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The six species currently classified within the genus Lagenorhynchus exhibit a pattern of antitropical dis-
tribution common among marine taxa. In spite of their morphological similarities they are now considered
an artificial grouping, and include both recent and the oldest representatives of the Delphinidae radiation.
They are, therefore, a good model for studying questions about the evolutionary processes that have driven
dolphin speciation, dispersion and distribution. Here we used two different approaches. First we
constructed a multigenic phylogeny with a minimum amount of missing data (based on 9 genes,

’S(eje/‘é‘;ggjos;l 11,030 bp, using the 6 species of the genus and their closest relatives) to infer their relationships. Second,
Cl;tacea we built a supermatrix phylogeny (based on 33 species and 27 genes) to test the effect of taxon sampling
Evolution on the phylogeny of the genus, to provide inference on biogeographic history, and provide inference on the

main events shaping the dispersion and radiation of delphinids. Our analyses suggested an early
evolutionary history of marine dolphins in the North Atlantic Ocean and revealed multiple pathways of
migration and radiation, probably guided by paleoceanographic changes during the Miocene and Pliocene.
L. acutus and L. albirostris likely shared a common ancestor that arose in the North Atlantic around the Mid-
dle Miocene, predating the radiation of subfamilies Delphininae, Globicephalinae and Lissodelphininae.

Biogeography

© 2014 Elsevier Inc. All rights reserved.

1. Introduction

The processes that drive species radiations in the marine
environment remain poorly understood, especially those involving
species with high dispersal potential. The biogeography of these
species can be difficult to interpret due to the frequent lack of
obvious barriers to gene flow (e.g. Pastene et al., 2007). However,
recent statistical approaches have improved inferences about
biogeography from DNA sequences (Ronquist, 1997; Sanmartin
et al., 2008; Nylander et al., 2008; Ree and Smith, 2008; Yu et al.,
2010; Calvente et al., 2011; Ali et al., 2012). These methods provide
inference about the ancestral distribution of species, and together
with time-based phylogenies, on the impact of climatic and geo-
logical changes (e.g. Bocxlaer et al., 2006; Alexandre et al., 2009;
Xie et al., 2009). Here we employ this methodology to consider
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the evolution of species within the delphinid radiation. We focus
on the six species that had been classified in the genus Lagenorhyn-
chus, because although the case for their classification based on
morphology had been strong (e.g. Miyazaki and Shikano, 1997),
genetic data suggested divergent origins (e.g. LeDuc et al., 1999).
More data were needed to resolve these relationships, but beyond
that, the radiation of these phenotypically similar species through
the broader lineage is in itself informative.

Various studies have investigated the phylogenetic relation-
ships among dolphin taxa using morphological characters
(Messenger and McGuire, 1998; Geisler and Sanders, 2003;
Kingston and Rosel, 2004; Price et al., 2005) and molecular data
(LeDuc et al.,, 1999; May-Collado and Agnarsson, 2006; Harlin-
Cognato and Honeycutt, 2006; McGowen et al.,, 2009; Xiong
et al., 2009; Steeman et al., 2009; Vilstrup et al., 2011; McGowen,
2011). The fossil evidence suggests that the common ancestor of
dolphins probably emerged around ~10-11 Ma in the mid-late
Miocene (Fordyce, 2008). After this epoch, dolphins underwent a
rapid radiation which gave rise to relatively few diagnostic charac-
teristics among species. This led to difficulties in their taxonomic
classification and controversy about the dating of divisions
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amongst subfamilies, genera and species (LeDuc et al., 1999;
Pichler et al., 2001; Gygax, 2002).

The traditional classification of the family Delphinidae (Rice,
1998) includes 17 genera placed within six subfamilies: Lissodel-
phininae (genus Lissodelphis), Cephalorhynchinae, Orcaellinae, Ste-
noninae, Delphininae, and Globicephalinae (see LeDuc, 2008).
Recent molecular studies have generated further discussion about
this classification (LeDuc et al., 1999; Caballero et al., 2007;
Vilstrup et al., 2011; McGowen, 2011) and identified several con-
flicting relationships, such as those amongst the genera Delphinus,
Tursiops and Stenella (see Rosel et al., 1994; LeDuc et al., 1999;
Kingston and Rosel, 2004; May-Collado and Agnarsson, 2006;
Caballero et al., 2008), and those amongst species currently placed
within the genus Lagenorhynchus (Cipriano, 1997; LeDuc et al.,
1999; Harlin-Cognato and Honeycutt, 2006; McGowen, 2011) for
which classification has been especially controversial.

Named Lagenorhynchus species (though see LeDuc et al., 1999;
McGowen, 2011 for alternative classifications) have an antitropical
distribution (see illustration in Fig. 1; Leatherwood et al., 1991;
Gaskin, 1992). These species have been placed together because
of similarities in coloration, skull and beak shape (Fraser, 1966;
Mitchell, 1970), and because there are few craniometrical differ-
ences among them (Miyazaki and Shikano, 1997). The first molec-
ular study to challenge this classification was presented by
Cipriano (1997) using partial sequences of the mtDNA D-loop
region and the Cytochrome b (Cytb) locus indicating that the two
North Atlantic species (L. acutus and L. albirostris) are not closely
related to other members of the genus.

LeDuc et al. (1999) using the entire Cytb sequence also sug-
gested that the genus was polyphyletic. These authors recommend
retaining the name Lagenorhynchus for L. albirostris, assigning L.
acutus to a different genus, Leucopleurus (Leucopleurus acutus),
and grouping L. obliquidens, L. australis, L. obscurus and L. cruciger
into the genus Sagmatias (Cope 1866) within the subfamily Lisso-
delphininae. By contrast, Harlin-Cognato and Honeycutt (2006)

L. australis

using a multigenic phylogeny combining Cytb, the D-loop region,
and two nuclear genes (actin and RAG2) suggested monophyly
for L. acutus and L. albirostris and their placement as a sister group
of the subfamily Delphininae. However, May-Collado and
Agnarsson (2006) using Bayesian analysis of Cytb sequences and
recent multilocus phylogenies (McGowen, 2011; Vilstrup et al.,
2011) did not find a close relationship between L. acutus or
L. albirostris and the subfamily Delphininae.

These initial studies provided new insight into phylogenetic
relationships among dolphins, but could not fully resolve the rela-
tionships amongst Lagenorhynchus species in particular. Some
recent multigenic studies (McGowen et al., 2009; Steeman et al.,
2009; Xiong et al., 2009; McGowen, 2011; Vilstrup et al., 2011)
agree with the placement of L. acutus and/or L. albirostris at the root
of the Delphinidae phylogeny, although their position in the phylo-
genetic trees differ. Although Cetacean phylogeny has been exten-
sively revised in recent years (e.g. Vilstrup et al., 2011; McGowen,
2011) and discussed elsewhere, ‘Lagenorhynchus’ remains one of
the most controversial classifications, and the fact that L. acutus
and L. albirostris are basal in delphinid phylogenies, and have
restricted ranges in the North Atlantic, poses interesting questions
about the forces promoting the dispersal and speciation of ances-
tral delphinid populations.

Several hypotheses have been proposed regarding the causes of
antitropical distribution in marine taxa. For example, Davies
(1963) proposed that early cetaceans were mostly warm-water
species, and that the first cold-water species evolved in the mid-
Tertiary in response to the expansion of cold-water habitat. After
this the tropical belt served as an “important but variable” barrier
to dispersion between the poles. White (1986, 1989) considered
antitropical distributions more generally and suggested that they
were a consequence of global depression in temperatures, which
allowed the spread of temperate-adapted organisms into low lati-
tudes. However, Briggs (1987) disagreed and instead proposed the
refugial hypothesis as an alternative. Other recent theories have

L. acutus and L. albirostris

L. obliquidens

Map: Ron Blakey, NAU Geology

L. obscurus

L. cruciger

Fig. 1. World-wide distribution of study species. Distribution of L. albirostris is indicated as suggested by Dr. Peter Evans, personal communication. Note that the distribution

of L. cruciger may extend into the southern Pacific Ocean.
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proposed that the speciation, radiation and current distribution of
cetaceans, including taxa distributed in different hemispheres,
were a consequence of paleoceanographic changes, such as the
establishment of new current systems and upwelling regions
occurring during the Miocene, Pliocene and early Pleistocene
epochs (Pichler et al., 2001; Berger, 2007; Pastene et al., 2007;
Steeman et al., 2009; Marx and Uhen, 2010).

In this study we investigate the evolutionary history, phyloge-
netic relationships and biogeography both for the species histori-
cally classified within the genus Lagenorhynchus, and for the
broader radiation. The broad geographic distribution of Lagen-
orhynchus spp. can provide inference about evolutionary process
in multiple systems. We focus on the phylogenetic relationships
among the six species of the genus using new sequence data, and
further assess their phylogenetic and biogeography history using
a time calibrated supermatrix phylogeny incorporating 25 delphi-
nid species (representative of the lineages defined by the 32 spe-
cies in the Family Delphinidae), and comparing five different
methods for biogeographic inferences. We discuss how paleocea-
nographic and paleoclimatic changes may have influenced their
dispersion, diversification and speciation and address the hypoth-
esis that the processes that led to the evolution of Lagenorhynchus
species reflect the processes leading to the broader radiation
within the Delphinidae.

2. Methods
2.1. Samples

Six species of the genus Lagenorhynchus, one species of the
genus Cephalorhynchus (C. commersonii), and three species of the
subfamily Delphininae (Delphinus delphis, Stenella coeruleoalba,
and Tursiops truncatus) were included for the initial analyses,
together with Phocoena phocoena (Phocoenidae), Delphinapterus
leucas (Monodontidae), Hyperoodon ampullatus (Ziphiidae) and
Physeter macrocephalus (Physeteridae) as out-groups. P. phocoena
and D. leucas were chosen as out-groups because they are sister
taxa of Delphinidae (Fajardo-Mellor et al., 2006). H. Ampullatus
and P. Macrocephalus were chosen so that we could estimate the
age of the root node for Delphinoidea and compare it with the
supermatrix analyses described below.

2.2. DNA extraction and gene amplification

Total genomic DNA was extracted following the procedure in
Hoelzel and Green (1998). Published primers were then used to
amplify five nuclear genes and one mitochondrial gene using Plat-
inum®Taq Polymerase: (i) A section of Exon 1 of the inter-photore-
ceptor retinoid binding protein gene (IRBP; Stanhope et al., 1992;
Springer et al., 1997); (ii) Exon 28 of the gene encoding the von
Willebrand Factor (VWF; Porter et al., 1996); (iii) Two introns and
two exons of the o lactalbumin gene (LAC; Waddell et al., 2000,
see details in Milinkovitch et al., 1998); (iv) The Ca+ calmodulin-
dependent kinase (CAMK) gene intron 6 (Bland et al., 1994; Lyons
et al.,, 1997); (v) Intron 6 of the beta-hexosaminidase beta chain
gene (HEXB; Lyons et al., 1997); and (vi) The mtDNA 16s rRNA gene
(Palumbi et al., 1997).

The genes IRBP, 16s rRNA, LAC, ACT and vWF were amplified
under the following conditions: 94 °C for 2 min followed by 32
cycles of 94 °C for 15 s, specific annealing temperature for 15s,
and an extension at 72 °C for 30 s. CAMK and HEXB were amplified
using 95 °C for 2 min, followed by 35 cycles of 95 °C for 30 s, 30 s at
specific annealing temperature, and 72 °C for 2 min. PCR products
were sequenced in both directions on an ABI 377 automated
sequencer. ACT1 and ACT1385H (5'-cttgtgaactgattacagtcc-3')

(Palumbi, unpublished, cited in Harlin-Cognato and Honeycutt,
2006) primers were used to amplify the ACTIN locus. Cytb and mel-
anocortin-1 receptor (MCIR) sequences were obtained from the
GenBank database (Tables 2 and S1).

2.3. Phylogenetic reconstruction

The dataset was aligned using the Clustal X programme v. 1.83
(Thompson et al., 1997), confirmed by eye, edited and compiled
using the programme Chromas Pro (www.technelysium.co.au)
resulting in 11,030 characters after alignment. All sequences were
subjected to a Blast search in GenBank in order to verify sequence
orthology. With the exception of two sequences from the 16s rRNA
gene in L. obliquidens from different geographic regions, all individ-
uals from the same species had very similar or identical sequences
(see Table S2). Multiple individuals, when different, were included
in phylogenies, but the resulting trees did not differ from when one
sample per species was included (data not shown). Therefore only
one sequence per species was included in all subsequent analyses.

To allow the inclusion of different substitution models and test
the effect of different datasets on the preliminary phylogenetic
analyses, we used different partition schemes applying the evolu-
tionary models suggested by Mr. Modeltest v2.2. (Nylander, 2004;
see Table 1). Analyses were performed excluding and including
gaps coded as a binary (0-1) state using the Fastgap v1.2 program
(Borchsenius, 2009). We further performed Bayesian analyses for
nuclear coding genes, non-coding genes and mitochondrial genes
independently to determine whether or not different data sets
could recover the same topology (see Fig. 2). The total evidence
as well as the coding-gene phylogenies were also analyzed includ-
ing and excluding the IRBP gene, which has been claimed to be
under directional selection (Springer et al., 1997; Jansa et al,,
2006). Models for each partition were selected and applied follow-
ing the Akaike Information criterion (AIC) implemented in Mr.
Model Test v. 2.2. (Nylander, 2004). The accuracy of combining dif-
ferent datasets was assessed using the partition homogeneity test
(PHT/ILD test; Farris et al., 1994), in the programme PAUP* v.
4.0b10 (Swofford, 2002), using branch and bound searches with
1000 replicates. Analyses were performed excluding out-group
taxa from the data.

Incongruence length difference (ILD) tests have been criticized,
suggesting that they can falsely identify data partitions as incon-
gruent (e.g. Yoder et al., 2001; Barker and Lutzoni, 2002), though
others have questioned this interpretation and suggested that
despite limitations it is the best understood alternative (Hipp
et al., 2004; Planet, 2006). There is some consensus however that
significant ILD test p-values should not be taken as a conclusive
demonstration that combining the independent data partitions
will produce misleading phylogenies. Therefore, for the prelimin-
ary dataset we also calculated Partitioned Bremer Support (PBS;
Baker and DeSalle, 1997) to test inference from the ILD test using
an independent method. PBS infers the relative contribution of
each data partition for each node and detects conflict amongst data
partitions. Positive values indicate support while negative values
suggest conflict. PBS analyses were performed using 100 random
addition replicates and the TBR branch swapping algorithm using
the programs TreeRot v.3 (Sorenson and Franzosa, 2007) and
PAUP* v. 4.0b10 (Swofford, 2002).

Bayesian analysis was implemented using MrBayes v3.1.2
(Ronquist and Huelsenbeck, 2003), using the above mentioned par-
titions and corresponding substitution models. For all schemes we
used the following settings: nchains = 4, one cold and three heated
chains. The number of steps was set between 1,000,000 and
10,000,000 depending on the complexity of the model, sampf-
req = between 100 and 1000 and burnin = between 250 and 2500
steps. Convergence was assessed using the program Tracer v.1.5
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Table 1
Partition schemes and evolutionary models.
Partition Description Model Gaps included/excluded LnL
A 1 Partition The whole sequence GTR+I+G yly —25967.957/—-25471.693
B 3 Partition® Nuclear-coding HKY+I+G yly —25104.768/24604.584
Non-coding GTR+G
Mitochondrial GTR+I+G
C 3 Partitions Amino acids Jones model nfy —[-19274.279
Non-coding GTR+G
16s GTR+I+G
D 8 Partition Nuclear-coding and cytb Partitioned (site specific) rate model y/n —25310.924/—
Non-coding GTR+G
16s GTR+I+G
E 9 Partition Each gene under one model See Table 2 yly —24971.106/24487.741

LAC was divided between exons and introns and a model was applied to each region. Coding genes includes vWF, IRBP, MC1-R and LAC exons and noncoding genes includes

HEXB, CAMK, ACT and LAC introns. Gaps were analyzed as binary characters.

2 These partitions were also evaluated independently to identify how each data type influence the phylogenetic hypothesis.

Table 2

Gene characteristics and genbank accession numbers.
Gene HEXB CAMK ACT IRBP LAC VWF MCR-1 Cytb 16s
Type Intron Intron Intron Exon Exon/Intron  Exon Exon mtDNA mtDNA
Model of evolution HKY+G GTR+G HKY+G GTR+G GTR+G HKY+I GTR GTR+I+G  GTR+I+G
(AIC criterion)
Length after alignment 2315° 2043 753 1080 1034 1218 936 1140 511
Species Genbank accession numbers
Lagenorhynchus acutus KM101436 KM101448 AF140825 KM101407 KM101416 KM101425 F773301 EF093022 KM101399
Lagenorhynchus albirostris KM101441 KM101449 EF092978 KM101408 KM101417  KM101426 FJ773302 EF093018 AJ554061
Lagenorhynchus australis KM101440 KM101450 EU121212 KM101409 KM101418 KM101427 NS EF093035 KM101400
Lagenorhynchus cruciger KM101443 KM101451 NS KM101410 KM101419 KM101428 NS AF084068 KM101401
Lagenorhynchus obscurus AF140850 AF140819 AF140832 AF304078 AF228410 KM101429 F773299 EF093055 LOU13114
Lagenorhynchus obliquidens AF140841 KM101452  AF140829 KM101411 KM101420 KM101430 FJ773300 EF093041 KM101403-KM101404
Cephalorhynchus commersonii  KM101442 KM101453 EU121213 KM101412 KM101421 KM101431 F773298 AF084073 KM101402
Delphinus delphis KM101447 KM101454 EU121206  AF304077 AF304088 KM101432 F773288 EF093031 DDU13106
Tursiops truncatus KM101444 KM101455 EF092989 KM101413 KM101422 KM101433 F773290 EF093029 AY770538
Stenella coeruleoalba KM101446 KM101456 KM101406 KM101414 KM101423 KM101434 F773289 AF084081 AJ010816
Phocoena phocoena KM101439 KM101460 EU121226  AF231340 AJ007811 AF061060 FJ773305 EF093010 PPU13121
Delphinaterus leucas KM101445 KM101457 EU121227  AF231341 AF228409 AF231344 H773307 U72037 718639
Hyperoodon ampullatus KM101437 KM101458 AY579499 KM101415 KM101424 KM101435 NS X92539 AJ554056
Physeter catodon KM101438 KM101459 KM101405 U50818 AF304098 AF108834 FJ773311  X75589 NC002503.2

¢ Includes an insertion of 229 bp found only in H. ampullatus.

(Rambaut and Drummond, 2007), and also by examining the
potential scale reduction factor (PSRF) values and standard devia-
tion of split frequencies.

Maximum Likelihood (ML) analysis was performed using the
PhyML v3.0 software (Guindon and Gascuel, 2003), excluding and
including out-groups to avoid long branch attractions. The best sub-
stitution model was determined using MrModeltest (Nylander,
2004). Given that PhyML does not handle partitioned data, the
11,030 bp were analyzed as one single partition, and gaps were
evaluated as missing data. Tree improvement was assessed using
both Subtree Pruning and Regrafting topological moves (SPR), and
simultaneous Nearest Neighbor Interchange (NNI) algorithms.
Nonparametric bootstraps were assessed using 1000 replicates.

2.4. Supermatrix analyses

In order to compare the effect of taxon sampling in our phylo-
genetic analyses, and have a better representation of the distribu-
tion ranges of marine dolphins, we selected thirty-three species
plus Megaptera novaengliae as an outgroup and built a supermatrix
phylogeny using twenty-seven genes (including those amplified in
this study). Data for these genes were downloaded from the Gen-
bank database (mainly from McGowen, 2011).

A total of 16,815 characters were included in the analyses, and
analyzed using different partition schemes. Most of them gave
similar topologies, therefore we present the analysis obtained with

data partitioned among protein genes, non-coding genes, and gaps,
for which the best tree likelihood was obtained. Gaps were
coded as a binary (0-1) state using the Fastgap Program v1.2
(Borchsenius, 2009), and the model for each partition was selected
using Mr.Modeltest v2.2 (Nylander, 2004; see Table S1). The phylo-
genetic trees were constructed using the software MrBayes
(Huelsenbeck and Ronquist, 2001) in the CIPRES Science gateways
portal (http://www.phylo.org/portal2/) (Miller et al., 2010) and the
Bayesian analyses were performed using four independent runs
with 30 million generations, a burn-in of 25% using four chains
(3 hot and one cold), and sampling every 1000 generations.
Convergence for all parameters was tested as described for the
preliminary phylogenetic analysis above.

Various studies have shown ambiguities for the placement of
basal species within delphinid phylogenies when O. orca is
included (e.g. among L. acutis, L. albirostris and O. orca; Steeman
et al,, 2009; McGowen et al., 2009; McGowen, 2011). We therefore
repeat the above analyses including O. orca to test its influence our
biogeographic interpretations. We expected little influence or res-
olution, given the world-wide distribution of this species.

2.5. Divergence time estimates
To calculate the divergence times in the preliminary phyloge-

netic tree we applied two different Bayesian approaches. First,
the programs PAML/Multidivtime (Yang, 1997), which do not
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Fig. 2. (a) Bayesian tree topology using nuclear genes (IRBP, vVWF, MRC1, LAC exons). (b) Bayesian tree topology using nuclear genes excluding IRBP. (c) Bayesian tree topology
using non-coding genes (HEXB, CAMK, ACT, LAC introns). (d) Bayesian tree topology using mitochondrial genes (Cytb and 16s). Gaps were treated as missing data.

assume a molecular clock, were used for partitioned data, follow-
ing the protocols described in Crawford (2008) and Rutschmann
(2005). Secondly, we performed the analyses using BEAST v1.5.3
(Drummond and Rambaut, 2007) assuming a relaxed clock: uncor-
related Log-normal, which accounts for lineage-specific rate heter-
ogeneity (Drummond et al., 2006). For the PAML/Multidivtime
analyses we used a Bayesian consensus tree as the initial best
topology. The data were partitioned by gene, and topologies for
each gene were used for parameter estimation using the program
baseml (which is part of the PAML package), with the F84+G sub-
stitution model (Felsenstein and Churchill, 1996). The program est-
branches was then used to assess the ML estimates of the branch
lengths and their variance-covariance matrix.

Posterior distributions of substitution rates and divergence
times were calculated using the program Multidivtime, with the
following settings: rttm =2.35 rttmsd = 1.0, and rtrate = 0.0045.
The MCMC analysis was run using 100,000 generations, retaining
every 1000 samples and discarding the 10% burn-in. The analysis
was repeated twice to ensure convergence. For calibration, the
lower bound for the node formed by P. phocoena-D. leucas was
set to 1.1 units, while the lower bound for the node formed by Del-
phinoidea was set to 2.35 units and the upper bound was set to 2.7
units (One unit is equivalent to 10 million years). The first calibra-
tion point (Phocoenidae-Monodontidae node) was based on the

earliest fossil record of Phocoenidae (Salumiphocaena stocktoni)
from the late Miocene (~11 Ma; Barnes, 1985) and the internal
node for Delphinoidea was calibrated using the oldest fossil of
the Odontoceti, Delphinidae (Kentriodon sp. of Ichishima et al.,
1995), as recommended in Steeman et al. (2009).

For the Bayesian analysis using the program BEAST v1.5.3
(Drummond and Rambaut, 2007) data were analyzed as a single
partition and also divided into three (see Table 1) and four parti-
tions (nuclear-coding, non-coding, cytb and 16s) and a Yule model
was used as the tree prior. We used the same two calibration
points as above. For the first (Phocoenidae-Monodontidae node)
we set a normal distribution centered at 11 Ma with a standard
deviation of 1.0 (note that the choice of standard deviation is not
critical since this is an unbounded prior). For the internal node
(Delphinoidea) we wused a normal distribution centered at
23.5 Ma (Steeman et al., 2009) with a standard deviation of 1.0.
MCMC chain length was set to 10,000,000 and 50,000,000 with
10% burn-in. Four runs were performed for all analyses, and log
files and tree files from the different runs were combined using
LogCombiner v1.5.3 (Drummond and Rambaut, 2007). All
parameters were analyzed for convergence using the program
Tracer v1.5. The best tree was identified using TreeAnotator
v. 1.5.3 (Drummond and Rambaut, 2007) and analyzed and edited
using FigTree v. 1.3.1 (Rambaut, 2006).



222 E. Banguera-Hinestroza et al./ Molecular Phylogenetics and Evolution 80 (2014) 217-230

Supermatrix phylogenies were calibrated using Bayesian analy-
ses in the program BEAST (Drummond and Rambaut, 2007) with
the same criteria as above, using 50 million generations and a
non-partitioned analysis. Only BEAST was used because node dates
were essentially the same for BEAST and PAML/Multidivtime in the
previous tree (see results). An uncorrelated relaxed clock with a
lognormal and an exponential prior distribution were tested, how-
ever data that are presented include only those from the lognormal
distribution, given that after 50 million generations the exponen-
tial distribution did not reach convergence for most parameters.
The program was run in the CIPRES Science gateways portal
(http://www.phylo.org/portal2/).

2.6. Dispersal vicariance analyses and ancestral area reconstruction
(using RASP)

Cetacean distributions are often difficult to establish (due to
infrequent sightings, temporary range changes associated with
climate, etc.; e.g., Ross and Leatherwood, 1994). Given that the
distribution of most delphinids appears to be influenced by
temperature (making southern and northern range boundaries
difficult to establish), we used two main criteria to infer ancestral
distribution areas. First, we set eight non-overlapping areas of
distribution taking into account the geographical boundaries for
tropical and temperate regions: A: northern North Atlantic/North-
ern Hemisphere above 50°N, B: central North Atlantic, C and D:
tropical/temperate Atlantic, E: Southern Oceans, F: South Pacific,
G: tropical/temperate Pacific, and H: North Pacific (see Fig. 1 for
current species distributions). The North Pacific region and the
tropical/temperate Pacific were initially divided into two areas,
but since results were similar, we combined each of them into sin-
gle regions.

Second we defined the distribution of each species in agreement
with their main ranges of distribution and excluding extreme
North and South ranges, since distribution outside the main ranges
can be transient (e.g. Ross and Leatherwood, 1994). We performed
different runs, first coding the species as present in an area when
they occupied more than 50% of that area, and second coding the
species as present even if they occupied only a small portion of that
area. For some species such as Phocoena phocoena, Delphinapterus
leucas and Pseudorca crassidens the extreme ranges in distribution
were both included and then excluded in separate runs, consider-
ing that this expansion in range could be recent or transient.
Delphinus Delphis distribution was coded as suggested by
Jefferson et al. (2009). Results were similar in all runs, and there-
fore we present those obtained using the main distribution ranges
for all species. Taxa were coded in agreement with their actual dis-
tribution following the distribution maps and distribution remarks
produced by the IUCN Cetacean Specialist Group at http://
www.cms.int/reports/.

To infer the main ancestral areas of distribution, we used the
supermatrix tree and the program RASP (Reconstruct Ancestral
State in Phylogenies) v. 2.1, which integrates five different
approaches for reconstructing ancestral areas: S-DIVA analyses
(Statistical Dispersal Vicariance; Yu et al., 2010), Bayesian Binary
MCMC analyses (BBM; Yu et al., 2011), the Dispersal-Extinction—
Cladogenesis model based upon a Maximum Likelihood approach
(which allows inferences of the ancestral distribution of species
taking into account dispersal), local extinction and cladogenesis
(DEC model, Ree and Smith, 2008), the Maximum Parsimony
Method (MP; Bremer, 1995; Hausdorf, 1998), and the Island Bayes-
ian Analysis (IBA; which take into account complex dispersal mod-
els not assumed by the other approaches; Sanmartin et al., 2008).
Discussion about the assumptions, advantages and disadvantages
of these approaches can be found in Kodandaramaiah (2010) and
Sanmartin (2007).

To avoid the well-recognized sensitivity of DIVA to the absence
of sister taxa, which could cause the root node to exhibit a wide-
spread distribution in several if not all ancestral areas (Ronquist,
1997), we included several outgroups in our supermatrix analyses
to help infer the ancestral distribution areas of the ingroup. In
S-DIVA optimization was performed using 50,000 trees generated
by BEAST v.1.5 (Drummond and Rambaut, 2007) excluding the first
25,000 from the analyses. The consensus tree was calculated by the
program and used as the tree for the BBM analyses. The BBM and
the IBA analyses were performed using 10 chains, 5 million gener-
ations, sampling every 100 generations and a burn-in of 25%. The
F81 model was chosen in order to allow different rate variation
among ancestral areas, and distributions were set to null and out-
group and compared. The DEC Model was run using the consensus
tree with branch lengths and divergence times generated by
BEAST. For all approaches we constrained the analysis allowing
the maximum areas occupied for the ancestor (Maxareas option)
to be three or four.

3. Results
3.1. Lagenorhynchus phylogenies

3.1.1. Homogeneity test

The partition homogeneity test performed for both the preli-
minary analyses and the supermatrix showed that there was no
conflict amongst the different data partitions. The null hypothesis
of homogeneity between coding, non-coding and mitochondrial
genes could not be rejected (p = 0.442). In the preliminary analyses
a pair-wise comparison amongst genes showed that the IRBP gene
conflicted with three other genes. Therefore Bayesian and ML anal-
yses were performed both excluding and including the IRBP gene
to evaluate the effect on topologies, and some differences were evi-
dent (Fig. 2). For the preliminary data we also applied the PBS test
and found consistent results. The locus that caused the most con-
flict (negative PBS) with the other data for a given node was IRBP
(5 out of 8 nodes). PBS also indicated that most of the support came
from Cytb, while RAG and ACT neither supported nor rejected any
of the nodes (PBS=0). All Genbank accession numbers for
sequences generated during this study are provided in Tables 2
and S1, and trees are available at TreeBase as submission 16101.

3.1.2. Bayesian and ML analysis

Our Bayesian and ML analyses generated different topologies for
subsets of coding, non-coding nuclear regions and mitochondrial
DNA genes. All three types of data supported a paraphyletic group
formed by L. obscurus, L. obliquidens, C. commersonii, L. australis
and L. cruciger differing only in the placement of C. commersonii. L.
acutus and L. albirostris. These taxa were only placed outside the
clade formed by the other delphinids in the nuclear coding and
non-coding gene phylogenies. Differences among the three types
of data were also found in the placement of D. delphis, T. truncatus
and S. coeruleoalba (Fig. 2).

Nuclear-coding genes did not support the placement of L. acutus
and L. albirostris as sister taxa when using a simple model of evo-
lution (HKY+I+G). However, when these genes were analyzed by
partitioning the data among first, second and third nucleotide
positions, these two species formed a monophyletic clade, but with
a low clade credibility support of 0.54. When the IRBP gene (puta-
tively under directional selection) was excluded from the analysis,
the topology, clade credibility support and bootstrap values were
slightly different (Fig. 2b), providing increased support for the L.
acutus, L. albirostris lineage. Our preliminary total-evidence tree
using ML and Bayesian analyses resolved the phylogenetic rela-
tionships amongst all species in the ‘Lagenorynchus’ phylogeny
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and both partitioned and un-partitioned analyses yielded the same
topologies, suggesting paraphyly of Lagenorhynchus species (i.e.
L. obscurus, L. obliquidens-L. australis and L. cruciger) and mono-
phyly of L. acutus-L. albirostris, similar to that suggested by the
different partition schemes (see above). However, the support for
L. acutus-L. albirostris monophyly was variable and dependent on
gap exclusion/inclusion. For example, clade credibility support
was between 0.95 and 1.0 in all analyses when gaps were included
as binary characters (Table 3). These values decreased to between
0.56 and 0.88 in simple partitioned analyses and when gaps were
treated as missing data. The ML analysis codifying gaps as missing
data also showed variation in support values for this node,
depending upon which test was used. The aLRT Sh-like branch
support test gave values that were higher (0.84) than the aLRT
Chi-square-based branch support test (0.76). The non-parametric
bootstrap analysis for the same node was 59%, but when the IRBP
gene was excluded, the value was higher. Fig. 3a shows the topol-
ogy found using the Bayesian total evidence analysis together with
the node dating inference from the program BEAST.

The supermatrix Bayesian analyses (Fig. 3b) recovered the same
global relationships among members of the genus as obtained with
the total evidence preliminary analyses, but with higher support
for the monophyly of L. acutus-L. albirostris (1.0 posterior probabil-
ities in the partitioned analyses). The inclusion of two species of
Lagenodelphis and two species of Cephalorynchus in the analyses
helped to corroborate the paraphyly of the genus as suggested by
our initial analyses and also by McGowen (2011). The topologies
obtained using BEAST with un-partitioned analyses (gaps treated
as missing data) were similar to the MrBayes partitioned analyses,

Table 3

although posterior probabilities differed slightly between the two
analyses for some nodes. Fig. 3b shows the phylogenetic tree
constructed using the BEAST program with Posterior probability
values for both analyses (partitioned and unpartitioned). The inclu-
sion of O. orca (Fig. S1) disrupted the relationship between L. acutus
and L. albirostris as seen earlier (Steeman et al., 2009; McGowen
et al.,, 2009; McGowen, 2011), but did not alter the topology in
other respects.

3.2. Divergence times and ancestral area reconstruction

Estimates of node ages obtained with PAML/Multidivtime
(Yang, 1997; Thorne and Kishino, 2002) were similar to, and fell
within the confidence intervals of those obtained using BEAST
(Drummond and Rambaut, 2007). The standard deviation of the
uncorrelated lognormal relaxed clock (ucld.stdev) calculated in
BEAST was 0.4, indicating that our data are clock-like. These confi-
dence intervals were also similar for the shared nodes between the
preliminary tree and the supermatrix tree, and therefore discus-
sion about divergence times in the context of biogeographic his-
tory will be based on the supermatrix analysis (Fig. 3 and Table 3).

Our BBM, IBA, and MP analyses gave similar results for most
nodes, though results from S-DIVA and the DEC model differed in
some respects (see Table 3). These analyses suggest that dispersal
followed by a few vicariant events was the main force driving the
speciation of marine dolphins. Extinction events are suggested to
have little influence in the speciation of this group, with only one
extinction event detected by the Island Bayesian analyses, and a
different one in the DEC model (nodes 22 and 24; Table 3). Here

Biogeographic patterns indicated by different analytical models. Node references are provided in Fig. 4a, bold letters refer to vicariance events and italics to extinctions. Locations
with similar probabilities are separated by a forward slash. ‘NR’ indicates multiple areas with small probabilities (less than 10%), and so no resolution. The remaining entries
suggest dispersal events. Model acronyms are defined in the text in the methods section.

Nodes Dates 95% HPD Ancestral distribution
BBM S-DIVA MP IBA DEC
Delphininae 1 0.95 0.51-1.44 CDG D CDG CDG D
2 1.79 1.17-2.43 CDG D CDG CDG D
3 2.77 1.96-3.61 CDFG/BCDG D CDFG CDFG D
4 2.96 2.1-3.84 CDFG D CDFG CDFG D
5 3.73 2.7-4.76 CDFG D CDFG CDFG D
6 4.52 3.32-5.74 CDFG D CDFG CDFG D
7 524 3.93-6.68 CDFG D CDFG CDFG D
Globicephalinae 8 1.22 0.63-1.87 CDFG NR CDFG CDFG CDFG
9 2.99 1.96-4.04 CDFG D CDFG CDFG C/D/G
10 3.36 2.35-4.45 CDFG D/DF CDFG CDFG C/D/G
11 4.33 3.12-5.6 CDFG D CDFG CDFG DC/G
12 4.97 3.65-6.37 CDFG D CDFG CDFG NR
13 7.3 5.54-9.14 CDFG D CDFG CDFG D/C
Delphininae + Globicephalinae 14 9.05 7.08-11.18 CDFG D CDFG CDFG C/D/G
Lissodelphininae (sensu LeDuc et al., 1999) 15 1.79 1.02-2.63 EF/E E EF EF E/EF
16 3 1.95-4.15 EF EF EF EF EF
17 35 2.43-4.68 EF/E E EF EF E/F
18 2.56 1.43-3.73 EF EFH/EH EF EF EFH
19 4.46 3.25-5.8 EF E EF EF E
20 2.16 1.14-33 EF EFH/EH EF EF EFH
21 5.31 3.91-6.84 EF E EF EF EFH
Delphininae + Globicephalinae + Lissodelphininae 22 10.29 8.06-12.59 NR DE F AB NR
L. acutus-L. albirostris 23 11.49 8.86-14.21 AB A/B AB AB A/AB
Delphinidae 24 12.46 9.83-15.38 AB AE/ADE/AD ABF AB NR
25 4.38 2.8-6.12 AH ABH/AH/H ABH ABH ABH
26 5.92 3.96-8.01 A A A A A
27 12.95 11.13-14.82 AH/A AH/A ABH AB ABH
Delphinoidea 28 22.18 20.11-24.18 NR NR ABFH AB NR
29 16.64 9.49-23.24 NR NR NR AB NR
30 34.57 20.11-24.18 NR AB/B/A NR AB NR
31 45.24 NR B/A NR NR ABCDFGH
32 59.96 NR NR NR NR NR
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we focus on IBA, given that this approach incorporates dispersal as
an important force in its calculations, unlike other methods which
gave more weight to vicariance and extinction, and contrast these
results with alternative possible scenarios (compared in Table 3).
Fig. 4a, shows the area distribution obtained with IBA in a cali-
brated phylogeny.

According to our IBA and MP analyses, Delphinoidea ancestors
were distributed mainly in the North Atlantic Ocean around
22.18 Ma (95% HPD 20.11-24.18 Ma; Fig. 4b, Table 3). Phocoenidae
and Delphinidae probably evolved around 12.95 Ma (95% HPD
11.13-14.82 Ma) and 12.46 (95% HPD 9.83-15.38 Ma) respectively
from ancestral populations inhabiting the North Atlantic during
the early Miocene (Fig. 3b). L. acutus and L. albirostris ancestors
inhabited this area around 11.49 Ma (95% HPD 8.86-14.21 Ma)
and probably emerged from a different lineage than those giving
rise to other delphinids. Dispersal from the North Atlantic toward
the tropical and temperate Atlantic/Pacific and Southern
hemisphere probably took place around 10.29 Ma (95% HPD
8.06-12.59 Ma), followed by the division of two dolphin lineages,
one giving rise to the Delphininae and Globicephalinae ancestors
in the tropical and temperate Atlantic/Pacific around 9.05 Ma
(95% HPD 7.08-11.18 Ma), and the other to the Lissodelphinidae
ancestors in the Southern hemisphere-South Atlantic around
5.31 Ma (95% HPD 3.91-6.84 Ma). Around the late Pliocene - early

Pleistocene, vicariant events divided L. obliquidens from L. obscurus
(2.56 Ma, 95% HPD 1.43-3.73 Ma) and L. borealis from L. peronii
(2.16 Ma, 95% HPD 1.14-3.30 Ma) in southern and northern popu-
lations, respectively. The inclusion of O. orca did not change any of
these interpretations (Fig. S1).

4. Discussion
4.1. Phylogenetic relationships

As has been discussed by various authors, a comparison of sin-
gle gene phylogenies (from nuclear or mitochondrial genes) can
reveal markedly different phylogenetic histories, mainly due to dif-
ferences in evolutionary rates, inheritance pathways, selection
pressures, responses to evolutionary processes, hybridization
between lineages, homoplasy or lineage sorting (e.g. Palumbi and
Baker, 1994; Moore, 1995; Shaw, 2002; Reyes et al., 2004;
Ballard and Rand, 2005; Heath et al., 2008; Nabhan and Sarkar,
2011). While the use of longer sequences and an extensive set of
characters can minimize the problem of taxon sampling and
improve phylogenetic inference (Rosenberg and Kumar, 2001),
care should be taken when inferring phylogenies with a consider-
able amount of missing data for some of the taxa of interest, which
can decrease accuracy and recover uncertain relationships (e.g.,
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Huelsenbeck, 1991; Wilkinson, 1995; Kearney, 2002; Hartmann
and Vision, 2008; Lemmon et al., 2009).

Consistent with this, our analyses showed that nuclear coding
genes, mitochondrial genes and non-coding genes generated dif-
ferent topologies (Fig. 2). We also found an incidence of a gene
(IRBP), possibly under directional selection (see Springer et al.,
1997; Jansa et al., 2006), affecting the topology. Removing genes
under selection from the analysis can increase the strength for
some nodes (but see Jansa et al., 2006), as it did in this case (see
L. albirostris and L. acutus discussion below). In addition, the inclu-
sion of gaps in the phylogenetic analyses greatly improved the sup-
port for some difficult nodes in our phylogeny (i.e. L. acutus and L.
albirostris), as has been reported for other groups (e.g., Graham
et al., 2000; Bapteste and Philippe, 2002; Kawakita et al., 2003).

To help avoid uncertainty in our phylogenetic analyses of the
genus Lagenorhynchus we initially used a multigene phylogeny
of nine genes (11,030 characters) with few missing data. We then
compared inference from that phylogeny with a supermatrix phy-
logeny (16,815 characters) using 33 odontocetes species plus one
outgroup taxa. Our data for both phylogenies were concordant
(Fig. 3) and suggested that taxon sampling did not affect the
accuracy of the phylogenetic relationships recovered for this
group. Our total evidence phylogenies provided sufficient congru-
ence to increase the strength of inference about specific nodes,
and to both support and refine earlier assessments (see below;
c.f. Cipriano, 1997; LeDuc et al, 1999; Harlin-Cognato and
Honeycutt, 2006; Steeman et al., 2009; McGowen et al., 2009;
Xiong et al., 2009).
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4.2. The current genus Lagenorhynchus

Our Bayesian analyses for both phylogenies and the ML analy-
ses for the preliminary phylogeny, fully resolved the relationships
among all species included in this study. Both the preliminary and
the supermatrix phylogenies agreed with the placement of L. aus-
tralis, L. cruciger, L. obscurus and L. obliquidens within the subfamily
Lissodelphininae (sensu LeDuc et al., 1999), as suggested by earlier
studies (e.g., Pichler et al., 2001; Harlin-Cognato and Honeycutt,
2006; May-Collado and Agnarsson, 2006; McGowen et al., 2009).
However, unlike Harlin-Cognato and Honeycutt (2006), our analy-
ses (Fig. 3a and b) support the placement of Cephalorhynchus in a
monophyletic group with L. cruciger and L. australis with a high
Bayesian posterior probability in both multigenic phylogenies.

Several studies including ours support the basal position of L.
acutus and/or L. albirostris in the Delphinidae phylogeny (LeDuc
et al,, 1999; Price et al., 2005; May-Collado and Agnarsson, 2006;
Xiong et al., 2009; Steeman et al., 2009; McGowen et al., 2009;
Vilstrup et al., 2011) and we further propose the monophyletic ori-
gin of these two species. This node was well supported in most par-
titioned schemes (where gaps were included) with Bayesian
posterior probabilities between 0.95 and 1.0. Support for this
monophyletic lineage would merit their placement into a new sub-
family, Lagenorhynchinae. Given the time of divergence between L.
acutus and L. albirostris, they may further merit placing into two
different genera, as suggested by LeDuc et al. (1999). The inclusion
of 0. orca disrupted the monophyly of these two species (Fig. S1),
as seen previously, possibly due to missing taxa previously found
to group with O. orca, such as Orcaella sp. (e.g. McGowen, 2011).

Our analyses also suggest a close relationship between L. cruci-
ger and L. australis and a common ancestry between these two spe-
cies and C. commersonii and C. eutropia (see biogeographic analysis
below). May-Collado and Agnarsson (2006) suggested including L.
cruciger and L. australis as members of the genus Cephalorhynchus,
while LeDuc et al. (1999) proposed they be placed in the genus
Sagmatias. McGowen (2011) included the four Cephalorhynchus
species (C. commersonii, C. heavisidii, C. eutropia and C. hectori)
and found support for this relationship. The final two species in

the current genus Lagenorhynchus, L. obliquidens and L. obscurus
group together and should remain congeneric, but in a separate
genus from the other species currently classified in the genus
Lagenorhynchus. These two species are included in the proposed
genus Sagmatias by McGowen (2011) after LeDuc et al. (1999).

4.3. Evolutionary history of dolphins and biogeographic interpretation

We discuss biogeographic inference as supported concurrently
by 5 different models (see Section 2), but note that stochastic
events can be hard to capture in these analyses. Furthermore, all
estimated dates are dependent on the accuracy of the calibration
points, and accurate only within confidence limits and where dif-
ferent approaches agree. Our analyses suggest that the common
ancestor of the family Delphinidae probably originated in the
North Atlantic before or during the middle Miocene (Fig. 3). This
origin is especially evident from the fact that two North Atlantic
lineages split from the most basal node in the Delphinidae lineage.
After a splitting event around 12.46 Ma (95% HPD 9.83-15.38 Ma),
the common ancestor gave rise to two highly divergent lineages,
one leading to the common ancestor of L. acutus and L. albirostris
(11.49 Ma, 95% HPD 8.86-14.21 Ma), and the second to the com-
mon ancestor of the subfamilies Delphininae, Globicephalinae
and Lissodelphininae (10.29 Ma, 95% HPD 8.06-12.59 Ma). The Lis-
sodelphininae common ancestor may have evolved later in the
Southern hemisphere during the late Miocene early Pliocene
5.31 Ma (95% HPD 3.91-6.84 Ma). This lineage probably originated
from ancestral populations that migrated toward the southern
hemisphere after the middle Miocene.

Dispersal events are the main force driving the evolution of del-
phinids according to these analyses (though there is some indica-
tion of vicariance and extinctions early on at nodes 22 and 24,
and later during the radiation of the Lissodelphininae; see Table 3).
The split of the ancestral lineages could be related to paleoclimatic
and paleoceanographic changes in the Miocene seas, such as the
abrupt cooling that occurred in middle and high latitudes after
the Middle Miocene Climatic optimum - MMCO - 17-15Ma
(Zachos et al., 2001) and the “biogenic bloom” (Hermoyian and
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Owen, 2001; Diester-Haass et al., 2005), which as suggested by
other authors, could have influenced the radiation and speciation
of cetaceans (Gingerich, 2005; Berger, 2007; Steeman et al., 2009;
Marx and Uhen, 2010). However, our findings are in agreement
with paleontological data showing that most delphinid fossils are
of late Miocene origin or younger (Fordyce and Barnes, 1994).

4.4. L. acutus and L. albirostris

We propose that L. acutus and L. albirostris diverged early in the
evolutionary history of marine dolphins (see above). The substantial
differentiation between these two species is surprising, given their
morphological similarities, but this is a consistent result of the
molecular studies. Their persistence in sympatry in the North Atlan-
tic, and apparent origin there suggests the possibility of an early
divergence based on habitat specialization (L. acutus prefers off-
shore habitats, whilst L. albirostris is largely restricted to shelf areas;
Evans and Smeenk, 2008a, 2008b), though we have no evidence that
the specializations seen today for these species also existed ~10 Ma.
More recent events suggest the possibility of this mechanism driv-
ing speciation or incipient speciation in other delphinid taxa (see
Hoelzel et al., 1998; Natoli et al., 2005, 2006; Moura et al., 2013).
Unlike other marine dolphin lineages, this lineage did not undergo
further speciation after the Miocene. Therefore habitat restriction
promoted by cooling events, likely a major driver for some other
delphinid speciation events and for other species in the Northern
Hemisphere (see Hewitt, 2004; Walteri et al., 2004; Carstens and
Knowles, 2007), may not have been as important in this case.

4.5. Subfamily Lissodelphininae (sensu LeDuc et al., 1999)

Our data strongly suggest a South Atlantic/Southern Ocean ori-
gin for members of the subfamily Lissodelphininae. The subfamily
probably evolved in this region in the early Pliocene (5.31 Ma,
95% HPD 3.91-6.84) after trans-equatorial dispersal of an ancestral
population during the middle and/or late Miocene (10.29 Ma
95%HPD 8.06-12.59) from the North Atlantic into the Southern
Hemisphere (Fig. 4b). The presence of members of this subfamily
in Northern regions (i.e. Lagenorhynchus obliquidens and Lissodel-
phis borealis) could be explained by a later dispersion of ancestral
populations toward the northern regions and subsequent break
of genetic interchange due to vicariant events, as suggested below
for L. obliquidens.

North-south faunal interchanges between marine biogeo-
graphic provinces during the Miocene and early Pliocene epochs
have been suggested for several taxa (Vermeij, 2005). These
dispersal events have been hypothetically correlated with the
paleoceanographic changes in sea temperatures, current patterns
and sea productivity (i.e. upwelling) during the Miocene-early
Pliocene (e.g., Wares, 2002; Matul and Abelmann, 2005; Vermeij,
2005). Upwelling regions that arose as a consequence of the
“biogenic bloom” and enhanced global marine productivity about
7.6-6.3 Ma (Zachos et al., 2001) have been recently proposed as a
major factor promoting long-range dispersal in cetaceans and their
subsequent speciation in allopatry (Berger, 2007; Steeman et al.,
2009; Marx and Uhen, 2010).

Before the late Pliocene, subtropical upwelling regions are
thought to have been the main source of abundant food for ceta-
ceans, and the dispersion and distribution of many species in these
regions probably were guided by the predictability of high produc-
tivity zones (Berger, 2007). Recently, Diester-Haass et al. (2005)
reported high paleo-productivity values in the tropical Atlantic
around 6.6-6.0 Ma and in the South Atlantic around 8.2 Ma and
6.2-5.4 Ma. Therefore, we suggest that the dispersal of ancestral
populations from the North Atlantic towards the South Atlantic/
Southern Oceans during the Middle Miocene-Late Miocene was

guided by the availability of rich upwelling regions first in the trop-
ical Atlantic and later in the Southern Ocean.

4.6. L. obliquidens and L. obscurus speciation and dispersal

The divergence between L. obscurus and L. obliquidens is placed
at around 2.56 Ma (95% HPD 1.43-3.73 Ma) in the Late Pliocene.
This is earlier than the divergence suggested by Hare et al
(2002) (0.74 Ma), while other divergence estimates (1.9-3.2,
Cipriano, 1997; 1.9 Ma, 95% Cl=1.3-2.9; Harlin-Cognato et al,,
2007) are consistent with our results. Our analyses all suggest that
the most recent common ancestor of L. obscurus and L. obliquidens
inhabited the Southern Ocean, South Pacific and North Pacific at
the time of the splitting of these species (likely associated with a
vicariance event). Given that our data suggest a southern origin
for Lissodelphininae (Sensu LeDuc et al., 1999), this implies dis-
persal from the South Atlantic/Southern Ocean towards the North
Pacific (Fig. 4b). These results are inconsistent with previous stud-
ies suggesting speciation following trans-equatorial dispersal from
the North to the South Atlantic (Cipriano, 1997; Hare et al., 2002;
Harlin-Cognato et al., 2007).

Several paleoceanographic and paleoclimatic changes could
have promoted a broad distribution of the ancestor of L. obliquidens
and L. obscurus in the Pacific Ocean, such as the presence of rich
upwelling zones in this basin during the Pliocene, especially
around 4.2 Ma (Kamikuri et al., 2009; Bolton et al., 2010). Other
possibilities include the weak sea surface temperature gradient
along the Equator, and the reduction of the meridional tempera-
ture gradient from the Equator to the mid latitudes (thought to
have resulted in a uniform sea surface temperature between the
Equator and the subtropics during the early Pliocene; Brierley
et al., 2009; Fedorov et al., 2010). As suggested by Berger (2007),
by the late Pliocene the availability of prey resources in subtropical
upwelling zones probably had decreased, in contrast to the much
greater predictability of resources in high-latitude feeding zones.
This may have resulted in extensive high-latitude migrations dur-
ing the late Pliocene so that populations that selected different
migration routes may no longer have met, and consequently begun
to diverge (Berger, 2007). This hypothesis, together with the cool-
ing episodes between 2.9 and 2.4 Ma (Raymo, 1994; Raymo et al.,
2006; Briggs, 2003), might explain the relatively recent split
between L. obscurus and L. obliquidens around 2.56 Ma (95% HPD
1.43-3.73 Ma). Here we hypothesize that the ancestral population
distributed across the Pacific began to diverge when individuals
selected different migration routes toward the north (L. obliqui-
dens) and south (L. obscurus). Ancestral populations could have
been established in the extremes of their range, promoting diver-
gence by peripatric speciation (see Mayr, 1982).

4.7. L. australis and L. cruciger

Our analysis suggests a common ancestor for C. commersonii, C.
eutropia, L. australis and L. cruciger living in the Southern Hemi-
sphere around 3.5 Ma (95%HPD 2.43-4.68 Ma). In contrast to the
ancestor of L. obliquidens and L. obscurus, this ancestral population
was probably restricted to the South Atlantic/Southern Ocean
(Fig. 4b). L. australis is confined to the cold waters of southern South
America (south of Chile and Argentina, around Tierra del Fuego,
Beagle Channel and the Falkland Islands), while L. cruciger is a pela-
gic species distributed further south with a circumpolar distribu-
tion along the coasts of Antarctica and the Sub-Antarctic islands
(Leatherwood et al., 1991; Goodall, 1997; Fig. 1). Speciation may
have been related to adaptation to these different habitats; how-
ever our data provide no specific evidence in support of this
hypothesis. The grouping of L. cruciger and L. australis into the genus
Cephalorhynchus has recently been corroborated by multigenic
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analyses including all four Cephalorhynchus species (McGowen,
2011).

4.8. Delphininae and Globicephalinae

The common origin of Delphininae and Globicephalinae has
been discussed in several recent studies (e.g., McGowen et al.,
2009; Vilstrup et al., 2011), and analysis on the origin of these
two families is beyond the aims of this study. However, our biogeo-
graphic analyses suggest that ancestral populations of members of
both families lived in sympatry in the Atlantic and Pacific Oceans
during the late Miocene 9.05 Ma (95% HPD 7.08-11.18 Ma). Evolu-
tion in sympatry could have been promoted through habitat pref-
erences, ecological interactions, and complex behavior as proposed
for other marine taxa (see Palumbi, 1994; Runde and Nosil, 2005;
Fontaine et al., 2007; Puebla, 2009; Norris and Hull, 2011).

5. Conclusions

Our data emphasize the importance of the North Atlantic during
the early evolution of delphinid species, and probably of Odontoce-
tes in general. Although there are few data from the relevant fossil
record, what exists agrees well with this assessment (e.g. see
Whitmore, 1994). One striking finding is the apparent lack of dis-
persal or further radiation for a lineage of two species that are cur-
rently found in the North Atlantic after originating there more than
10 Ma (L. acutus and L. albirostris). Data for specific speciation
events among the other taxa included in the study are consistent
with multiple routes of origin from the Atlantic to the Pacific,
including dispersal first to equatorial waters, then into the South
Atlantic and Southern Oceans, and from there into the Pacific,
together with dispersal across the Isthmus of Panama (probably
at a later date). These events can be correlated with major changes
in the climate and ocean environment, and this provides new
insight into the process of species radiation in this group.
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