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Abstract

Climatic oscillations during the Pleistocene have greatly influenced the distribution
and connectivity of many organisms, leading to extinctions but also generating
biodiversity. While the effects of such changes have been extensively studied in the
terrestrial environment, studies focusing on the marine realm are still scarce. Here we
used sequence data from one mitochondrial and five nuclear loci to assess the potential
influence of Pleistocene climatic changes on the phylogeography and demographic
history of a cosmopolitan marine predator, the common dolphin (genus Delphinus).
Population samples representing the three major morphotypes of Delphinus were
obtained from 10 oceanic regions. Our results suggest that short-beaked common
dolphins are likely to have originated in the eastern Indo-Pacific Ocean during the
Pleistocene and expanded into the Atlantic Ocean through the Indian Ocean. On the
other hand, long-beaked common dolphins appear to have evolved more recently and
independently in several oceans. Our results also suggest that short-beaked common
dolphins had recurrent demographic expansions concomitant with changes in sea
surface temperature during the Pleistocene and its associated increases in resource
availability, which differed between the North Atlantic and Pacific Ocean basins. By
proposing how past environmental changes had an effect on the demography and
speciation of a widely distributed marine mammal, we highlight the impacts that
climate change may have on the distribution and abundance of marine predators and
its ecological consequences for marine ecosystems.

Keywords: adaptive evolution, speciation, cetaceans, phylogeography, taxonomy

Received 24 April 2011; revision received 5 June 2012, accepted 16 June 2012

Introduction
Global fluctuations in climate during the Pleistocene

and its associated sea level changes have altered sea
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surface temperatures and the flow of ocean currents
(Hewitt 1996, 2000; Clark et al. 1999). Such historical
events have influenced the distribution and connectivity
of marine organisms, leading species to extinction as
well as acting as drivers of biodiversity (Hewitt 1996).
The majority of studies assessing the influence of
climatic oscillations on the phylogeography of marine
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organisms have so far been conducted either at regional
spatial scales (e.g. Banguera-Hinestroza et al. 2010;
Taguchi et al. 2010) or in species with larval dispersal
(e.g. Larmuseau et al. 2009; Lopez et al. 2010). In con-
trast, such studies are rare in actively dispersing marine
predators, particularly those distributed over a global
scale (but see Pastene et al. 2007).

Cetaceans are a group of marine mammals that
radiated from their terrestrial ancestors around 53 Ma
(Arnason ef al. 2004). Patterns of ocean restructuring
during climatic oscillations in the Oligocene and Mio-
cene have been suggested to account for the radiation
of extant cetacean species (Steeman et al. 2009).
Throughout their evolutionary history, dietary special-
izations are thought to have lead to ecomorphological
diversity (Slater et al. 2010) as well as to convergent
evolution (Natoli et al. 2004, 2006), particularly in the
Delphinidae, which is the most speciose family of mar-
ine mammals (LeDuc 2009). Within the Delphinidae,
the subfamily Delphininae includes the recently evolved
and closely related polytypic genera Tursiops, Stenella
and Delphinus, whose taxonomy, phylogenetic relation-
ships, phylogeography and evolutionary history are still
under debate (e.g. LeDuc et al. 1999; Natoli et al. 2004,
2006; Caballero et al. 2008; Moller et al. 2008).

Common dolphins (genus Delphinus) are widely dis-
tributed and abundant small cetaceans that present
great morphological variability throughout their distri-
bution. These dolphins occupy a near top position in
the marine food chain and their distribution is thought
to be associated with that of their prey and with specific
water masses characterized by different temperature
regimes (Ballance et al. 2006; Moéller et al. 2011; Amaral
et al. 2012), including ‘upwelling-modified’ waters in
both tropical (Ballance efal. 2006) and temperate
regions (Bilgmann ef al. 2008). These ‘upwelling-modi-
fied” waters are regions of highly variable oceano-
graphic features, characterized by year round or
seasonal rising of cool nutrient-rich waters from the
bottom of the ocean towards the surface (Au & Perry-
man 1985).

Common dolphins are currently listed as a species of
least concern in the IUCN Red List of Threatened
Species, partly owing to the deficit of data, but are
included in Appendix II of CITES, which regulates the
trade of wildlife products. The rising number of bycat-
ches in various pelagic fisheries has, however, raised
concerns regarding the status of some populations (e.g.
Bilgmann et al. 2008; Mangel et al. 2010).

Two species and four subspecies are currently recog-
nized within the genus: the short-beaked common dol-
phin, Delphinus delphis Linnaeus, 1758, distributed in
tropical and temperate continental shelf and pelagic
waters of the Atlantic, Pacific and Southeast Indian
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Oceans (hereinafter referred to as the short-beaked mor-
photype); the long-beaked common dolphin, Delphinus
capensis Gray, 1828, distributed in nearshore tropical
and temperate waters of the Pacific and Southern Atlan-
tic Oceans (hereinafter referred to as the long-beaked
morphotype); the Arabian common dolphin, D. c. tropi-
calis van Bree 1971, restricted to the Indian Ocean (here-
inafter referred to as the tropicalis form); and the Black
Sea common dolphin, D. d. ponticus Barabash, 1935,
restricted to the Black Sea (Perrin 2009).

Previous molecular studies based on mitochondrial
DNA (mtDNA) data corroborated the separation of the
short- and long-beaked morphotypes occurring in Cali-
fornia as two species (Rosel et al. 1994). However, when
populations from other regions were analysed, a dis-
agreement between morphological and genetic charac-
ters was found (LeDuc et al. 1999; Kingston & Rosel
2004; Natoli et al. 2006; Amaral et al. 2007). A highly
divergent mtDNA clade including short-beaked individ-
uals from the Northeast Atlantic and tropicalis individu-
als from the Indian Ocean was reported (Amaral et al.
2007) and long-beaked populations from the Northeast
Pacific and off South Africa showed high levels of dif-
ferentiation, suggested as an independent evolutionary
event and convergence on the same morphotype (Natoli
et al. 2006). As for short-beaked populations, patterns of
genetic partitioning varied from low levels of differenti-
ation found in the North Atlantic (Natoli et al. 2006;
Amaral et al. 2007; Mirimin et al. 2009; Querouil et al.
2010) to fine-scale population structure reported along
the eastern (Moller et al. 2011) and southern Australian
coasts (Bilgmann et al. 2008; Amaral et al. 2012). How-
ever, to the best of our knowledge, no studies to date
have investigated the phylogeography of common dol-
phins in the light of past climatic changes, and biogeo-
graphic hypotheses about the origin of Delphinus have
not been proposed.

Studies on some cetacean species other than Delphinus
have suggested an impact of palaeoceanographic
changes on the population history of these animals. For
example, an extended period of global warming during
the Pliocene has been suggested as a factor triggering
speciation of minke whales (Pastene et al. 2007). Like-
wise, changes in primary productivity during the Pleis-
tocene glaciations, and related abundance of prey, are
thought to have shaped the phylogeography of the
dusky dolphin (Harlin-Cognato et al. 2007). The North-
ern Hemisphere glaciations are also thought to have
influenced the demography and phylogeography of the
harbour porpoise (Taguchi et al. 2010) and the white-
beaked dolphin (Banguera-Hinestroza et al. 2010).

Our study aims to assess the influence of climate
oscillations during the Pleistocene on the population
demography, historical population structure and
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Table 1 Biogeographic scenarios and predictions hypothesized for the origin and dispersal of the genus Delphinus

Biogeographic scenario

Predictions

Examples

Eastern Indo-Pacific origin
with subsequent dispersal
into Atlantic Ocean via
southern Africa

South Atlantic or South
Indian Ocean origin with
eastward dispersal towards
the Pacific Ocean facilitated

Atlantic Ocean lineages are less variable and

nested within Indo-Pacific Ocean lineages;
Atlantic Ocean populations show lower
effective population size, and more recent
signals of demographic changes

Pacific Ocean lineages are less variable and

nested within Atlantic and Indian Ocean
lineages; Pacific Ocean populations show
lower genetic effective population sizes and

Fishes (Bremer et al. 1998; Grant & Bowen 2006;
Martinez et al. 2006), prawns (Teske et al. 2009),

sea turtles (Bowen et al. 1997), sea birds (Avise et al.
2000), sharks (Duncan et al. 2006) and dolphins of
the genus Stenella (Perrin et al. 1978; Perrin 2007)
Many marine organisms in the Southern
Hemisphere (see Waters 2008), and dolphins of the
genus Cephalorhynchus (Pichler et al. 2001)

by the circumpolar
temperate current

more recent signals of demographic changes

geographic distribution of common dolphins, a highly
mobile marine predator. We test two possible biogeo-
graphic scenarios, and associated predictions, for the
origin and dispersal of Delphinus, which have been pre-
viously proposed for several marine organisms
(Table 1).

Our first scenario is an origin in the eastern Indo-
Pacific Ocean, with subsequent dispersal into the Atlan-
tic Ocean basin via southern Africa (Table 1, Fig. 5).
The dispersal between Indian and Atlantic Ocean basins
would be facilitated by the Agulhas current system,
which occasionally projects warm water masses west-
ward around South Africa (Peeters et al. 2004). This pas-
sage was, however, intermittent, with long-term periods
of isolation between the Atlantic and Indian Ocean
basins (Peeters et al. 2004), leaving a signal in the
mtDNA phylogenies of many marine organisms (exam-
ples, Table 1). Our second scenario relates to an origin

in the South Atlantic or South Indian Ocean, with east-
ward dispersal towards the Pacific Ocean, facilitated by
the circumpolar temperate west-wind drift ocean cur-
rent present during the Plio-Pleistocene (Table 1, Fig. 5).
This current was established around Antarctica with
the opening of the Drake Passage between South Amer-
ica and Antarctica, leading to prevailing eastward cur-
rents and winds.

Common dolphins are marine predators with a distri-
bution that is putatively linked with major water
masses and pelagic resources (Ballance et al. 2006; Mol-
ler etal. 2011, Amaral efal. 2012). Therefore, we
hypothesize that the genetic architecture of common
dolphin populations may contain signals related to
major past changes in oceanographic conditions. The
latter might include demographic expansions chrono-
logically associated with Pleistocene changes in sea sur-
face temperature and its related increases in resource
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Fig. 1 Map showing sampling locations
for the common dolphin populations
analysed in this study. (NEPAC, North-
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availability (Lawrence et al. 2006). An understanding of
the phylogeography and historical patterns of common
dolphin dispersal will contribute to our knowledge of
how glaciations have impacted upon marine popula-
tions at a global scale.

Material and methods

Sampling and DNA extraction

In total, we analysed 343 common dolphin samples rep-
resenting 10 oceanic regions and all main morphotypes
of Delphinus (Fig. 1, Table 2). For the short-beaked mor-
photype, the sampled regions were the Northeast Atlan-
tic (NEATL), n =63; the Central Eastern Atlantic
(CEATL), n =21; the Northwest Atlantic (NWATL),
n = 27; the Northeast Pacific (NEPAC), n = 26; the
Southwest Pacific, n = 41 (encompassing eastern Aus-
tralian waters, SWPAC_AUS) and n = 40 (encompassing
New Zealand waters, SWPAC NZ) and the Southeast
Indian Ocean (southern Australian waters, SEIND),
n =27 (Fig. 1). For the long-beaked morphotype, the
sampled regions were the Northeast Pacific, n = 40; the
Southeast Atlantic (SEATL), off South Africa, n = 26
(these samples are here classified as long-beaked fol-
lowing Samaai et al. (2005) and P. Best (pers. comm.));
and the Southwest Atlantic (SWATL), off Brazil, n = 7.
Finally, for the tropicalis form, n =25, samples were
obtained from the Arabian Sea in the Western Indian
Ocean (WIND). Tissue samples were obtained either
from stranded animals or from dart biopsying live ani-
mals and preserved in 99% ethanol. About 144 samples
from NWATL, NEPAC, SEATL and WIND were
received from the Southwest Fisheries Science Center,
Marine Mammal and Turtle Research Sample Collection
(SWFSC-NOAA, La Jolla, CA, USA) as extracted DNA.
DNA from remaining samples was extracted from mus-
cle or skin tissue using either a standard proteinase K
and two phenol-chloroform-isoamyl extractions (Rosel
& Block 1996), or a salting-out method (Sunnucks &
Hales 1996).

DNA sequencing

mtDNA. The cytochrome b gene was amplified and
sequenced (1121 bp) using primers on the transfer RNA
(tRNA) genes for the 343 samples (GenBank Accession
Numbers JX264568-JX264703; Data deposited in
the Dryad repository: doi:10.5061/dryad.3pf37). The
L-strand primer was on tRNA glutamine (L14724,
5-TGACTTGAARAACCAYCGTTG 3) and the H-
strand primer on tRNA threonine (5'CCTTTTCCGGT-
TTACAAGAC 3') (LeDuc et al. 1999). The thermocycle
profile and PCR conditions used are described in Ama-
ral et al. 2007. The PCR products were cleaned by add-
ing 0.5 U of shrimp alkaline phosphatase and 5 U of
exonuclease I and incubating at 37 °C for 30 min and
80 °C for 15 min. Both strands were directly sequenced
(BigDye Terminator CycleSequencing; Applied Biosys-
tems) on an ABI 3730 automated sequencer. All
sequences obtained were aligned using the software Se-
quencher, version 4.2 (Gene Codes Corporation).

Nuclear loci. Three anonymous nuclear loci developed
from Delphinus delphis [Del 12, Del 15 and Del 18
(Amaral et al. 2010)] and two introns [CHRNA1 (Roca
et al. 2001) and PLP (Lyons ef al. 1999)] were PCR
amplified and sequenced for a subset of the samples,
which comprised 90 common dolphin specimens (short-
beaked morphotype: NE Atlantic, n = 9; CE Atlantic,
n = 10; NW Atlantic, n = 9; SW Pacific Australia, n = 6,
SW Pacific New Zealand, n = 10; NE Pacific, n = 11, SE
Indian, n =5; long-beaked morphotype: SE Atlantic,
n =7, SW Atlantic, n = 7; NE Pacific, n = 11; tropicalis
form: W Indian, n = 5) (GenBank Accession Numbers
JX205962-JX206411; Data deposited in the Dryad reposi-
tory: doi:10.5061/dryad.3pf37) (Table 2). The PCRs were
performed in 25 pL mixture containing 10-100 ng
DNA, 0.2 mM each dNTP, 0.3 pm each primer, 1 U Taq
Polymerase and 1x Taq buffer. PCR products were
cleaned, sequenced and aligned as above. To obtain all
alleles for each nuclear locus, we used the Bayesian
approach implemented in Phase 2.1.1 (Stephens et al.
2001; Stephens & Donnelly 2003). The default settings

Table 2 Molecular markers sequenced for this study with information on the number of base pairs sequenced, variable sites and
total haplotypes and nucleotide substitution models obtained using jModeltest

Marker Length (bp) Variable sites Total haplotypes Model
Cytochrome b 1121 192 175 TRN + G (0.418)
CHRNAT1 379 12 26 SYM + I (0.9580)
Del 12 801 21 33 K80 + 1 (0.8878)
Del 15 746 20 33 TIM + I (0.9638)
Del 17 733 13 21 TIM + 1 (0.9605)
PLP 775 13 16 HKY + I (0.9695)
Total 4555 271 304
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were used, except that we only accepted haplotype
reconstructions with Bayesian posterior probabilities
of > 95%. Tests for recombination were performed for
each locus using the maximum chi-square test of Smith
(1992). For some of the statistical analyses, we used a
concatenated nuclear data set generated with the pro-
gram MEsQUITE v. 2.75 (Maddison & Maddison 2007).

Statistical analyses

Genetic diversity and historical population dynamics. In all
analyses, each morphotype occurring in each oceanic
region was considered as a putative population.
Sequence diversity measures for mtDNA and each
nuclear locus (nucleotide and haplotype diversities)
were separately estimated in DNAsp v. 5.10.01 (Librado
& Rozas 2009).

Mismatch distributions (MMD; Rogers & Harpending
1992) and the demographic parameters 7, 6y and 0,
were estimated for the mtDNA data set in Arlequin v.
3.5 (Excoffier & Lischer 2010). Goodness of fit was
assessed by the sum of square deviations (S55D) and the
Harpending’s raggedness index (Harpending 1994)
between the observed and the expected mismatch with
their significance determined by a parametric bootstrap.
The Harpending’s raggedness index quantifies the
smoothness of the observed pairwise difference distri-
bution and a nonsignificant result indicates an expand-
ing population (Harpending 1994). The relationship Tau
T = 2ukt was used to estimate the time of expansion (),
where k is number of nucleotides sequenced and y is
the mutation rate per nucleotide. We used the average
mutation rate estimated for the delphinid mitochondrial
genome, 9.86 x 10”7 substitutions per nucleotide per
year (Vilstrup ef al. 2011). In addition to the mismatch
analysis, we wused a coalescent-based multilocus
method, the Extended Bayesian Skyline Plot, which
takes genealogy into account and is expected to provide
a better estimate of demographic history than other
methods (Drummond et al. 2005). Moreover, by allow-
ing the analysis of multiple loci, this nonparametric
Bayesian MCMC method provides a powerful frame-
work to estimate changes in population size through
time (Drummond et al. 2005). Analyses were performed
for each putative population using sequence data for
the cytochrome b gene and for the five nuclear loci
using mutation rates as described above for the cyto-
chrome b gene and a rate of 4.79 x 10~ ' substitutions
per nucleotide site per year for the nuclear loci (aver-
aged substitution rates of seven autosomal nuclear
introns, Alter et al. 2007). 107 MCMC generations were
run in the program Beast v. 1.6.1 (Drummond & Ram-
baut 2007), where this method is implemented. As not
all models of nucleotide evolution are available to

choose in BEasT, the HKY model was chosen because it
was the most approximate model to those we obtained
in jModeltest (Posada 2008) for each locus (Table 2); all
other parameters were set as suggested by the authors
(Heled & Drummond 2008). Convergence of the MCMC
chains was inspected using Tracer v. 1.5 (Rambaut &
Drummond 2007) by visually checking the effective
sample size (ESS) values.

Population differentiation and phylogeography. Population
differentiation was tested by calculating pairwise Fsr
using Tamura—Nei distances for both mtDNA and the
concatenated nuclear DNA data sets in Arlequin v. 3.5
(Excoffier & Lischer 2010). Significance was tested
through 10 000 permutations and multiple tests were
adjusted using sequential Bonferroni (Rice 1989). An
analysis of molecular variance (AMoOvA) was also com-
puted using the following hierarchical levels: (i) all
putative populations of short-beaked and long-beaked
morphotypes; (ii) short-beaked populations from differ-
ent ocean basins (i.e. the Atlantic, the Pacific and SE
Indian Ocean); and (iii) long-beaked from different
ocean basins (i.e. the Atlantic, the Pacific and Western
Indian Ocean). Significance was also tested through
10 000 permutations in Arlequin.

Genealogical relationships at the haplotype level were
inferred using the median-joining network as imple-
mented in Network v. 4.6.0.0 (Bandelt et al. 1999). Hapl-
otypes were colour-coded according to different
morphotypes occurring in each ocean basin, and not
according to putative populations, for example, short-
beaked populations from the Atlantic Ocean were all
coded with the same colour, as were the short-beaked
populations from the Pacific Ocean.

In addition, phylogenetic relationships among the dif-
ferent morphotypes from each oceanic region were esti-
mated using the species tree method implemented in
*BEAST (Heled & Drummond 2010), which runs in BEAST
v.1.6.2 (Drummond & Rambaut 2007). This method esti-
mates species tree under the multispecies coalescent
model, which assumes gene trees to be embedded
inside a species tree by following the stochastic coales-
cent process back in time (Heled & Drummond 2010).
Individuals were again combined by each oceanic
region for each morphotype. Stenella coeruleoalba (one of
the putative sister taxa of Delphinus and Sousa chinensis
(the basal taxa of the Delphininae phylogeny)) were
used as outgroups (LeDuc et al. 1999). A strict molecu-
lar clock model was used for mitochondrial and all
nuclear loci following preliminary runs in BEAsT, which
established no significant deviations from a strict clock
(95% high posterior density interval of the posterior dis-
tribution included zero). A substitution rate of 0.00986
substitutions per site per lineage per million years was
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used for the mtDNA and the nuclear rate was set as rel-
ative to the mtDNA rate. The prior was set to the
default option of the program, the Yule process. Three
runs of 500 million MCMC generations sampling every
10 000 generations were run and combined using Log-
Combiner v. 1.61 after a conservative burnin of 10%.
The program TrRACER v.1.5 was run to ensure mixing
and convergence of the posterior distribution and
parameters by examining ESS. TreeAnnotator v.1.6.1
(Rambaut & Drummond 2010) was subsequently used
to summarize the obtained trees in a single, consensus
tree that represents the posterior distribution.

Population divergence times and migration rates based on
mtDNA. The MCMC approach implemented in the pro-
gram MpIv (Nielsen & Wakeley 2001) was used to obtain
estimates of divergence times and migration rates. To
minimize the number of pairwise comparisons, we
pooled sampled regions for short-beaked and for long-
beaked populations that showed no significant genetic
subdivision (i.e. those populations with a statistically
nonsignificant pairwise ¢gr) into groups (see Results).
We pooled the short-beaked populations from NEATL
and CEATL into one group, and the long-beaked popu-
lations from SWATL and SEATL into another group.
These were used as representatives of each morphotype
in the Atlantic Ocean. Within the Pacific Ocean, we only
considered the short-beaked population from NEPAC
for the comparisons, as this population is significantly
differentiated from the SWPAC AUS and SWPAC NZ
populations. All other geographic regions and morpho-
types were considered individually. The estimated
parameters were 0 (0 = 2N1) where N is the effective
population size and p is the mutation rate, M
(M = 2Nggm) where m is the migration rate and T
(T'=1t/Ne) where t is the divergence time. These
parameters were obtained using a finite sites model
(HKY) to allow for the possibility of multiple mutations
per site (Palsboll et al. 2004). We ran 3 x 10° cycles with
a burn-in of 5 x 10°. Maximum values for T and M
were set at 10 and 40, respectively. Five runs with dif-
ferent random seeds were run for each comparison, giv-
ing similar results for all parameters, which suggested
that the number of chains used was adequate. Diver-
gence time (t) was calculated as in Brown et al. 2007;
using the formula t = T*6/(2u)*g. T and 6 are generated
by the program, u is the mutation rate and g is the gen-
eration time. u was calculated as 2*p*k, where u is the
mutation rate per nucleotide and k is the length of the
sequence. As above, 9.86 x 107° substitutions per
nucleotide site per year were the mutation rate used for
the cytochrome b gene (Vilstrup et al. 2011). An approx-
imate generation time of 7 years was considered since it
is within the range of the age of sexual maturity
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described for female common dolphins for the Pacific
and Atlantic oceans (Murphy et al. 2009; Perrin 2009).

Results

Genetic diversity

Haplotype and nucleotide diversities for the mtDNA
were high for most populations, with short-beaked pop-
ulations from the Pacific Ocean showing higher diver-
sity than those from the Atlantic Ocean (Table 3). In
comparison, long-beaked common dolphins showed
low diversity for all populations, except SWATL for
which we had a small sample size. For the nuclear loci,
after phasing of heterozygous sites, the final data set
comprised 900 alleles. The five nuclear loci were poly-
morphic across the entire data set but not for every sur-
veyed putative population sampled (Table 3). Overall,
levels of haplotypic and nucleotide diversity at nuclear
loci were lower than for the cytochrome b (Table 3).
Although sample size was smaller for the nuclear data
set, it is unlikely that this affected levels of diversity
observed. The short-beaked populations from the Pacific
Ocean showed the highest nucleotide diversity in
CHRNA1 and PLP (0.00721 for SWPAC NZ and
0.00166 for NEPAC, respectively) (Table 3).

Population differentiation, genealogical and
phylogenetic relationships

Pairwise Fgr values based on cytochrome b and on the
concatenated nuclear loci were concordant, showing
significant differentiation between most putative popu-
lations (Table S1, Supporting information). Overall, high
differentiation was found between long-beaked and
short-beaked populations. High differentiation was
observed between all pairwise long-beaked population
comparisons. On the other hand, significant pairwise
divergence was found between short-beaked popula-
tions across different oceans, but low or no differentia-
tion was detected between populations from the same
oceanic region or in close geographic proximity (e.g.
between CEATL and NEATL (¢sr = 0.0167, P > 0.05 for
mtDNA and 0.039, P > 0.05 for nuDNA) and between
SWPAC_AUS and SWPAC_NZ (¢sr = 0.0048, P > 0.05
for mtDNA and 0.0155, P > 0.05 for nuDNA)).

The Amova analyses showed significant genetic struc-
ture among all populations for all molecular markers
(Table 4). For the cytochrome b gene, no significant dif-
ferences between oceans were detected for short-beaked
and long-beaked populations (pcr = 0.0299, P = 0.1682;
oct = 0.5642, P = 0.1634, respectively). By contrast, for
the nuclear loci data set, significant differences were
found between oceans for the short-beaked populations
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Table 4 Results from analysis of molecular variance (aMova) of population structure in common dolphins obtained for the cyto-
chrome b gene (mtDNA) and for the concatenated nuclear loci (nuDNA). Statistically significant values are highlighted in bold. ¢gr,
among populations within groups; ¢cr, populations among groups; ¢sc, among populations within groups

Comparison levels Source of variation % variation ¢-statistics p
mtDNA All populations Among populations 30.48
within populations 69.52 dst = 0.305 <0.001
Short-beaked ocean basins Among oceans (ATL, PAC, SEIND) 2.99 der = 0.030 0.168
Among populations within oceans 7.92 bsc = 0.082 <0.001
Within populations 89.08 bsT = 0.109 <0.001
Long-beaked ocean basins Among oceans (ATL, PAC, WIND) 56.48 der = 0.565 0.163
Among populations within oceans 1.90 bsc = 0.044 0.129
Within populations 41.62 bst = 0.584 <0.001
nuDNA All populations Among populations 20.4
within populations 79.6 bst = 0.204 <0.001
Short-beaked ocean basins Among oceans (ATL, PAC, SEIND) 7.98 der = 0.080 0.014
Among populations within oceans 2.84 bsc = 0.031 0.027
Within populations 89.18 dst = 0.108 <0.001
Long-beaked ocean basins Among oceans (ATL, PAC, WIND) —23.21 $er = —0.232 0.838
Among populations within oceans 60.6 bsc = 0.492 <0.001
Within populations 62.62 bst = 0.374 <0.001

z )
e

S

o

® Sh Aflantic Ocean
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Fig. 2 Median-joining network of cytochrome b gene haplotypes of common dolphins. Circle size is proportional to the number of
individuals exhibiting the corresponding haplotype. Each geographical region and morphotype within each haplotype is coloured
according to the legend. Length of lines is proportional to the number of mutational steps separating haplotypes. White
circles indicate missing, intermediate haplotypes. Sb, short-beaked morphotype; Lb, long-beaked morphotype; Tropicalis, tropicalis
morphotype.
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Fig. 3 Species tree phylogeny of combined mitochondrial and
nuclear data sets estimated with the *Beast method. Bayesian
posterior probability values are above nodes. NEATL, North-
east Atlantic Ocean; CEATL, Central Eastern Atlantic Ocean;
NWATL, Northwest Atlantic Ocean; SEATL, Southeast Atlantic
Ocean; SEIND, Southeast Indian Ocean; SWPACAUS, South-
west Pacific Ocean (Australia); SWPACNZ, Southwest Pacific
Ocean (New Zealand); WIND, Western Indian Ocean; NEPAC,
Northeast Pacific.

(pcT = 0.0798, P =0.014) (Table 4). Significant differ-
ences were also found among short-beaked populations
within oceans (¢psc = 0.0817, P = 0.000 for mtDNA and
¢psc = 0.0308, P =0.027 for nuDNA). For the long-
beaked populations, only the nuDNA data set sup-
ported differentiation within oceans (pgc = 0.4918,
P =0.000) (Table 4). For the hierarchical level among
oceans, a negative value for the variance coefficient was
obtained. Negative values in the variance coefficients of
AMOVA analysis are usually an artefact of the calcula-
tions, where the value is very close to zero and indicate
an absence of genetic partitioning in the data.
Genealogical and phylogenetic relationships obtained
show complex phylogeographic patterns and no
reciprocal monophyly of species or morphotypes (Figs 2,
3 and S1, Supporting information). For the mitochon-
drial network, most high-frequency haplotypes are clus-
tered together and were mostly sampled in the Atlantic
Ocean. This includes short-beaked populations inhabit-
ing the North Atlantic and long-beaked populations
inhabiting the South Atlantic. Most haplotypes sampled
in the Indian Ocean short-beaked population are also

found in this cluster, together with some haplotypes
sampled in the Pacific short-beaked populations
(NEPAC, SWPAC_AUS, SWPAC NZ). We herein
loosely refer to these as the Atlantic/Indian Ocean clus-
ter. Several single-frequency haplotypes from this clus-
ter are nested with the central haplotypes, forming a
star phylogeny pattern generally observed in population
genealogies impacted by recent demographic expan-
sions. In marked contrast to the cluster described above,
most haplotypes sampled in the Pacific short-beaked
populations have long branches, are not arranged in star
phylogenies and show relatively high divergence from
the Atlantic/Indian Ocean cluster. A highly divergent
cluster is located at a tip of the network and contains
mostly haplotypes that were sampled in short- and
long-beaked populations from the Atlantic and Indian
Oceans, but also short-beaked individuals from the Paci-
fic Ocean. Long-beaked dolphins from NEPAC show a
distinct pattern from those described above. For these
animals, most haplotypes form a divergent lineage com-
posed of related haplotypes, except for two that cluster
with the tropicalis population from WIND. The remain-
ing haplotypes sampled in the tropicalis population from
WIND are found in the Atlantic/SW Pacific-SE Indian
cluster, and also in the highly divergent cluster (Fig. 2).

Although the median-joining networks based on
nuclear loci are less variable and generally less informative
than that obtained with mtDNA, they provide strong
support for recent coalescence of lineages in the genus
and historical gene flow among morphotypes and species
(Fig. S1, Supporting information). Patterns of high-
frequency haplotypes that show wide distribution closely
linked to low-frequency haplotypes are seen in most net-
works (Fig. S1, Supporting information). The species tree
obtained in *BeasT placed the long-beaked and short-
beaked populations from NEPAC and the tropicalis popu-
lation from WIND as basal to all other populations
(Fig. 3). Two other clusters were obtained, although they
were supported by low posterior probability values.
These separate the short-beaked populations from the
Southwest Pacific and Southeast Indian Oceans from the
short-beaked and long-beaked population from the
Atlantic Ocean (Fig. 3).

Divergence time estimates

Estimates obtained in the program wmpiv varied from
0.036 (0.032-0.085) million years (Ma) (between short-
beaked and long-beaked populations from the Atlantic
Ocean) to 1.35 (1.218-2.402) Ma (between short-beaked
populations from the Atlantic and Pacific Oceans), indi-
cating that divergences within Delphinus took place
within the Pleistocene period (Table 5). The divergence
between short- and long-beaked populations from
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Table 5 Divergence times between common dolphin populations obtained in MDIV. Maximum likelihood estimates of divergence
times, effective population sizes and migration rates based on the mitochondrial cytochrome b gene [95% credible interval]. 6, effec-
tive population size; M (2Nm); T (¢+/2N). Time divergence values (in million years, Ma) are given for a mutation rate of 9.86 x 10~°
substitutions per nucleotide site per year and a generation time of 7 years. Question marks indicate parameter values for which the
likelihood surface was too flat to enable inference

Population comparison 0 M T t (Ma)

SbATL-SbPAC 20.305 [18.321-36.123] 0.600 [?-3.862] 0.420 1.350 [1.218-2.402]
SbATL-SbIND 11.450 [9.971-20.993] 1.620 [?-8.133] 0.160 0.290 [0.253-0.532]
SbPAC-SbIND 25.634 [22.943-48.054] 1.500 [?-7.550] 0.280 1.136 [1.017-2.130]
LbATL-LbPAC 2.541 [2.522-7.378] 0.180 [?-0.588] 1.680 0.676 [0.671-1.962]
LbATL-TroIND 3.670 [3.466-9.712] 0.380 [?—4.546] 1.280 0.744 [0.702-1.968]
LbPAC-TroIND 2.727 [2.704-7.946] 0.480 [?-6.612] 2.100 0.908 [0.899-2.642]
SbATL-LbATL 3.779 [3.367-8.983] 0.240 [?-14.392] 0.060 0.036 [0.032-0.085]

SbPAC-LbPAC 17.574 [15.024-31.494] 0.600 [?-5.559] 0.420 1.168 [0.999-2.094]

SbATL, short-beaked morphotype from the Atlantic Ocean; SbPAC, short-beaked morphotype from the Pacific Ocean; SbIND, short-
beaked morphotype from the Indian Ocean; LbATL, long-beaked morphotype from the Atlantic Ocean; LbPAC, long-beaked mor-
photype from the Pacific Ocean.

Table 6 Estimation of time since expansion and demographic parameters using mismatch analysis. Results are provided for each
population based on cytochrome b gene

SSD Hri 0 0, t £(9.86 x 107°)

mtDNA

Sb_NEATL 0.014 0.021 0.000 13.760 4301 0.195
Sb_CEATL 0.028 0.046 0.000 7.068 5.350 0.242
Sb. NWATL 0.311* 0.008 0.000 99 999.000 0.777 0.035
Sb_NEPAC 0.005 0.009 3.683 143.203 7.666 0.347
Sb_SWPAC_AUS 0.005 0.013 0.000 67.969 8.881 0.402
Sb_ SWPAC_NZ 0.003 0.011 1.113 175.859 8.777 0.397
Sb_SEIND 0.003 0.009 2.983 36.426 3.871 0.175
Lb_NEPAC 0.065 0.153 0.002 4.903 19.832 0.897
Lb_SEATL 0.041 0.047 0.000 9.478 6.682 0.302
Tro_ WIND 0.398* 0.191 0.000 428.125 0.000 0.000

SSD, sum of the square deviations; Hri, Harpending raggedness index; 6, and 6, effective population size before and after the popula-
tion expansion, respectively; T, time in generations; and ¢, time of the expansion. Significant results are indicated by a star, *P > 0.05.

NEPAC was estimated at 1.168 (0.999-2.094) Ma. It Oceans, and lower between the long-beaked popula-

should be noted that these estimates may be biased
owing to the mutation rate used, generation time and
also because MDIV assumes constant and equal popula-
tion sizes. Nevertheless, the obtained estimates are
within the range of values obtained for the divergence
of Delphinus from other members of the subfamily
Delphininae (e.g. McGowen et al. 2009) and are there-
fore broadly indicative of the period when each genetic
differentiation occurred.

MDIV also generated estimates of the ancestral popula-
tions sizes (0) and migration (M) for all pairwise com-
parisons (Table 5). Theta values varied from 2.542 to
25.634, with pairwise comparisons with high theta val-
ues involving the short-beaked population from the
Pacific Ocean. Migration rates were higher between
short-beaked populations from the Pacific and Indian

© 2012 Blackwell Publishing Ltd

tions from the Atlantic and Pacific Oceans. Posterior
probability distributions for all parameters estimated
are shown in Fig. S2 (Supporting information).

Demography

As expected based on visual assessment of nuclear and
mtDNA genealogies, our statistical framework used to
investigate demographic history (i.e. summary statistics,
mismatch analysis and Bayesian skyline plots) revealed
that most common dolphin populations do not conform
with a model of constant size through time. Mismatch
analyses supported demographic expansions for almost
every short-beaked population analysed, but only for
the SEATL long-beaked population (Table 6, Fig. 4). The
Bayesian skyline plot analyses, which are coalescent
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based and utilized the combined mitochondrial and
nuclear data sets, showed very similar results. All sky-
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Pacific and Atlantic Oceans (Fig. 4). Pacific Ocean popu-
lations showed older population expansions (starting
between 0.35 and 0.40 Ma) when compared to Atlantic
populations (starting between 0.24 and 0.30 Ma)
(Table 6).

Estimates of effective population size were also differ-
ent between oceans, being higher for populations inhab-
iting the Pacific Ocean, and lower for populations
inhabiting the Atlantic. These results are concordant with
those based on MDIV (Table 5). Long-beaked common
dolphin populations showed different demographic pat-
terns. The SEATL population was the only showing a
clear sign of expansion in the mismatch distribution and
the skyline plot (Fig. 4). The NEPAC population showed
a constant population size through time in the skyline
plot, a result consistent with the summary statistics
(Table 6, Fig. 4). The SWATL population was not analy-
sed owing to the small sample size. The skyline plot for
the tropicalis form population from WIND showed an
old population expansion that ended at around 0.2 MA,

© 2012 Blackwell Publishing Ltd
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followed by a population decline that seems to be stabi-
lizing (Fig. 4). In summary, all analyses support the
notion that common dolphins are a group of marine pre-
dators with young coalescence and multiple localized
demographic expansions.

Discussion

This study used a multilocus data set to reconstruct the
history of diversification and population dynamics of a
group of cosmopolitan marine predators, the common
dolphins (genus Delphinus). Our analyses indicate that
this widely distributed group is composed of very clo-
sely related lineages that show young age, rapid mor-
phologic diversification and strong signatures of
regional demographic expansions. Here we propose a
biogeographic scenario that accounts for the origin of
common dolphins and suggest that Pleistocene changes
in climate and oceanography influenced the demogra-
phy, dispersal and speciation in the genus Delphinus.
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Fig. 5 Map summarizing the proposed origin, expansion and speciation of the genus Delphinus. The different shades of grey and blue
illustrate the older (darker) and younger (lighter) populations of the short- and long-beaked morphotypes. Arrows indicate the route
of colonization of the short-beaked morphotype. The dash line represents the time of speciation/origin of the long-beaked morpho-
type in the Northeast Pacific. Blue circles indicate the independent origin of the long-beaked populations in the Atlantic Ocean. Cen-
tred arrows represent population expansions with approximate times of expansion obtained with the Extended Bayesian Skyline Plot
method in bold. The alternative route of colonization (west-wind drift) is shown in dark grey dashed arrows.

Origin, range expansion and speciation of common
dolphins

Genealogical and phylogenetic relationships obtained
with our multilocus data set indicate that the ancestral
common dolphin populations are in the Pacific Ocean.
Evidence for this hypothesis comes from the unequal
frequency and distribution of haplotypes from the
Atlantic and the Pacific Oceans in the mtDNA network,
and the basal position of short- and long-beaked popu-
lations from the Pacific Ocean in the species tree
obtained in *BeasT. We therefore suggest that common
dolphins originated in the Pacific Ocean, and most
likely in the Northern Hemisphere given the branching
order obtained in the species tree. The North Pacific is
considered a marine centre of evolutionary origin
(Briggs 2003). It has originated biota able to transgress
and successfully colonize the Arctic, Atlantic and South
Pacific Oceans, and its biota has also remained perme-
able to invasions by taxa from other regions (Briggs
2003). The dispersal of common dolphins across equato-
rial waters to the Southern Hemisphere would be facili-
tated by a cooling of the tropical Pacific during the
Pleistocene period (Lindberg 1991; Lee & Poulsen 2005;
Lawrence et al. 2006). The climatic fluctuations during

this period and consequent impacts on sea levels, sea
temperatures and shoreline configurations are known to
have impacted the distribution of several marine organ-
isms (e.g. Taguchi et al. 2010; Liu et al. 2011). Some
organisms found glacial refugia, whereas others have
dispersed. Our results indicate that, from the Pacific
Ocean, common dolphins may have dispersed westerly,
into the Indian Ocean and later into the Atlantic Ocean,
around the tip of South Africa (Fig. 5). Altogether, these
results support the hypothesis we put forward for the
origin and dispersal of the genus in the Indo-Pacific
region, thus failing to support the alternative scenario
of the west-wind drift hypothesis. The presence of hapl-
otypes from the Pacific nested within those from the
Atlantic Ocean in the mtDNA median-joining network
corroborates this hypothesis (Fig. 2). Moreover, South-
east Indian Ocean haplotypes (SEIND) are mostly
grouped with those from the Atlantic, and not dis-
persed within Pacific haplotypes. This same route of
dispersal has been previously described for several
marine organisms, from teleost fishes (e.g. Bremer et al.
1998) to marine turtles (Bowen et al. 1997) and sea birds
(Avise et al. 2000). In addition, it has also been sug-
gested for the dusky dolphin, Lagenorhynchus obscurus
(Harlin-Cognato et al. 2007) and its prey, Engraulis sp.
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(Grant & Bowen 2006), as well as for the species of
Stenella (Perrin 2007). In fact, the phylogeography of
dusky dolphins correlates to that of Engraulis sp., sug-
gesting that primary productivity and prey abundance
are likely to have played a role in the species history
(Harlin-Cognato et al. 2007). Common dolphins prey on
the same small schooling fish and therefore it is possi-
ble that trophic changes may also have played a role in
the evolutionary history of the genus.

Although the exact timing of dispersal of common
dolphins could not be estimated, according to the
values obtained in MDIV, the divergence between
short-beaked populations from the Pacific and Atlantic
Oceans and from the Pacific and Indian Oceans
occurred between 1.13 and 1.35 Ma, indicating that dis-
persal would have occurred at around this time. These
estimates, however, should be considered with caution
given the potential violation of the assumption of equi-
librium when using MDIV. The divergence time
between short- and long-beaked morphotypes inhabit-
ing the Pacific Ocean was also estimated to occur at
around 1.2 Ma. This period coincides with the onset of
rapid climatic changes and oceanographic shifts that
occurred during the mid-Pleistocene. More specifically,
this period followed a stage of maximum productivity
in the Pacific Ocean owing to a major cooling event
(Morley & Dworetzky 1991; Lawrence et al. 2006). The
decrease in productivity that followed this period
owing to higher temperatures could have led to the
dispersal of the short-beaked morphotype to other
ocean basins. Concomitantly, it could also have led to
niche specialization in more coastal areas that would
originate the long-beaked morphotype in the Pacific
Ocean. Genetic subdivisions during this period have
also been reported for other marine taxa occurring in
this region (Harlin-Cognato ef al. 2007; Liu ef al. 2011).
Nevertheless, responses of marine organisms to these
fluctuations in sea surface temperature and consequent
effects on marine productivity and shoreline configura-
tion have been shown to vary (e.g. Hickerson & Cunn-
ingham 2005), even in taxa with similar dispersal
potentials (e.g. Marko 2004).

In the Atlantic Ocean, the long-beaked morphotype
appears to have evolved much more recently, as indi-
cated by younger estimates of divergence times
(0.04 Ma) and the position of haplotypes at the tips of
mtDNA and nuclear genealogies (Figs 2, 3 and S1, Sup-
porting information). It has been previously suggested
that the long-beaked morphotype evolved indepen-
dently in different ocean basins through feeding special-
izations (Natoli ef al. 2006). Our results support the
hypothesis of independent evolutionary events; how-
ever, sampling of additional geographical regions where
the morphotypes occur in sympatry is needed.

© 2012 Blackwell Publishing Ltd

Phylogeography of common dolphins

Overall, despite some differences across loci and meth-
ods, we recovered strong signals of demographic expan-
sion for all short-beaked populations. Estimates of the
time of population expansion should, however, be inter-
preted cautiously as departures from the mutation rate
may be expected and could cause an error in the estima-
tion. Nevertheless, values obtained can be considered a
rough approximation at which period the historical
events occurred. Our estimates place all population
expansions in the Pleistocene, although the actual ages
since expansion differed between Atlantic and Pacific
Ocean populations. Older expansions occurred in the
Pacific Ocean, which is in agreement with these popula-
tions being the oldest. During the Pleistocene period,
glaciations in the Northern Hemisphere caused tempera-
ture fluctuations that have influenced upwelling systems
and consequently favoured the availability of resources,
generating episodes of range expansions and contrac-
tions, with subsequent fluctuations in population size
(Lindberg 1991; Hewitt 2000; Lawrence et al. 2006). This
same pattern has also been described for other marine
taxa in the Atlantic (e.g. Aboim et al. 2005; Pastene et al.
2007; Larmuseau ef al. 2009; Banguera-Hinestroza et al.
2010) and in the Pacific Ocean, including for the harbour
porpoise, which population expansions have been
estimated to occur at about the same period as in com-
mon dolphins (e.g. Diaz-Jaimes et al. 2010; Lopez et al.
2010; Taguchi et al. 2010). By contrast, the North Atlantic
was subjected to more severe temperature cycles than
the North Pacific during the Pleistocene (Briggs 1974),
and this may account for the different patterns of popula-
tion expansion seen in short-beaked populations inhabit-
ing these two oceans. The long-beaked populations
inhabiting the Atlantic and Pacific Oceans also showed
different patterns. The SEATL population showed a clear
sign of a recent population expansion, which was sup-
ported by all methods used. On the contrary, the long-
beaked populations from NEPAC did not appear to have
experienced demographic expansions according to our
analyses. Results obtained for the tropicalis population
indicate an older expansion, followed by a population
decline. Interestingly, at the estimated time of expansion
(~0.5 Ma) there was an extraordinary peak in primary
productivity in the Arabian Sea, which has been related
to the onset of an intensive meridional overturning in the
Atlantic Ocean (Ziegler et al. 2010).

The existence of highly divergent mitochondrial
clades in marine animals has been associated with sce-
narios of vicariance during the Pleistocene—a period in
which temperature fluctuations temporarily impeded
regional migrations (Graves & McDowell 1995; Bremer
et al. 1998; Buonaccorsi et al. 2001; Vinas et al. 2004;
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Martinez et al. 2006). Secondary contact and subsequent
unidirectional migration would result in contemporary
asymmetrical distribution of mitochondrial clades (e.g.
Bremer et al. 1998; Martinez et al. 2006). The intermit-
tent isolation between the Atlantic and Indo-Pacific
Ocean basins during the Pleistocene has been suggested
to explain phylogeographic patterns in large migratory
bony fishes such as the Atlantic big-eyed tuna (Bremer
et al. 1998; Martinez et al. 2006), the Atlantic bonito
(Vinas et al. 2004) and swordfishes (Bremer et al. 2005),
as well as in hammerhead sharks (Duncan et al. 2006).
A similar scenario of vicariance and secondary contact
could therefore account for the highly divergent lineage
observed in the mtDNA network of common dolphins,
where the predominance of haplotypes is from the
Atlantic and Indian Oceans.

A common phylogeographic pattern across many
widespread teleost fishes and sharks is lower genetic
diversity in populations inhabiting the Atlantic Ocean
compared to those from the Pacific, as well as signifi-
cant differences in haplotype frequencies between the
two ocean basins (e.g. Vinas et al. 2004; Duncan et al.
2006; Castro et al. 2007). Our analyses have also dis-
closed a similar pattern among short-beaked common
dolphins inhabiting the two ocean basins, indicating a
recent colonization of the Atlantic Ocean by taxa origi-
nating in more diverse ecosystems, such as the Indo-
West Pacific or the North Pacific Ocean (Briggs 2000,
2003). Moreover, temperature fluctuations in the North
Pacific were not so drastic as in the North Atlantic
during the Quaternary glaciations. First, the Pacific
basin is larger and therefore more climatically stable
and, second, glaciations were more intense in the North
Atlantic (Briggs 1974). These different climatic regimes
may therefore account for the markedly different
phylogeographic patterns obtained in marine organisms
occurring in the Atlantic and Pacific Ocean basins.

Genetic differentiation within short- and long-beaked
morphotypes

In short-beaked common dolphins, fixation indices
showed a pattern of higher genetic differentiation across
larger geographical scales (e.g. between populations
inhabiting different oceans) and lower differentiation
among populations inhabiting the same ocean basin.
Although including a broader geographic sampling,
these results support previous findings (Natoli et al.
2006; Amaral et al. 2012). Nonetheless, AmovA analyses
also supported higher levels of partition for populations
within ocean basins for both mitochondrial and nuclear
markers. As for long-beaked populations, high levels of
differentiation were found at both mitochondrial and
nuclear markers, between the populations inhabiting

SEATL and NEPAC, similar to that reported for the mito-
chondrial control region (Natoli et al. 2006). Although the
presently recognized long-beaked common dolphin spe-
cies (Delphinus capensis) may prove to be invalid, it seems
unlikely, despite their close genetic relationship, that all
ecologically and morphologically distinct Delphinus
populations belong to the same species.

Conclusion

Using multilocus sequence data from a global sample
and analyses based on coalescent and traditional statis-
tical methods, we showed that the phylogeographic his-
tory, historical demography and local adaptation of
common dolphins are likely to have been influenced by
Pleistocene climatic oscillations. We also provided
insights into the evolutionary history of the genus
Delphinus, showing that the origin and route of dis-
persal from the Pacific Ocean into the Atlantic Ocean is
the most plausible biogeographic scenario. This has also
been proposed for other marine organisms such as tele-
osts, turtles, sharks and sea birds. Finally, our study
highlights the role of climate change on the distribution
and abundance of marine predators.
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