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ARTICLE INFO ABSTRACT

Article history:

Among marine organisms, little is known on patterns of intra-species habitat partitioning, whereas many
studies have examined niche segregation at the multi-species community level. In this study, we investigated
the fine-scale population structure and patterns of within-species habitat use of Indo-Pacific bottlenose dol-
phins (Tursiops aduncus) in a tropical lagoon of the Indian Ocean (Mayotte, 45°10'E/12°50'S). First, we
assessed genetic population structure using mtDNA and 14 microsatellite markers to determine if bottlenose
dolphins around Mayotte belong to one or several panmictic groups. The analyses revealed no mitochondrial
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Community formation polymorphism and the presence of a single population at Hardy-Weinberg equilibrium. Second, we assessed
Home range whether a community structure exists within the bottlenose population. A community is an assemblage of

individuals using a common home range. Photo-identification data were used to assess individual home
range size and habitat preferences. Home range analysis revealed the presence of at least two communities
of bottlenose dolphins around Mayotte: one occurring in the shallower waters inside the lagoon and a second
in the vicinity of a deeper reef bank, situated further offshore in the northern part of the island. Stable isotope
analyses of 6'C and &'°N were performed to detect intra-species segregation of habitat and resource use.
However, no significant structure across the population was detected. Nevertheless, this study highlights
that, even at small spatial scales, individual and between community variations of habitat preferences
occur in bottlenose dolphin populations. Intra-species niche partitioning may explain habitat segregation
in these insular delphinids.
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Population structure
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1. Introduction

Understanding patterns of trophic and habitat segregation is critical
in ecology, especially to investigate the role of organisms within a
community, which is an assemblage of species living together in
some common habitat. Answering these questions may be challenging
for large marine top predators, due to logistical constraints (Heithaus
et al., 2008). Among top marine predators (including cetaceans), a
number of studies have investigated patterns of niche partitioning at
the community level (assemblage of species interacting as a society),
using a variety of methodological approaches and exploring both axes
of the ecological niche (Cherel et al,, 2008; Kiszka et al.,, 2010a, 2011;
Menard et al., 2007; Papastamatiou et al., 2006; Pusineri et al., 2008).
However, limited attention has been given to the study of niche parti-
tioning within a species (except at the ontogenetic scale), especially at
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a small spatial scale, e.g. the surrounding waters of an island or a lagoon.
A recent study of the long-term movements and trophic ecology of
blacktip reef sharks (Carcharhinus melanopterus) underlined that this
species does segregate for space and possibly resources in the lagoons
of Palmyra, which may be (at least partially) due to intra-species com-
petition processes (Papastamatiou et al., 2010). Indeed, within a given
system, if resources are limited, processes of habitat and/or resource
partitioning within a population may occur. This process may be en-
hanced in less productive systems and/or in systems where resources
are less predictable.

In a number of bottlenose dolphin populations (particularly in the
common bottlenose dolphin, Tursiops truncatus), it has been shown
that a given population may segregate into communities (Chilvers
and Corkeron, 2001; Rossbach and Herzing, 1999; Urian et al., 2009;
Wells, 1986). Here, a community refers to an assemblage of interact-
ing individuals within the species. Despite the fluidity of bottlenose
dolphin societies, characterised by a fission-fusion social structure
(Connor et al., 2000), communities, defined by shared patterns of res-
idency and associations, may occur (Wells, 1986). A community is not
a closed demographic unit, and community structure is defined by
associations among dolphins that show long-term patterns of site
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fidelity (Connor et al., 2000; Wells, 1986; Wells et al., 1996). The or-
igin of community formation has been not investigated in previous
studies focussing on bottlenose dolphins, but intra-species niche
partitioning may explain the fragmentation of a population into
communities. Most studies of resource use and population dynamics
treat conspecific individuals as ecologically equivalent. However,
between-individual variation can sometimes comprise the majority of
the population's niche width. Niche variation facilitates frequency-
dependent interactions that can profoundly affect the population's
stability and the amount of intra-specific competition (Bolnick et al.,
2003). The combined effects of individual foraging specialisation and
social forces may well explain community formation in bottlenose dol-
phins. The formation of communities would contribute to share habitat
and resources for individuals, and then reduce intra-species competi-
tion. In addition, as a homeotherm large predator with high metabolic
expenditure (and therefore energy consuming), this species potentially
has an important dependence on abundant, high quality and accessible
food resources.

In this study, we aimed to assess the fine scale population structure
and patterns of intra-species ecological segregation among Indo-Pacific
bottlenose dolphins (Tursiops aduncus, hereafter bottlenose dolphins),
probably the most abundant top predator living in the waters surround-
ing Mayotte, mostly in the lagoon and adjacent shallow reef banks
(Gross et al., 2009; Kiszka et al., 2010a, 2011). As a preliminary step,
we assessed if bottlenose dolphins were resident in the lagoon of
Mayotte. In addition, we investigated the global pattern of genetic
structure of bottlenose dolphins around the island, especially to de-
termine if one or more populations are present. Then, we tested if
communities exist around the island by examining individual rang-
ing patterns and habitat preferences (in relation to physiographic
variables). We hypothesized that the origin of community formation
is based on one main factor, the ecological constraint (niche parti-
tioning). In order to explore the existence of ecological segregation
processes occurring within the species or population, we also used
stable isotope signatures of 6'3C and &'°N in various tissues (skin,
blubber) from biopsy samples. The carbon and nitrogen isotope ratios
of a consumer reflect those of its diet. Both isotopes help elucidate tro-
phic relations and habitat use, and may be used to assess niche parti-
tioning, including at sub-species level (Hobson, 1999). In order to
investigate the fine scale population structure of Indo-Pacific bottlenose
dolphins around Mayotte, we combined photo-identification and biop-
sy sampling data collected year-round from 2004 to 2008.

2. Materials and methods
2.1. Data and sample collection

Mayotte is located in the northern Mozambique Channel and is
part of the Comoros archipelago (Fig. 1). The island is almost entirely
surrounded by a 197 km long barrier reef, with a second double-
barrier in the southwest and the Iris immerged reef complex in the
northwest. From July 2004 to October 2008, small-boat based surveys
were undertaken around the island of Mayotte. Surveys were con-
ducted throughout the study period during daylight hours between
0700 h and 1800 h in sea conditions not exceeding Beaufort 3. Survey
vessels did not follow pre-defined transects but every attempt was
made to sample the whole daylight period as well as each habitat type
within the surrounding waters of Mayotte, i.e. coastal areas, lagoonal
waters, barrier reef associated areas (inner and outer slopes) and ocean-
ic or slope waters (>500 m). Surveys were conducted all year round,
and two permanent observers were searching for dolphins. Details on
spatial coverage of effort are presented in Fig. 2.

When bottlenose dolphins and other cetaceans were encountered,
standard sighting data were recorded: group size (maximum, mini-
mum, most accurate estimate), geographic position (latitude, longitude)
and behaviour (Shane, 1990). Standard photo-identification technique
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Fig. 1. Location of the study area (dark grey: land; light grey: coral reefs).

was used to identify individual dolphins using patterns of notches and
scars on the dorsal fin (Scott et al., 1990; Wiirsig and Wiirsig, 1977),
and has been adapted for the use in other marine wildlife such as
sea turtles, whale sharks and pinnipeds (Arzoumanian et al., 2005;
Forcada and Aguilar, 2003; Schofield et al,, 2008). This non-invasive
method has been used extensively to investigate demographic parame-
ters, movements, home range and social structure of delphinids, espe-
cially the bottlenose dolphin (Bejder et al., 1998; Ingram and Rogan,
2002; Moller et al., 2006; Wiirsig and Jefferson, 1990; Wiirsig and
Wiirsig, 1977). In our case, this method has only been used in adult in-
dividuals, which have sufficient distinguishable features on the dorsal
fin. Images were matched visually, and double-checked by two of the
authors (JK and CP).

Stable isotope and genetic analyses were performed using skin
and blubber samples. Biopsy attempts were made opportunistically.
Biopsies were collected by using a crossbow (BARNETT Veloci-Speed®
Class, 68-kg draw weight) with Finn Larsen (Ceta-Dart, Copenhagen,
Denmark) bolts and tips (dart 25-mm long, 5-mm-diameter). The dol-
phins were hit below the dorsal fin when sufficiently close (3-10 m)
to the research boat (see Kiszka et al., 2010b for details on biopsy
sampling procedure). Blubber and skin biopsy samples were pre-
served individually in 90° ethanol before shipping and subsequent
analysis. Biopsy sampling was conducted under French scientific
permits #78/DAF/2004 (September 10, 2004) and #032/DAF/SEF/2008
(May 16, 2008) after examination of the project by Conseil National de
Protection de la Nature.

2.2. Residency index

Using photo-identification data, a residency index (RI) was calculat-
ed following Karczmarski (1999). This index relates the total number of
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Fig. 2. Distribution of observation effort (expressed in km). Indo-Pacific bottlenose
dolphin sightings (white squares) and biopsies (black dots) around Mayotte from
2004 to 2008.

sightings of an individual to the total number of months in which this
particular individual was seen: RI=SxM/100, where Rl = residence
index, S = total number of sightings of an individual, and M = total
number of months in which this particular individual was seen. Dol-
phins that were recaptured on at least 3 occasions were seen on at
least 2 different seasons. The seasons that were considered are: rain/
summer (November-April) and dry/winter seasons (May-October).

2.3. DNA extraction, PCR, sequencing and genotyping

Total DNA was extracted from skin samples using the Nucleospin®
Tissue Kit (Macherey Nagel). The manufacturer protocol was slightly
modified as follows: the recommended lysis time was extended to
30 h under permanent agitation and 10 min grinding step using a teflon
pestle was added after 5 h of enzymatic digestion. A 254 base pair frag-
ment of the mitochondrial cytochrome b gene was amplified using the
protocol and PCR primers described in Jayasankar et al. (2008). The se-
quencing was performed by Genoscreen corporation (Campus Pasteur,
1 rue du Professeur Calmette, F-59000 Lille, France) using an ABI
PRISM® 3730 XL automated DNA Sequencer (Perkin-Elmer Applied
Biosystems, Foster City, CA). Sequence data were aligned using ClustalX
(Thompson et al., 1994) and ambiguities were manually checked com-
paring each sequence with its complementary fragment using BioEdit
(Hall, 1999).

In addition to mitochondrial analyses, 14 tetranucleotide micro-
satellite markers were used out of the set of 18 markers designed
by Nater et al. (2009). Amplifications were carried out following the
protocol and using the primers described in Nater et al. (2009). PCR
products were screened on 6.5% polyacrylamide gels using a Li-Cor

NEN Global IR2 DNA sequencer. Allele sizes were determined using
a known DNA sequence with the SAGA-GT software (v3.1: Automated
microsatellite Analysis Software, LI-COR Biosciences).

2.4. Patterns of population structure

Clustering methods based on Bayesian computations (i.e. Monte
Carlo Markov Chains, MCMC) were performed using the software
Structure v2.3.1 (Falush et al., 2003; Pritchard et al., 2000). In order
to identify potential barriers to gene flow, the number of groups to
test (K) required fixing. Then, the software computes the probabilities
for each individual of the dataset to belong to each of the simulated
group at Hardy-Weinberg equilibrium. We tested values of K ranging
from 1 to 10. For each K, ten simulations were conducted in order to
compute the inter-simulation variability and the likelihood of the
multilocus dataset given K (i.e. Pr(X|K)) was computed for each sim-
ulation. The most likely value for K is the one maximising Pr(X|K) and
minimising the inter-simulation variability. A model with population
admixture was used and the parameters of the MCMC were set as fol-
lows: burn-in=50000 steps, length of the Markov Chain =200000
steps.

2.5. Community existence: ranging pattern and habitat analysis

We used the Minimum Convex Polygon method (MCP; Mohr, 1947)
to estimate home range areas. This is the most commonly used method
to estimate home range in the literature, allowing ready comparisons
with other studies (White and Garrott, 1990). It encloses all data points
by connecting the outer locations to create a convex polygon. However,
in certain situations, it may be uninformative as areas of high utilisation
have same values as areas of low utilisation. It is also sensitive to sample
size and to outliers and it ignores boundaries, notably the shore line
boundary in the case of peri-insular habitats, which excludes animal
movement within the home range (Mohr, 1947). In our case, we esti-
mated individual home range for animals with three or more sightings
(one sighting is an encounter, only one encounter per day may be con-
sidered in the analysis) with the R package fossil (Vavrek, 2011). Due to
these restrictions and our limited dataset, absolute home range esti-
mate was not our primary objective, but rather the comparison of
home range size and location among individuals in order to identify po-
tential differences among them. However, we took into account the po-
tential bias of home range size estimates due to a varying number of
observations depending on the individual. Indeed, we implemented a
rarefaction algorithm (in R) to compute a corrected home range size
for each individual. The corrected home range size of a given individual
was obtained by averaging 1000 values of home range size estimated
using only 3 locations randomly selected among the n locations avail-
able for that individual (R Development Core Team, 2010).

Individual habitat preferences were also calculated for individuals
with more than 3 sightings. We constituted a database in which every
individual dolphin sighting was associated with the physiographic
characteristics (distance to the coast, to the fringing reef, to the barrier
reef and depth) corresponding to the GPS (Global Positioning System)
fixes of the observations. For each individual, minimum, maximum,
standard deviation and mean values for each variables were calculated.
Bathymetric data were obtained from Service Hydrographique et
Océanographique de la Marine (SHOM) and were included in the GIS
procedure, and maps and MCPs were drawn in R v2.11.1 using pack-
ages Maps, Mapdata, Argosfilter and Aspace (Becker and Wilks, 2009,
2010; Bui et al., 2009; Freitas, 2010).

In order to identify communities, we used data from individuals
sighted on at least 3 occasions (only on separate days over the study pe-
riod). On the basis of MCP maps, an empirical ranging category has been
assigned for each individual to detect the existence of communities
within Mayotte' bottlenose dolphins. Then, we conducted a PCA (prin-
cipal component analysis, PCA function dudi.pca implemented in the
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Table 1

Number of bottlenose dolphin photographs (n=5372) used for photo-identification
purposes collected around Mayotte from 2004 to 2008. Grey cells correspond to periods
where surveys were not conducted.

Year/month Jan. Feb. March Apr. May Jun. July Aug. Sept. Oct. Nov. Dec.

2004 N 100 886 229 1 127 698
2005 237 1279 391 1082 1710 1624 12 522 95 454 32 212
2006 1628 560 509 442 350

2007 | 126 3 726 690 126 459
2008 29 850 852 1156 193 259 258

package ade4; Dray and Dufour, 2007) to objectively discriminate com-
munities on the basis of individual habitat characteristics (mean depth
preferences, mean distance from the coast, mean distance from the bar-
rier reef) and corrected home range (size in km? and location). Each in-
dividual was assigned to a ranging category based on MCP maps. For
each category, the ellipse pictures the dispersion of the cloud and covers
95% of individual points, the centre of the ellipse being located at the
centre of gravity.

2.6. Trophic and habitat segregation using stable isotope analyses

Stable isotope analyses were used to assess segregation patterns
of bottlenose dolphins around Mayotte based on their foraging habi-
tat (reflected through 6'3C) and trophic level (reflected through
81°N). For dolphin biopsies, blubber and skin were separated for
each sample. Analyses were performed in these two tissues. These
two tissues have different turnover rates: a few days for epidermis
but several months for the collagen matrix of the blubber (Abend
and Smith, 1995). The ethanol was evaporated at 45 °C over 48 h
and the samples were ground and freeze-dried (Hobson et al.,
1997). Because lipids are depleted in 6'3C, they were extracted to
avoid a bias in the isotopic signature of §'3C (De Niro and Epstein,
1978; Tieszen et al., 1983). This was done by shaking (1 h at room
temperature) in cyclohexane (CgHy2), and subsequent centrifugation
prior to analysis. After drying, small sub-samples (0.35 to 0.45 mg +

Table 2

0.001 mg) were prepared for analysis. Stable isotope measurements
were performed with a continuous-flow isotope-ratio mass spec-
trometer (Delta V Advantage, Thermo Scientific, Germany) coupled
to an elemental analyser (Flash EA1112 Thermo Scientific, Italy).
Results are expressed in notation relative to PeeDee Belemnite and
atmospheric N, for 6'3C and §'°N, respectively, according to the
equation:

3
oX = (Rsample/Rstandard_1> *10

where X is 13C or >N and R is the isotope ratio >C/'2C or '>N/'N,
respectively. Replicate measurements of internal laboratory stan-
dards (acetanilide) indicated that measurement errors were <0.1%o
for 8'C and &'5N. Percent C and N elemental composition of tissues
were obtained using the elemental analyser and used to calculate the
sample C:N ratio, indicating good lipid removal efficiency when <4.

3. Results
3.1. Survey effort and sightings

From July 2004 to October 2008, data were collected during 196
independent boat-based surveys. A total of 91 groups of bottlenose
dolphins were encountered. Spatial distribution of observation effort
covered the interior waters of the lagoon and surrounding deeper
waters, outside the barrier reef (Fig. 2). Most effort has been con-
centrated along the eastern coast, in the north and in the south. The
west coast was less surveyed. Bottlenose dolphins were primarily
distributed inside the lagoon and close to shore, as well as in the
shallow waters of the Iris bank to the north of the island (Fig. 2).
Photo-identification effort is presented in Table 1.

3.2. Genetic diversity and population structure
Mitochondrial data consisted of a 254 base pair fragment of the

cytochrome b gene. A total number of 29 individuals were sequenced.
The analyses revealed no mitochondrial polymorphism, which

Allele sizes (bp) and observed frequencies calculated for the unique panmictic population of Tursiops aduncus (N =29) from Mayotte. The GenBank accession number is indicated

for each microsatellite marker used.

EU431965 Allele size 189 193
Frequency 0.429 0.554
EU431966 Allele size 310 314
Frequency 0.196 0.304
EU431967 Allele size 178 182
Frequency 0.232 0.250
EU431968 Allele size 212 220
Frequency 0.179 0.536
EU431969 Allele size 188 192
Frequency 0.018 0.946
EU431972 Allele size 294 298
Frequency 0.232 0.679
EU431973 Allele size NA 169
Frequency 0.036 0.143
EU431974 Allele size 299 300
Frequency 0.054 0.232
EU431976 Allele size 208 212
Frequency 0.089 0.161
EU431978 Allele size 314 334
Frequency 0.107 0.268
EU431979 Allele size 212 220
Frequency 0.839 0.161
EU431980 Allele size 406 410
Frequency 0.571 0.429
EU431982 Allele size 257 261
Frequency 0.107 0.518
EU431983 Allele size 380 384

Frequency 0.036 0.804

197
0.018
318 322 326 330
0.071 0.375 0.018 0.036
186 202
0.500 0.018
224
0.286
196
0.036
302
0.089
177 181 185
0.500 0.286 0.036
304 308 312 316
0.536 0.107 0.054 0.018
220 224
0.446 0.304
338 342 346
0.054 0.393 0.179
265 273 277
0.018 0.304 0.054
392 396
0.071 0.089
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Fig. 3. Mean likelihood values (and SD) for various K. The horizontal dashed line indicates
the position of the highest mean value observed.

suggests a single matriarchal lineage in the Mayotte population. Nu-
clear markers gave similar results. The genetic diversity was low
with allele counts ranging from two to six depending on the locus
considered and a multilocus overall gene diversity of less than 0.6
(see Table 2 for allele sizes and observed frequencies). Bayesian sim-
ulations revealed no significant structure with a unique panmictic
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population at Hardy-Weinberg equilibrium around Mayotte being
the most likely scenario (most likely K= 1; Fig. 3).

3.3. Residency

On average, 67% of the dolphins that we photographed around
Mayotte were considered marked (with significant scars and notches
allowing individual identification). With respect to the bottlenose
dolphins of Mayotte, most individuals were sighted on one (18.6%),
two (11.6%), three (15.5%) or four occasions (11.3%). The number of
recaptures reached 20 times for one individual (Fig. 4). The two
most frequently seen individuals were recorded in 13 and 12 of the
39 months surveyed. Residency index reached a maximum of 2.6 for
the most frequently seen dolphin, but for most individuals, this index
was below 0.5 (Fig. 4). Overall, 25 individuals (43%) were seen on at
least 5 occasions during the study period.

3.4. Ranging patterns and individual habitat preferences

Home range estimate was generated for 43 dolphins. Sample
size had a significant effect on home range estimates (r? = 0.4966;
p<0.001, n=43). Corrected home range size varied from
2.14km? (MY71, 3 sightings) to 89.4 km? (MY16, 8 sightings)
(mean home range = 44.59 km?: SD = 37.92). Overall, we encoun-
tered four types of ranging patterns (Fig. 5). Nine individuals essen-
tially ranged in the north of the island. Twelve individuals
essentially ranged around the coastal waters of the island. Nine indi-
viduals were primarily distributed in the southern region of the la-
goon, and finally, thirteen individuals used both the coastal waters

38 43 48 53 58 63 68

15 9 28 33 38 43 48 53 58 63 68

58 63 68

Fig. 4. Sightings of 71 Indo-Pacific bottlenose dolphins around Mayotte from 2004 to 2008: (a) total number of sightings for each identified individual; (b) number of months in
which each individual was seen; (c) values of the residency index (RI) calculated for all identified dolphins.
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of the lagoon and regularly visited the northern area. These four
types have been named as follows: type A (north), type B (coastal
waters of the island), type C (south) and type H (hybrid distribution,
both coastal waters of the island and north, Fig. 5).

Two main communities were discriminated (Fig. 6). Type “A”
typically has a distribution far from shore, in deeper waters
(mean=44.9 m; SD=6.8) and has a smaller corrected home
range (mean=7.9; SD=6.4). Types “B, C and H” considerably
overlapped, especially in corrected home range size. However, a
few differences were observed, especially related to the spatial ex-
tent of their home range. The role of the home range size seems
negligible in the PCA results. Indeed, the tip of the vector for corr.hr
lies far away for the correlation circle indicating a minor role of this
variable in the structure observed on both the first and second prin-
cipal components (F1 and F2). Thus, the home range size is not a fac-
tor of primary importance for discriminating group A from groups B,
Cand H.

Overall, home range size differed significantly between the four
ranging patterns defined (H=18.891, df=3, p<0.0001). Habitat, in
relation to the three variables considered (depth, distance from
shore and from the barrier reef) was also significantly different be-
tween the four communities (distance from shore, H=23.506,
df=3, p<0.0001; depth, H=20.820, df=3, p<0.0001), except for
the variable “distance from the barrier reef” (H=2.569, df=3,
p=0.463).

3.5. Habitat and trophic segregation using stable isotopes

We used skin and blubber samples from 31 distinct bottlenose
dolphins for stable isotope analyses during the study period. Two in-
dividual categories were defined: individuals belonging to the “A”
community, essentially living outside the inner lagoon, and individ-
uals belonging to the other communities, mostly living in the inner
lagoon (B, C and H; Fig. 7). Stable isotope signatures for skin and
blubber were significantly different, both for &!3C (U=55;
p<0.001) and 6'°N (U=91; p<0.001; Fig. 6). 5'3C values were sig-
nificantly higher in the blubber (mean=—13.05; SD=0.88;
range=—16.16 to —11.77) than in the skin (mean=—15.12;
SD =0.98; range = — 17.05 to — 12.98). For 6'°N, values were also
significantly higher in blubber (mean=15.07; SD=0.66;
range=13.32 to 16.21) than in skin (mean=13.07; SD=1.28;
range = 11.44 to 16.15). Variability of values was higher in skin tis-
sues (reflecting intra- and inter-individual differences) than in blub-
ber tissues (only reflecting inter-individual differences), both for
513C and 8'°N (Fig. 7). Overall, for both skin and blubber samples,
we found that bottlenose dolphins belonging to community “A”
had slightly lower 8'3C values. However, no statistical difference
was found between stable isotope values in “A” and “B, C, H” commu-
nity members (6'3C skin: U=68, p>0.05; 6'3C blubber: U=97,
p>0.05; 8'°N skin: U=101, p>0.05; &'°N blubber: U=63,
p>0.05).
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Fig. 5. The four main ranging patterns of Indo-Pacific bottlenose dolphins around Mayotte from 2004 to 2008.
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Fig. 6. Principal component analysis showing segregation of individual dolphins of Mayotte from 2004 to 2008 based on their corrected home range size (corr.hr), mean location
(lat, long) and habitat preferences: depth, distance from barrier reef (dbr) and from coast (dc, masked by the latitude label). The ellipses represent 95% of the information and the

central point is the centre of gravity.

4. Discussion

This study documents intra-species habitat partitioning and fine
scale population structure in an isolated population of Indo-Pacific
bottlenose dolphins around the island of Mayotte, in the Mozam-
bique Channel. It combines analyses of genetic population structure,
residency, ranging patterns, trophic and habitat characteristics to as-
sess the existence of communities around the island. This work is
based on the sampling of 29 (genetic analyses) and 31 (stable isotope
analyses) dolphins, i.e. around one third of identified individuals and

154 _
14 4
pd
w0
w
13 | f f
124
- ® Skin A
o SkinBCH
4 Blubber A
—_ A BlubberBCH
11 T T T T T
-16 -15 -14 -13 -12
8'13C

Fig. 7. Mean (and SD) stable isotope signatures of 6'>C and 6'°N in skin and blubber
from biopsy samples (n=31), in %o.

photo-identification data over four years (71 individuals identified).
This study combines several approaches to answer the question of
intra-species habitat partitioning in a small cetacean living in a remote
tropical lagoon.

4.1. Evaluation of the study

The main limitation of this study is the low rate of recaptures of
dolphins and, consequently, the probable underestimation of the
size of individual home range. In addition, the MCP method is
known for underestimating home range with small samples (White
and Garrott, 1990). The best approach to estimate habitat use and
home range in marine animals (and minimise biases) is the study of
their movements using GPS and/or Argos satellite tags (Schofield et
al.,, 2007, 2010). However, this approach is logistically difficult in
small delphinids, and need further development, especially in terms
of tag design, attachment system and deployment. Our definition of
communities and ranging patterns is empirical and it is necessary to
be cautious with the interpretation of the results. Nevertheless, the
differential rate of encounter of identified individuals, according to
the spatial coverage of effort, underlines differential individual patterns
of distribution. This suggests that the data presented in this work over
the four years of the study (i.e. a fairly short period of time), allow
documenting some insights of fine scale population structure of
Indo-Pacific bottlenose dolphins in this region. It underlines that in-
sular Indo-Pacific bottlenose dolphins may segregate into communities
in order to share space and habitat, and, consequently, available habitat
and resources.

4.2. Population structure

In terms of genetic population structure, Indo-Pacific bottlenose
dolphins form a single panmictic group around Mayotte, with low
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genetic diversity. This low genetic diversity may be attributed to the for-
mation of the population by a limited number of individuals (Barson et
al., 2009). Three main situations could explain the genetic profile we ob-
serve in this population: (i) bottlenose dolphins of the Mayotte popula-
tion are totally isolated from surrounding populations; (ii) migrants
from surrounding populations may enter Mayotte at a certain frequen-
cy, and share the same genetic structure as those of Mayotte; (iii) indi-
viduals from surrounding populations may enter Mayotte, but not
participate in reproduction, and thus do not contribute to the gene
pool of the Mayotte population. This would explain why no signature
of admixture has been found. Furthermore, we have the confirmation
that the lack of mitochondrial polymorphism at the population level is
not due to a poor choice of marker (i.e. a low polymorphism of the cy-
tochrome b marker). Indeed, up to 4% divergence (10 segregating
sites) has been found between the mitochondrial sequence of Mayotte
individuals and the same gene fragment sequenced in Indo-Pacific
bottlenose dolphins from southern India (Jayasankar et al., 2008).
Thus the absence of mitochondrial polymorphism likely reflects the
fact that a single matriarchal lineage is present in Mayotte.

4.3. Residency

Around Mayotte, Indo-Pacific bottlenose dolphins have a
shallow-water and inshore distribution. Numerous within-year and
between-year resightings suggest that individuals are resident
around the island. However, a number of individuals have never
been resighted, but overall; this pattern of residency is relatively
similar to other areas of their range (Stensland et al., 2006;
Wiszniewski et al., 2009). The relatively high level of residency was
expected due to the geographic isolation of the island of Mayotte.
The closest island is Anjouan (Union of the Comoros), which is situ-
ated 60 km to the west of Mayotte, and the northwest coast of
Madagascar, which is situated 280 km to the east of Mayotte,
suggesting some degree of isolation of Mayotte Indo-Pacific bottle-
nose dolphins in the northern Mozambique Channel. This island-
associated pattern of residency has been previously documented in
similar oligotrophic areas for the common bottlenose dolphin
(T. truncatus), around the main Hawaiian Islands (Baird et al., 2009).

4.4. Existence of bottlenose dolphin communities around Mayotte

Based on the ranging patterns of individual dolphins, our results
suggest the existence of at least two distinguishable bottlenose dolphin
communities around Mayotte despite the absence of geographical bar-
riers to movements. The “type A” (n=9) community is made of indi-
viduals with restricted home ranges, living over higher depths and at
longer distances from shore. The second community possibly includes
three ranging patterns, “types B, C and H”. Individuals in this communi-
ty have an extended home range and a more inshore distribution. How-
ever, some variations within this community have been observed.
Twelve individuals (type B) exclusively range in the coastal waters
around the island. An intermediate type of ranging pattern (type H,
n=13), very similar to “type B”, is characterised by a large home
range and intermediate bathymetric range. Type “H” dolphins were
also observed outside the lagoon waters, within the type “A” individuals
range (type A, n=29). Finally, 9 individuals (type C) only range in the
south of the island, in the coastal waters. Communities “B, H and C”
may be different, but our dataset did not show significant differences
among them. Conversely, type “A” is significantly different to all other
communities. One uses open and deeper waters of a reef bank with
higher fish biomass and higher predator presence in the north-west of
Mayotte reef complex (type A; Wickel et al., 2010) and the others use
more coastal waters located inside the lagoon. Similar spatial segrega-
tion has been previously documented, including for bottlenose dolphins
and sea turtles from Shark Bay (Western Australia; Heithaus and
Dill, 2002; Heithaus et al., 2007). These studies suggest that foraging

distributions reflect a trade-off between predation risk and food avail-
ability, and highlight the importance of taking into consideration com-
munity context when studying habitat use (Heithaus and Dill, 2002).

The existence of communities has been documented for a number of
taxa, such as bottlenose dolphin (especially in T. truncatus), reef sharks
(Papastamatiou et al, 2010) and in chimpanzee societies (Goodall,
1986). In bottlenose dolphins, communities are not genetically isolated
and individuals may change community membership over time (Wells,
1986; Wells et al,, 1996). Among geographical areas, patterns of com-
munity home range may be variable. Indeed, communities may overlap
in their ranging patterns and live in direct sympatry but differ in their
foraging behaviour and social associations (Chilvers and Corkeron,
2001; Lusseau et al., 2005). In other areas such as Tampa bay, in Florida,
most communities show little overlap in their ranges (Urian et al.,
2009). Our study confirms that the two main communities that were
identified (A and B-C, i.e. the “northern community” and the “lagoon
community”, respectively) show little overlap. However, some sub-
structure among communities B, C and H could occur but more data
are clearly needed in order to resolve this issue.

4.5. Origin of community formation

Certain ecological factors may be more likely than others to pro-
mote the formation of communities (Urian et al., 2009). These factors
can be directly linked to social behaviour, as foraging strategies may
be culturally transmitted along matrilines (Kriitzen et al.,, 2004;
Novacek, 1999). Our stable isotope analyses did not reveal differences
of feeding strategies between individuals and communities, especially
in the long-term (analyses conducted in the blubber). We also expected
that some individuals, such as those from the north (occurring farther
from shore), would have lower &'C signatures (a pattern that we ob-
served, but that was not statistically significant) and that structure
may occur within the population. Indeed, higher values should be ob-
served in dolphins with a more coastal home range, as benthic carbon
sources are easier to access in coastal habitats (Hobson, 1999). In the
present study, we rather showed a high variance of the stable isotope
signatures in skin tissues, revealing a wide inter-individual width of
the feeding niche of Indo-Pacific bottlenose dolphins around Mayotte
(Bearhop et al., 2004), but not any significant dietary segregation within
the population. Consequently, we do not have evidence that bottlenose
dolphins use distinct resources at the species level around Mayotte.
However, only differences in isotopic signatures are informative
whereas similarities do not necessarily imply that individuals share
a similar trophic niche, as different foraging strategies may result
in similar isotopic signatures. Nevertheless, we showed that some
individuals do have different ranging patterns. This could be linked to
competition at the species level. Competition is an interaction between
individuals, brought about by a shared requirement for resources, and
leading to a reduction in survivorship, growth and/or reproduction suc-
cess (Begon et al., 1986). Here we hypothesize that bottlenose dolphins
around Mayotte use similar resources (that can considerably vary over
time, cf. stable isotope signature information from blubber). However,
they form communities in order to optimize space (and obviously
resources) sharing.

References

Abend, A.G., Smith, T.D., 1995. Differences in ratios of stable isotopes of nitrogen in
long-finned pilot whales (Globicephala melas) in the western and eastern North
Atlantic. ICES . Mar. Sci. 52, 837-841.

Arzoumanian, Z., Holmberg, J., Norman, B., 2005. An astronomical pattern-matching
algorithm for computer-aided identification of whale sharks Rhincodon typus.
J. Appl. Ecol. 49, 999-1011.

Baird, R.W., Gorgone, A.M., McSweeney, D.J., Ligon, A.D., Deakos, M.H., Webster, D.L.,
Schoor, G.S., Martien, K.K., Salden, D.R., Mahaffy, S.D., 2009. Population structure
of island-associated dolphins: evidence from photo-identification of common
bottlenose dolphins (Tursiops truncatus) in the main Hawaiian Islands. Mar.
Mammal Sci. 25, 251-274.



184 J. Kiszka et al. / Journal of Experimental Marine Biology and Ecology 416-417 (2012) 176-184

Barson, NJ., Cable, J., Oosterhout, C.V., 2009. Population genetic analysis of microsatellite
variation of guppies (Poecilia reticulata) in Trinidad and Tobago: evidence for a
dynamic source-sink metapopulation structure, founder events and population
bottlenecks. J. Evol. Biol. 22, 485-497.

Bearhop, S., Adams, C.E., Waldron, S., Fuller, R.A., Macleod, H., 2004. Determining tro-
phic niche width: a novel approach using stable isotope analysis. ]. Anim. Ecol.
73, 1007-1012.

Becker, R.A., Wilks, A.R., 2009. Mapdata: Extra Map Databases. R package version 2.1-0.
http://CRAN.R-project.org/package=mapdata.

Becker, RA., Wilks, ARR., 2010. Maps: Draw Geographical Maps. R package version
2.1-4. http://CRAN.R-project.org/package=maps.

Begon, M., Harper, ].L, Townsend, C.R,, 1986. Ecology — Individuals, Populations and
Communities. Blackwell, Boston.

Bejder, L., Fletcher, D., Brager, S., 1998. A method for testing association patterns of so-
cial animals. Anim. Behav. 56, 719-725.

Bolnick, D.I, Svanbdck, R., Fordyce, J.A., Yang, LH., Davis, .M., Hulsey, C.D., Forister,
M.L,, 2003. The ecology of individuals: incidence and implication of individual for-
aging specialization. Am. Nat. 161, 1-27.

Bui, R,, Buliung, R.N., Remmel, T.K., 2009. Aspace: a collection of functions for estimating
centrographic statistics and computational geometries for spatial point patternsR
package version 2.2. http://CRAN.R-project.org/package=aspace2009R Foundation
for Statistical # Computing, Vienna, Austria ISBN 3-900051-07-0.

Cherel, Y., Le Corre, M., Jaquemet, S., Ménard, F., Richard, P., Weimerskirch, H., 2008.
Resource partitioning within a tropical seabird community: new information
from stable isotopes. Mar. Ecol. Prog. Ser. 366, 281-291.

Chilvers, B.L., Corkeron, P.J., 2001. Trawling and bottlenose dolphins' social structure.
Proc. R. Soc. B 268, 1901-1905.

Connor, R.C,, Wells, R.S., Mann, J., Read, AJ., 2000. The bottlenose dolphin: social rela-
tionships in a fission-fusion society. In: Mann, J., Connor, R.C, Tyack, P.L,
Whitehead, H. (Eds.), Cetacean Societies: Field Studies of Dolphins and Whales.
University of Chicago Press, Chicago, pp. 91-126.

De Niro, M., Epstein, S., 1978. Influence of diet on the distribution of carbon isotopes
in animals. Geochim. Cosmochim. Acta 42, 495-506.

Dray, S., Dufour, A.B., 2007. The ade4 package: implementing the duality diagram for
ecologists. J. Stat. Software 22, 1-20.

Falush, D., Stephens, M., Pritchard, J., 2003. Inference of population structure using
multilocus genotype data: linked loci and correlated allele frequencies. Genetics
164, 1567-1587.

Forcada, J., Aguilar, A., 2003. Use of photographic identification in capture-recapture
studies of Mediterranean monk seals. Mar. Mammal Sci. 16 (4), 767-793.

Freitas, R, 2010. Argosfilter: Argos locations filterR package version 0.62 http://CRAN.
R-project.org/package=argosfilter2010.

Goodall, J., 1986. The Chimpanzees of Gombe: Patterns of Behavior. The Belknap Press
of Harvard University Press, Cambridge.

Gross, A., Kiszka, J., Van Canneyt, O., Richard, P., Ridoux, V., 2009. A preliminary study of
habitat and resource partitioning among co-occurring tropical dolphins around
Mayotte, southwest Indian Ocean. Estuarine Coastal Shelf Sci. 84, 367-374.

Hall, T.A., 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis
program for Windows 95/98/NT. Nucleic Acids Symp. Ser. 41, 95-98.

Heithaus, M.R., Dill, L.M., 2002. Food availability and tiger shark predation risk influence
bottlenose dolphin habitat use. Ecology 83, 480-491.

Heithaus, M.R., Frid, A., Wirsing, AJ., Dill, LM., Fourqurean, JW., Burkholder, D.,
Thomson, ]., Bejder, L., 2007. State-dependant risk-taking by green sea turtles me-
diates top-down effects of tiger shark intimidation in a marine ecosystem. J. Anim.
Ecol. 76, 837-844.

Heithaus, M.R,, Frid, A., Wirsing, AJ., Worm, B., 2008. Predicting ecological conse-
quences of marine top predator declines. Trends Ecol. Evol. 23, 202-210.

Hobson, K.A., 1999. Tracing origins and migration of wildlife using stable isotopes: a
review. Oecologia 120, 314-326.

Hobson, K.A., Gibbs, H.L., Gloutney, M.L., 1997. Preservation of blood and tissue sam-
ples for stable-carbon and stable-nitrogen isotope analysis. Can. J. Zool. 75,
1720-1723.

Ingram, S.N., Rogan, E., 2002. Identifying critical areas and habitat preferences of bot-
tlenose dolphins Tursiops truncatus. Mar. Ecol. Prog. Ser. 244, 247-255.

Jayasankar, P., Anoop, B., Vivekanandan, G., Rajagopalan, M., Yousuf, KM.M., Reynold,
P., Krishnakumar, P.K., Kumaran, P.L, Afsal, V.V., Krishnan, A.A., 2008. Molecular
identification of delphinids and finless porpoise (Cetacea) from the Arabian Sea
and Bay of Bengal. Zootaxa 1853, 57-67.

Karczmarski, L., 1999. Group dynamics of humpback dolphins (Sousa chinensis) in the
Algoa Bay region, South Africa. J. Zool. (London) 249, 283-293.

Kiszka, ]., Ersts, P.J., Ridoux, V., 2010a. Structure of a toothed cetacean community
around a tropical island (Mayotte, Mozambique Channel). Afr. ]J. Mar. Sci. 32,
543-551.

Kiszka, J., Simon-Bouhet, B., Charlier, F., Pusineri, C., Ridoux, V., 2010b. Individual and
group behavioural reactions of delphinids to remote biopsy sampling. Anim.
Welf. 19, 411-417.

Kiszka, ]., Simon-Bouhet, B., Martinez, L., Pusineri, C., Richard, P., Ridoux, V., 2011. Ecological
niche segregation within a community of sympatric dolphins around a tropical island.
Mar. Ecol. Prog. Ser. 433, 273-288.

Kriitzen, M., Barré, L.M., Connor, R.C., Mann, ]., Sherwin, W.B., 2004. ‘O father: where
art thou?’ — paternity assessment in an open fission-fusion society of wild bottle-
nose dolphins (Tursiops sp.) in Shark Bay, Western Australia. Mol. Ecol. 13,
1975-1990.

Lusseau, D., Wilson, B., Haommond, P.S., Grellier, K., Durban, J.W., Parsons, K.M., Barton,
T.R., Thompson, P.M., 2005. Quantifying the influence of sociality on population
structure in bottlenose dolphins. J. Anim. Ecol. 75, 14-24.

Menard, F., Lorrain, A., Potier, M., Marsac, F., 2007. Isotopic evidence of distinct feeding
ecologies and movement patterns in two migratory predators (yellowfin tuna and
swordfish) in the western Indian Ocean. Mar. Biol. 153, 141-152.

Mohr, C.0., 1947. Table of equivalent populations of North American small mammals.
Am. Midland Nat. 37, 223-249.

Moller, L.M., Beheregaray, L.B., Allen, S.J., Harcourt, R.G., 2006. Association patterns and
kinship in female Indo-Pacific bottlenose dolphins (Tursiops aduncus) of southeast-
ern Australia. Behav. Ecol. Sociobiol. 61, 109-117.

Nater, A., Kopps, A.M., Krutzen, M., 2009. New polymorphic tetranucleotide microsatel-
lites improve scoring accuracy in the bottlenose dolphin Tursiops aduncus. Mol.
Ecol. Resour. 9, 531-534.

Novacek, D., 1999. Sound use, sequential behavior and ecology of foraging bottlenose
dolphins, Tursiops truncatus. Doctoral dissertation, Woods Hole Oceanographic
Institution.

Papastamatiou, Y.P., Wetherbee, B.M., Lowe, C.G., Crow, G.L., 2006. Distribution and
diet of four species of carcharhinid shark in the Hawaiian Islands: evidence for
resource partitioning and competitive exclusion. Mar. Ecol. Prog. Ser. 320,
239-251.

Papastamatiou, Y.P., Friedlander, A.M., Caselle, J.E., Lowe, C.G., 2010. Long-term move-
ment patterns and trophic ecology of blacktip sharks (Carcharhinus melanopterus)
at Palmyra atoll. J. Exp. Mar. Biol. Ecol. 386, 94-102.

Pritchard, J., Stephens, M., Donnelly, P., 2000. Inference of population structure using
multilocus genotype data. Genetics 155, 945-959.

Pusineri, C., Chancollon, O., Ringelstein, J., Ridoux, V., 2008. Feeding niche segregation
among the northeast Atlantic community of oceanic top predators. Mar. Ecol.
Prog. Ser. 361, 21-34.

R Development Core Team, 2010. R: A Language and Environment for Statistical Computing.

Rossbach, K.A., Herzing, D.L., 1999. Inshore and offshore bottlenose dolphin (Tursiops
truncatus) communities distinguished by association patterns near Grand Bahama
Island, Bahamas. Can. J. Zool. 77, 581-592.

Schofield, G., Bishop, CM. Maclean, G. Brown, P, Baker, M, Katselidis, KA,
Dimopoulos, P., Pantis, ].D., Hays, G.C., 2007. Novel GPS tracking of sea turtles
as a tool for conservation management. J. Exp. Mar. Biol. Ecol. 347, 58-68.

Schofield, G., Katselidis, K.A., Dimopoulos, P., Pantis, ].D., 2008. Investigating the viabil-
ity of photo-identification as an objective tool to study endangered sea turtle
populations. J. Exp. Mar. Biol. Ecol. 360, 103-108.

Schofield, G., Hobson, V., Lilley, MK S., Katselidis, K.A., Bishop, C.M., Brown, P., Hays, G.C,,
2010. Inter-annual variability in the home range of breeding turtles: implications for
current and future conservation management. Biol. Conserv. 143, 722-730.

Scott, M.D., Wells, R.S., Irvine, A.B., 1990. A long-term study of bottlenose dolphins on
the west coast of Florida. In: Leatherwood, S., Reeves, R.R. (Eds.), The Bottlenose
Dolphin. Academic Press, San Diego, pp. 235-244.

Shane, S.H., 1990. Behaviour and ecology of the bottlenose dolphin at Sanibel Island,
Florida. In: Leatherwood, S., Reeves, R.R. (Eds.), The Bottlenose Dolphin. Academic
Press, San Diego, pp. 245-265.

Stensland, E., Sarnblad, A., Carlén, I, Bignert, A., Berggren, P., 2006. Abundance, distri-
bution and behavioral ecology of Indo-Pacific bottlenose (Tursiops aduncus) and
humpback (Sousa chinensis) dolphins off the south coast of Zanzibar. Mar. Mammal
Sci. 22, 667-682.

Thompson, ].D., Higgins, D.G., Gibson, T.J., 1994. CLUSTAL W: improving the sensitiv-
ity of progressive multiple sequence alignment through sequence weighting,
position-specific gap penalties and weight matrix choice. Nucleic Acids Res. 22,
4673-4680.

Tieszen, L.L., Boutton, T.W., Tesdahl, K.G., Slade, N.A., 1983. Fractionation and turnover
of stable carbon isotopes in animal tissues: implications for 6'>C analysis of diet.
Oecologia 57, 32-37.

Urian, KW., Hofmann, S., Wells, R.S., Read, AJ., 2009. Fine-scale population structure of
bottlenose dolphins (Tursiops truncatus) in Tampa Bay, Florida. Mar. Mammal Sci.
25, 619-638.

Vavrek, M., 2011. Fossil: palaeoecological and palaeogeographical analysis tools.
Palaeontol. Electron. 14, 1T.

Wells, R.S., 1986. Population structure of bottlenose dolphins: behavioral studies along
the central west coast of Florida. Contract Report to National Marine Fisheries Ser-
vice, Southeast Fisheries Center, Contrat N°.45-WCNF-5-00366. 58 pp.

Wells, R.S., Urian, KW., Read, AJ., Barros, M.K.,, Carr, W.]., Scott, M.D., 1996. Low-level
monitoring of bottlenose dolphins, Tursiops truncatus, in Tampa Bay, Florida:
1988-1993. NOAA Technical Memorandum NMFS-SEFSC-385.

White, G.C., Garrott, R.A., 1990. Analysis of Wildlife Radio-tracking Data. Academic
Press, San Diego, CA.

Wickel, ]., Jamon, A., Kiszka, ]., Layssac, K., Nicet, ].-B., Sauvignet, H., Seret, B., 2010.
Structure des communautés de requins et autres poissons prédateurs des bancs
récifaux de Geyser, Zélée et Iris (Canal de Mozambique). Report of the Indian
Ocean Shark Research Group (MAYSHARK) for Direction de I'Agriculture et de la
Forét de Mayotte. 21 pp.

Wiszniewski, J., Allen, S.L., Méller, L.M., 2009. Social cohesion of a hierarchically struc-
tured embayment population of Indo-Pacific bottlenose dolphins. Anim. Behav. 77,
1449-1457.

Wiirsig, B., Jefferson, T.A., 1990. Methods of photo-identification for small cetaceans.
Rep. Int. Whaling Comm. (Special Issue 12), 43-53.

Wiirsig, B., Wiirsig, M., 1977. The photographic determination of group size, composi-
tion and stability of coastal porpoises (Tursiops truncatus). Science 198, 755-756
[SS].


http://CRAN.R-project.org/package=mapdata
http://CRAN.R-project.org/package=maps
http://CRAN.R-project.org/package=aspace
http://CRAN.R-project.org/package=argosfilter
http://CRAN.R-project.org/package=argosfilter

	Habitat partitioning and fine scale population structure among insular bottlenose dolphins (Tursiops aduncus) in a tropical lagoon
	1. Introduction
	2. Materials and methods
	2.1. Data and sample collection
	2.2. Residency index
	2.3. DNA extraction, PCR, sequencing and genotyping
	2.4. Patterns of population structure
	2.5. Community existence: ranging pattern and habitat analysis
	2.6. Trophic and habitat segregation using stable isotope analyses

	3. Results
	3.1. Survey effort and sightings
	3.2. Genetic diversity and population structure
	3.3. Residency
	3.4. Ranging patterns and individual habitat preferences
	3.5. Habitat and trophic segregation using stable isotopes

	4. Discussion
	4.1. Evaluation of the study
	4.2. Population structure
	4.3. Residency
	4.4. Existence of bottlenose dolphin communities around Mayotte
	4.5. Origin of community formation

	References


