubber of resident and non-
resident dolphins showed similar profiles (Walton et al.
2007).

In addition to using the area regularly throughout the
year, resident dolphins also exhibited considerable geo-
graphic 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. 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 com-
munities by examining the ranging and association patterns
of individuals (Urian 2002; Lusseau et al. 2006). At pres-
ent, 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 etal. 1987) and the hypothesis that the common
ranges simply result from aggregative behaviour as a
response of higher prey availability cannot be ruled out. In
any case, it is clear that these dolphins do not constitute a
closed and isolated unit since they often interacted with ani-
mals from outside the group and seemed to share extensive
areas of their home ranges with non-resident dolphins.

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
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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, as was docu-
mented for spinner dolphins (Stenella longirostris) in
Hawaii (Benoit-Bird and Au 2003). Some of the move-
ments recorded may also be related to social activities, such
as resting or socializing.

More relevant to the question of how ranging behaviour
affects the population structure is the finding that 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 and the time interval between surveys may have been
insufficient to allow dolphins to move freely between areas.
Thus, although long-distance movements here reported are
likely underestimated, these results show that dolphins
from different groups of islands are not geographically iso-
lated from each other.

The fact that long-distance movements were not
restricted to a single sex or age class and that at least in one
instance a group of 11 individuals was involved, suggests
that these movements are not related to reproductive
strategies but to foraging. Dolphins were observed to
repeatedly move back and forth between two areas, further
suggesting that these movements were ranging rather than
dispersal movements. We hypothesize that long-distance
movements are related to the low abundance and patchy
distribution of prey, forcing dolphins to either move
between familiar and already established feeding areas or to
venture outside their usual range in search for new feeding
areas. Nevertheless, not all the individuals exhibited the
same degree of mobility and these longer trips may repre-
sent an alternative individual or group foraging strategy.
Further work will be needed to investigate if individual
movement patterns remain consistent through time.

The long-distance movements here reported are not
unexpected because individuals of this species are capable
of much wider movements. Radiotracking data showed that
dolphins are able to travel as much as 55 km in 12 h (Lynn
1995) and in the Southern California Bight (USA) dolphins
showed high mobility, ranging up to 470 km along a 1-km
stretch of open coastline (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 Hawaii, bottlenose dolphins
and pantropical spotted dolphins (S. attenuata) were found
to be island-associated, spending most of their time in shal-
low waters and showing little or no movement between the
islands (Baird et al. 2001, 2002). Similarly, spinner dol-
phins occurring in a remote Hawaiian atoll lived in stable
societies and showed strong site fidelity and restricted
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movements (Karczmarski et al. 2005). These authors pro-
posed that this type of behaviour may have evolved as a
strategy to avoid predation. In this area, available habitats
are separated by large geographic distances, forcing dol-
phins to travel across large stretches of deep open pelagic
waters with potentially high risk of shark predation.
Increased use of the shallow waters of the Sarasota area by
bottlenose dolphins during the peak abundance of bull
sharks (Carcharhinus leucas) may also be an adaptation for
reducing the risk of predation by reducing the volume of
water that must be kept under surveillance (Wells et al.
1980). It could be hypothesized that the higher mobility of
dolphins in the Azores and the observed differences to stud-
ies conducted in Hawaii (Baird et al. 2001, 2002; Karcz-
marski et al. 2005) result from a lower abundance and
greater temporal variability of food resources and a com-
paratively lower predation risk. The rarity of the most com-
mon dolphin predators and the lack of observations of
animals bearing shark bite scars strongly suggest that the
risk of predation is small in the Azores. However, the avail-
able information cannot be used to directly test any of these
hypotheses. In the future, we will need to collect data on the
distribution and abundance of potential prey and predator
species and to relate those with dolphin movement patterns.

Performance of the home range estimators

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), whereas MCP signifi-
cantly underestimate them (Urian 2002). 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 obtain-
ing accurate estimates of home ranges of the bottlenose dol-
phin population in Sarasota. 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 con-
sidered 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
and 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. Hence, estimates of home range size presented here
could be affected by small sample sizes. Specifically, in the
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comparison of home range size between resident and non-
resident dolphins, we would expect MCP estimates of
home range size of non-resident animals to be underesti-
mated, while kernel estimates may be overestimated. In
addition, location data for 22 dolphins showed a moderate
degree of autocorrelation, which could result in a 5-10%
negative bias of home range size (Swihart and Slade 1997).
Although this level of bias is negligible, in 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. In spite of this, we found no
significant effect of sample size and autocorrelation on the
estimates of home range size obtained with each method.
Thus, it is impossible to quantify the magnitude of the over-
all bias and to assess its effect in the results, and the esti-
mates 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 dolphins, independent of the sex or
age class of the individuals. 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. These results are entirely
supported by the analysis of habitat preferences of bottle-
nose dolphins in the Azores using a different dataset (Silva
2007). According to this study, bottlenose dolphins prefer-
entially used shallow areas (between 100 and 600 m) with
high bottom relief. In the Azores, the absence of a continen-
tal shelf limits this kind of physiography to a narrow stretch
around the islands. The areas close to the islands may pro-
vide a more suitable habitat compared to open waters. First,
because the islands are responsible for creating small-scale
upwellings and for trapping flow-driven nutrients that gen-
erate enhanced biological productivity and ultimately serve
to concentrate food resources for the dolphins. Second,
because by dwelling in shallower areas close to the islands
the dolphins may also take advantage of bottom fishes in
addition to schooling prey.

Examination of the 50% core area of these dolphins
uncovered the location of two critical areas for the popula-
tion 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 indi-
viduals showed two separate core areas, located at both
extremes of the channel. Being approximately 5-8 km wide
and 12 km long, the channel is characterized by compara-
tively shallower waters (<200 m), irregular topography
(depth varies from 8 to 200 m), strong tidal currents and a
diversity of seabed types (Tempera etal. 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 etal. 2001). High usage of areas
characterized by strong tidal currents and irregular bottom
topography has been widely documented for several dol-
phin species (Norris and Dohl 1980). It has been suggested
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 (Norris and
Dohl 1980; Wilson et al. 1997).

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 (MCP: 62.9-
721.1 km? 95% UD: 171.4-1887.2 km* 50% UD: 30.0-
417.8 km?) were found to be 2-3 times greater than those
previously reported for this species. MCP areas of dolphins
sighted in the Shannon Estuary (Ireland) varied between
19.2 and 75.5 km?, with a mean of 47.7 km? (Ingram and
Rogan 2002). In Sarasota, Owen et al. (2002) estimated a
mean 95% UD of 162.6 km? and 72.1 kmz, and a mean
50% UD of 28.7 km? and 16.6 km?, for paired and unpaired
males, respectively. Home range size (95% UD) calculated
with the adaptive kernel of dolphins in South Carolina
ranged from 17.2 to 98.9 km? (mean = 51.3 km?). Using the
MCP estimator, mean home range size of these dolphins
was 40.8 km? (Gubbins 2002). Although larger than previ-
ous estimates, mean area range (mean = 140.0 km?,
SD = 90.7 km?) recorded for ten dolphins radiotracked in
Matagorda Bay, Texas (Lynn 1995) is still substantially
smaller than the estimates presented in this study.

The differences between the home range estimates in this
study and others cannot be entirely explained by methodo-
logical distinctions. In the present study, the area regularly
surveyed was over 5,400 km? and a few surveys were con-
ducted 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
estuary, but does not explain the difference to the other
sites.

As previously noted, patchy resources and/or lower hab-
itat productivity are known to cause an increase in the over-
all ranging area as well as in the core area, as the intensity
of use throughout the area becomes even (Ford 1983). Oce-
anic islands are themselves generators of biological patchi-
ness (Barton et al. 2000), which coupled with the highly
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dynamic oceanic ecosystem of the Azores and the lower
predation rate, 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.

Dolphins from different sexes and age classes show similar
ranging patterns

Female space use patterns are usually considered to be
more directly affected by ecological parameters, such as
availability of resources and predation risk. Male range pat-
terns are primarily driven by female distribution because a
male’s reproductive success depends on the number of
mates he’s able to find and defend (Clutton-Brock 1989).
Thus, in several mammalian species, males have larger
home ranges than females, because females tend to mini-
mize their ranges for reasons of energetic efficiency,
whereas for males it is advantageous to range widely in
search for potential mates (Sandell 1989). In species with
pronounced sexual dimorphism, males may have larger
home range sizes in response to their higher energetic
demands as a consequence of their larger body size
(Sandell 1989). Among coastal populations of bottlenose
dolphins, males also seem to have much larger home ranges
than females (Wells et al. 1987; Kriitzen et al. 2004). In the
present study, however, ranging and core areas and the fre-
quency distribution of distances travelled were similar in
male and female dolphins. We suggest the lack of sexual
differences in bottlenose dolphin’s home range size may be
related to the lower productivity of this ecosystem com-
pared to the coastal areas. Environmental productivity has
been suggested as the main factor responsible for lack of
differences in home range sizes among sexes in several
marsupials (Fisher and Owens 2000). In the Azores,
females need to maintain much larger home ranges to meet
their energetic requirements. Consequently, males would
have to increase their ranges much beyond the areas used
by females, in order to maximize their contacts with many
receptive females. Such increase in home range size may be
to a point that it turns out to be energetically unfeasible for
males. Also, the high degree of overlap in female home
ranges and the absence of habitat partitioning among differ-
ent groups of dolphins makes it unnecessary for males to
range further in order to gain access to potential mates.
Other factors being equal, adults should have signifi-
cantly larger home ranges due to their higher energetic
demands (Sandell 1989). It is not clear why the same pat-
tern 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 (e.g.
Herfindal et al. 2005). Typically, however, home range size
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is not determined by a single factor but results from the
combination of several variables working simultaneously
(McLoughlin and Ferguson 2000). Thus, it is possible that
other factors also known to influence ranging patterns and
not accounted for in this study (e.g. social affiliations and
social learning of foraging techniques) could be obscuring
the effect of body size.

Implications for population structure

In the Azores, the geographic distance between groups of
islands is within the range ability of bottlenose dolphins
and would hardly be an important factor in preventing
interchange between areas. Furthermore, there is no evi-
dence of any topographic feature or oceanographic phe-
nomenon 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 com-
munities associated with each group of islands, with little
or no movement between areas. 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 territoriality pro-
vide an opportunity for animals associated with different
islands to mix. In addition, the islands are regularly visited
by hundreds of dolphins that are not residents in any single
group of islands. Whether residents at other islands or tran-
sients, 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 is evident that dolphins from different groups
of islands are not isolated and genetic interchange is likely
to occur, thus preventing genetic divergence of geographic-
based communities.

Analysis of mitochondrial DNA 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 popu-
lation structure within the Azores (Quérouil et al. 2007).
Fatty acid analysis carried out using the same samples
used for genetic analyses also failed to reveal any clear
distinctions between dolphins from different groups of
islands (Walton et al. 2007). In addition, lack of isolation
of the resident group is also 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 simi-
lar to that of the whole Azorean sample (Quérouil et al.
2007).
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Conclusions

The high mobility of individuals and the varying patterns of
residence in any single area suggest that bottlenose dol-
phins in the Azores constitute a single and open population,
composed of several geographic communities that maintain
social interactions with neighbouring communities and
groups from within and outside the archipelago. These
interactions are facilitated by the extensive ranging behav-
iour of some individuals and groups and by an apparent
lack of habitat partitioning. This work also provides sup-
port for the hypothesis that dolphins in open waters carry
out extensive movements and have large home ranges in
response to the lower density and patchy distribution of
food resources. Apart from the greater mobility shown
by some individuals, the population of bottlenose dolphins
living around the islands of the Azores shares several
behavioural characteristics with resident populations in
coastal habitats.
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