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population-level analyses focusing on morphotype and geo-
graphic origin. We present the first Delphinus sequencing
data from Senegal, at the edge of where long- and short-
beaked dolphins co-occur in the Atlantic, but only recovering
stranded dolphins with long or indeterminate beak lengths.
While we detected little genetic structure across most of the
North Atlantic, fixation indices demonstrate that Senegalese
dolphins are distinct. Geography did not reliably predict
phylogeny, with few monophyletic localities, but we do
infer a monophyletic group of long-beaked dolphins from
California, Peru, and possibly China. However, neither
Senegalese long-beaked dolphins nor long-beaked D. d.
tropicalis are closely related to Pacific long-beaked
dolphins, providing no support for a worldwide long-
beaked clade (formerly D. capensis). Our findings reveal a
distinctive Senegal Delphinus population and provide a
foundation for global genomic analyses to further investi-

gate the evolution of Delphinus morphotypes.

KEYWORDS
Delphinus, genetic structure, mitogenomics, museum specimens,
phylogeography, taxonomy

1 | INTRODUCTION

The common dolphin, Delphinus delphis, is one of the most abundant, widespread, and well-studied delphinid species
in tropical and warm-temperate waters, yet its taxonomy has been in flux over the past 30 years (Perrin, 2018).
Although the Society for Marine Mammalogy Committee on Taxonomy currently recognizes only one species of
Delphinus, two species, Delphinus delphis Linnaeus, 1758 (short-beaked common dolphin) and Delphinus capensis
Gray, 1828 (long-beaked common dolphin), were recognized as recently as 2015. Others suggested that an even
longer-beaked Delphinus morph from the coastal Indo-Pacific should be considered a separate species, D. tropicalis
van Bree, 1971 (Amaha, 1994; Rice, 1998; van Bree, 1971; van Bree and Gallagher, 1978), before it was listed as a
subspecies of D. capensis on account of morphological similarity (Jefferson & Van Waerebeek, 2002). While relative
beak size, measured as the ratio between rostral length and zygomatic width, has served as a primary character for
species diagnosis (Amaha, 1994; Banks & Brownell, 1969; Evans, 1975; Heyning & Perrin, 1994; Jefferson &
Van Waerebeek, 2002; van Bree & Gallagher, 1978), geographic variation in size, external coloration, tooth count,
and skeletal characters like vertebral count are also often incorporated into taxonomic study.

Today, phylogenetic relationships among the various beak morphotypes (short-beaked, long-beaked,
ultra-long-beaked tropicalis) and subspecies within the genus Delphinus remain unresolved on a global scale.
The 1994 resurrection and redescription of D. capensis as a separate long-beaked species was based on a
robust morphological data set of Californian specimens (Heyning & Perrin, 1994) that was further supported
by molecular analysis (Rosel et al., 1994), demonstrating clear distinction of eastern North Pacific Ocean (ENP)

long-beaked dolphins from ENP short-beaked dolphins, as well as reciprocal monophyly between the two groups.
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Heyning and Perrin (1994) then paired these findings with a global review of morphological studies to extrapolate
that this distinction constituted a global clade of long-beaked Delphinus. However, continued investigation into Delphinus
morphology has resulted in less consistent distinctions outside of the ENP region. Skull measurements from Australia and
New Zealand (Amaha, 1994; Jordan, 2012), South America (Cunha et al., 2015; Esteves & Oviedo, 2007; Tavares
et al,, 2010), South Africa (Bell et al., 2002; Ngqulana et al., 2019; Samaai et al., 2005), and western Europe (Murphy
et al., 2006) demonstrate phenotypic variability among short- and long-beaked dolphins that does not parse into the two
diagnostic categories created by Heyning and Perrin (1994) for ENP Delphinus populations. Recent morphometric analysis
on a global scale has demonstrated the divergence of ultra-long-beaked D. d. tropicalis and distinction of D. d. bairdii, but
also revealed parallel differentiation of northern versus southern short-beaked skull shapes in the Atlantic and Pacific
Oceans (Nicolosi & Loy, 2021), shedding further light on the complexity of categorizing range-wide morphotypes.

Additionally, mounting molecular evidence from outside of the ENP region has not supported a worldwide long-
beaked clade and has demonstrated the necessity for sampling more areas within the global distribution of common
dolphins (Cunha et al., 2015; Farias-Curtidor et al., 2017; Kingston et al., 2009; Natoli et al., 2006; Stockin et al., 2014).
Accordingly, D. capensis has been synonymized with D. delphis until further genetic studies shed light on the possibility
of distinct, diagnosable species within Delphinus (Committee on Taxonomy, 2023). Currently, there are four recognized
subspecies of D. delphis, which display different morphological characters including coloration and rostrum length:
(1) the common dolphin, D. d. delphis Linnaeus, 1758; (2) the eastern North Pacific long-beaked common dolphin, D. d.
bairdii Dall, 1873; (3) the Indo-Pacific common dolphin, D. d. tropicalis van Bree, 1971; and (4) the Black Sea common
dolphin, D. d. ponticus Barabash, 1935, a small, short-beaked dolphin endemic to the Black Sea. Despite this updated
taxonomic framework, uncertainty persists concerning subspecies relationships, ranges, and validity, including whether
the distinct ENP long-beaked bairdii group warrants subspecies or species status (Cunha et al., 2015).

Another motivation for expanded genetic sampling of Delphinus is to examine population structure across
the Atlantic Ocean. Some studies of Delphinus have documented fine scale genetic structure in the populations
of Australasia (Barcel6 et al., 2021; Moller et al., 2011) and the Indian Ocean (Gray et al., 2021), while others
have observed population differentiation between ocean basins (Amaral et al., 2012a; Mirimin et al., 2009;
Natoli et al.,, 2006, 2008; Tonay et al., 2020). However, several genetic studies of specimens in the North
Atlantic Ocean have not found D. delphis population structure that is comparable to that of other local cetacean
species (Amaral et al., 2012b; Mirimin et al., 2009; Natoli et al., 2006), with one analysis of 433 samples across
Europe describing an “atypical panmixia” (Moura et al., 2013). The reasons for this uncommon phenomenon
are poorly understood, although the abundance, large populations, high genetic diversity, and long-distance
dispersal of this species are likely factors (Ball et al., 2017).

The objective of this study was to expand Delphinus sequencing to whole mitochondrial genomes
(mitogenomes) in the Atlantic and leverage publicly available sequences to investigate phylogeography and
genetic structure on a global scale. Namely, we wanted (1) to test whether mitogenomes reflect broad-scale
Delphinus geographic distribution, with closer relationships between specimens collected from the same general
regions than between ocean basins; (2) to test whether beak morphs from disparate regions share a recent
common ancestor or represent independent lineages; (3) to construct a time-calibrated tree of D. delphis
mitochondrial lineages; and (4) to compare sequences from Senegal with other North Atlantic populations. To
answer these questions, we sequenced 31 mitogenomes of stranded Delphinus from Senegal, an understudied
area with high Delphinus abundance (Correia et al., 2020) and reported co-occurrence of short- and long-beaked
forms (Van Waerebeek, 1997; Van Waerebeek et al., 2000), but no large-scale attempts at genetic sequencing.
We also sequenced mitogenomes of 13 individuals from the western North Atlantic (WNA), three from Peru
in the eastern South Pacific (ESP), and three from the eastern tropical Pacific (ETP). Combining these with nine
previously published Delphinus mitogenomes of both long- and short-beaked morphs (Alexander et al., 2013;
Biard et al., 2017; Lee et al., 2018; McGowen et al., 2020; Xiong et al., 2009), we have assembled the largest
data set of complete Delphinus mitochondrial genomes to date, through which we address questions surrounding

common dolphin taxonomy and population structure.
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2 | METHODS
2.1 | Sample collection and identification

Tissue samples were collected opportunistically from common dolphin strandings in Senegal (n = 31) in 2018-2019
by L.K.D. and I.N. of the African Aquatic Conservation Fund (with the assistance of M.R.M. and C.W.P.) using the
research permit issued to LKD from the Senegal Ministry of the Environment, Direction of Water and Forestry. All
samples were imported legally into the United States and deposited in the Smithsonian National Museum of Natural
History (NMNH) Division of Mammals (Table S1); this included three individuals with vouchered skulls. Where possi-
ble, all Senegalese individuals were identified as long-beaked morphs based on rostral length/zygomatic width
(RL/ZW) ratio if a skull was present (Heyning & Perrin, 1994) or beak length/total body length (BL/TBL) ratio (<6.9%
for short-beaked dolphins, >6.9 for long-beaked; Jefferson et al., 2015). In most cases, stranded Senegalese animals
were juveniles (n = 29), and often decomposed or otherwise not intact, meaning that beak morph identification was
sometimes tenuous or impossible. In all cases where it was possible to measure either RL/ZW or BL/TBL ratios,
we determined individuals were long-beaked morphs (n = 6; Table S2) and categorized the rest as “unknown” in
downstream analyses. We were only able to document coloration pattern in two juvenile individuals, USNM 594604
and USNM 594610, both of which had a dark flipper-to-anus stripe (Figure S3a,b), which can be indicative of individ-
uals from the eastern North Atlantic (Amaha, 1994). Other individuals were too decomposed to document coloration
in life (Figure S3c,d). There seems to be a high prevalence of long-beaked morphs among bycaught and stranded
specimens in Senegal (Cadenat et al., 1959; Van Waerebeek, 1997), although both morphs are likely present in
Senegal based on RL/ZW ratios (Van Waerebeek et al., 2000).

We also included in our data set tissue samples representing regions outside Senegal (Figure 1, Table S1) from
the Smithsonian National Museum of Natural History (NMNH) Division of Mammals, including short-beaked morphs
from the western North Atlantic (n = 13; WNA) and eastern tropical Pacific (n = 3; ETP_sb). Additionally, we added
three specimens of long-beaked morphs from Peru (Table S1) in the eastern South Pacific (n = 3; ESP_Ib), which
were collected, processed, and sequenced separately from the rest of the samples.
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FIGURE 1 General localities of Delphinus delphis samples and sample sizes, including novel specimens and
previously published sequences: *Sequences downloaded directly from GenBank, **Mitochondrial sequences
bycaught from target capture data generated by McGowen et al. (2020), ***GenBank sequences derived from
ancient samples (400-530 CE). Inset: Skulls of three Delphinus morphotypes (from left to right) ultra-long-beaked

D. delphis tropicalis (USNM 550976, Somalia), long-beaked D. delphis bairdii (USNM 504278, Baja California, Mexico),
and short-beaked D. delphis delphis (USNM 594196, North Carolina). Scale bar = 10 cm.
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2.2 | DNA extraction, long-range PCR, library prep, and sequencing

Laboratory methods differed between different sample sets. For Senegalese and other NMNH samples (n = 47), we
performed DNA extractions using DNeasy Blood and Tissue kits (Qiagen Sciences, Germantown, MD). Two over-
lapping segments of the complete mitogenome were amplified using long-range PCR with NEB Q5 Hot Start DNA
polymerase and two primer pairs (LR1, product size 9.3 kB; LR2, product size 7.5 kB) designed to amplify delphinid
dolphins as described in Morin et al. (2010). In cases where one or both segments failed to amplify, smaller segments
(2.4-5.0 kB) were amplified using additional primer pairs (Table S4). While seven of our ten PCR primers were previ-
ously described in Morin et al. (2010), three (Ddel-LR2r, Ddel_Ttru-LR2.2f, Ddel-LR2.2r) were specifically designed
for this study based on available reference sequences for D. dephis and Tursiops truncatus, but targeting the same
sites as LR2 and LR2.2 from Morin et al. (2010) (Table S4). PCR products were cleaned with either ExoSAP-IT
(Applied Biosystems, Waltham, MA) or with a QIAquick gel extraction kit (Qiagen) in cases of spurious PCR bands
due to nonspecific primer binding. Clean amplicons were quantified using the Qubit dsDNA HS assay and pooled in
equimolar ratios for each specimen. We then sheared pooled amplicons to a target size of 200 bp on a Covaris
ME220 UltraSonicator. In five cases (specimens USNM 487807, 571320, 572175, 605113, 605119), we directly
sheared genomic DNA (gDNA) to serve as input for library construction for whole-genome sequencing, as long-range
PCR was not successful. We constructed Illlumina libraries for 5 ng of sheared amplicons or 100 ng of sheared gDNA
using NEBNext Ultra Il DNA kits with dual indexing. Libraries were quantified using the Qubit dsDNA HS assay,
sized with a high sensitivity D1000 tape run on an Agilent 2100 Tapestation, and then equimolarly pooled. The
resulting pools were submitted for sequencing (paired-end, 2 x 150 bp) on the lllumina MiSeq with V2 chemistry at
the Smithsonian NMNH Laboratories for Analytical Biology (LAB).

For Peruvian samples, genomic DNA was extracted using sodium chloride precipitation (Miller et al., 1988) or
the NucleoMag Tissue Extraction Kit (Macherey-Nagel, Inc., Bethlehem, PA). A capture array was designed as in
Hancock-Hanser et al. (2013), with mitogenomes of 11 species (Table S4), each at 20 copies on the array. DNA
library preparation and array capture were performed according to Hancock-Hanser et al. (2013) with a few excep-
tions. Libraries were dual indexed using all unique i7 indexes and shared i5 indexes for groups of 8-14 libraries to
reduce impact of index-hopping during postcapture amplification (Kircher et al., 2012). Individual libraries were quan-
tified using real time gPCR using Bio-Rad iTaq universal SYBR supermix (Bio-Rad Laboratories, Inc., Hercules, CA)
and KAPA standards (KAPA Biosystems, Wilmington, MA) made for lllumina primers. After hybridization and final
amplification of the post hybridized-product, the library was quantified as above and diluted to 4 nM for loading on
a MiSeq 2 x 75 v3 kit flowcell per manufacturer's instructions (lllumina, San Diego, CA). The library was sequenced
using paired end reads with 75 cycles each.

2.3 | Additional sequences

To increase the scope of our data set, we added previously published Delphinus partial or complete mitogenome
sequences (n = 9) to our novel mitochondrial genomes (Table S1), including four ancient (400-530 CE) short-beaked
D. delphis ponticus from the Black Sea (BLS), one short-beaked dolphin from Denmark in the eastern North Atlantic
(ENA), one capensis-type long-beaked morph from China in the western North Pacific (WNP), two mitogenomes of
short-beaked morphs from the western South Pacific (WSP), and the D. delphis annotated reference
mitogenome, which is derived from a short-beaked morph from South Korea in the WNP (Alexander et al., 2013;
Biard et al., 2017; Lee et al., 2018; Xiong et al., 2009). We also extracted four additional mitogenomes from tar-
get capture data: two partial mitogenomes from capensis-type long-beaked morphs in the eastern North Pacific
(ENP_Ib), one partial mitogenome from a tropicalis-type long-beaked morph in the Indian Ocean (IND_Ib), and
one complete mitogenome from an ENA short-beaked morph from the United Kingdom (McGowen et al., 2020).

Lastly, we also added as outgroups complete mitogenomes from five closely related delphinine species:
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Lagenodelphis hosei, Tursiops aduncus, T. truncatus, Stenella attenuata, and S. coeruleoalba (Lee et al., 2019, 2018;
Xiong et al., 2009). Table S1 provides details of locality data and GenBank numbers for these mitogenomes;
Figure 1 displays broad localities for all Delphinus individuals.

To expand our sample size for downstream population-level analyses, we also downloaded from NCBI GenBank
(n = 329) previously sequenced partial control region haplotypes from the North Atlantic, Mediterranean, and
Black Sea (Biard et al., 2017; Kingston et al., 2009; Mirimin et al., 2009; Natoli et al., 2008; Quérouil et al., 2010;
Rosel et al., 1994; Viricel et al., 2014) and analyzed them with our novel sequences (see 2.6 | Population genetics

analyses and Table S1).

24 | Mitochondrial assembly

Novel sequence read quality was determined with FastQC version 0.11.5 (Andrews, 2010) and aggregated with
MultiQC version 1.7 (Ewels et al., 2016). Low quality bases and adapters were removed with Trimmomatic version
0.33 (Bolger et al., 2014). Quality checking and trimming were performed on the Smithsonian Institution High Perfor-
mance Computing Cluster. Trimmed reads were imported into Geneious 11.1.5 (https://www.geneious.com) and
mapped to the D. delphis mitogenome annotated reference sequence MH000365.1 (Lee et al., 2018) using the
Geneious mapper with fast and medium sensitivity settings. Ambiguous bases and sites with coverage <5 were
assigned as missing data (Ns). We also generated the four Delphinus mitogenomes from the target sequence capture
study of McGowen et al. (2020) by mapping trimmed reads to MH000365.1 with the same parameters. Assembly of
reads for Peruvian specimens was done through the custom R pipeline described in Archer et al. (2013). As in
that paper, the first approximately 400 bp of the control region was replaced with Sanger sequenced versions to
eliminate ambiguities from alignment and base calling in the Peruvian mitogenome assembly pipeline. We aligned all
sequences (including those obtained from GenBank; n = 68) using MAFFT version 7.388 (Katoh & Standley, 2013)
with default parameters. All assembled mitochondrial sequences have been deposited in NCBI GenBank
(PP375135-PP375181, PP623004-PP623006, PP727284, PP761274, PP761277, PP761279).

2.5 | Phylogenetic and divergence dating analyses

Prior to building phylogenetic trees, we separated our mitogenome data into separate partitions including three
separate coding positions in each protein coding gene, individual rRNA and tRNA genes, and the control region.
Positions that overlapped between genes were included in the larger partition and not duplicated. We used this
delimitation to find the best substitution model for each partition with ModelFinder (Kalyaanamoorthy et al., 2017)
in the IQTree v2.1.2 module (Minh et al., 2020) on the CIPRES Science Gateway v3.3 (Miller et al., 2011). Partitions
were analyzed using default parameters, a gamma model of evolution, corrected Akaike information criterion (AlCc)
model selection, linked branch lengths, and a greedy search algorithm (Lanfear et al., 2012). We then conducted a
maximum likelihood (ML) analysis with IQTree v2.1.2 (Chernomor et al., 2016; Minh et al., 2020) using our best
partition scheme from ModelFinder (n = 16), 1,000 Ultrafast bootstrap replicates (Hoang et al., 2018), and L. hosei,
T. aduncus, T. truncatus, S. attenuata and S. coeruleoalba as outgroups.

We also conducted a Bayesian phylogenetic analysis using MrBayes v3.2.7a (Ronquist & Huelsenbeck, 2003) on
CIPRES with the same partition scheme, two Monte Carlo Markov chains and 10 million generations; the first 25%
of output trees were discarded as burn-in. Posterior probability support scores are derived from the 50% majority
rule consensus tree, rooted after the analysis. We used the ggtree v3.3.1 package (Yu et al., 2017) in R (R Core
Team, 2021) to manipulate and annotate the resulting ML and Bayesian trees.

To test the likelihood of a monophyletic long-beaked group (the former Delphinus capensis species) fitting the

given mitogenomic data, we performed an approximately unbiased (AU) test (Shimodaira, 2002) in IQTree with
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10,000 RELL replicates. AU tests were conducted on two hypothetical topologies showing long-beaked monophyly
on different geographical scales: one with an Indian + Pacific long-beaked clade (i.e., the six dolphins from the Pacific
Ocean and ‘tropicalis’) and another topology containing a clade of all long-beaked individuals including all samples from
Senegal (whether identified as long-beaked or unknown morphotype). We performed additional AU tests with the
same parameters to test the likelihood of monophyly for each of the Atlantic populations (SEN, WNA, BLS, ENA).

We used BEAST2 v2.6.7 (Bouckaert et al., 2019) to date divergences within the phylogenetic tree of Delphinus
mitogenomes following Louis et al. (2020). First, we downloaded 27 complete mitogenomes (2 phocoenids,
2 monodontids, 1 iniid, 22 delphinids; Table S5) and added these to four Delphinus mitogenomes
(D_del_550846_SEN, England_ENA, MH000365_WNP, EU557094_WNP_LB) which represented mitogenomes with
a common ancestor at the root of Delphinus. A phylogenetic tree of these 31 mitogenomes was created using IQTree
with the same parameters described above with partitions using ModelFinder. We then dated the node inclusive of
all Delphinus mitogenomes using a Yule prior, optimized relaxed clock model, and two log-normal calibration priors,
one at the common ancestor of Monodontidae and Phocoenidae based on the minimum age of the phocoenid fossil
Salumophocaena stocktoni (7.5 Ma; M = 1; S = 0.75; Geisler et al., 2011; Wilson, 1973) and the minimum age of
Delphininae (excluding Sotalia) based on the minimum age of Etruridelphis giulii (3.98 Ma; M = 0.5; S = 0.3;
Bianucci, 2013). We conducted the MCMC analysis for 50 million generations, discarding the first 25% as burn-in
and summarizing post burn-in trees in TreeAnnotator v2.6.7, part of the BEAST2 package. We then used the date of
1.5556 Ma for the diversification of Delphinus as the input for another BEAST analysis of only Delphinus
mitogenomes, excluding all mitogenomes with missing data for a total of n = 55 in the final BEAST2 dataset. For this
analysis we used a constant population coalescent tree prior and strict clock model with a uniform rate prior, as
suggested for intraspecific divergence dating analyses (Louis et al., 2020). We conducted the MCMC analysis and

discarded trees as in the previous analysis.

2.6 | Population genetics analyses

For haplotype comparisons and analyses between populations, we used a subset of sequences (n = 55) restricted to
localities with multiple complete mitochondrial genomes (SEN, WNA, BLS, ENA, ETP_sb, ESP_lb) and excluding one
WNA sequence (USNM 550921) due to 24% missing data. The aligned sequences were imported into Arlequin
v3.5.2.2 (Excoffier & Lischer, 2010) with PGDSpider v2.1.1.5 (Lischer & Excoffier, 2012). We used Arlequin to
calculate the diversity and interpopulation fixation indices based on a Tamura and Nei model of substitution
(Tamura & Nei, 1993), selected by a separate unpartitioned ModelFinder analysis (Kalyaanamoorthy et al., 2017) in
IQTREE v2.1.2 (Minh et al., 2020). In Arlequin, we calculated pairwise values of ®st, an estimated fixation index
analogous to Fst appropriate for molecular haplotype data (Excoffier et al., 1992; Holsinger & Weir, 2009), with
10,100 permutations. In addition, we calculated traditional haplotype frequency-based pairwise Fst and nucleotide
diversity (rt) within populations. We also used DnaSP v6.12.03 (Rozas et al., 2017) to calculate da (Nei, 1987) to mea-
sure genetic divergence between populations, with sites containing alignment gaps excluded from this analysis.
Lastly, we constructed a minimum-spanning haplotype network (Bandelt et al., 1995, 1999) in PopART (Leigh &
Bryant, 2015) only comprising complete mitogenomes (n = 49).

To increase sample sizes and contextualize our North Atlantic mitogenomes with previous sequencing efforts
in the region, we expanded our population-level analyses by downloading 329 partial mitochondrial control
regions from GenBank representing Delphinus individuals from the North Atlantic, Mediterranean, and Black Seas
(see Table S1 for accession numbers and original publications). We aligned these sequences with our SEN, WNA,
and BLS mitogenomes in Geneious resulting in a 366 bp alignment, and calculated pairwise values of ®st and Fst in
Arlequin with the same parameters as above with the following populations: France (n = 6), Ireland (n = 22), Canary
Islands (n = 21), WNA (nh = 76), Azores (h = 100), Madeira (h = 52), SEN (n = 31), BLS (n = 11), Tyrrenian Sea
(n = 5), Alboran Sea (n = 34), Galicia (Spain) (n = 30), Portugal (n = 17), lonian Sea (n = 19).
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3 | RESULTS
3.1 | Mitogenome coverage and assembly

The number of reads that mapped to the D. delphis mitochondrial reference sequence ranged from 3,791 to 853,724
with mean coverage ranging from 33.5x to 12,851 x (Table S6). Only three samples had mitogenome coverage below
100x (USNM 550846, 594608, 594613). All but four resulted in complete mitogenomes, with only one resulting in
missing data above 1.4% (USNM 550921: 24% missing data; Table Sé). Control regions of the mitogenome did not
greatly differ in mean coverage from the mitogenome as a whole. Mapping target sequence capture data from
McGowen et al. (2020), resulted in one complete mitogenome (D.del_SJR_ENA) and three partial mitogenomes: D.
cap_79929_ENP (3,885 bp), D.cap_108471_ENP (4,672 bp), and D.del.trop_IND (2,792 bp). Partial mitogenomes
derived from capture were included in phylogenetic analyses but were excluded from divergence-dating and all

mitogenome-wide analyses due to large quantities of missing data.

3.2 | Phylogenetic analyses

Bayesian inference (MrBayes) and maximum likelihood (IQTree) analyses generated mitogenome trees with similar
topologies (Figures 2 and S2a,b). Conflicts between methods involved closely related sequences with incredibly short
branch lengths and low support values. Both Bayesian and ML trees demonstrate that long-beaked morphs (formerly
D. capensis) do not form a clade, with or without the inclusion of long-beaked morphs from Senegal, as the
ultra-long-beaked tropicalis individual (D.del.trop_IND) does not group with the other long-beaked samples from the
eastern and western North Pacific. An approximately unbiased (AU) test in IQTree significantly rejected the mono-
phyly of long-beaked morphs with (p = 2.14e—44) or without (p = 1.25e—48) Senegalese specimens. Nonetheless,
long-beaked common dolphins in the eastern North Pacific, western North Pacific, and eastern South Pacific were
recovered as monophyletic and well-supported, but nested within the total D. delphis clade. Known long-beaked
morphs from Senegal did not group with long-beaked individuals from the Indian or Pacific Oceans.

Monophyly based on geographic origin generally was not recovered. While most SEN samples grouped in one
cluster, one WNA sample was also included in this clade (D.del_571320_WNA) and other SEN samples were placed
in positions throughout the tree. To rule out contamination, D.del_571320_WNA was re-extracted and resequenced
with the same result. Similarly, WNA, BLS, ENA, and ENP (short-beaked) populations were all recovered as
polyphyletic. In the Atlantic, approximately unbiased tests of alternate topologies were significantly rejected with
p < 0.001. Only short-beaked WSP (n = 2) sequences formed a resolved monophyletic group, and no larger Pacific
short-beaked clade was recovered. Peruvian mitogenomes may also be monophyletic, but this relationship was not

well-supported in either Bayesian or ML trees.

3.3 | Divergence dating

The BEAST2 analysis dated the diversification of all Delphinus mitochondrial lineages to a mean date of ~1.27 Mya
(Figure 3). The most divergent lineage which contained mitogenomes from WNA and SEN started to diverge from
other common dolphins at this time; this lineage likely contains D. delphis tropicalis according to ML and Bayesian
analysis (Figure 2), although due to missing data, our sample was not included in the dating analysis. The Pacific long-
beaked lineage diverged from other Delphinus ~ 863 kya and split soon thereafter (~737 kya) into a western Pacific
and eastern Pacific clade (Figure 3). Most mitogenomes diverged after ~641 kya with the predominantly Senegalese
clade diversifying after ~262 kya. Mitogenomes currently present in the Black Sea were found to exist ~74.8 kya.
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FIGURE 2 Phylogenetic trees of Delphinus mitogenomes and delphinid outgroups inferred with (a) Bayesian
inference (MrBayes) and (b) maximum likelihood (IQTree). All unlabeled nodes are well-supported (support scores
>95 for ML and posterior probability >0.95 for Bl) while the nodes annotated with red dots are not supported. The
supported topologies are almost identical between methods, except for differences in interpreting the incredibly
short branch lengths between closely-related haplotypes in the majority-Senegal clade, which are largely collapsed
into polytomies by MrBayes, but left as bifurcations with poor support in IQTree. See Figure S8 for tip labels by
sample and clearer resolution between short branches.

3.4 | Population genetics and diversity

Mitochondrial haplotype diversity between and among populations was high, with no shared haplotypes among
populations and only three pairs of shared haplotypes within the Senegalese population (D.del_594605_SEN and
D.del_594622_SEN, D.del_594634_SEN and D.del_594635_SEN, D.del_594606_SEN and D.del_594618_SEN). A
minimum-spanning haplotype network of the complete mitogenomes demonstrates this scattered, high haplotype
diversity, with a similar lack of clear geographic structure as in the phylogenetic analyses (Figure S3). Many haplo-
types are highly diverged from one another, with over a hundred mutations between mitogenomes within the same
putative population. The haplotypes of long-beaked dolphins from the ESP cluster together and are closely related
to the WNP long-beaked dolphin haplotype; however, ESP_lb haplotypes are actually closer in number of steps to
some haplotypes from Senegal (D.del_605113_SEN, D.del_594628_SEN, D.del_594633_SEN; 107-122 mutations)
than the WNP haplotype (126 mutations). Nucleotide diversity (1) was also generally high across all mitogenomes
(0.00504) and within populations (0.00254-0.00673), except for the ESP_Ib population from Peru, whose diversity
(0.000652) was an order of magnitude lower than for the other five populations analyzed (Table 1, Figure S4).
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FIGURE 3 Divergence-dated Bayesian tree of Delphinus with some lineages collapsed, although the complete
tree follows MrBayes (Figure 2a). Bars at nodes symbolize the 95% confidence intervals of dates of divergence, and
numbers above each node are mean dates of divergence in millions of years ago (Mya). Scale at the bottom of the
figures is in Mya. WNA = western North Atlantic, SEN = Senegal, BLS = Black Sea, ENA = eastern North Atlantic,
ETP = eastern tropical Pacific, ESP_LB = eastern South Pacific (long-beaked), WNP_LB = western North Pacific
(long-beaked).

TABLE 1 Delphinus mitogenome diversity by population.

Population Number of polymorphic sites Mean number of pairwise differences Nucleotide diversity (i)
SEN (n = 31) 330 41.6 £18.6 0.00254 + 0.00126
WNA (h = 12) 294 86.6 £40.1 0.00536 + 0.00280
BLS (n = 4) 101 53.8 +29.7 0.00404 + 0.00267
ENA (nh =2) 62 60.2 +42.9 0.00368 + 0.00371
ETP_sb (n = 3) 170 110.2 £ 66.2 0.00673 + 0.00504
ESP_Ib (n = 3) 16 10.7 £ 6.7 0.000652 + 0.000512
All (n = 55) 757 81.9 +35.8 0.00504 + 0.00244

Note: SEN = Senegal, WNA = western North Atlantic, BLS = Black Sea, ENA = eastern North Atlantic, ETP_sb = eastern
tropical Pacific (short-beaked), ESP_Ib = eastern South Pacific (long-beaked).

This population also contained the fewest number of polymorphic sites and lowest mean number of pairwise
differences (Table 1).

High haplotypic diversity made mitogenome haplotype-based comparisons inappropriate for investigating
population structure, with pairwise Fst values of O estimated among all measured populations. Sequence-based
measurements of ®sr and Nei's da, by contrast, were more informative. Mitogenome divergence between SEN
and WNA was moderate: dy = 0.00207, (0.00208 + 0.00095 with Jukes Cantor correction), below the species
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FIGURE 4 Heatmaps of pairwise population fixation indices for 366 bp partial control regions across the north
Atlantic Ocean and the Mediterranean Sea incorporating previously published sequences. (a) ®st estimated by
haplotype frequency and genetic distance between haplotypes. (b) Fst estimated by haplotype frequency only.

*p < .05, **p < .01, ***p < .001. SEN = Senegal, BLS = Black Sea, WNA = Western North Atlantic.

delimitation threshold of dy = 0.008 but comparable to divergence between accepted cetacean subspecies
(Morin et al., 2023). Pairwise values of ®st demonstrated that Senegalese mitogenomes are significantly
differentiated from all other populations analyzed, while little differentiation exists between the other Atlantic
regions (Table S7), though small and uneven sample sizes from BLS and ENA cloud this comparison. Calculations
of ®st and Fst incorporating more populations and higher sample sizes from publicly available Atlantic and
Mediterranean partial control region sequences (366 bp) displayed this same pattern with greater statistical
power and geographic range (Figure 4a), with significant ®st values (p < .01) between Senegal and other
populations ranging from 0.233 to 0.528. Dolphins from the Black Sea and Mediterranean populations also
exhibit significant differentiation from multiple other populations, with especially high pairwise values of Fst (Figure 4).
Fixation is generally lower between most Atlantic Ocean populations, though many pairwise Fst estimations including

Azores, Madeira, and Portugal are also significant.
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Mitogenome-wide pairwise ®st and da between populations suggest that long-beaked mitogenomes from Peru
(ESP_Ib) may also be highly differentiated from the other populations (Tables S7 and S8), but low sample size severely
limits this analysis. Between short-beaked and Pacific long-beaked dolphin populations (WNA + ETP_sb + ENA
vs. WNP_Ib + ESP_Ib), divergence was also moderate: da = 0.00320 (0.00322 + 0.00166 with Jukes Cantor correction).
Mitogenomes from Senegal were excluded from this analysis since the beak morphs of most individuals were categorized
as unknown. A local comparison of ETP_sb vs. ESP_Ib had high error due to low sample size, but the magnitude of the
uncorrected figure of divergence was similar: dy = 0.00355 (0.00357 + 0.00295 with Jukes Cantor correction).

4 | DISCUSSION
4.1 | Systematics and taxonomy of the common dolphin

Our phylogenetic analyses show that complete mitogenomes do not support a single global long-beaked common
dolphin clade (formerly identified as the species Delphinus capensis), with the tropicalis specimen from the Indian
Ocean, and the Pacific and Senegalese long-beaked morphotypes scattered throughout the tree. This supports previ-
ous analyses of mitochondrial control region and cytochrome b data, which also uncovered the polyphyly of a long-
beaked group, but in some cases with weaker support or fewer individuals (Amaral et al., 2007; Cunha et al., 2015;
Farias-Curtidor et al., 2017; Gray et al., 2021; LeDuc et al., 1999; Natoli et al., 2006). Indeed, the nuclear
phylogenomic analysis of McGowen et al. (2020) also did not support monophyly of long-beaked morphs, although
only four individuals (three long-beaked, one short-beaked) were included in the analysis. Together, these results add
further support refuting the hypothesis that a longer rostrum is evidence of global common ancestry in Delphinus.

Nonetheless, the few Pacific long-beaked dolphins (ENP, ESP, WNP) included in this study form a well-
supported monophyletic group nested within the rest of Delphinus. The distinctiveness of ENP long-beaked dolphins,
currently identified as D. delphis bairdii, is well established by morphological and molecular data (Banks &
Brownell, 1969; Cunha et al., 2015; Gray et al., 2021; Heyning & Perrin, 1994; Kingston & Rosel, 2004; Nicolosi &
Loy, 2021; Rosel et al., 1994; Segura-Garcia et al., 2016). We did not infer any support for a close relationship
between long-beaked samples in the ENP/ESP and short-beaked common dolphins collected from the eastern tropi-
cal Pacific, which supports other analyses of genetic isolation between these morphs in the eastern Pacific (Rosel
et al., 1994; Segura-Garcia et al., 2016), although our sample size is admittedly small. Furthermore, the long-beaked
WNP dolphin from China (D.cap_NC012061_WNP) did not group with the short-beaked dolphin from South Korea
in closer geographic proximity (D.del_MHO000365_WNP). While high genetic variation within geographic populations
could be a contributing factor, these results suggest ESP long-beaked dolphins could possibly be members of the
same long-beaked ENP lineage, and that establishing the full range of D. delphis bairdii requires further investigation.
Wider sampling of Delphinus throughout the Pacific can provide a clearer picture of how long-beaked members of
Delphinus are related to one another and to short-beaked morphs in the Pacific Ocean.

Despite finding a monophyletic long-beaked clade in the Pacific, our phylogenetic analyses show that
Pacific long-beaked dolphins are not reciprocally monophyletic with the rest of Delphinus. Researchers have
explained the paraphyly of D. delphis with respect to the ENP long-beaked clade as an artifact of introgression
and incomplete lineage sorting (LeDuc et al., 1999), or as a signal of incipient speciation (Kingston et al., 2009;
Natoli et al.,, 2006). Observations show that long- and short-beaked dolphins in the ENP reside in different
habitats (coastal versus offshore) and have distinct reproductive periods that may restrict gene flow (Chivers
et al., 2016). Especially in sympatric populations, these traits are compelling evidence of speciation, but our
limited number of mitogenomes do not shed further light on this open question. Global studies of Delphinus
using nuclear data such as RADseq or whole genome sequencing along with morphological analysis will likely
be needed to confirm the level of gene flow between morphotypes in the Pacific Ocean and investigate the

taxonomic status of this distinct lineage. Recent and upcoming studies by a subset of authors from the current
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paper will further elucidate the taxonomic status of the eastern Pacific long-beaked common dolphin
(Jefferson et al., 2024; Urrutia-Osorio et al., 2024).

Our only sample of the ultra-long-beaked D. d. tropicalis was included in the most divergent lineage of Delphinus,
grouping with three samples from the North Atlantic: two short-beaked WNA morphs and one an unknown morph
from Senegal (Figure 2). A similar clade joining tropicalis and North Atlantic individuals from Scotland and the Iberian
Peninsula was also recovered by Amaral et al. (2007) using cytochrome b, which they termed “Clade X”. McGowen
et al. (2020) found the same D. d. tropicalis individual to group with a North Atlantic short-beaked common dolphin
using nuclear exonic data, although the mitogenome of that individual (D.del_SJR_ENA) does not seem to be closely
related (Figure 2, Table Sé). Recent microsatellite and control region data for a substantial number of D. d. tropicalis
from Oman and Pakistan found significant differentiation in these populations from other common dolphins analyzed
(Gray et al., 2021). Again, more nuclear data on a genomic scale will be needed to resolve the status of tropicalis
within the wider worldwide Delphinus group, and decipher the origins of the enigmatic Clade X.

The factors potentially driving evolution of ecomorphs in Delphinus are complex and not fully understood.
Different feeding habits are a possible functional explanation (Bell et al., 2002; Murphy et al., 2006; Natoli et al., 2006;
Pinela et al., 2011; Westgate, 2007), and may also explain the distinctiveness and high variability of skull characters in
the Mediterranean (Nicolosi & Loy, 2021). Even exclusively in short-beaked forms, global morphometric analysis has
suggested parallel north-to-south evolutionary trends across the Atlantic and Pacific Oceans, with different sets of
characters leading to similarly larger, compact skulls in the north and slender rostra in southern stocks (Nicolosi &
Loy, 2021). In addition to acknowledging feeding ecology, Nicholosi & Loy (2021) connected this geographic
convergence to Bergman's rule based on their sampling localities, suggesting that temperature is another factor shaping
Delphinus skull morphology. Long-beaked dolphins are also generally restricted to coastal waters while short-beaked
dolphins span pelagic ranges (Perrin, 2018), so differential habitat use and relative isolation may also contribute to
repeated differentiation. Offshore and coastal ecotypes are hardly unique to Delphinus; coastal and pelagic forms of
Tursiops show considerable genetic and morphometric differentiation in the Atlantic (Costa et al., 2021, 2022;
Fruet et al., 2017; Louis et al., 2014). Stenella longirostris and S. attenuata also show ecomorphological differentiation
(Leslie & Morin, 2018; Perrin, 1975, 1998). Coastal western Atlantic Tursiops, including both Tursiops erebennus and
Tursiops truncatus gephyreus, exhibit a lower level of genetic diversity than their pelagic counterparts, Tursiops truncatus
truncatus (Costa et al., 2021; Fruet et al., 2017; Louis et al., 2014), suggesting recent founder events in WNA and WSA
coastal Tursiops (Costa et al., 2021; Louis et al., 2014). This is an interesting parallel to the long-beaked Delphinus from
the ESP, which have a much lower nucleotide diversity than all other populations analyzed. However, in Atlantic/
Mediterranean Delphinus, differential habitat use is not as clear, since ecological niche modeling shows that coastal
waters are critical habitat even for short-beaked dolphins (Correia et al., 2019; Giménez et al., 2018; Paradell
et al., 2019). Comparable data for West Africa are less complete, but Delphinus habitat models predict more coastal
habitat in southern Europe/North African waters (Correia et al., 2019) while predicting offshore habitat suitability
in Namibia (De Rock et al., 2019), making connections between morphotype and habitat use in Senegal even more
difficult to infer.

Our phylogenetic analyses also found that the Black Sea endemic D. delphis ponticus, an endangered subspecies
with distinct coloration, is polyphyletic and nests within western North Atlantic samples. However, these samples
represent the ancient DNA sequences downloaded from GenBank and two of these sequences (MF669495.1,
MF669497.1) showed poorer quality compared with many of the modern samples analyzed, also explaining their
longer branch lengths in the maximum likelihood tree (Figure 2b). Recent analyses of modern D. delphis mitochondrial
control regions in the Atlantic, Mediterranean, and Black Sea have also found that these populations share
haplotypes, suggesting recent connectivity across these bodies of water (Gray et al., 2021; Tonay et al., 2020). This
is in contrast with the two other cetacean species that inhabit the Black Sea, the harbor porpoise (Phocoena
phocoena) and the common bottlenose dolphin, which both show evidence of isolation and/or differentiation
(Ben Chehida et al., 2020; Fontaine et al., 2014; Moura et al., 2020; Viaud-Martinez et al., 2008), albeit the harbor

porpoise's absence in the Mediterranean differs from both dolphins' continuous distribution.



14 of 21 BECKER ET AL.

Lastly, the relationship between short- and long-beaked common dolphins in Senegal requires further investigation.
Senegal is an appropriate setting for studying the evolution of short- and long-beaked morphs, as both types have been
documented (Van Waerebeek, 1997; Van Waerebeek et al., 2000). However, the definition of these two morphotypes
were based on measurements of individuals from California and may not correlate well with individuals in other regions,
which may have been a factor in our inability to precisely identify many of our stranded dolphins as categorically
short- or long-beaked (in addition to the challenges of recovering many degraded and juvenile individuals). In
Angola, the external appearance of Delphinus is intermediate, rather than distinctively short- or long-beaked
(Weir, 2011; Weir & Coles, 2007), and Pinela et al. (2011) found it difficult to differentiate between morphs using
morphometrics and stable isotopes in Mauritania. It may be that morphotypes in West Africa do not reflect distinct
genetic lineages. Many of our samples were of unknown morphotype, but those identified as the long-beaked
morph did not form a monophyletic group (Figure 2), although the existence of a primarily Senegalese clade
indicates that differentiation may be ongoing. Distinct grouping of long- and short-beaked morphs using the
original criteria of Heyning and Perrin (1994) does not hold in many other regions with or without hypothesized
beak morphs (Amaha, 1994; Bell et al., 2002; Cunha et al., 2015; Esteves & Oviedo, 2007; Murphy et al., 2006;
Ngqulana et al., 2019; Pinela et al., 2011; Tavares et al., 2010), and global comprehensive morphometrics studies
of adult specimens along with genetic analysis of the same individuals are necessary to address whether short-

and long-beaked morphs in the same region form genetically distinctive groups.

4.2 | Population structure and diversity

Based on our analysis of complete Delphinus mitogenomes, Senegal contains a genetically differentiated population.
However, haplotypes in this population are not monophyletic and demonstrate potential connectivity throughout
the Atlantic Ocean and beyond. Most sequences from Senegal grouped in one large clade which started to diversify
~263 kya, although this group also included one sequence from the western North Atlantic (Figure 3). Furthermore,
topologies show other Senegalese mitogenomes spread out across the Delphinus tree: three in a separate nested
monophyletic group with WNA and ENA sequences and another Senegalese sequence in the most divergent cluster,
Clade X (Figure 2). WNA, ENA, and BLS also did not form monophyletic groups, with AU tests evaluating the
likelihood of geographic clades significantly rejected. Though phylogeny does not strictly mirror geography for Sene-
galese dolphins, pairwise ®st and Fst calculations nonetheless indicate that this is a significantly distinct population
from each of the other Delphinus groups across the North Atlantic (Figure 4). The differentiation of isolated Black
Sea and Mediterranean populations is well-established, and their high haplotype frequency-derived Fst values reflect
comparatively recent isolation, while significant ®st values incorporating genetic distance between Senegal and
other populations may suggest longer-term evolutionary divergence. In contrast, haplotype fixation between
populations from the Atlantic Ocean was lower in magnitude or nonsignificant. These results are further supported
by our mitogenome phylogenies and previous research, in which even significant genetic structure detected across
the North Atlantic was minimal (Mirimin et al., 2009; Moura et al., 2013; Natoli et al., 2008), except for comparisons
using sequence data from another West African locality, Mauritania (Natoli et al., 2006). Interestingly, Mirimin et al.
(2009) found significant structure in females, but not males, and by most metrics in mtDNA but not nuclear
microsatellite data. Amaral et al. (2007) also discovered differentiation among populations off western Europe only
when males and females were analyzed separately. Our analyses were restricted to the mitochondrial genome, and
many sequences originated from highly decomposed and/or juvenile stranded dolphins, thereby making sexing
and similar downstream comparisons difficult in many specimens. Further genome-wide analysis may be useful in
testing this sex-biased dispersal and inferring how it has contributed to genetic structure across the Atlantic
Ocean. Short-beaked Delphinus delphis, especially in the Atlantic Ocean, are highly mobile and pelagic with a high
potential for long-distance dispersal (Natoli et al., 2006). This feature offers a possible explanation for the

WNA sequence found within our otherwise Senegalese clade. Additional factors, like the large population sizes of
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Delphinus (Perrin, 2018), relatively high genetic diversity, and historic or ongoing gene flow also likely contribute
to the lack of geographically determined clades in our phylogenetic trees. Indeed, overall nucleotide diversity (r1) in
common dolphin mitogenomes analyzed here (0.00504) is greater than in most other delphinids as measured by
Louis et al. (2020). It is closest to both S. attenuata (>0.0055) and S. longirostris (~0.005), both global species with
distinct morphotypes and large population sizes.

The lack of population structure in Delphinus across the eastern and western North Atlantic is not replicated in
other areas of the dolphin's range. In fact, fine scale genetic structure is present in Australasia (Barcel6 et al., 2021;
Moller et al., 2011), the Indian Ocean (Gray et al., 2021) and the Mediterranean/Black Sea (Natoli et al., 2008; Tonay
et al., 2020)—although in the Australasian and Indian Ocean, this has been detected using nuclear derived data such
as RADseq and microsatellites. Intrinsic factors such as different social structures and habitat preference, as well as
extrinsic factors such as habitat fragmentation, could contribute to these differences in genetic structure globally
(Mirimin et al., 2009). Prey availability also likely influences Delphinus genetic structure, with long-distance dispersal
playing a key role for dolphins relying on prey with unreliable distributions, while they show more local fidelity when
prey resources are predictable (Jefferson et al., 2009; Mason et al., 2016). In Senegal, long-beaked dolphins are more
common than the short-beaked morphs (Cadenat et al., 1959; Van Waerebeek, 1997; Van Waerebeek et al., 2000),
and we could not reliably identify any of the stranded individuals as short-beaked. Since long-beaked morphs tend to
be more coastal and may disperse less than short-beaked dolphins, this difference in habitat usage between
Senegalese and other Atlantic dolphins may be responsible for keeping North Atlantic ranges large and indistinct,
while dolphins from coastal Senegal are on average more restricted and differentiated. Confusingly, while genetic
data show that long-beaked morphs in Mauritania are also highly distinct from other global short-beaked populations
(Natoli et al., 2006), stable isotope data of both morphs in Mauritania indicate that long-beaked morphs may be the
ones feeding offshore more than short-beaked dolphins, or at least that they are preying on higher trophic levels
(Pinela et al., 2011). Further research in West Africa could disentangle these puzzling results and may be very fruitful
for understanding the broader interplay between niche segregation, local morphological adaptation, and genetic
differentiation in Delphinus without the confounding factors of taxonomy found in the Pacific.

Due to small sample sizes, we cannot readily infer genetic structure in the eastern Pacific, though short-
beaked dolphins from the ETP did exhibit less differentiation from Atlantic populations than did long-beaked
dolphins from the ESP (Tables S7 and S8). Better understanding the drivers of population structure in Delphinus
and how they intersect with taxonomic structure will require more robust examination of dolphins across
Delphinus's extensive global range. Global and local signatures of differentiation also have conservation
applications; high dispersal may be more essential in some regions than others and preserving connectivity
may enhance conservation outcomes for threatened/endangered populations of Delphinus, such as in the
Mediterranean and Black Seas (Tonay et al., 2020).

43 | Conclusions

Novel mitochondrial data demonstrate that many Delphinus from Senegal comprise a genetically distinct group and
that the Senegalese population is substantially differentiated from other North Atlantic Delphinus populations, an
otherwise panmictic region. Neither mitogenomes of long-beaked dolphins in the Pacific, nor the ultra-long-beaked
D. d. tropicalis, are closely related to long-beaked morphs in Senegal, strengthening the hypothesis that long beaks
have independently evolved in populations of coastal-dwelling Delphinus around the globe. In the Pacific, long-
beaked dolphins from California, Peru, and China (the latter based on only a single specimen) appear to form a nested
monophyletic group, warranting deeper investigation into long-beaked dolphin relationships across the Pacific
Ocean. In the future, genome-wide coverage may clarify Delphinus population connectivity and demographic history
in these regions, and further paired genomic and morphometric analysis may elucidate the recurring evolution of the
long-beaked morphotype.
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