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This dissertation provides empirical evidence for patterns of population structure 

– a necessary prerequisite for estimating abundance and ultimately conservation action - 

of two species of pelagic dolphins (spinner and spotted dolphins) that have been 

challenging to characterize using modern molecular genetics. I evaluated philosophies 

that could aid in accurate categorization of biological diversity for conservation and 

developed and employed novel techniques to collect genome-wide data in efforts to 

increase statistical power for testing hypotheses of genetic structure. For the former, I 

assessed the impacts of phylogenetic nomenclature (PN) on the efficacy of the 

Endangered Species Act (ESA). PN relies heavily on traditional nomenclature, and 

knowledge of evolutionary relationships is paramount for species protection, so I 

concluded that PN will have little impact the ESA. Using DNA capture and highly-

parelleled sequencing, I collected whole mitochondrial genomes (mtDNA) and scores of 

nuclear loci (nuDNA) for population structure tests. MtDNA showed weak but significant 
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differences between subspecies of spotted dolphins and the first mtDNA evidence for 

differentiation between ETP spinner dolphin subspecies. NuDNA supported subspecies 

of spotted dolphins, but not spinner dolphins. Strong differentiation was detected between 

whitebelly and eastern spinner stocks, but these data did not have statistical power to 

enable testing of population-level hypotheses needed for management, so I employed a 

genome-wide genotyping approach (RADseq) to collect >6,000 single nucleotide 

polymorphisms (SNPs) from regions throughout the genome associated with the 

restriction enzyme site PstI. Results supported the current subspecies for both species and 

indicate stock-level separation for Tres Marias spinner dolphins and two offshore spotted 

dolphin stocks the ETP. I also tested global taxonomic and phylogeographic hypotheses 

using RADseq and found deep divergence between Indo-Pacific and eastern tropical 

Pacific Ocean (ETP) spinner dolphins, but segregation between inshore and offshore ETP 

spotted dolphins. Australain dwarf spinner dolphins were genetically distant from 

conspecifics in Indonesia, but the dwarf spinner dolphin was monophyletic. Atlantic 

spinner dolphins were placed between a clade of Indo-Pacific Ocean populations and 

ETP population in our phylogeny, contrary to previous hypotheses. The eastern Pacific 

basin and the marine Wallace’s line are strong barriers for spinner dolphins despite high 

dispersal potential.



 

 1 

INTRODUCTION 

 

One of the grand challenges facing the human race is conserving biological 

diversity in the face of rapid extinction (Pimm et al. 1995, Mace G.M. et al. 2005). An 

effective strategy for stemming extinction is species-based prioritization and protection, 

whereby laws protect populations of organisms and their habitat. Some of the most 

powerful environmental laws in the United States are species-based strategies, including: 

the Endangered Species Act, the Migratory Bird Act, the Marine Mammal Protection 

Act, and others.  

 

Species-based conservation strategies are only effective, however, if actions are 

applied at the appropriate scale. Without knowledge of how organisms are geographically 

structured we may fail to recognize entire subspecies or distinct populations that require 

urgent conservation action (Leslie 2014). This is because knowledge of taxon boundaries 

is a necessity for assessing threats, estimating abundance, and ultimately determining if 

conservation efforts are required and what appropriate mortality limits should be 

(Wheeler et al. 2004). Maybe most importantly, taxonomic information is a direct input 

into the process of listing organisms under protective legislation (e.g., the U.S. 

Endangered Species Act - ESA), biodiversity status inventories (e.g., the International 

Union for the Conservation of Nature’s Red List), and international conservation 

agreements (e.g., the Convention on the International Trade of Endangered Species - 

CITES), making it a necessary precondition for conservation measures involving law 

enforcement and adjudication. 
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Equipped with new tools in molecular biology, analytical tools, and digital 

database infrastructure, taxonomists are poised to continue to tackle another grand 

challenge (inseparable from conservation): discovering and documenting biological 

diversity (Wheeler 2010). Because of heir open ocean habitats, the documentation of 

pelagic organisms is inherently challenging – and has lagged behind terrestrial taxonomy 

(Palumbi 1996, Bowen 1997, Bowen et al. 2001). Pelagic organisms also show few 

permanent physical barriers to gene flow, making developing hypotheses to test for 

taxonomic boundaries more complex. For instance, nuanced factors such as demographic 

processes (e.g., range expansion and metapopulation dynamics (Horne 2014)) may be 

more important in structuring populations than physical separation. Thus, in genetic 

terms, the dynamic nature of the pelagic environment increases the likelihood of mixing 

between populations; even a few successful migrants per generation greatly decrease the 

signal of population segregation (Waples 1998). Pelagic populations often have large 

abundances as well, which can result in a large amount of standing genetic variation. 

High genetic diversity can dramatically increases the time needed for populations to drift 

apart genetically, even in the complete absence of gene flow (Taylor and Dizon 1996). 

Spinner and spotted dolphins in the eastern tropical Pacific Ocean (ETP) illustrate this 

problem. They historically numbered several million (Wade et al. 2007), but starting in 

the 1960s, hundreds of thousands were killed annually as bycatch in the dolphin-set tuna 

purse-seine fishery (Lo and Smith 1986, National Research Council 1992, Wade 1995). 

Relative to terrestrial mammals, there are few species and subspecies with extant 

cetacean genera; researchers believe this is due to under-classification rather than a lack 
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of substructure (Taylor et al. In Review). This lack of knowledge about cetacean variation 

stems from a number of challenges. Foremost, they are relatively elusive, inaccessible, 

and difficult to observe and capture. Second, collection and storage of cetacean 

specimens (and associated data) is also logistically complicated. Collections events are 

rare as most dead specimens sink to the ocean floor. As for storage, a series of birds or 

fish could be represented in a single museum drawer, it would take several warehouses to 

story a series large whale specimens. Finally, although the laws that protect species are 

desperately needed - collection and transfer of specimens is complicated by these national 

laws and international agreements, such as the CITES. All these reasons combine to 

make accurate cetacean taxonomy and population structure challenging. 

 

The impetus for this study was that managers and biologist had not seen the 

increase in abundance expected after laws were put into place to limit the amount of 

bycatch pressure on these species (Gerrodette and Forcada 2005). This led some to 

question if the spatial scale used for management was biologically meaningful and 

appropriate for ensuring maximum recovery. For instance, if the population boundaries 

used in management were too broad (i.e., not protecting populations, but instead 

protecting groups of populations), acute or ongoing localized impact could be inhibiting 

population rebound). 

 

Fortunately, during the peak of the tuna-dolphin crisis in the ETP, researchers 

showed the forethought to collect biological specimens for future study. The bulk of these 

samples were from spinner and spotted dolphins – the two heaviest hit species. Initially, 
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researchers used skull morphology and external body characteristics to determine 

biological differences that form the basis of taxonomy. These studies demonstrated 

morphometric differences supporting structured populations (Perrin et al. 1991, Perrin et 

al. 1994, Perryman and Westlake 1998). However, molecular genetics approaches have 

not found corresponding population genetic structure (Dizon et al. 1994, Galver 2002), 

although Andrews et al. (2013) found some evidence for segregation in data from the Y-

chromosome and Escorza-Treviño et al. (2005) found population structure within the 

coastal subspecies of spotted dolphins.  

 

The reasons for this lack of population genetic structure could be biological or 

methodological. As mentioned, these two species had very high abundance prior to 

extensive bycatch, dramatically increasing the time needed for populations to drift apart 

genetically. In addition, these two species are likely very recently evolved (< 5Ma), 

meaning these differences haven’t had much time to accrue (McGowen et al. 2009). 

Finally, it is highly likely that ongoing geneflow is continuing to ‘reshuffle the deck’ of 

genetic variation and inhibiting populations from showing traditional signals of genetic 

structure due to drift (Andrews et al. 2013). Therefore, our inability to find population 

genetic structure could reflect the biological reality - that there are very few genetic 

differences - and the physical differences in the morphology are due to gene expression 

or environmentally driven factors. However, given the concrete nature of the cranial 

characters used to erect subspecies in the ETP, it is highly likely that there are underlying 

genetic differences.  
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Instead, I believe it is because of limits of previous methods that we haven’t 

found population genetic structure. Previous studies could be negatively effected by two 

different issues: 1) focusing on neutral genetic markers only, and 2) not having the 

statistical power needed to find subtle differences in the populations because of too few 

genetic markers. 

 

My dissertation aims to address some of these possible shortcomings of previous 

studies by employing new philosophies and techniques to understand and document 

cetacean diversity. I examined the principles of phylogenetic nomenclature as embodied 

in the PhyloCode (an alternative to traditional rank-based nomenclature that names 

biological groups based on the results of phylogenetic analyses and does not associate 

taxa with ranks) and assessed how this novel approach to naming taxa might affect the 

implementation of species-based legislation by providing a case study of the ESA 

(Chapter 1). Next, I addressed some of the aforementioned challenges with assessing 

population structure of eastern tropical Pacific Ocean dolphins by employing next 

generation DNA sequencing technology (Chapters 2 & 3). Finally, in Chapter 4, I aimed 

to place the diversity of ETP dolphins within the context of global diversity of both of 

these species using the same techniques to collect data for a comparative study testing 

hypotheses of global phylogeography (Davies 1963, Barber et al. 2000, Perrin 2007). 

Critical to curbing the crisis of biodiversity loss is the task of classifying life on this 

planet (Mace 2004); my hope is that this work will directly advance both of these grand 

challenges.  
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Abstract: 

Millions of spinner (Stenella longirostris) and spotted dolphins (Stenella 

attenuata) died as bycatch in tuna nets in the eastern tropical Pacific Ocean. Despite three 

decades of protection, they show little-to-no sign of recovery. In efforts to establish 

biologically meaningful management boundaries for recovery, endemic subspecies and 

multiple stocks have been proposed. Genetic differentiation among most of these units 

has not been demonstrated, however, possibly due to low statistical power, large 

historical abundances, ongoing gene flow between subspecies and recent divergence. We 

tested for structure at multiple hierarchical levels by collecting whole mitochondrial 

genome sequences (mtDNA) and nuclear SNPs (nuDNA) from 104 spinner and 76 

spotted dolphins using capture array library enrichment and highly paralleled DNA 

sequencing. MtDNA showed weak but significant differences between subspecies of 

spotted dolphins (FST: 0.0125; p = 0.0402) and evidence for differentiation between ETP 

spinner dolphin subspecies (FST: 0.0133; p = 0.034). NuDNA supported subspecies of 

spotted dolphins, but not subspecies of spinner dolphins. Strong and significant 

differentiation was detected between whitebelly and eastern spinner stocks using nuDNA 

(FST: 0.0297; p = 0.0059). Neither mtDNA nor nuDNA supported the division of existing 

offshore stocks of spotted dolphins or Tres Marias spinner dolphins. This work helps 

identify a genetic basis for establishing biologically meaningful management units for the 

recovery of these dolphins.
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Introduction: 

Conservation is only effective if actions are applied at the appropriate scale. 

Without knowledge of how organisms are geographically structured we may fail to 

recognize entire subspecies or distinct populations that require urgent conservation 

action. Knowledge of population structure forms the foundation of assessment and 

monitoring for recovery; we need to know population boundaries in order to estimate 

abundance and trends and to set appropriate mortality limits.  

 

The study of population structure in pelagic organisms is inherently challenging. 

Their open ocean habitats have few permanent physical barriers to gene flow, thus 

demographic processes (e.g., range expansion and metapopulation dynamics; Horne 

2014) or oceanographic processes may be more important in structuring populations than 

physical separation (Norris 2000). In genetic terms, the dynamic nature of this 

environment increases the likelihood of mixing between populations; even a few 

successful migrants per generation greatly decrease the signal of population segregation 

(Waples 1998). 

 

Pelagic populations often have large abundances as well, which can result in a 

large amount of standing genetic variation (Norris 2000). High genetic diversity can 

dramatically increase the time needed for populations to drift apart genetically, even in 

the complete absence of gene flow (Taylor and Dizon 1996).   



 

 

23 

 

Pelagic species with large abundance and weak barriers provide a challenge for 

using genetic tools to determine population structure (Taylor and Dizon 1996; Waples 

1998). Spinner and spotted dolphins in the eastern tropical Pacific Ocean (ETP) illustrate 

this problem. They historically numbered several million (Wade et al. 2007), but starting 

in the 1960s, hundreds of thousands were killed annually as bycatch in the dolphin-set 

tuna purse-seine fishery (Lo and Smith 1986; National Research Council 1992; Wade 

1995). Despite over forty years of protection under the U.S. Marine Mammal Protection 

Act of 1972 and specific multi-national protection under the 1999 Agreement on the 

International Dolphin Conservation Program (Joseph 1994; Gosliner 1999), ETP spinner 

and spotted dolphin populations have not recovered as predicted (Wade et al. 2007; 

Gerrodette et al. 2008). Previous genetic studies have shown that these species retain 

high genetic variation (Dizon et al. 1994; Galver 2002; Andrews et al. 2013; Escorza-

Treviño et al. 2005), which possibly obscures the detection of population genetic 

structure that could be used to improve recovery efforts. These species exhibit 

intraspecific morphometric differences supporting structured populations (Perrin et al. 

1991, 1994), but traditional molecular genetics approaches have not found corresponding 

population genetic structure (Dizon et al. 1994; Galver 2002), although Andrews et al. 

(2013) found evidence for segregation in ETP spinner dolphins using data from the Y-

chromosome and Escorza-Treviño et al. (2005) found population structure within the 

coastal subspecies of spotted dolphins using microsatellites. 
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Endemic spinner dolphin subspecies and stocks 

 

There are four recognized subspecies of spinner dolphin (Stenella longirostris) 

globally. The nominate form, the pantropical or "Gray's" spinner (S. l. longirostris) 

occurs throughout the world’s tropics except in the ETP. In the central and western 

Pacific, Gray's spinners are found associated with islands, such as the Hawaiian Islands. 

The much smaller dwarf spinner (S. l. rosiventris) subspecies inhabits shallow waters in 

the Southeast Asia Ocean (Perrin et al. 1989, 1999). The other two subspecies, Central 

American spinner dolphin (S. l. centroamericana) and the eastern spinner dolphin 

(Stenella longirostris orientalis) are found only in the ETP (Fig. 1, based on Perrin 1985), 

and were described based on differences in external coloration, body size, and skull 

morphology (Perrin et al. 1991, Douglas et al. 1992). The Central American subspecies 

inhabits relatively near-shore waters off the Pacific coasts of Southern Mexico south 

through Panama. For management purposes, ETP spinner dolphin stocks correspond to 

the two aforementioned subspecies, plus the whitebelly spinners. The "whitebelly" 

spinner is proposed to represent a hybrid swarm between the eastern subspecies and the 

pantropical Gray's subspecies of the central and western Pacific (Perrin et al. 1991). 

Taxonomically, it is classified as part of the nominate (Gray’s) subspecies S. l. 

longirostris. Significant geographic overlap exists between the eastern subspecies and the 

whitebelly form (Perrin et al. 1985). The eastern spinner dolphin (S. l. orientalis) exhibits 

traits indicative of a more polygynous mating system (Perrin and Mesnick 2003; Perrin 

and Henderson 1979). Perrin and Mesnick (2003) found significant difference in testes 
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size between the eastern subspecies and the whitebelly form, indicating differing 

reproductive strategies and probably different breeding behavior between the two types. 

Andrews et al. (2013) estimated high levels of geneflow between subspecies in the ETP 

using autosomal and mitochondrial genes and found a shared Y chromosome haplotype 

in the eastern and Central American subspecies that was not found in Gray's or dwarf 

subspecies. Interestingly, this locus was found to be polymorphic in whitebellies, 

supporting the hypothesis of introgression in this form (Andrews et al. 2013). The 

authors proposed that sexual selection was driving the divergence of spinner dolphins in 

the ETP. Finally, a distinct morphotype of the eastern spinner dolphin, known as the 

"Tres Marias" spinner dolphin, has been described from near the islands of the same 

name off the coast of Mexico. These were thought to be a distinct type based on external 

body morphometrics (Perryman and Westlake 1998). 

 

Endemic ETP spotted dolphin subspecies and stocks 

  

Extensive analyses of cranial morphology of pantropical spotted dolphins 

(Stenella attenuata) in the ETP led to the designation of a coastal endemic subspecies (S. 

a. graffmani - Perrin 1975, Perrin et al. 1987). Pantropical spotted dolphins in offshore 

regions in the ETP and elsewhere retain the nominate trinomial, S. a. attenuata. In 

contrast to the spinner dolphins, genetic analyses of microsatellites indicated some 

differentiation between subspecies (Escorza-Treviño et al. 2005). This study found 
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differences between at least four demographically independent populations within the 

coastal subspecies (S. a. graffmani) and differences between southern populations of the 

coastal subspecies and the pelagic subspecies. However, they found no differences 

between the northern populations of the coastal subspecies and the pelagic subspecies. 

The authors concluded that genetic diversity in the coastal subspecies is contained within 

demographically independent populations and that interchanges is ongoing between 

northern populations and the pelagic subspecies. Tests for population genetic structure 

within the pelagic subspecies have not been conducted.  

  

Despite the results of Escorza-Treviño et al. (2005) showing the entire subspecies 

is currently treated as a single management stock. The offshore pantropical spotted 

dolphins are divided into a ‘northeastern’ (NE) stock, defined geographically as north of 

5°N, east of 120°W and a ‘western-southern’ (WS) stock residing south and west of this 

northeastern area (Fig. 2) (Perrin et al. 1994). General similarity in cranial variation 

supports the WS stock (see Perrin et al. 1994 for discussion and primary references). The 

north-south boundary between these stocks is based on a distributional hiatus around 

5°N.  

 

Objectives 

Despite cranial and external morphometric differences between subspecies (Perrin 

et al. 1994; Douglas et al. 1992), methods of assessing population genetic structure have 
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generally failed to detect differences (Dizon et al. 1994; Galver 2002), though Andrews 

et al. (2013) and Escorza-Treviño et al. (2005) found some. In this study we apply 

population genetic structure analyses of whole mitochondrial genomes (mitogenomes), 

individual gene regions within the mitogenomes and nuclear single nucleotide 

polymorphisms (SNPs) to test subspecies hypotheses and levels of differentiation 

between recognized and proposed management stocks, including the Tres Marias spinner 

dolphin and alternative stock boundaries in the offshore spotted dolphins. Finally, using 

the mitogenome data, we examine whether sea surface temperature (SST) might be 

related to population structure within offshore spotted dolphins in the ETP. 

 

 

METHODS 

Sample Collection and DNA extraction 

Skin samples were collected from 104 spinner dolphins and 76 spotted dolphins 

via biopsy dart (Lambertsen 1987) on research cruises or from specimens taken as 

bycatch in the tuna purse-seine fishery between 1982 and 2010 (Figs. 1, 2, S1, S2). 

Spinner dolphin samples collected from on research cruises were assigned to a stock 

based on the external morphology of the majority of animals in the school despite 

geographic location. This approach was taken because: 1) these often-large groups  

(>1000 ind.) contained individuals exhibiting a range of morphology; only after 

observing the group for some time could observers classify it to stock, 2) researchers 
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collecting biopsies from dolphins near the bow of the research vessel found it very 

difficult to confidently classify fast-swimming individuals at sea, and 3) there is 

significant overlap in range; therefore, geography was not a reliable predictor of stock 

identity. Some samples were used from areas where the eastern and whitebelly spinners 

are known to geographically overlap (see Fig. 1). Hawaiian spotted dolphin samples were 

collected from the Kona Coast of Hawai‘i and O‘ahu. Spinner dolphin samples from 

Hawai‘i spanned the breadth of the main islands and also Midway Atoll. Spotted dolphins 

were assigned to subspecies and stocks based on the geographic location of the sampling 

site. To avoid misassigned individuals near the borders of the NE and WS offshore 

stocks, we did not use samples collected between 4°N and 6°N east of 125°W. 

 

Biopsy samples were stored in salt-saturated 20% DMSO, 70% ethanol, or frozen 

with no preservative. DNA was extracted using silica-based filter membranes (Qiagen, 

Valencia, CA) on an automated workstation (Perkin Elmer, Waltham, MA). Starting 

concentrations of DNA were quantified using Pico-Green fluorescence assays (Quant-it 

Kit, Invitrogen, Carlsbad, CA) using a Tecan Genios microplate reader (Tecan Group 

Ltd, Switzerland).  

 

Library Preparation and Sequencing 

Next-generation sequencing libraries were generated as described by Hancock-

Hanser et al.  (2013), using unique 6bp and 7bp index sequences for each individual to 



 

 

29 

allow up to 100 samples to be multiplexed. Multiplexed libraries were enriched for whole 

mitogenomes and 85 nuclear loci using Sure Select DNA Capture Arrays (Agilent 

Technologies, Inc., Santa Clara, CA, USA) as described by Hancock-Hanser et al.  

(2013). Target sequences for capture enrichment included the reference pantropical 

spotted dolphin mitochondrial genome (Genbank No. EU557096; Xiong et al. 2009) and 

a suite of 85 nuclear loci. Autosomal and sex-linked conserved anchor tag loci (CATS; 

Lyons et al. 1997: Aitken et al. 2004) made up the bulk of the nuclear loci (75). In 

addition, one Y-chromosome locus (SRY Genbank No. AB275398.1) and nine nuclear 

exons involved in vertebrate coloration were also included (Rieder et al. 2001; Hoekstra 

et al. 2006; Eriksson et al. 2008; Hubbard et al. 2010). Sequences from four cetacean 

species were aligned to create consensus sequence for capture array design for the 75 

CATS loci (see Table A1-S1 in Hancock-Hanser et al. 2013 for sequences). Coloration 

loci and the Y-chromosome locus were aligned to the common bottlenose dolphin 

(Tursiops truncatus) genome (ENSEMBL v. 61); bottlenose dolphin sequences (Figure 

A1-S1) were used in the capture array design with the eArray software package (Agilent 

Technologies, Inc., Santa Clara, CA, USA). Three identical arrays were used to capture a 

multiplexed mix of both species. Each array contained one replicate of the mitogenome 

probes at a probe interval of 15bp as well as 13 replicates of probes for the nuclear loci at 

a probe interval of 3bp. Each enriched library was then sequenced using 1X100bp 

Illumina HiSeq technology (two using Illumina HiSeq2000 and one using HiSeq2500). 

  

Mitogenome Assembly 
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Raw read data were filtered for quality and demultiplexed by unique barcode. 

Consensus sequences for each sample were generated from mitogenome sequence reads 

using a custom pipeline (Dryad data repository doi:10.5061/dryad.cv35b) in R v2.15.0 (R 

Core Team, 2014). Reads were first mapped to the reference spotted dolphin sequence 

with the short-read alignment tool BWA (Li and Durbin, 2009). The mpileup module in 

SAMTOOLS (Li et al. 2009) was then used to convert the resulting BAM-format 

alignment file into a ‘‘pileup’’ text format, which was then parsed by custom R code to 

create the consensus sequence for each individual. The following rules were used in this 

process: An “N” was inserted at a position if the assembly had <3 reads, <5 reads where 

not all contained the same nucleotide, or >5 reads where no one nucleotide (i.e., A, C, G, 

T) was present in >70% of the reads. All mitogenome sequences were initially aligned 

with MAFFT (Katoh et al. 2009) followed by a refinement of alignments by eye. 

  

NuDNA SNP Discovery and Genotyping  

Using CLC Genomics Workbook v3.7 (CLC Bio, Aarhus Denmark) we created 

species-specific de novo references for nuDNA loci using combined reads from a subset 

of five individuals with good coverage from each species. All sequence data were first 

mapped to the mitogenome references and unmapped reads were saved and used for de 

novo assembly. De novo contigs were aligned back to original capture references for 

verification prior to mapping reads to the de novo reference. For loci that did not 

assemble into de novo species-specific references, we used the original reference 

sequence used in the capture array assembly. Additional flanking sequence was often 
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added with the de novo references relative to the original capture sequences. 

  

All reads were assembled to the de novo nuDNA references with the same criteria 

outlined above for the mtDNA. Putative SNPs were discovered using MPILEUP and 

variant calling tools from GATK (McKenna et al. 2009). We considered variable sites in 

nuclear loci to be potential SNPs if the population samples contained heterozygotes 

and/or homozygotes of the minor allele with at least 7 reads for called genotypes, and the 

minor allele frequency was ≥5% frequency in the sample set. Putative SNPs were 

screened for validation by examining BAM alignments by eye. We did not choose a SNP 

if it had Ns or other ambiguities in the flanking regions or if the SNP was found in only a 

few individuals. 

 

Diversity Estimates and Population Structure Analyses 

Two mitogenome datasets were created for each species. First, we partitioned 

each species’ dataset into one of fifteen loci (12 coding sequences, the control region and 

2 rRNA genes). ND6 and tRNA loci were removed prior to analyses because ND6 is 

known to have five orders of magnitude more transitions than transversions (Duchene et 

al. 2011) and tRNA follows different evolutionary models. Sequences were aligned to the 

pantropical spotted dolphin reference and locus start/stop positions were annotated in 

GENEIOUS v5.4 (created by Biomatters and available from http://www.geneious.com/) 

using the GENEIOUS alignment tool and the amino acid translation tool, respectively. 

http://www.geneious.com/
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Second, we removed the control region because of high variation in this region 

and concatenated the remaining 14 regions to make the mitogenome sequences. The final 

sequence lengths for the concatenated data were 13,426bp and 13,425bp for spinner and 

spotted dolphins, respectively. Data for individual animals were removed from analyses 

if they contained >10% missing data over the entire mitogenome sequence. 

  

For both datasets, we estimated haplotypic diversity (Hd, Nei 1987) and 

nucleotide diversity (π, Tajima 1983) using tools from the strataG package2 in R v2.3.1 

(R Core Team 2014). Individual genes and whole mitochondrial genome sequences were 

assigned to unique haplotypes using this same package. Three pairwise estimates of 

population genetic structure, FST (Wright 1949), ΦST (Weir and Cockerham 1984), and χ2 

test for heterogeneity of allele frequencies were performed using the strataG package1 in 

R v2.3.1 (R Core Team 2014). The significance of each estimate was tested using 5000 

non-parametric random permutations of the data matrix variables. For ΦST, pairwise 

distances were calculated using the best substitution model as identified by Akaike’s 

Information Criterion in JModelTest version 2.1.4 (Posada 2008). 

 

                                                           
2 Archer, E. 2015. strataG: Summaries and Population Structure Analyses of Haplotypic and 

Genotypic Data. R package version 0.9.3.2. 
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In addition to testing geographically-based hypotheses of population structure, we 

also tested if the offshore spotted dolphin stock boundary was associated with an 

important environmental variable, sea surface temperature (SST). SST for each sample 

was estimated from the ECMWF Ocean Reanalysis System 4 (ORAS4) based on the time 

and location of the sample collection event (Balmaseda et al. 2013). We then created four 

temperature boundaries chosen to divide the range of temperatures-at-biopsy-sampling 

evenly while also giving >6 samples per partition near the highest and lowest temperature 

boundaries (26.44°C, 27.65°C, 28.09°C, 28.87°C). For each boundary, all offshore 

spotted dolphins samples wth >90% of the mitochondrial genome were partitioned into 

two groups and FST and ΦST tests of pairwise genetic differentiation were conducted as 

outlined above. A total of four tests were performed to evaluate the four different 

temperature boundaries. 

  

We performed a substitution rate test on the mitogenome data set to determine if 

mutations had reached a point of saturation. For this test, we generated pairwise percent 

differentiation and plotted this against a Jukes and Cantor (1969) correction factor 

generated using MEGA 5.2.2 (Tamura et al. 2011).  

 

Andrews et al (2013) found that the Y chromosome of ETP spinner dolphin is 

subject to positive selection. Although mitochondrial loci are assumed to be under 

purifying selection (Stewart et al. 2008) and not associated with the Y chromosome, we 
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none-the-less tested ETP spinner dolphin mitochondrial genes found to have significant 

differentiation for evidence of positive selection using both Tajima’s D and Codon-based 

Z-Test as implemented in MEGA 5.2.2 (Tamura et al. 2011).  

 

Nuclear Population Structure Analyses 

Individuals with >50% of genotypes present and loci with >30% of genotypes 

present in the total dataset were analyzed for population structure. Only the first SNP was 

chosen from each region sequenced to minimize issues with linkage and phasing. We 

then calculated pairwise FST, GST and Jost’s D differentiation statistics (Wright 1949; Nei 

1973; Jost 2008) using the strataG package1 in R v2.3.1 (R Core Team 2014).  

 

To test if SNPs associated with Y-chromosome or coloration genes contributed 

disproportionately to the overall patterns of population structure found using our spinner 

dolphin SNP dataset, we conducted simulation-based FST outlier tests for selection at 

each locus in the selection-detection workbench Lositan (Antao et al. 2008). Using all 

SNPs and partitioning the samples into three putative populations (whitebelly, eastern 

and Central American) we used Lositan to run 75,000 FDIST2 simulations (Beaumont 

and Nichols 1996), first calculating neutral FST (i.e., removing all putative FST outliers) 

and then approximating a mean overall FST using bisection approximation algorithms 

(Antao et al. 2008). We chose an infinite alleles model for all simulations. All population 

differentiation statistics were calculated again with FST outliers removed. 
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Bayesian Clustering 

A Bayesian clustering method implemented in STRUCTURE v 2.3.4 (Pritchard et 

al. 2000; Hubisz et al. 2009) was used to identify the number of populations (K) 

represented in the SNP datasets. Prior information on the origin of the samples 

(subspecies and geographically defined groups within subspecies) was combined with a 

correlated allele frequency model and an admixture model for these analyses. Data were 

also analyzed withouth location priors using the same models. We evaluated values of K 

between 1 and 5. For each assumed value of K, 20 independent runs were conducted. 

Total length of the run was set at 1,000,000 and burn-in was set at 100,000. The most 

likely estimate of K was determined by the maximum estimated mean log-likelihood of 

the data (lnP(D)) (Pritchard et al. 2000) and by calculating ΔK, the second-order rate of 

change of lnP(D) with respect to the K (Evanno et al. 2005). 

 

 

RESULTS: 

Spinner dolphins 

 

Mitogenomes 
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We assembled 104 complete or nearly complete (<10% missing data) spinner 

dolphin mitogenomes. Subspecies and regional sample sizes, summary statistics and 

genetic diversity measures are listed in Table 1. In general, haplotypic diversities were 

high and nucleotide diversity was low (>0.9722,  <0.0078, respectively). The substitution 

rate test did not show any signs of saturation. The best nucleotide substitution model 

estimated by JModelTest (Posada, 2008) was TrN (Tamura and Nei, 1993). The results of 

FST, ΦST and χ2 analyses of the mtDNA concatenated genes and ΦST of the individual 

gene regions for spinner dolphins are shown in Table 2.  

 

FST and ΦST provide slightly different perspectives on population differentiation 

and we feel it is important to present both measures. Our results show inconsistancies 

between these two metrics, which doesn’t necessarily mean problems or inaccuracies, but 

actually something interesting about our data. FST tests for population differentiation are 

based on allele (or haploytpe) frequencies and do not provide direct insights into levels of 

molecular divergence ((Excoffier, Smouse et al. 1992)). In cases where haplotypes are 

similar within population and different between populations (such as those that would 

result via drift in small populations), FST is good at detecting frequency differences that 

indicate genetic structure. However, when haplotype diversity is high within and among 

populations, FST may not have sufficient power to detect differences. Moreover, in this 

situation, sampling effects can become important drivers of the statistic beyond the base 

frequency of alleles present and result in false positive results. ΦST is certainly not 

immune to these issues, but ΦST estimates capture more information regarding the 
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differentiation due to sequence divergence (or nucleotide diversity) in addition to 

differences in haplotype frequencies. Although we chose to focus the bulk of the 

discussion on ΦST, we do report statistically significant measures of FST and χ2 and 

briefly compare and contrast the two metrics. One down side of focusing on ΦST (and 

another reason it is important to report FST as well) is that ΦST may be more indicative of 

older, long-term processes, whereas FST can show recent differences among populations. 

In addition, given that the test for significance is determined by an arbitrary cut-off (p = 

0.05), we also present results that are “nearly significant”. Given the difficultly of 

distinguishing these groups in previous works, we felt it important not to focus too 

intensely on the arbitrary cut-off, but rather overall pattern of indicators. Finally, due to 

space limitations, we only discuss ΦST for the partitioned gene region analyses. 

 

At the subspecies level, the ΦST test showed no differentiation between Central 

American spinners and eastern spinner dolphin subspecies in either the concatenated or 

partitioned datasets [FST (0.0133) was significant (p = 0.034) in the concatenated dataset]. 

ΦST comparisons of the whitebelly and coastal Central American subspecies showed 

significant differentiation in the concatenated dataset (ΦST = 0.0491; p = 0.045) and five 

individual gene regions. ND3 showed a significant difference at p = 0.0078, while all 

other significant comparisons between these strata were at p<0.05 (Table 2). 

 

We found no significant differences between the whitebelly and the eastern 
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subspecies using the concatenated mitogenome data (ΦST =  0.0181; p = 0.0869). In 

addition, five individual mitochondrial genes were significantly different. All individual 

gene partitions in which differentiation tests showed significance in spinner dolphins 

were found to be under purifying selection using Tajima's D tests for selection and Z-Test 

for positive selection using the Nei-Gojobori method (Nei and Gojobori 1986) 

(Supplementary Material). 

 

ΦST tests showed no differentiation between Tres Marias spinners and either ETP 

spinner dolphin subspecies in either the concatenated or partitioned datasets. Five 

individual gene regions were significantly different in the pairwise comparisons of Tres 

Marias and whitebelly spinner dolphins (all at p < 0.05). 

 

All tests involving comparisons with Hawaiian spinner dolphins (S. l. 

longirostris) were highly significant. 

 

Nuclear SNPs 

Compared to the mitogenome NGS data, coverage for nuclear genes was low and 

highly variable. This was likely due to variation in sample quality. Samples were 

collected as far back as 30 years ago and as recent as ten years ago. Older fisheries-

collected samples were stored in saturated salt and DMSO solution for many years at 
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room temperature. In spinner dolphins, 56 samples had sufficient coverage at 51 SNP 

loci. These data included SNPs from six coloration genes, one Y-chromosome marker 

(UBE1) and 44 CATS loci. FST outlier analysis indicated that four were under positive 

selection and five were under balancing selection. Once these were removed the neutral 

dataset included 42 SNPs: five coloration SNPs, one Y-chromosome and 36 CATS loci 

(See Supplemental Material for details). 

 

We had sufficient genotypes at the 51 SNPs for pairwise comparisons involving 

the ETP subspecies and the whitebelly, but not the putative Tres Marias stock. 

Divergence metrics based on genotypes from all loci - and all neutral loci - are shown in 

Table 3. For spinner dolphins, all estimates of GST were negative, meaning non-

significant structure. This is likely due to the frequent occurrence of closely related 

individuals (based on these loci) from populations. Under this scenario, the null 

distribution will be more negative, because random permutations will shift of the null 

distribution to the left from where it would be if there was population structure. 

Comparing Central American and both whitebelly and eastern spinners using FST and 

Jost’s D showed no significant differentiation. Between eastern and whitebelly spinner 

dolphins, FST and Jost’s D were significantly different (p < 0.01).  

 

Analyses of Bayesian clustering in STRUCTURE estimated the most likely 

number of unique clusters for spinner dolphins was K=1 based on LnP(K) (Figure A1-
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S2). Using the metric ΔK (Evanno et al. 2005), K=2 was the most likely number of 

clusters estimated (see Supplemental Material); however, ΔK cannot evaluate K=1, so 

K=2 is the smallest value ΔK can estimate. These estimates were consistent regardless of 

whether or not location priors were used.  

 

Four loci were estimated to be subject to positive selection in spinner dolphins: 

beta-carotene oxygenase 1 (BCDO), glucose transporter member 2-like gene (GLUT2), 

myeloperoxidase-like genes (MPO), and Wilm’s tumor 1-like gene (WT1) (Figure A1-

S4). GLUT2 codes for cellular membrane transporters. MPO codes for a common 

enzyme in blood, and WT1 is involved in the development of the urogenital system in 

humans. In addition, five SNPs within the following loci were estimated to be under 

balancing selection: COL10A, GLB79, LAPTM4A, NPPA, RHO. 

 

Spotted dolphins 

 

Mitogenomes 

We assembled 76 complete or nearly complete (<10% missing data) spotted 

dolphin mitogenomes. Sample sizes, summary statistics and genetic diversity measures 

are listed in Table 1. Nucleotide diversity was higher in spotted dolphins (>0.0162) than 

spinner dolphins. Haplotypic diversity in the ETP spotted dolphins was high (>0.7000), 
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but not as high as spinner dolphins. Similar to the spinner dolphin mitogenome data, the 

substitution rate test did not detect any signs of saturation, and JModelTest (Posada, 

2008) selected TrN (Tamura and Nei, 1993) as the best substitution model. 

 

Results of FST, ΦST and χ2 analyses of the mtDNA concatenated genes and ΦST of 

the individual gene regions for spotted dolphins are presented in Table 4. Similar to the 

spinner dolphins, our analyses at the subspecies level for spotted dolphins (coastal vs. 

offshore) show no significant differentiation using ΦST for the concatenated or partitioned 

datasets [FST (0.0125) was significant (p = 0.0402) in the concatenated dataset].  

 

Estimates of differentiation between the current management stocks within the 

offshore subspecies (NE and WS stocks) using the whole mitogenome data and 

individual mtDNA genes showed no differences. However, we found nearly significant 

differences between the NE stock and the southern offshore samples using the 

concatenated mitogenome (ΦST = 0.1115; p = 0.0568), and three individual mtDNA genes 

showed significant ΦST differences (p<0.05) in comparisons of NE stock and the western 

offshore samples. Using ΦST, no significant differences were observed between the 

coastal subspecies and the NE offshore stock [although FST (0.0302) and χ2 were highly 

significant at p = 0.0002]. Similarly, ΦST was not significant for pairwise comparisons of 

the Coastal subspecies and WS offshore stock using the concatenated data [χ2 was 

significant (p = 0.0152) and was significant (p = 0.428) using ΦST]. 
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Within the WS offshore stock, we found no differences between the southern and 

western offshore regions using the concatenated mitogenome, but ΦST estimates from 

four individual mtDNA genes had significant differentiation (p <0.05) and three others 

had nearly significant p-values.  

 

Comparing separate western and southern portions of the SW stock to other 

partitions using the mitogenome dataset also yielded no significant ΦST estimates. 

Comparison of the NE stock to the western portion of the WS stock yielded three 

individual gene regions with significant differentiation (p < 0.05), whereas neither dataset 

showed significant differences between the NE stock and the southern portion of the WS 

for any statistic. χ2 was significant (p = 0.0054) between the coastal subspecies and 

southern offshore, but no individual gene region - nor the concatenated data - showed 

significant ΦST differentiation. Comparison of the coastal subspecies to just the western 

portion of the WS stock resulted in significant ΦST differences in four individual mtDNA 

genes (plus two genes showing low but non-significant p-values), but the concatenated 

dataset was not significant for any metric. 

 

Our smaller sample size prevented us from partitioning the coastal subspecies 

south of central Mexico into the population units (described in Escorza-Trevino, Archer 

et al. 2005)).  
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Finally, we tested whether SST rather than latitude, determines stock boundaries 

by partitioning samples for differentiation tests at several temperatures regardless of 

sampling location. Habitat models have included SST as a predictor of spotted dolphin 

distributions (Barlow et al. 2009). Our results (Fig. 3) showed an increase in estimated 

population differentiation with a temperature boundary at 26.44°C (ΦST, not significant) 

and at 28.87°C (FST, significant at p = 0.0129).  

 

Significant differentiation was also detected between Hawai‘i and the coastal 

subspecies in all three metrics and between Hawai‘i and offshore spotted dolphins in FST, 

and ΦST. Interestingly, significant differentiation only appeared in two individual mtDNA 

genes: ND1 and ND3 (see Table 4). We also detected significant differences between 

Hawai‘i and both the NE and WS stocks in these two genes, but not for the concatenated 

mtDNA dataset. For ND1, there were only two haplotypes in the five samples from 

Hawai‘i, neither of which was present in any of the other strata. Similarly, there were 

only two haplotypes for ND3 in the Hawaiian samples. For this gene, one sample had the 

most common haplotype shared among all sample strata, while the other samples shared a 

haplotype that was unique to Hawai‘i. Similar to the subspecies comparisons, the 

Hawaiian population also showed significant differences in ND1 and ND3 in 

comparisons with the western offshore group (ND1 and ND3 at p < 0.001) and the 

southern offshore group (ND1 at p = 0.0008 and ND3 at p = 0.0038). 
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Nuclear SNPs 

Similar to the spinner dolphin samples, coverage for nuclear genes was low and 

highly variable. For spotted dolphins, 25 samples had sufficient coverage at 36 loci to call 

SNP genotypes. These data enabled use to conduct pairwise comparisons between the 

subspecies, but insufficient samples with genotypes prevented us from conducting 

comparisons between the two stocks of the offshore subspecies. The 36 loci included four 

coloration genes and 32 CATS loci. FST outlier analysis estimated that six SNPs were 

under positive selection and five were under balancing selection (Figure A1-S5). After 

removing these loci, the neutral dataset included 25 SNPs – two from coloration genes 

and 23 from CATS loci (See Supplemental Material for details). 

 

Divergence metrics based on genotypes from all loci - and all neutral loci - are 

shown at the bottom of Table 3. For spotted dolphins, we detected significant 

differentiation between coastal spotted dolphins and offshore pantropical spotted 

dolphins in all three statistics (p = 0.001). It is worth noting, however, that 12 of the 13 

samples from the offshore partition were from the WS stock, a majority of which was 

sampled in the southern region. Unfortunately, we were unable test for population 

structure between the offshore stocks (or other partitions proposed by Escorza et al. 

1995) because the numbers of samples and loci were too few.  
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Analyses of Bayesian clustering in STRUCTURE using all SNPs estimated the 

most likely number of unique clusters for spotted dolphins was K=2 based on LnP(K) 

(Figure A1-S3). Using the metric ΔK (Evanno et al. 2005), K=2 was the most likely 

number of clusters estimated for spotted dolphins (see Supplemental Material); however, 

ΔK cannot evaluate K=1, so K=2 is the smallest value ΔK can estimate. These estimates 

were consistent regardless of whether location priors were used.  

 

Six loci were estimated to be subject to positive selection in spotted dolphins: 

beta-carotene oxygenase 1 (BCDO), FES proto-oncogene, tyrosine kinase (FES), 

homeobox protein Hox-C8 (HOXc8), myosin heavy chain 4 (MYH4), somatostatin (SST) 

and tyrosinase-related protein 1 (TYRP1). BCDO produces a key enzyme in beta-

carotene metabolism to vitamin A, which is a vital component in processes like vision, 

development, cell differentiation and skin color and protection. FES codes for tyrosine 

kinase: an important component of cellular transformation. HOXc8 plays an important 

role in morphogenesis in mammals. MYH4 is involved in building motor proteins for 

muscle contraction. Somatostatin codes for the hormone of the same name, which is an 

important regulator of the endocrine system. TYRP1 encodes for an enzyme in 

melanocytes that produce melanin. In addition, five loci were estimated to be under 

balancing selection in this species: ADH, AMBP, CHRNA, ELN, FSHB.  

 

DISCUSSION: 
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Pelagic spinner and spotted dolphins in the eastern tropical Pacific have presented 

a paradox for management, whereby named subspecies and stocks described based on 

morphological differences have exhibited little to no genetic differentiation in previous 

studies (Dizon et al. 1994; Galver 2002). Recent divergence, large population sizes and 

ongoing gene flow likely contribute to low genetic divergence and low statistical power 

to detect this divergence (Taylor and Dizon 1996; Waples 1998). To overcome the 

limitations of using few genetic markers in highly abundant and genetically variable 

populations, we have expanded the genetic analyses to include complete mitochondrial 

genomes and sets of nuclear SNPs. Our results show genetic support for endemic 

subspecies of spinner and spotted dolphins, although the strength of this support varies 

between markers. Moreover, we did not find support for the division of offshore stocks of 

spotted dolphins, nor did we find separation of the Tres Marias spinner dolphins as an 

independent population. 

 

Endemic Spinner Dolphins Subspecies: Eastern and Central American 

Traditional FST calculated for the concatenated spinner dolphin mitogenomic 

dataset was very low as expected due to high abundance and haplotype diversity, but 

significant p-values corroborate endemic subspecies distinctions (Central American vs. 

eastern). In contrast, nuclear SNP data did not support differences between these endemic 

subspecies. The discordance between the two sets of markers could result from a 

difference in the power of the analyses or for biological reasons. The 648 variable sites 

across the mitogenome represent a relatively large dataset. On the other hand, the 51 
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SNPs might not have enough statistical power to detect differences in these subspecies 

because of recent divergence, continued low-level interbreeding as well as high diversity 

and historical abundance. Differences in the rate of evolution in the two genomes (i.e., 

mitogenome evolving faster than the nuDNA genome) could have resulted in more signal 

from drift appearing in allele frequencies due to the smaller Ne of the mitogenome 

(Moritz 1994). Alternatively, the discordance we observed could be a result of male-

mediated exchange diluting the signal of structure in nuDNA or female site-fidelity 

increasing structure in the mtDNA. Although there is some evidence from tagging studies 

that some dolphins move substantial distances (Perrin et al. 1979), a thorough 

investigation into the differences between genders is lacking. We believe it is therefore 

most likely that the SNP dataset lacks statistical power and suggest increasing the number 

of SNPs in future studies. 

 

Despite the lack of support from our nuDNA SNP analyses, our results provide 

evidence of genetic differentiation between the accepted ETP endemic subspecies (Perrin 

et al. 1991) concordant with morphology and results from Andrews et al. (2013) using 

data from the nuclear Actin gene. Differences in ecological, distributional, 

morphological, nuDNA and now mtDNA data support the recognition of these distinct 

subspecies. 

 

Whitebelly Spinner Dolphins 
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Our comparisons involving the putative intergrade, the whitebelly spinners, also 

revealed discordant patterns between the two different datasets. Mitochondrial ΦST 

estimates indicate separation between the Central American and whitebelly forms, but 

nuclear SNP data failed to show differences between these groups. Every whitebelly 

sample had a unique mitogenome haplotype, and as a result, frequency-based measures of 

differentiation such as FST will have low power. Because ΦST incorporates the degree of 

differentiation among sequences, it provides additional support for divergence of the 

subspecies even when there is very high haplotype diversity. 

 

Two possible explanations for the differentiation found between Central 

American and whitebelly spinners in the mtDNA are isolation by distance and admixture 

between whitebellies and Gray’s spinners. Andrews et al. (2013) also found these two 

forms to be significantly different using mtDNA genes (control region and cytb). We did 

not recover this pattern for those genes, but we did find structure among several different 

mtDNA genes (Table 2). Andrews et al. (2013) used a similar sample set to ours, but 

included 10 samples of Central American spinner that had questionable subspecific 

identity (based on further investigation of the sample collection records at SWFSC by 

MSL). Samples were initially identified as Central American spinners, but the confidence 

in the identification was low and they should have been cataloged with an “unidentified” 

species assignment. This difference in sample sets could be the reason for the differing 

results in comparisons using the Central American strata. Unfortunately, our sample size 

was low for the Central American spinners after removal of these questionable samples 
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(mtNDA: N=9; nuDNA: N=7). The Central American subspecies, with lower relative 

abundance, might be expected to show higher levels of structure due to drift, and 

comparisons between this subspecies and the eastern subspecies showed evidence of 

weak structure based on allele frequencies. 

 

We found no significant differences between the whitebelly and the eastern 

subspecies using the concatenated mitogenome data (the ΦST estimate was nearly 

significant at p = 0.0869). However, five genes within the mitogenome were significantly 

different and two more were almost significant (ND1 and ND4L). Andrews et al. (2013) 

inferred high migration rates between whitebelly and eastern spinner dolphins (30.1 

migrants per generation from whitebelly to eastern and 57.9 migrants from eastern to 

whitebelly). Despite this high rate of migration, we see significant differences in five of 

the fifteen individual mtDNA genes and in the SNP dataset. High haplotype diversity in 

the concatenated mitogenome dataset likely lowered statistical power to detect 

differences based on allele frequencies. 

 

Loci Under Selection 

Finding four of the 51 SNP loci (7.8%) in spinner dolphins and six of the 36 SNP 

loci (16.7%) in spotted dolphins exhibiting positive selection was unexpected. However, 

other authors have reported similar rates: Russello et al. (2011) found eight of their 52 

loci (15.4%) to be outliers and useful for detecting ecotype divergence in Okanagan Lake 
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kokanee (Oncorhynchus nerka). Bay and Palumbi (2014) found 2807 of 15399 SNPs 

(18.2%) to be FST outliers (before further filtering for analyses) in a population of 

tabletop corals. We removed all outlier loci (positive and balancing selection) for all 

population divergence statistics and the results remained the same as with all the data 

included (Table 3). The FDIST2 (Beaumont and Nichols 1996) method implemented in 

Lositan can be prone to false positives, although it generally performs better than 

ARLEQUIN (Excoffier and Lisher 2010) at minimizing type I error when detecting FST 

outliers (Narum and Hess 2011). 

 

We hypothesized that positive selection on nuclear loci coding for skin pigment 

coloration could be contributing to the marked differences in coloration between the 

forms of spinner dolphins in the ETP. Simulation-based tests for selection at each locus 

using the program Lositan (Antao et al 2008) found two coloration genes that were 

subject to positive selection: BCDO and TYRP1. In both species, BCDO was under 

positive selection, while spotted dolphins also exhibited positive selection in TYRP1. 

Pairwise FST estimates were significantly different between coastal and offshore spotted 

dolphin subspecies (p < 0.006 for both loci) and between ETP endemic spinner dolphin 

subspecies (p < 0.05) (Table A1-S4). These results are interesting and indicate a 

molecular basis for the differences in coloration observed in this region for these species. 

Further analysis with larger sample sizes will be needed to verify this finding. 
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Contrasting mtDNA and nuDNA results 

High site fidelity in males could also restrict male-mediated geneflow between 

groups and increase relative signal in nuDNA analyses. Unfortunately, very little is 

known about the movement patterns of individual dolphins in the ETP, and less is known 

about differences in movement based on gender. Assortative mating can also decrease Ne, 

which could serve to amplify signal of structure in the nuDNA genome. The eastern 

spinner dolphin is thought to have a more polygynous mating system than the whitebelly 

form, and Perrin and Mesnick (2003) deduced that reproductive skew is high in eastern 

spinners, which could reduce Ne and inflate genetic structure in the nuclear loci. A 

skewed breeding system might also increase migration, however, as dominance might 

promote movements in juvenile males.  

 

The statistical power to estimate levels of migration between very large 

populations with low relative sample sizes is weak (Waples 1998; Taylor et al. 2000). For 

this reason, we did not estimate levels of migration for these data. Andrews et al. (2013) 

did estimate migration in ETP spinner dolphins and found lower, but significantly 

different from zero, rates of migration per generation between populations of Gray’s 

spinners and the white belly spinners (3.22 migrants per generation into Gray’s and 1.6 

into whitebelly spinners). The rate of migration into Gray’s spinner populations from the 

eastern population was estimated to be less than one (0.82), but significantly different 

from zero. Although this was not a major focus of our study, the differences we detected 

between the Hawaiian population and the ETP pelagic populations were higher than any 
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comparisons within the ETP, supporting the hypothesis that this is an insular population. 

 

Nuclear SNP data showed significant differences between the eastern subspecies 

and the intergrade whitebelly. When the small Central American sample set was 

combined with the eastern sample set, the nuDNA divergence values and significance 

levels did not change, meaning the signal is mostly due to the differences between the 

whitebelly and eastern types. These results are concordant with phenotype and Y-

chromosome differences (Andrews et al. 2013) whereby the most noticeable differences 

occur at the intersection of the whitebelly and eastern. We agree with these authors that 

there is likely a porous barrier to gene flow across the eastern Pacific basin, as mixed 

groups are common and interbreeding probably occurs with some regularity between 

eastern and Central American subspecies and between eastern and whitebelly spinners. 

However, we feel that this ‘introgression zone’ between whitebelly spinners and eastern 

spinners deserves further investigation. We hypothesize that either divergence with gene 

flow is ongoing in this area or the whitebelly spinner is the result of a recent reconnection 

in an area of historical separation across a known biogeographic boundary, the east 

Pacific basin.  

 

STRUCTURE estimated K=1 based on LnP(D). The lack of detectable structure 

could be because STRUCTURE’s clustering algorithm attempts to maximize Hardy-

Weinberg equilibrium within clusters of samples. Datasets such as our spinner dolphin 
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data, that represent a relatively small proportion of the overall variation of the true 

populations, have been shown to lack power to detect population clusters defined by 

Hardy-Weinberg alone (Kalinowsky 2010). 

 

Alternative spinner dolphin stocks: 

We found no support for a Tres Marias population that differs from the eastern 

subspecies using the concatenated or individual mitogenome data set. This is unsurprising 

given the weak genetic differences we found between the accepted endemic subspecies 

with much more marked morphological differences. We found statistically significant 

differences in five individual mtDNA genes when comparing the Tres Marias group to 

the whitebelly spinners and two more genes (12S and ND1) that were nearly significant 

(p = 0.0639 and 0.0766, respectively). These seven genes taken together are the same 

genes that differentiate the eastern subspecies (including Tres Marias samples) from the 

whitebelly intergrade. Unfortunately, we were unable to test hypotheses that the Tres 

Marias differs from other groups with the nuDNA due to small sample sizes.  

 

Spotted dolphin subspecies:  

The spotted dolphin mitogenomic data have lower haplotypic diversity but higher 

nucleotide diversity relative to the spinner dolphins, despite extremely high historical 

population sizes. The two main reasons for lower haplotypic genetic diversity could be a 

recent and/or prolonged population bottleneck, such as the decrease caused by mortalities 
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in the tuna purse-siene fishery, or an extremely matrifocal social structure (Hoelzel et al. 

2007). Although matrifocal social structure is known in several species of odontocetes 

(e.g., killer whales and sperm whales), it is not a known characteristic of spotted 

dolphins. 

 

Similar to our findings for spinner dolphins, traditional FST calculated for the 

mitogenome dataset supports differentiation of the offshore S. a. attenuata and the 

endemic coastal S. a. graffmani subspecies, whereas ΦST failed to indicate any difference, 

either for the entire genome or within any single gene. The χ2 test of differentiation was 

nearly significant (p = 0.07) when the offshore subspecies stocks were combined. The 

coastal subspecies was found to be different from each offshore stock however, with the 

NE stock being more strongly differentiated from the coastal subspecies than the WS 

stock, counter to the results found by Escorza-Treviño et al (2005) using microsatellite 

data. In that study, the authors inferred that there was a strong connection between the 

coastal and offshore subspecies in northern Mexico. The differences between the two 

results could be due to sampling; Escorza-Treviño et al (2005) had more samples from 

the northern portion of the coastal spotted dolphin range than we did. Additionally, the 

differences could be attributed to the unique evolutionary patterns of the different 

markers examined (microsatellites vs. SNPs). 

 

Our analyses of population structure using 36 SNP loci showed highly significant 
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population structure between the two subspecies using traditional F-statistics and cluster 

analyses, supporting the hypothesis that two subspecies exist in the ETP. The SNP 

dataset did not include individuals from the NE offshore stock of spotted dolphins, 

however, so this comparison includes animals from the most geographically separate 

portions of the offshore (WS) and coastal subspecies range. Additional nuclear data from 

the NE stock are needed to determine whether proximate populations of these two 

subspecies are also as genetically divergent. 

 

Spotted dolphin stocks: 

A main objective of this work was to test for difference between existing and 

proposed management stocks. Using the whole mtDNA genome dataset, we found no 

differentiation between the western and the southern offshore spotted dolphins. However, 

despite the morphological similarity noted by Perrin et al. (1994), we found differences 

in four mtDNA loci between these two strata. Similarly, we failed to detect differences 

between the NE stock and the western group of the WS stock using the whole mtDNA 

genome; however, three mtDNA loci had significant ΦST estimates. Although, we did not 

find significant differences between the NE and southern groups, the ΦST p-value for this 

test was nearly significant (p=0.0568), suggesting that the distributional hiatus at 5° north 

might be a true barrier to gene flow. 

 

We examined the ability of sea surface temperature (SST) to act as an 
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environmental boundary between NE and WS offshore stocks. Results showed higher 

ΦST estimates of population differentiation of the concatenated mitogenome data for 

groups separated by the 26.44°C (though not significant) and 28.87°C (FST, p< 0.05) 

boundaries, the upper and lower portions of the temperature range. Interestingly, the 

average barrier between 25°C and 26°C SST falls on the 5°N parallel, the location of the 

distributional hiatus. Although not significantly different, our high ΦST estimates (ΦST = 

0.0514) when the samples were divided at 26.44°C could indicate a boundary in this area. 

Splitting samples at 28.87°C results in six samples that were collected in waters warmer 

than 28.87°C within the tropical surface water and the Eastern Pacific Warm Pool (see 

Fig. 2 in Fiedler and Talley, 2006) off the coast of north-central Mexico. Pooling these 

samples might concentrate the signal of differences between offshore stocks (there was 

only one sample from south of the equatorial front in the warm water sample set). Given 

the similarities Escorza-Treviño et al. (2005) found between northern coastal spotted 

dolphins and NE offshore spotted dolphins, it is also possible that some of the signal is 

due to admixture between the northern offshore animals and the coastal subspecies of 

northern Mexico. Alternatively, these results could be an artifact of the sampling regime 

and smaller sample sizes for the partitions on the limits of the range. For the tests 

conducted where the barrier was placed at 26.44°C, there were 39 samples above and 8 

samples below this cut-off. For tests conducted at 28.87°C there were 6 samples above 

and 41 samples below this cut-off. The larger differences in these two tests could be a 

result of disparity in sample size between these. 
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Gene-level differentiation in the mitochondrial genome 

 

Levels of population differentiation varied across different mtDNA gene regions. 

Here we better characterize which genes showed differentiation, as they might be useful 

for future population genetic studies of these taxa.  

 

In spotted dolphins, no individual gene showed differentiation between the coastal 

subspecies and the offshore nominate subspecies. The significant differences between 

ETP groups and Hawaiian insular population were driven by a strong signal of 

differentiation in two loci (ND1 and ND3; Table 4). Both of these loci also had fewer 

total haplotypes (ND1 = 15; ND3 = 10) than the other genes. No haplotypes were shared 

between Hawaii and the offshore or coastal sample strata for the ND1 gene. One sample 

from Hawaii shared the most common haplotype with the offshore and coastal sample 

strata for ND3, the other four were unique to Hawaii. 

 

According to Duchene et al. (2010), ND3 has one of the highest substitution rates 

of mitochondrial genes in delphinids (5.31 sub/site/my), falling outside of the 95% 

highest posterior density interval (HDPI) of the median rate for the whole mitogenome 

(3.70-4.76) of all delphinids. On the other hand, ND1 has an average substitution rate 

among delphinids (4.24). Within the genus Orcinus both genes are within the 95% HDPI 

of the median Orcinus mitogenome rate. It is possible that these two genes in the spotted 
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dolphins from Hawaii have reduced diversity because of random drift of lineages or due 

to purifying selection. 

 

For spinner dolphins, the gene regions showing signals of population 

differentiation between Hawaii and ETP groups differed somewhat from those showing 

signal between ETP groups. ND3 and COI were significant among all comparisons. Five 

gene regions showed significant ΦST between the Central American and whitebelly 

spinners. Two of these are high mutation rate genes (ND3: 5.31 and ATP8: 5.21), and the 

remaining (ND1, ND4 and COII) fell within the 95% HDPI of the median rate for all 

delphinids (Duchene et al. 2010). All but two of these markers (COII and COIII) were 

slightly above average. Of the four genes that showed significant differences between the 

whitebelly and eastern spinners, one (ND3) has a high substitution rate (5.31), and two 

fell within the 95% HDPI of the median mitogenome rate but were below the average.  

 

We tested for positive selection in spinner dolphin mitochondrial genes with 

significant ΦST estimates. All of these regions were found to be under purifying selection 

(negative Tajima’s D) indicating that the within-mitogenome differences are 

accumulating by neutral drift rather than via positive selection. 

 

CONCLUSIONS: 
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Defining population genetic structure for management in depleted species with 

large historical population sizes and high mobility can be challenging. These populations 

can retain high genetic variation even as abundance becomes relatively low, which could 

be obscuring signals of genetic structure used to designate stock boundaries for 

estimating population abundance and setting stock-specific mortality limits. Ultimately, 

without information on structure, populations could be under-classified and unique 

evolutionary units and populations could go extinct as we may fail to take appropriate 

conservation action.   

 

Our results show a complex pattern of genetic structure in the two different 

datasets for each species. The mitogenome data show support for the endemic ETP 

spinner and spotted dolphins subspecies. The nuclear SNP data show strong support for 

spotted dolphin subspecies but failed to find segregation in morphologically divergent 

spinner dolphin subspecies, though small sample size for the coastal subspecies limited 

power to detect genetic divergence. A lack of differentiation in the SNP data between the 

two most geographically distinct groups (the whitebelly and the Central American) was 

unexpected (although the Jost’s D measure was almost significant at 0.08), especially 

since strong differences were detected between the more proximate eastern and 

whitebelly forms. As described above, the genetic structure between the eastern and 

whitebelly could be in part due to some level of divergent selection in the nuclear 

genome despite gene flow between these forms combined with mitochondrial 

introgression between the eastern and whitebelly spinners. Alternatively, it could be that 
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the lack of observed differences between the eastern and Central American subspecies is 

due to increased exchange because of higher population density near the shallow 

thermocline zone closer to the Central American coast.   

 

Analyses of partitioned mitogenomes indicated that slow-, medium- and fast-

substitution-rate gene regions were differentiated in comparisons with the Hawai‘i 

population, while those genes showing evidence of differentiation in ETP populations 

had faster (high and medium) substitution rates. These results indicate that differences 

within the mitogenome are accumulating by neutral drift rather than with the aid of 

positive selection. 

 

We found very little support for the division of offshore stocks of spotted 

dolphins and no support for the unique form of Tres Marias spinner dolphins as compared 

to the eastern or Central American subspecies. This is not to say that these biological 

entities do not exist, just that our data may not have sufficient power to detect the subtle 

genetic differences between them. Efforts should be made to sequence larger nuclear 

regions from additional specimens collected throughout the range of these animals to 

perform high-resolution population structure analyses. Further, we suggest the collection 

and analysis of additional samples from the Central American subspecies to compare to 

existing offshore subspecies samples collected from fisheries bycatch and research 

cruises. In addition, we highly recommend additional studies of nuDNA and studies of 
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population structure that incorporate environmental variables as potential population 

boundaries in this area. A follow-up study collecting data on samples that span the SST 

gradient would be informative. Finally, placing these populations within a global 

phylogeographic context will help provide a better context for our results by fully 

characterizing intraspecific diversity and establishing the evolutionary process that led to 

ETP endemism.  
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Table 1. Summary statistics for ETP spinner (A) and spotted (B) dolphin mitogenome data. 

 

nH: number of haplotypes; PS: polymorphic sites; h: haplotype diversity; π: nucleotide diversity; 

%: percent of unique haplotypes. *Taxonomically the whitebelly spinner is part of the Gray’s 

subspecies; however, it is thought to be an intergrade between the Gray’s and eastern 

subspecies. ^ Stocks that are not recognized for management purposes. ~ The Tres Marias 

spinner samples are part of the eastern strata. § Includes data for five samples that were omitted 

from stock comparisons because they were sampled too close to geographic stock boundaries. 

 

 

 

 

 

 

 

	

A. Spinner dolphins Stenella longirostris (n = 104) 

Subspecies/Stock n:female/male/unk nH PS h π % 

Central American ( S. l. centroamericana) 9:4/4/1 8 648 0.9722 0.0057 0.7778 

eastern~ ( S. l. orientalis) 53:28/19/6 51 648 0.9985 0.0073 0.9245 

Putative Stocks 

whitebelly* (S. l. longirostris) 27:16/11/0 27 457 1 0.0043 1 

Tres Marias^~ (S. l. orientalis) 21:8/10/3 20 373 0.9952 0.0078 0.9048 

Hawai‘i (S. l. longirostris) 15:1/4/10 9 104 0.9921 0.0068 0.8260 

B. Spotted dolphins Stenella attenuata (n = 76)       

Subspecies n:female/male/unk nH PS h π % 

Coastal (S. a. graffmani) 24:11/13/0 16 234 0.9529 0.0162 0.5000 

ETP offshore
§  (S. a. attenuata) 47:20/19/8 43 519 0.9804 0.0198 0.7222 

Offshore Stocks (S. a. attenuata) - Current and Putative^ 

northeastern 25:10/8/7 22 400 0.9867 0.0238 0.8000 

western-southern 17:9/7/1 17 298 1 0.0096 1 

Offshore western^ 8:7/1/0 8 191 1 0.0087 1 

Offshore southern^ 9:2/6/1 9 253 1 0.0092 1 

Hawai‘i 5:1/3/1 3 36 0.7000 0.0244 0.4000 
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Table 3. Pairwise divergence estimates for spinner and spotted dolphin subspecies using all 

nuclear SNPs, respectively, and using only neutral SNPs. * GST measures for all spinner 

dolphin tests were <0 and therefore should be treated as non-significant structure. 

 

 

  

Spinner dolphins  All 51 SNPs  42 Neutral SNPs  

Taxon 1 

n:female/male/unk 

Taxon 2 

n:female/male/unk 

FST 

(p-value) 

GST 

(p-value) 

Jost’s D 

(p-value) 

FST 

(p-value) 

GST 

(p-value) 

Jost’s D 

(p-value) 

Central Amer. 

7:3/3/1 

eastern 

28:15/7:6 

-0.0023 

(0.4485) 

-0.0411* 

(0.3306) 

0.00003 

(0.4135) 

-0.0066 

(0.5148) 

-0.0423* 

(0.3966) 

0.000001 

(0.5039) 

Central Amer. 

7:3/3/1 

whitebelly 

21:12/9/0 

0.0148 

(0.2607) 

-0.0367* 

(0.2377) 

0.0006 

(0.0829) 

0.0082 

(0.3216) 

-0.0350* 

(0.2752) 

0.0002 

(0.1647) 

eastern 

28:15/7:6 

whitebelly 

21:12/9/0 

0.0297 

(0.0059) 

-0.004* 

(0.0069) 

0.0017 

(0.0029) 

0.0282 

(0.0099) 

-0.0039* 

(0.0085) 

0.0016 

(0.0042) 

eastern + 

Cent. Amer. 

35:18/10/7 

whitebelly 

21:12/9/0 

0.0289 

(0.0059) 

-0.0026* 

(0.0049) 

0.0014 

(0.0019) 

0.0254 

(0.0082) 

-0.0036* 

(0.0057) 

0.0011 

(0.0095) 

 

Spotted dolphins All 36 SNPs 25 Neutral SNPs 

Offshore 

13:6/6/1 

Coastal 

12:5/7/0 

0 .1711 

(0.001) 

0.0592 

(0.001) 

0.0409 

(0.001) 

0.1493 

(0.0005) 

0.0469 

(0.0005) 

0.0523 

(0.0002) 
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Table 5.  Summary table of pairwise comparisons using both mtDNA and nuDNA data sets 

(sample sizes in parentheses). A “✓”denotes significance detected based on at least one 

statistical measure (see Tables 3-5). ‘ns’ = non-significant. ‘NA’ = not tested due to 

insufficient nuclear SNP data. “ ~ ” = either not significant, but indicating structure with a 

low p-value, or significant at only one gene. 

Spinner dolphins Taxon 1 (nmt/nnuc) Taxon 2 (nmt/nnuc) mtDNA nuDNA 

Test of endemic subspecies Central American (9/13) eastern (53/28) ✓ ns 

Testing whitebelly intergrade Central American (9/13) whitebelly  (27/20) ✓ ns 

Testing whitebelly intergrade eastern (54/28) whitebelly (27/20) ns ✓ 

Testing alternate 

stock hypotheses 

Tres Marias (21) Eastern (32) ns NA 

“” Tres Marias (21) Central American (9) ns NA 

“” Tres Marias (21) Whitebelly (27) ~ NA 

“” Hawaii (15) Central American (9) ✓ NA 

“” Hawaii (15) Eastern (32) ✓ NA 

“” Hawaii (15) Whitebelly (27) ✓ NA 
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Table 5 (cont.).  Summary table of pairwise comparisons using both mtDNA and nuDNA 

data sets (sample sizes in parentheses). A “✓”denotes significance detected based on at least 

one statistical measure (see Tables 3-5). ‘ns’ = non-significant. ‘NA’ = not tested due to 

insufficient nuclear SNP data. “ ~ ” = either not significant, but indicating structure with a 

low p-value, or significant at only one gene. 

 

Spotted dolphins Taxon 1 (nmt/nnuc) Taxon 2 (nmt/nnuc) mtDNA nuDNA 

Testing subspecies Offshore (59/13)     Coastal (24/12) ✓ ✓ 

Testing existing stocks Offshore northeastern (25) Off. western-southern (29) ~ NA 

Testing existing stocks Offshore northeastern (25)  Coastal (24) ✓ NA 

Testing existing stocks Offshore western-southern (29) Coastal (24) ✓ NA 

Testing alternate  

stock hypotheses 

Offshore southern (21) Coastal (24) ✓ NA 

“” Offshore western (8) Coastal (24) ✓ NA 

“” Offshore northeastern (25) Offshore western (8) ~ NA 

“” Offshore northeastern (25) Offshore southern (9) ~ NA 

“” Hawaii (5) Coastal (24) ✓ NA 

“” Hawaii (5) Offshore (52) ✓ NA 

“” Hawaii (5) Offshore northeastern 

(25) 

✓ NA 

“” Hawaii (5) Offshore western (8) ~ NA 

“” Hawaii (5)  Offshore southern (9) ~ NA 
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Figure 1. Sampling localities and range map for spinner dolphins within the ETP. Subspecies 

and stock boundaries based on Perrin et al. 1985. Red dots indicate Central American spinners. 

Blue symbols indicate eastern spinners - boxes are the proposed Tres Marias form. Green dots 

indicate whitebelly spinners, a proposed intergrade between the pantropical (orange diamonds) 

and the eastern subspecies (blue dots). 
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Figure 2.  Sampling localities for spotted dolphins with ETP subspecies and stock boundaries 

based on Perrin et al. 1985. Coastal spotted dolphins (S. a. graffmani) are red and offshore (S a. 

attenuata) are in blue. Blue circles indicate sampling locations for the northeastern stock of 

offshore spotted dolphins. Blue triangles indicate samples from Hawaii. Inverted triangles 

indicate southern offshore samples that were removed from analyses of offshore stocks because 

they were collected north of between 4°N and 6°N; these samples were included in subspecies-

level analyses. 
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Figure 3. Pairwise mtGenome FST Red squares and ΦST blue diamonds estimated for offshore 

spotted dolphins when partitioning by varying sea surface temperature estimated for collection 

time and location. The FST for the comparison of partitions created by splitting the pooled 

samples at 28.87°C was the only estimate significantly different from zero p = 0.0129. 
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ABSTRACT: 

Millions of spinner (Stenella longirostris) and spotted dolphins (Stenella 

attenuata) died as bycatch in tuna nets in the eastern tropical Pacific Ocean. Despite three 

decades of protection, they show little-to-no sign of recovery. In efforts to establish 

biologically meaningful management boundaries for recovery, endemic subspecies and 

multiple stocks have been proposed. Genetic differentiation among most of these units 

has been difficult to demonstrate, however, possibly due to low statistical power, large 

historical abundances, ongoing gene flow between subspecies and recent divergence. We 

tested for genetic structure at multiple hierarchical levels by analyzing the largest dataset 

to date brought to bear on these questions. Single nucleotide polymorphisms (SNPs) were 

collected from nuclear DNA regions associated with the restriction enzyme site PstI from 

72 spinner dolphins and 58 spotted dolphins using genotype-by-sequencing (GBS) from 

highly parallel DNA sequencing. Our results support the current subspecies for both 

species and indicate stock-level separation for Tres Marias spinner dolphins and the two 

offshore spotted dolphin stocks in this area. These results are critically important for the 

ongoing management and recovery of these highly-impacted pelagic dolphins in the 

eastern tropical Pacific Ocean.  
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INTRODUCTION: 

Knowledge of population structure forms the foundation of assessment and 

monitoring for recovery; we need to know population boundaries in order to estimate 

abundance and trends and to set appropriate mortality limits. Without knowledge of how 

organisms are geographically structured we may fail to conserve subspecies or distinct 

population segments.  

 

The study of population structure in pelagic organisms is inherently challenging. 

Open ocean habitat may have few permanent physical barriers to gene flow thereby 

increasing the likelihood of mixing between populations; even a few successful migrants 

per generation greatly decrease the signal of population segregation (Waples 1998). 

Pelagic species with large abundance and weak barriers provide a challenge for using 

genetic tools to determine population structure (Taylor and Dizon 1996, Waples 1998). 

Large abundance, often a characteristic of pelagic populations, can result in a large 

amount of standing genetic variation. High genetic diversity can dramatically increases 

the time needed for populations to drift apart genetically, even in the complete absence of 

gene flow (Taylor and Dizon 1996). 

 

Spinner and spotted dolphins in the eastern tropical Pacific Ocean (ETP) illustrate 

this problem. They historically numbered several million (Wade et al. 2007), but starting 

in the 1960s, hundreds of thousands were killed annually as bycatch in the dolphin-set 
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tuna purse-seine fishery (Lo and Smith 1986, National Research Council 1992, Wade 

1995). Previous genetic studies have shown that these species retain high genetic 

variation (Dizon et al. 1994, Galver 2002, Escorza-Trevino et al. 2005, Andrews et al. 

2013), which possibly obscures the detection of population genetic structure that could be 

used to improve abundance trend estimates and recovery efforts.  

 

Despite over forty years of protection under the U.S. Marine Mammal Protection 

Act of 1972 and specific multi-national protection under the 1999 Agreement on the 

International Dolphin Conservation Program (Joseph 1994, Gosliner 1999), they have not 

recovered as predicted (Wade et al. 2007, Gerrodette et al. 2008). These species exhibit 

morphometric differences supporting structured populations (Perrin et al. 1991, Perrin et 

al. 1994). Traditional molecular genetics approaches have not found corresponding 

population genetic structure (Dizon et al. 1994, Galver 2002), although Andrews et al. 

(2013) found evidence for segregation in data from the Y-chromosome and Escorza-

Treviño et al. (2005) found population structure within the coastal subspecies of spotted 

dolphin. Additional genetic markers can increase statistical power to detect divergence 

when signals are faint – such as low divergence, high abundance populations with 

ongoing geneflow. Willing et al. (2012) presented convincing evidence that estimations 

of genetic differentiation (F-statistics) can very powerful with a high number of genetic 

markers (> 1000) - even if samples sizes are small (4-6).  Here we use high-throughput 

DNA sequencing to collect thousands of SNPs from throughout the genome to test 

hypotheses of genetic structure between highly abundant and low divergence dolphin 
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populations of special conservation concern.  

 

Endemic spinner dolphin subspecies and stocks 

There are four recognized subspecies of spinner dolphin (Stenella longirostris) 

globally. The pantropical "Gray's" spinner (S. l. longirostris) occurs throughout the 

world’s tropics except in the ETP. In the central and western Pacific, Gray's spinners are 

found associated with islands, such as the Hawaiian Islands. The much smaller dwarf 

spinner (S. l. rosiventris) subspecies inhabits shallow waters in Southeast Asia (Perrin et 

al. 1989, 1999). The other two subspecies, the eastern spinner dolphin (Stenella 

longirostris orientalis) and Central American spinner dolphin (S. l. centroamericana), are 

found only in the ETP and were described based on differences in external coloration, 

body size, and skull morphology (Perrin et al. 1991, Douglas et al. 1992). The Central 

American subspecies inhabits relatively near-shore waters off the Pacific coasts of 

Southern Mexico south through Panama (Figure 1). A distinct morphotype of the eastern 

spinner dolphin (S. l. orientalis), known as the "Tres Marias" spinner dolphin, has been 

described from near the islands of the same name off the coast of Mexico based on 

external body morphometrics (Perryman and Westlake 1998). Although currently 

classified as a form of the pantropical Gray’s spinner dolphin, the "whitebelly" spinner is 

proposed to represent a hybrid swarm between the eastern subspecies and the pantropical 

Gray's subspecies of the central and western Pacific (Perrin et al. 1991, Andrews et al. 

2013). Significant geographic overlap exists between the eastern subspecies and the 

whitebelly form (Perrin et al. 1985). 
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The eastern spinner dolphin (S. l. orientalis) exhibit traits indicative of a 

polygynous breeding system (Perrin and Henderson 1979, Perrin and Mesnick 2003). 

Perrin and Mesnick (Perrin and Mesnick 2003) found significant difference in testes size 

between the eastern subspecies and the whitebelly form, indicating differing reproductive 

strategies and probably different breeding behavior between the two types. The three ETP 

spinner management stocks correspond to the two aforementioned subspecies plus the 

whitebelly spinners. Andrews et al. (2013) estimated high levels of geneflow between 

subspecies in the ETP using autosomal and mitochondrial genes and found a shared Y-

chromosome haplotype in the eastern and Central American subspecies that was not 

found in Gray's or dwarf subspecies. Interestingly, this locus was found to be 

polymorphic in whitebelly spinners, supporting the hypothesis of introgression in this 

form (Andrews et al. 2013). The authors proposed that sexual selection was driving the 

divergence of spinner dolphins in the ETP. 

 

Endemic ETP spotted dolphin subspecies and stocks 

 Extensive analyses of cranial morphology of pantropical spotted dolphins 

(Stenella attenuata) in the ETP led to the designation of a coastal endemic subspecies (S. 

a. graffmani - Perrin 1975; Perrin et al. 1987). Spotted dolphins in offshore regions in the 

ETP are part of the pantropical subspecies (S. a. attenuata). In contrast to the spinner 

dolphins, genetic analyses of microsatellites has indicated some differentiation between 
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subspecies (Escorza-Treviño et al. 2005). That study found differences between southern 

populations of the coastal subspecies and the pelagic subspecies, but no differences 

between the northern extents of the coastal and the pelagic forms. The authors concluded 

that genetic diversity in the coastal subspecies is contained within demographically 

independent populations. Tests for genetic structure have not previously been conducted 

within the pelagic subspecies.  

  

Despite the results of Escorza-Treviño et al. (2005) showing differences between 

at least four demographically independent populations within the coastal subspecies (S. a. 

graffmani), the entire subspecies is currently treated as a single management stock. The 

offshore pantropical spotted dolphins are divided into a ‘northeastern’ (NE) stock, 

defined geographically as north of 5°N, east of 120°W and a ‘western-southern’ (WS) 

stock residing south and west of this northeastern area (Figure 2) (Perrin et al. 1994). The 

north-south boundary between these stocks is based on a distributional hiatus. In addition, 

general similarity in cranial variation suggests a combined WS stock (see Perrin et al. 

1994 for discussion and primary references). 

 

Leslie et al. (In Review) tested for structure at multiple hierarchical levels by 

collecting whole mitochondrial genome sequences (mtDNA) and nuclear SNPs (nuDNA) 

from 104 spinner and 76 spotted dolphins using capture array library enrichment and 

highly paralleled DNA sequencing. MtDNA showed weak but significant differences 
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between the subspecies of spotted dolphins (FST: 0.0125; p = 0.0402) and the first 

mtDNA evidence for differentiation between the ETP spinner dolphin subspecies (FST: 

0.0133; p = 0.034). NuDNA supported subspecies of spotted dolphins, but not subspecies 

of spinner dolphins. Strong and significant differentiation was detected between 

whitebelly and eastern spinner stocks using nuDNA (FST: 0.0297; p = 0.0059). Neither 

mtDNA nor nuDNA supported the division of existing offshore stocks of spotted 

dolphins or Tres Marias spinner dolphins. This work helped identify a genetic basis for 

establishing biologically meaningful management units for the recovery of these 

dolphins, but as with previous genetic studies that used relatively few molecular markers, 

it lacked the power to resolve some populations and putative subspecies. 

 

Objectives 

In this study we use >7,000 restriction-site associated nuclear SNP genotypes 

from each species to infer population genetic structure by testing a priori hypotheses at 

the subspecies and population level and by principle components-like analyses. For the 

population level questions, we test for genetic support of the Tres Marias spinner dolphin 

and current and alternative stock boundaries in the offshore spotted dolphins. 

 

MATERIALS AND METHODS 

Sample Collection and DNA extraction 
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Skin samples were collected from spotted dolphins and spinner dolphins via 

biopsy dart (Lambertsen 1987) on research cruises or from soft tissue specimens taken as 

bycatch in the tuna purse-seine fishery. Spinner dolphin samples collected on research 

cruises were assigned to a stock based on the external morphology of the majority of 

animals in the school. This approach was taken because: 1) these often-large groups  

(sometimes >1000 individuals) contained individuals exhibiting a range of morphology 

due at least in part to ontological variation but also to morphological overlap; only after 

observing the group for some time could observers classify it to stock, 2) researchers 

collecting biopsies from dolphins near the bow of the research vessel found it very 

difficult to confidently classify fast-swimming individuals at sea, and 3) there is 

significant overlap in range; therefore, geography was not a reliable predictor of stock 

identity. Samples were selected from areas where the eastern and whitebelly types are 

known to overlap (Figure 1).  

 

Spotted dolphins samples (Figure 2) were assigned to subspecies and stocks based 

on the geographic location of the sampling site. In areas where the ranges of the two 

subspecies overlap, spotted dolphin samples collected from research cruises were 

assigned to stocks based on external morphology (described in Perrin and Hohn 1994 and 

Perrin 2001). 

 

Samples were stored in salt-saturated 20% DMSO, 70% ethanol, or frozen with 
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no preservative. DNA was extracted using silica-based filter membranes (Qiagen, 

Valencia, CA) on an automated workstation (Perkin Elmer, Waltham, MA) or by NaCl 

salting out based on (Miller et al. 1988). Starting concentrations of DNA were quantified 

using Pico-Green fluorescence assays (Quant-it Kit, Invitrogen, Carlsbad, CA) using a 

Tecan Genios microplate reader (Tecan Group Ltd, Switzerland). DNA quality was 

assessed by electrophoresis of 100ng on 1% agarose gel; only high-molecular weight 

extracts were used. 

 

Sequencing libraries were constructed using the restriction enzyme PstI 

(CTGCAG) using a “genotype-by-sequencing” protocol (Elshire et al. 2011). Unique 

oligonucleotide barcodes were added to each sample for multiplexed sequencing on the 

Illumina HiSeq 2000/2500 (100bp, single-end reads). One no-template-control was 

included with every batch of 95 samples. Libraries for several individuals were 

reconstructed and resequenced to increase read depth. Library preparation and 

sequencing were completed at the Cornell University Institute of Biotechnology’s 

Gneomic Diversity Facility (http://www.biotech.cornell.edu/brc/genomic-diversity-

facility).  

 

Filtering, Assembly, SNP Discovery and Genotyping  

Demultiplexing, initial quality control, assembly, and SNP discovery were 

completed in the TASSEL pipeline (v3.0.166)(Glaubitz et al. 2014). Genotypes were 

http://www.biotech.cornell.edu/brc/genomic-diversity-facility
http://www.biotech.cornell.edu/brc/genomic-diversity-facility
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filtered to those with a quality of 98 or higher using vcftools (version 0.1.12b) (Danecek 

et al. 2011). No-template controls were also removed in vcftools. Reads were assembled 

to the bottlenose dolphin genome (T. truncatus, turTru1, 2.59X coverage; Lindblad-Toh 

et al. 2011) using bwa (v0.78-r455) (Li and Durbin 2009). Identically named samples 

were merged after VCF SNP calling with TASSEL. All data for samples were removed if 

they did not pass a minimum “missingness” threshold (0.1 minimum taxon coverage) 

prior to filtering (using TASSEL), or after filtering using vcftools. We initially accepted 

genotypes with a minimum read depth of 5, minimum genotype quality of 15. Sites were 

filtered by minor allele frequency (between 0.05 and 0.5), genotype missingness 

(minimum 0.95), and coverage (removed if the mean genotype depth of coverage <8 or 

>1.5 times the mean depth over all individuals). VCF-format data were converted to 

various formats using PGDSpider2 v2.0.8.3 (Lischer and Excoffier 2012). SNP loci were 

removed if heterozogosity was greater than 0.65. Sites were not filtered based on Hardy-

Weinburg equilibrium, nor were sex-linked loci or FST outlier loci removed. 

Mitochondrial DNA SNPs were removed by aligning to the nuclear Tursiops genome.  

 

Diversity Estimates and Populations Structure Analyses 

Per-site mean heterozygosity and standard deviation were measured in R (R Core 

Team 2011), using the strataG package (Archer 2015). We then estimated differentiation 

(FST) for each pairwise combination of populations (Wright 1951). Point estimates and 

permutation tests (1000 repetitions) were generated using the strataG package in R 

(Archer 2015). Differentiation statistics that correct for high allelic diversity (Nei 1973) 
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and high heterozygosity within polymorphic sites (Hedrick and Goodnight 2005) were 

not used because we used a large number of biallelic SNPs (see Meirmans and Hedrick 

2011). 

 

Multivariate Analysis of Population Differentiation 

We directly tested hypotheses of population differentiation using multivariate 

analyses, specifically the Discriminant Analysis of Principle Components (DAPC) as 

implemented in the R packages Adegenet. This method calculates principle components 

and then estimates a centroid and measures the variance for each predefined population. 

The discriminant analysis then tests the probability of each individual falling in the space 

of each of the populations based on the “geometric space” created by the position of the 

centroid and the extent of the variation.  

 

Outcomes of the DAPC can vary depending on the number of principle 

components (PCs) included in the analysis. We used three different approaches to 

investigate this variance. First, using Adegenet, we estimated the optimum number of PCs 

by calculating the mean Alpha-score for a range of different PCs. Alpha is the 

reassignment probability calculated using the given cluster minus the reassignment 

probability for randomly permuted clusters. This analysis simulates the dataset 10 times 

and takes the mean alpha-score for each PC. Values near zero indicate low discrimination 

and instability whereas values near one indicate higher discrimination and stability. The 
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optimum is the number of PCs with the highest mean alpha across all simulations. 

Second, we calculated alpha scores for all putative populations under two different 

scenarios: 1) using the highest number recommended by the developers (i.e., n / 3), and 

2) the “optimum” number of PCs indicated by the highest mean alpha-score estimated 

using simulations. Third, we also examined the cumulative variance explained by the 

eigenvalues for the full range of principle components.  

 

To complete the DAPC, we then constructed synthetic discriminant functions that 

represent linear combinations of the allelic data with the largest between-group variance 

and the smallest within-group variance. In all analyses we kept only the first three 

eigenvalues, as they represented the vast majority of the informative.  

 

Two-dimensional scatter plots were constructed in R to visualize the spread of the 

first two discriminant functions between and within populations. Furthermore, we 

calculated membership probabilities for each individual and pooled these for each pre-

assigned cluster – also using Adegenet - and made pie charts to display the probability of 

individuals being members of predefined clusters (e.g., subspecies or stock). This can be 

thought of as pooled membership probabilities or the sum of all individual membership 

probabilities within a cluster. It is intended to indicate how well the clusters represent 

biological reality. All of these calculations were done in R using output from the 

Adegenet package. 
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RESULTS: 

The average read depth for spinner and spotted dolphin SNP genotypes was 36.3 

and 31.4, respectively. To remove genotypes with high coverage possibly due to 

clonality, those with coverage depth greater than 64.3 and 58.4 (the mean read depth plus 

>1.5 times the standard deviation) were removed from the spinner and spotted dolphin 

datasets, respectively. The final data sets for each species included 72 spinner dolphins 

and 58 spotted dolphins genotyped at 8,193 and 7,010 SNPs, respectively.  

 

Summaries of the sample sizes, mean heterozygosity, and pairwise population 

differentiation FST statistics for ETP spinner and spotted dolphins are found in Tables 1 

and 2, respectively. Mean heterozygosity across SNPs for all individuals within a 

population (He) is indicative of the overall genetic variation within the populations. The 

spinner dolphin dataset had higher overall He than the spotted dolphin dataset – and was 

more variable (i.e., a broader standard deviation). Whitebelly spinners had a slightly 

lower mean heterozygosity than the other populations. The Tres Marias population had 

the highest He (0.2647), and the Central American population had the broadest standard 

deviation (0.2059). Northeastern spotted dolphins had higher mean He than the other two 

spotted dolphin populations, while the coastal subspecies had the lowest He. Higher He 

could indicate outbred individuals while low number of heterozygotes could indicate 
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inbred individuals or poor sample quality that resulted in allelic dropout (Davey et al. 

2013, Gautier et al. 2013).  

 

Population Structure: FST 

FST measures the variance in allele frequencies in a population (Wright 1969) to 

estimate the amount of structure within and among subpopulations. This metric is very 

informative for inferring population structure. A corrected metric for the deflation of FST 

when allelic heterozygosity is high (i.e., F’ST) was not needed (Meirmans and Hedrick 

2011).  

 

For both spinner and spotted dolphins, all pairwise comparisons between putative 

populations were significantly different from zero.  All comparisons between spinner 

dolphin groups were highly significantly different (p = 0.0009). Similarly, for spotted 

dolphins all pairwise comparisons between the coastal subspecies and the two putative 

offshore stocks were highly significantly different (p = 0.0009), and between the offshore 

stocks was significant at p = 0.0019. FST point estimates for comparisons between Tres 

Marias spinner and eastern spinner were the lowest. Low values were also found in 

comparisons between the Central American spinner and the Tres Marias spinner – as well 

as between the eastern spinner and the whitebelly spinner. We found higher estimates 

comparisons between whitebelly and Central American and whitebelly and Tres Marias 

indicate strong segregation between these geographically distant populations. FST point 
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estimates for the comparison of the endemic eastern and Central American spinner 

dolphin subspecies were also higher (FST = 0.0121). 

 

All pairwise FST estimates between the spotted dolphins populations (Table 2) 

were significantly different from zero, including between the two offshore stocks (FST: 

0.0093, p = 0.0019). For comparisons between the coastal spotted dolphin subspecies and 

the two offshore spotted dolphin stocks, FST point estimates were slightly higher for 

coastal versus the Western-southern stock (0.0710) compared to the differences between 

coastal and the northeastern stock (0.0386). 

 

Describing Clusters with DAPC  

Discriminant Analysis of Principle Components (DAPC) aims to describe genetic 

clusters using synthetic variables derived from the allelic data (Jombart and Ahmed 

2011). Before conducting DAPC, however, we needed to determine the appropriate 

number of principle components (PCs) to use. The mean Alpha for the spinner dolphin 

data (with a max of 24 PCs) resulted in the optimum being 5 PCs (Figure A2-S1). 

Spotted dolphin data (with a maximum of 19 PCs) resulted in the optimum being 1 PC 

(Figure A2-S2). Mean Alpha for the “optimum” PCs was consistently higher – although 

the variance was also much greater - in the optimum number of PCs compared to the 

highest recommended number of PCs (Figures A2-S1 and A2-S2). Although the optimum 

number of PCs maximized mean population stability over the highest recommended 
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number of PCs, some of the populations had very low alpha scores with the optimized 

simulation-based method (i.e., eastern spinner dolphins and coastal spotted dolphins - see 

Table A2-S1). Finally, the cumulative variance explained by the eigenvalues for the full 

range of principle components indicated that there was no reason for keeping a small 

number of PCs (see Figures A2-S3 and A2-S4). Because of these results, we chose to 

present the results obtained using the highest recommended number of PCs (n / 3) 

recommended by the developers of Adegenet for each species: 24 and 19 PCs for spinner 

and spotted dolphin analysis, respectively. Moreover, given the difficulty of finding 

genetic structure in previous studies - in what are already morphologically distinct 

subspecies - we decided to err on the side of over-fitting rather than decreased statistical 

power.  

 

The majority of the variation within the spinner dolphin data was well represented 

in the first two DA eigenvalues, as displayed in the inset of Figure 3. The DAPC 

indicated a very close relationship between the Central American spinner dolphins (blue) 

and the Tres Marias Islands spinner dolphins (purple). These two overlapping groups 

were separate from the eastern subspecies (in green) and very separate from the 

whitebelly spinner dolphins (in red). The eastern subspecies formed a largely independent 

group with the exception of one sample that grouped within the whitebelly cluster and 

three near the Tres Marias Islands cluster. 
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Summed membership probabilities calculated for each stock or subspecies 

showed strong genetic assignment of individuals to their respective stock and subspecies 

of origin (Figure 4). Whitebelly individuals (red pie) assigned to the whitebelly stock 

with very high probability. Similarly, the vast majority of the eastern individuals (green 

pie) assigned to the eastern stock. One eastern spinner assigned to the whitebelly with 

100% probability and several were assigned to the Tres Marias cluster with lesser 

probability. Tres Marias spinner dolphins (purple pie) assigned to their original 

populations 70% of the time on whole. Several Tres Marias dolphins, however, assigned 

to the eastern subspecies and cumulatively made up nearly one quarter of the assignments 

for the Tres Marias population. Several Tres Marias individuals also assigned to the 

Central America spinner dolphin subspecies resulting in 20% of the Tres Marias 

assignments. Central American spinner dolphins (blue) assigned to the Tres Marias 

population data cloud as often as they did to their own data cloud, highlighting the close 

relationship of these two groups. Final a small fraction of the summed membership 

probabilities for the Central American population also assigned to the eastern subspecies.  

 

Similar to the spinner dolphins, the vast majority of the variation within the 

spotted dolphin dataset was represented by the first of the two DA eigenvalues, as 

presented in the inset of Figure 5. DAPC for spotted dolphins showed a high level of 

segregation between the offshore subspecies and the coastal endemic subspecies (Figure 

5). The coastal spotted dolphins (blue) is clearly a distinctly clustered. Overall the 
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northeastern offshore stocks (red) show separation from the western-southern stock 

(green), but with considerable overlap.  

 

The membership probabilities summed across all individuals for each 

hypothesized spotted dolphin stocks reflected the separation from the DAPC (Figure 6). 

Individuals from the coastal subspecies (blue) were assigned back to that population with 

100% probability. Offshore spotted dolphins (red and green) were only very rarely 

assigned to the coastal subspecies (very small blue slice in the red northeastern pie). 

However, many offshore individuals were assigned to the alternate offshore stock with 

high probability. Despite the apparent interchange between these two offshore stocks, 

individuals from the northeastern spotted dolphin stock were assigned back to that stock 

of origin 75% of the time and western-southern individuals were assigned to the western-

southern stock in >85% of the attempts.  

 

DISCUSSION: 

Pelagic spinner and spotted dolphins in the eastern tropical Pacific have presented 

a paradox for management, where subspecies and stocks differ morphologically but 

heretofore apparently exhibited little genetic differentiation (Dizon et al. 1994, Galver 

2002, Leslie et al. In Review). To overcome the limitations of using few markers to 

describe genetic structure in these historically abundant populations, we expanded the 

genetic analyses to include >7,000 nuclear SNPs per species. Our results show genetic 
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structure in support of the morphologically designated subspecies of both spotted and 

spinner dolphins and suggest stock-level differences within offshore spotted dolphins. In 

addition, we found support for a unique Tres Marias Islands spinner dolphins stock – 

likely part of the Central American spinner dolphin subspecies. 

 

Spinner Dolphins 

Our analyses supported four closely related, but well-differentiated, groups of 

spinner dolphins in the ETP (whitebelly, eastern, Central American, and Tres Marias). 

They corroborate the morphometric studies (Perrin et al. 1991; Perryman and Westlake, 

1998), but contrast with previous genetic studies that found little or no consistent 

differences among most of these groups (Dizon et al 1994; Galver 2002; Leslie In 

Review). Our interpretation is that previous datasets have not had the statistical power to 

discern these closely related, but demographically independent groups with high 

historical abundance and potentially ongoing geneflow.  

 

Specifically, Dizon et al (1994) found few differences between any of the 

proposed types based on mtDNA and allozymes. Galver (2002) found no differences 

between the whitebelly and the eastern spinner dolphins based on mtDNA control region 

haplotypes and microsatellites, but found support for separating Central American 

spinners from the eastern and whitebelly groups using these same markers. Andrews et 

al. (2013) found low divergence between all the spinner dolphin subspecies and the 



 

 

99 

whitebelly spinner dolphins (referred to as “ecotypes” by Andrews et al.) based on 

mtDNA and autosomal genes, but found strong separation in Y-chromosome markers 

between the three most phenotypically divergent groups (Grey’s spinner dolphin, dwarf 

spinner dolphin, and the ETP group, which includes the eastern and Central American 

subspecies). This study also found whitebelly spinners had Y-chromosome haplotypes in 

common with Grey’s and eastern supporting the hypothesis that the whitebelly is a hybrid 

group. Andrews et al. discuss several scenarios that could explain the patterns found in 

the Y-chromosome data, including low Ne, female biased dispersal, assortative mating 

and hybrid male sterility. Ultimately they hypothesized that the evidence suggests sexual 

selection on male characters via assortative mating.  

 

Our results support the three groups proposed by Perrin et al. (1991) and show 

evidence for a separate Tres Marias Islands stock as proposed by Perryman and Westlake 

(1998). Although n the offshore whitebelly spinner and eastern spinners, we observed 

very little assignment to an alternate group. Some misassignment is expected; because we 

are investigating forms within a species, not separate species. 

 

The alpha-scores for eastern and Central American spinners were low, indicating 

a low stability in our DAPC analysis, but the lower scores likely resulted from other 

sources of error (misidentified individuals and/or migrants), rather than biases of the data. 

For instance, a male eastern spinner sample (Z2127) assigned to the whitebelly spinner 



 

 

100 

group with 100% membership probability was sampled in the same group (during the 

same sampling event) as three other individuals (Z2128 - male, Z2129 - female, Z2132 - 

male) that assigned to the eastern group based on these data (with almost 100% 

membership probability). We expect some degree of misassignment given our 

intraspecific level of inquiry. Furthermore, high spatial overlap between the two types 

and our limited ability to identify all individuals sampled to stocks during sample 

collection in the field) rather than biases resulting from the analyses. Finally, these 

individuals could be migrants across boundaries – an expected result given known levels 

of geneflow (Andrews et al. 2013). 

 

Two of the three Central American samples (Z38192 and Z38197) that assigned 

to the Tres Marias cluster were collected off El Salvador, well into the core distribution 

of Central American spinner dolphins. Z38192 was determined to be a female by 

molecular assay and the sex of Z38197 is unknown. The third sample (Z11666) – a male 

- was collected in the Gulf of Tehuantepec on the coast of southern Mexico. Two other 

samples in our data set were collected during this same sampling event – both of them 

female – and both assigning to the Central American subspecies. Given these details 

regarding the genetic assignment between these two groups, but the separation of the 

groups based on allele frequencies (i.e., FST) we infer ongoing migration with the 

possibility of recent dispersal, between the Tres Marias and Central American groups. 
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Unpublished data from recent aerial surveys suggest that the range of the Central 

American spinner dolphins likely extends north of Acapulco – beyond the traditional 

range limit at the Gulf of Tehuantepec (W. Perryman pers. comm3.). Their range could 

also shift based on oceanographic conditions, food availability, and population abundance 

(although this remains untested). Interestingly, despite the proximity of samples from the 

eastern spinner dolphin populations to the Tres Marias cluster, we observed only one 

sample assigning from the eastern to the Tres Marias and vice versa with >20% 

membership probability. It appears that Tres Marias and the Central American are coastal 

dolphins that maintain ecological and genetic segregation from conspecific pelagic 

dolphins despite parapatry.  

 

Perryman and Westlake (1998) compared the Tres Marias spinner dolphins to 

both the eastern and Central American subspecies in their initial description of this group. 

Based on body size data collected from aerial photogrammetry, these authors concluded 

that the spinner dolphins near Tres Marias Island are intermediate in length between the 

eastern and Central American spinner subspecies. They concluded that the Tres Marias 

spinners are different enough from the other two subspecies that they may represent a 

separate stock or subspecies. The authors noted the strong similarities between Tres 

Marias spinners and eastern spinners in external body characteristics (long, slender body; 

uniform medium-to-dark gray in color; dorsal fin is triangular to forward-canted; 

pronounced ventral keels on some individuals), but also noted the large “tightly packed” 

                                                           
3 Wayne Perryman – NOAA Southwest Fisheries Science Center 8901 La Jolla Shores Dr. La Jolla CA 

92038 



 

 

102 

Tres Marias schools are more characteristic of Central American spinners than eastern 

spinners. Perryman and Westlake (1998) referenced cranial morphometric comparisons 

presented in Douglas et al. (1992) that note similarities in a small set of skulls (n=3) from 

northern coastal spinner dolphins (i.e., Tres Marias Islands region) to those from the 

southern (core) Central American spinner distribution. Perryman and Westlake (1998) 

also report never observing Tres Marias spinners schooling with eastern spinners.  

 

Galver (2002), using DNA sequence data from the mitochondrial control region, 

found no significant differences between the Tres Marias population and the Central 

American or eastern subspecies. However, this same study found significant differences 

between the Tres Marias population and the Central American subspecies based on 12 

microsatellite loci (FST = 0.0245; p < 0.01). Andrews et al. (2014) also found no 

differences between Tres Marias and eastern and Central American spinners based on 

mtDNA (control region/cytb), but did find differences using the actin intron (ΦST = 

0.034; p<0.05). Leslie et al. (In Review) found no differences between the Tres Marias 

and either the eastern or Central American subspecies using whole mitochondrial 

genomes.  

 

In summary, the results of our analysis of >10K SNPs from across the genome 

yield statistically significant patterns of structure in four morphologically different groups 

of spinner dolphins. We propose that the Tres Marias spinner dolphin be accepted as a 
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new stock and added to the three stocks already being managed by the Inter-American 

Tropical Tuna Commission. Although one of our analyses of population structure using 

allele frequency differences (FST) found no significant differences between this Tres 

Marias population and the eastern subspecies, the DAPC analysis clearly showed 

considerable genetic overlap between the Tres Marias and Central American subspecies. 

Thus, we recommend that this Tres Marias population be considered a demographically 

independent stock of the Central American subspecies until further analysis of its 

subspecies status can be completed. 

 

Spotted Dolphins 

Test for population differentiation using allele frequency (F-statistics) and DAPC 

for spotted dolphins support the current subspecies taxonomy based on morphology 

(Perrin et al. 1994) and genetics (Dizon et al. 1994, Escorza-Trevino et al. 2005). 

 

One sample (Z11446) from the NE stock of the offshore subspecies assigned at 

>20% to the coastal subspecies. This individual was biopsied well offshore (>200 km) of 

Acapulco, Mexico. Despite the great distance from shore, it was one of the offshore 

dolphins sampled closest to the coast in this study. Z11446 was not collected with any 

other spotted dolphin samples used in this study and its gender is unknown. Although 

little can be drawn from just one sample, it is interesting that the only individual that 

showed any misassignment came from offshore Northern Mexico. 
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Escorza-Treviño et al. (2005) found a latitudinal difference in differentiation 

between the offshore and coastal spotted dolphins in the ETP. Their results (based on one 

mitochondrial gene and seven microsatellite loci) showed no differentiation between 

offshore and coastal spotted dolphins from the northern part of their range (i.e., northern 

Mexico). All other coastal areas south of central Mexico were statistically differentiated 

from the offshore subspecies (Escorza-Treviño et al. 2005). 

 

Using whole mtDNA genomes and a dataset of 36 nuDNA SNPs, Leslie et al. (In 

Review) found no support for the division of northeastern and western-southern offshore 

stocks of spotted dolphins. The results of the current study – using a much larger dataset 

that represents a scan of the entire genome - suggest stock-level differentiation between 

offshore northeastern and western-southern spotted dolphins with pairwise F-statistics 

that were significantly different from zero and summed membership probability higher 

than 75% for each stock.  

 

To better understand areas of stock mixing, we examined the spatial distribution 

of samples collected from animals that were assigned to an alternative stock from their 

stock of origin. Three NE spotted dolphins assigned to WS spotted dolphins. Two of 

these samples (Z4084 and Z24939) were assigned at >60% membership probability, 

while one (Z24049) was assigned at >80% to the WS group. Z4084 was collected from a 
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female NE offshore spotted dolphin caught and killed in the tuna fishery in 1985. No 

other samples collected during this bycatch even were used in this study. It was collected 

approximately 500km off the coast of Cost Rica –making it the most southeastern NE 

offshore sample in this study and very close to the 5°N stock boundary between NE and 

WS. Z24939 was collected from a free-living male offshore spotted dolphin in 2001. If 

you read this, email me and I’ll buy you a six pack. It was sampled in the heart of the NE 

offshore spotted dolphin distribution in the same group as two female offshore spotted 

dolphins used in this study. Both of these female animals assigned with very high 

probability (>95%) back to the NE offshore stock. Sample Z24049 was collected from an 

male spotted dolphin killed as bycatch in the tuna purse-seine fishery in 2000 in the heart 

of the NE offshore stock territory. No other samples from this incident were used in this 

study. Although highly speculative, these two occurrences of male WS spotted dolphins 

sampled in NE spotted dolphin territory, could represent a possible pattern of male 

movement across stock boundaries from the WS stock to the NE stock. 

Four WS spotted dolphins assigned to the NE stock. One dolphins at a rate of 

>40% (Z2083), one (Z2092) assigned at a rate of >60%, and two (Z24849 and Z24052) at 

a rate of >80%. Z2083 from a female spotted dolphin killed in the tuna fishery in 1984. It 

was collected in the same bycatch incident as five other spotted dolphins used in this 

study – all of which were also female. All of these other samples assigned back to the WS 

with >90% membership probability. The bycatch incident that resulted in these samples 

occurred >1000km west of the 120°W boundary between the NE and WS stocks. Z2092 

was collected from a female spotted dolphin killed as fisheries bycatch in the same region 
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as Z2083 – and just a few weeks after. One other sample from this incident was used in 

this study. It was also a female and assigned to the WS stock at >90% probability. 

Sample Z24849 was collected from a female spotted dolphin killed in 2001 by the tuna 

fishery. It was not collected with any other samples used in this study. The collection 

location was >500 km from the border between the WS and the NE stocks. Z24052 was 

also a female collected in a similar manner, slightly south and west of Z24849 three 

weeks after that sample was taken. The fact that all misassigned samples were female is a 

result of our highly skewed sample of WS samples toward females (15:1). We cannot 

draw any conclusions about the biological significance for these misassignments, other 

than that they clearly demonstrate connectively between the stocks of offshore spotted 

dolphins, as expected.   

 

Future studies should investigate the patterns of genetic clustering as they relate to 

environmental factors and habitat characteristics (i.e., environmental distances) to ensure 

a more comprehensive view for informing accurate stock boundary for offshore spotted 

dolphins (Mendez et al. 2010, Leslie et al. In Review). 

 

 

CONCLUSIONS: 

Divergence among highly abundant populations, subspecies, and even species can 

be difficult to detect due to low levels of drift and potential ongoing gene flow. We have 
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used >7K SNPs per species to investigate important questions of population structuring 

for the conservation of ETP dolphins. Our results suggest that the existing management 

units for spinner dolphins are biologically meaningful and add further support for the 

need to erect a Tres Marias Islands stock of Central American spinner dolphins. 

Moreover, our results support the two subspecies of spotted dolphins and indicate low 

divergence among stocks of offshore spotted dolphins. Genotyping with large numbers of 

SNPs from additional samples throughout the range would be useful to better define the 

spatial structure and assess potential environmental barriers to geneflow. Moreover, 

genotyping more samples using this approach will enable the testing of alternate 

hypotheses, including examining genetic differences between western and southern 

offshore spotted groups, western and southern whitebelly spinner dolphin groups, and the 

latitudinal gradients between coastal spinner and spotted dolphins described by Escorza-

Treviño et al. (2005).  
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Figure 1. Sampling for spinner dolphins within the ETP. Blue dots indicate Central American 

spinners. Green squares indicate eastern spinners. Purple diamonds are the proposed Tres Marias 

spinners. Red triangles indicate whitebelly spinners, a proposed intergrade between the 

pantropical or Grey’s spinner (not shown) and the eastern subspecies (green squares). 
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Figure 2. Sampling localities for spotted dolphins with the ETP. Coastal spotted dolphins (S. a. 

graffmani) are blue triangles, northeastern offshore spotted dolphins (S a. attenuata) are in red 

dots, and western-southern offshore spotted dolphins are shown in green squares. 
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Figure 3. Genomic variation across individuals and populations of ETP spinner dolphins: 

Scatter plot of individuals based on the first two eigenvalues of the Discriminant Analysis of 

Principle Components. Ellipses represent 67% of the variation for each population. 
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Figure 4. Genomic variation across individuals and populations of ETP spinner dolphins: 

The map shows current stock and subspecies boundaries. Pie diagrams represent membership 

probability summed across all individuals for each population. Membership probabilities were 

calculated based on the results of the Discriminant Analysis of Principle Components.
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Figure 5. Genomic variation across individuals and populations of ETP spotted dolphins: 

Scatter plot of individuals based on the first two eigenvalues of the Discriminant Analysis of 

Principle Components. Ellipses represent 67% of the variation for each population. 
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Figure 6. Genomic variation across individuals and populations of ETP spotted dolphins: 

The map shows current stock and subspecies boundaries (based on Perrin et al. 1985). DAPC. 

Pie diagrams represent membership probability summed across all individuals for each 

population. Membership probabilities were calculated based on the results of the Discriminant 

Analysis of Principle Components. 
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CHAPTER 4: 

 

Comparative phylogeography of two circumtropical dolphins, spinner (Stenella 

longirostris) and spotted dolphins (S. attenuata) based on restriction-site associated 

nuclear SNPs 
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Abstract: 

Circumtropical marine species have several possible boundaries to genetic 

connectivity. These include continents, cold-water masses, and deep ocean expanses - all 

variable in their permeability over evolutionary time. Examining patterns of genetic 

connectivity in present day populations allows us the opportunity to infer the processes 

that shaped patterns of intraspecific diversity in relation to these boundaries. Little is 

known about global patterns of genetic connectivity in pelagic dolphins, including how 

circumtropical pelagic dolphins spread globally following the rapid and recent radiation 

of the subfamily delphininae. In this study we tested phylogeographic hypotheses in two 

circumtropical species, the spinner dolphin (Stenella longirostris) and the spotted dolphin 

(S. attenuata), by genotyping >6,000 nuclear DNA single nucleotide polymorphisms 

(SNPs) in each species from restriction site associated DNA sequence (RADseq) data. 

Analyses for population structure via fixation indexes and Discriminant Analysis of 

Principle Components (DAPC) indicated significant genetic structure among these global 

populations. Bayesian phylogeographic analyses showed deep divergence between Indo-

Pacific and eastern tropical Pacific Ocean (ETP) lineages of spinner dolphins, but the 

largest spit between spotted dolphins being between the inshore and offsshore ETP 

subspecies. We also found evidence of division among the dwarf spinner dolphins – with 

the northern Australia population being very different from Indonesia. Our DAPC results 

indicated a closer than expected relationship between Atlantic spinner dolphins and the 

ETP groups, suggesting the Panama Seaway may have remained permeable during the 

early stages of species diversification. Bayesian phylogeographic analyses however, 
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placed Atlantic spinner dolphins between a clade of Indo-Pacific Ocean populations and 

ETP population. In spotted dolphin species, our results supported the current subspecies-

level division between coastal and offshore varieties. These results indicate a pronounced 

inshore/offshore biogeographic barrier in the ETP. We observed very close relationships 

between endemic ETP spinner subspecies in relation to global diversity. Despite the 

uniqueness of the Australian population, the dwarf spinner dolphin is monophyletic and 

sister to a major clade that includes Indian Ocean and Western Pacific Ocean populations 

of the nominate subspecies. These results show the strength of the eastern Pacific basin 

and the marine Wallace’s line as biogeographic barriers for spinner dolphins despite high 

dispersal potential.  

 

Introduction: 

High dispersal potential in marine organisms is thought to promote connectivity 

and evolutionary stasis in geographically distant populations (Palumbi 1996). 

Circumtropical marine species, however, face limitations to dispersal in the form of 

continents, cold water masses at higher latitudes, and open-ocean expanses (Bowen et al. 

2001). Cetaceans are capable of long-distance movements, presumably increasing the 

tendency toward connectivity and stasis via gene flow. Davies (1963), however, 

postulated that the Indo-western Pacific was a “warm water core” for circumtropical 

delphinids. His reasoning was thus: because the Indo-west Pacific was buffered from 

cold-water intrusion during global cool periods, it presented a refuge for tropical 
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dolphins. He further asserted that the Panamanian isthmus, the continent of Africa, and 

the east Pacific basin were significant barriers to these tropical species. 

 

Perrin (2007) describes the continent of Africa as a sort of “species gate” 

occasionally swinging open during warmer periods to allow immigration from the Indian 

Ocean to the Atlantic. He highlights the unlikely possibility of the “gate” being a two-

way immigration corridor because of the very strong east-to-west currents that wrap 

southern Africa. Noting both the similarities and the interesting differences in dolphin 

taxa and communities between the Indian and Atlantic, Perrin believed that connection 

between these two ocean basins was relatively common on evolutionary time scales, but 

only in one direction.  

 

Two circumtropical cetaceans, the spotted dolphin and spinner dolphins (Stenella 

attenuata and Stenella longirostris, respectively) present an opportunity to test 

phylogeographic hypotheses. Both species exhibit intraspecific morphological variation 

that justifies the designation of multiple subspecies (Perrin 1990, Perrin et al. 1999). The 

nominate subspecies for both spinner and spotted dolphins is circumtropical with the 

exception of the coastal eastern tropical Pacific (ETP). In this region, coastal endemic 

subspecies (S. l. centroamericana (Figure 1); S. a. graffmani (Figure 2)) have been 

described (Perrin 1990, Perrin et al. 1994). In addition, an offshore endemic subspecies of 

the spinner dolphin (S. l. orientalis) also resides in the ETP (Perrin 1990). The whitebelly 
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spinner dolphin purportedly represents a zone of introgression between the pantropical 

“Gray’s” subspecies of central and western Pacific and the eastern offshore subspecies of 

the eastern Pacific. Lastly, there is also a unique dwarf spinner dolphin subspecies in 

Southeast Asia (S. l. roseiventris - Perrin et al. 1999; Figure 1).  

 

Andrews et al. (2013) conducted a multi-locus phylogeographic study of global 

spinner dolphin populations. The result of this study suggested “porous” genetic 

boundaries between phenotypically divergent groups. They suggest that neutral genes are 

moving freely between groups, but genes subject to divergent natural selection have 

restricted transmission (i.e., are “weeded out” by purifying selection). The only sign of 

population genetic structure was from a shared Y-chromosome haplotype in the eastern 

and Central American subspecies that was not found in Gray's or the dwarf subspecies. 

Interestingly, this region of the Y chromosome was found to be polymorphic in the 

whitebelly form (Andrews et al. 2013). 

 

We hypothesize that the endemic eastern tropical Pacific spinner and spotted 

dolphin subspecies are the result of isolation from Atlantic populations due the uplift of 

the Isthmus of Panama (~3.2Mya) and isolation from central and western Pacific island-

associated populations due to unsuitable habitat in the oceanic expanse of the eastern 

Pacific. Moreover, we hypothesize that the eastern spinner dolphin (S. l. orientalis) is 

more closely related to the coastal subspecies (S. l. centroamericana) than to the 
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pantropical subspecies (S. l. longirostris), and that the whitebelly spinner will be difficult 

to place phylogeographically due to its putative mixed ancestry. Within the spotted 

dolphins, we hypothesize that Indian Ocean and west Pacific dolphin populations will 

group together to the exclusion of the eastern Pacific subspecies (following Perrin 2007). 

To test these hypotheses, we collected >6,000 restriction-site associated nuclear SNP 

genotypes from each species to infer population structure and biogeographic patterns in a 

Bayesian phylogenetic framework. 

 

 

MATERIALS AND METHODS 

Sample Collection and DNA extraction 

Skin samples were collected from spotted dolphins and spinner dolphins via 

biopsy dart (Lambertsen 1987) on research cruises, from specimens taken as bycatch in 

the tuna purse-seine fishery, or from stranded or beachcast individuals. Spotted dolphins 

samples (Figure 2) were assigned to subspecies and stocks based on the geographic 

location of the sampling site. In areas where the two ETP subspecies overlap, spotted 

dolphin samples collected from research cruises were assigned to stocks based on 

external morphology (Perrin and Hohn 1994, Perrin 2001). 

 

Spinner dolphin samples collected on research cruises in the ETP were assigned 
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to a stock based on the external morphology of the majority of animals in the school. This 

approach was taken because: 1) these often-large groups  (>1000 ind.) contained 

individuals exhibiting a range of morphology; only after observing the group for some 

time could observers classify it to stock, 2) researchers collecting biopsies from dolphins 

near the bow of the research vessel found it very difficult to confidently classify fast-

swimming individuals at sea, and 3) there is significant overlap in range; therefore, 

geography was not a reliable predictor of stock identity. Samples were selected from 

areas where the eastern and whitebelly types are known to overlap, as well as from 

outside of the overlap region (Figure 1).  

 

Samples were stored in salt-saturated 20% DMSO, 70% ethanol, or frozen with 

no preservative. DNA was extracted using silica-based filter membranes (Qiagen, 

Valencia, CA) on an automated workstation (Perkin Elmer, Waltham, MA) or by NaCl 

precipitation (Miller et al. 1988). Starting concentrations of DNA were quantified using 

Pico-Green fluorescence assays (Quant-it Kit, Invitrogen, Carlsbad, CA) using a Tecan 

Genios microplate reader (Tecan Group Ltd, Switzerland). DNA quality was assessed by 

electrophoresis of approximately 100ng on 1% agarose gel; only high-molecular weight 

extracts were used. 

 

Sequencing libraries were constructed using the restriction enzyme PstI 

(recognition site CTGCAG) using a “genotype-by-sequencing” protocol (Elshire et al. 
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2011). Unique oligonucleotide barcodes were added to each sample for multiplexed 

sequencing on the Illumina HiSeq 2000/2500 (100bp, single-end reads). One no-

template-control was included with every batch of 95 samples. Libraries for several 

individuals were reconstructed and resequenced to increase read depth. Library 

preparation and sequencing were completed at the Cornell University Institute of 

Biotechnology’s Genomic Diversity Facility 

(http://www.biotech.cornell.edu/brc/genomic-diversity-facility).  

 

Filtering, Assembly, SNP Discovery and Genotyping  

Demultiplexing, initial quality control, assembly, and SNP discovery were 

completed in the TASSEL pipeline (v3.0.166; Glaubitz et al. 2014). Genotypes were 

filtered to those with a quality of 98 or higher using vcftools (v0.1.12b; Danecek et al. 

2011). No-template controls were also removed in vcftools. Reads were assembled to the 

bottlenose dolphin genome (T. truncatus, turTru1, 2.59X coverage; Lindblad-Toh et al. 

2011) using BWA (v0.78-r455; Li and Durbin 2009). Identically named samples were 

combined after VCF SNP calling with TASSEL. Samples were removed if they did not 

pass a minimum “missingness” threshold (0.1 minimum taxon coverage) prior to filtering 

(using TASSEL), or after filtering using vcftools. We accepted genotypes with a minimum 

read depth of 5, minimum genotype quality of 15. Sites were subsequently filtered by 

minor allele frequency (between 0.05 and 0.5), genotype missingness (minimum 0.95), 

and coverage (removed if the mean genotype depth of coverage was <8 or >1.5 times the 

mean depth over all individuals). Finally, SNPs were removed if they had heterozygosity 

http://www.biotech.cornell.edu/brc/genomic-diversity-facility
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>0.65. Sites were not further filtered based on Hardy-Weinburg equilibrium, nor were 

sex-linked loci or FST oulier loci removed. Mitochondrial DNA SNPs were removed by 

aligning to the Tursiops mitogenome. VCF-format data were converted to various 

formats for analysis using PGDSpider2 (v2.0.8.3; Lischer and Excoffier 2012). 

 

Diversity Estimates and Populations Structure Analyses 

Per-population heterozygosity was calculated using the strataG (Archer 2015) 

package in R (R Core Team 2011). We then estimated differentiation (FST) for each 

pairwise combination of populations (Wright 1951, Nei 1973, Hedrick and Goodnight 

2005). Point estimates and permutation tests (1000 repetitions) were generated using the 

strataG package in R (Archer 2015).  

 

We also directly tested hypotheses of population differentiation using multivariate 

analyses, specifically the Discriminant Analysis of Principle Components (DAPC) in the 

R package Adegenet (Jombart and Ahmed 2011). This method calculates principle 

components and then estimates a centroid and measures the variance for each predefined 

population. The discriminant analysis then tests the probability of each individual falling 

in the space of each of the populations based on the “geometric space” created by the 

position of the centroid and the extent of the variation. Before conducting the DAPC 

analyses, we examined the cumulative variance explained by the eigenvalues for the full 

range of principle components.  
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Because of the size and variability of these datasets, ad hoc solutions might be 

found. These include, but are not limited to, over-fitting (i.e., using too many principle 

components and thus resulting in large and unstable differences between populations). To 

assess if over-fitting was occurring, we calculated alpha-scores for each population and 

each dataset overall, simulated in Adegenet using the number of PCs listed above 

(simulated 10 times).  

 

To complete the DAPC, we then constructed synthetic discriminant functions that 

represent linear combinations of the allelic data with the largest between-group variance 

and the smallest within-group variance. In all analyses we kept only the first three 

eigenvalues, as they represented the vast majority of the information. Finally, we plotted 

the first two discriminant functions as two-dimensional scatters in R.  

 

Phylogeographic Analyses 

Phylogeographic analyses were performed using SNAPP, a Markov chain Monte-

Carlo (MCMC) sampler for bi-allelic data used to infer a phylogenetic trees (Bryant et al. 

2012). Because of the high number of SNP loci for each individual and because 

phylogenetic analyses of large datasets are computationally intensive, the sample sizes 

for these analyses were greatly reduced. Two samples were chosen at random from each 

putative population for spinner dolphins and between one and seven were taken for 
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spotted dolphins because of the fewer number of populations. Sample details are listed in 

Tables A3-S1 and S2. Given the differences between populations (based on FST and 

DPCA), we did not replicate these analyses with different samples selected from each 

population.  

 

SNAPP was implemented in the software package BEAST 2 (Bouckaert et al. 

2014). Prior to analyses, datasets were converted using custom R scripts from the strataG 

format (gtype) to nexus format, input into Beauti (v2.3.1; Bouckaert et al. 2014) and 

exported as .xml files. Forward and reverse mutation rates were estimated and chains 

were sampled every 1000 iterations. Coalescence rate was sampled throughout the 

MCMC. All other settings followed the default given in Beauti.  

 

SNAPP log files were read into Tracer (v1.6.1; Rambaut et al. 2014) to evaluate 

the convergence of the MCMC analyses. This included assessing the overall quality of 

the analyses inferred by the trends and variance of the estimates of Bayesian posteriors 

and estimated sample size (ESS), and estimating the number of chains to remove as burn-

in. 

 

We used DensiTree (v2.01; Bouckaert and Heled 2014) to visualize and 

qualitatively analyze phylogeographic relationships and uncertainty using multiple trees. 

DensiTree displays the frequency of topologies as the color of the trees presented. The 
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most popular topologies are blue, the second most popular topologies are red, and other 

topologies are green. TreeAnnotator (v2.3.1; Drummond et al. 2012) was used to produce 

a consensus tree for the SNAPP analysis for each dataset. Burn-in for TreeAnnotator and 

DensiTree were set at 10%. We limited the posterior probability calculation for each node 

in the Maximum Clade Credibility tree those with >0.5 posterior probability. Common 

Ancestor heights were used for all consensus tree node heights. Finally, the consensus 

tree topology, posterior probability for each node, and theta for each branch were 

visualized in FigTree (v1.4.2; Rambaut 2014).  

 

RESULTS: 

The average read depth for spinner and spotted dolphin SNP genotypes was 36.8 

and 31.71, respectively. To remove genotypes with high coverage possibly due to 

clonality, repetitive elements or gene duplications, those with coverage depth greater than 

65.22 and 57.88 (the mean read depth plus >1.5 times the standard deviation) were 

removed from the spinner and spotted dolphin datasets, respectively. The final data sets 

for each species included 119 spinner dolphins and 75 spotted dolphins genotyped at 

8,268 and 6,391 SNPs, respectively.  

 

Summaries of the sample sizes, mean heterozygosity, and pairwise population 

differentiation FST statistics for spinner and spotted dolphins are found in Tables 1 and 2, 

respectively. Mean heterozygosity across SNPs for all individuals within a population 
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(He) is indicative of the overall genetic variation within the populations. The data sets for 

the two species were very comparable in terms of overall heterozygosity.  

 

The disparity in sample sizes between ETP populations and those from the global 

sampling made comparisons difficult. However, in both spinner and spotted dolphin 

datasets, Hawaiian dolphins fell in the lower range of heterozygosity. In our dataset, 

Hawaiian spotted dolphins appear comparable in terms of heterozygosity to other Indo-

Pacific island-associated spotted dolphin populations. In contrast, Hawaiian and Atlantic 

spinner dolphins fell well below the mean heterozygosity for other populations. In 

addition, dwarf spinner dolphins from Australia exhibited the lowest mean heterozygosity 

measured in this dataset. Low heterozygosity could indicate smaller populations, inbred 

individuals, or poor sample quality that results in allelic dropout (Davey et al. 2013, 

Gautier et al. 2013). Finally, the eastern spinner and the offshore ETP spotted dolphin 

populations had high heterozygosity. High heterozygosity could indicate outbred 

individuals, large historical population abundance, or be an artifact of the higher sample 

sizes for these populations.  

 

Population Structure: FST 

Pairwise tests of population differentiation based on allele frequencies showed 

high levels of differentiation in both species (Tables 3 and 4). Almost all the pairwise FST 

estimates for spinner and spotted dolphins were significantly different from zero. For 
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spinner dolphins, the pairwise comparison of eastern vs. Tres Marias, and three 

comparisons involving the Tanzania population, were not significantly different. The 

eastern and Tres Marias results align with those from the previous chapter indicating little 

separation between eastern spinner dolphins and Tres Marias based on allele frequencies. 

The non-significant estimates for the Tanzania comparisons are likely a result of the 

small sample size for that group (n = 3).  

 

Population Structure: DAPC 

The distribution of genotypes for spinner and spotted dolphins was analyzed using 

Discriminant Analysis of Principle Components (DAPC). Before conducting the DAPC 

analyses, we examined the cumulative variance explained by the eigenvalues for the full 

range of principle components. This test (run for a maximum of k = 20) indicated that 

there was no reason for keeping a small number of PCs (see Figures A3-S1 and A3-S2); 

we therefore kept the maximum number of PCs (sample size / 3) recommended by the 

developers of Adegenet for each species: 39 and 25 PCs for spinner and spotted dolphin 

analysis, respectively.  

 

Alpha-scores - the reassignment probability calculated using the given 

populations minus the reassignment probability for randomly permuted clusters – 

indicated the optimum number of PCs (i.e., the highest mean alpha across all simulations) 

were 7 PCs for both spinner and spotted dolphin datasets (Figures A3-S3 and A3-S4). We 
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conducted hypothesis testing using both the maximum recommended number of PCs and 

the “optimum” number of PCs. 

 

Results differed very little using the n/3 and alpha estimated optimum number of 

principle components (PCs). The main differences include the placement of the Hawaiian 

and Atlantic populations. Using the optimum number of PCs (i.e., trying to avoid over-

fitting), the Hawaiian population is very distant from other Western Pacific and Indian 

Ocean populations (Figure 3), whereas in the n/3 analysis it is nested among them (Figure 

A3-S5). In contrast, the Atlantic population is very distant from all other populations in 

the n/3 analysis compared to the optimum number of PCs – where it is placed near the 

whitebelly spinner dolphins. 

 

Other lines of evidence (Andrews et al. 2010, Andrews et al. 2013, Leslie et al. In 

Review) have shown that the Hawaiian population is divergent – likely due to small 

population size and genetic drift – from other Pacific populations. Therefore, we present 

results from the optimum number of PC’s (7) in Figure 3 as they are in agreement with 

these independent results (results from the n/3 method are in Figure A3-S5).  

 

Genomic variation across spinner dolphin individuals and populations was 

represented well by the first two eigenvalues of the DAPC although one eigenvalue was 

clearly dominant (inset Figure 3). This eigenvalue (horizontal) spread the genotypic data 
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into two arms radiating from a core group. In one branch were the tightly clustered ETP 

endemic subspecies. Along that same arm, but closer to the core were tightly clustered 

Whitebelly and North Atlantic genotypes. The core group consists of genotypes from 

geographically disparate groups: the Philippines, Maldives and Tanzania. Radiating from 

the core opposite to the ETP + Atlantic arm are two groups of samples from the two 

populations of the dwarf subspecies. Indonesia is closer to the core, with some 

individuals very near the core group. The Australia cluster is at the distal end of this arm, 

and far from all the other groups. Finally, the second eigenvalue separated Hawaiian 

genotypes away from the core group in a distant but elongated cluster.  

 

As with spinner dolphins, the number of PCs used to conduct the spotted dolphin 

DAPC resulted in only slightly different patterns of individuals and population clusters 

across genotype space. The main difference in the results of these two approaches is the 

overall spread of the genotypes; the n/3 method showed higher overall spread – 

separation between groups – than the optimum method. For consistency with the spinner 

dolphin analyses, we present the results from the optimum (7 PCs) in Figure 4 (results 

from the n/3 method are in Figure A3-S6). As the inset shows, these two eigenvalues 

represent a majority of the variation in the data set. Coastal and offshore ETP subspecies 

samples show overlapping, but separate clusters near the center of the PC space. 

Hawaiian samples occupy a distant PC space separate from all the other groups, but in a 

relatively large cluster. The Guam/NMI group forms a very tight cluster near the offshore 

ETP group. All five Indonesian samples also form a tight cluster near the Guam/NMI and 



 

 

137 

offshore ETP core. Finally, the single sample from the Maldives overlaps with the 

Guam/NMI group.  

 

Phylogeography: 

Spinner dolphin phylogeographic topology was evaluated in SNAPP for a total of 

617,000 chains. This was short of the desired >1M chains, but the sampler converged 

well during this time (Figure A3-S7). The developers of SNAPP suggest letting the chain 

run until the Estimated Sample Size (ESS) is >100, although they make clear that this is 

not an empirically-tested threshold for stability. Our run resulted in an ESS 100.96, 

indicating adequate stability using this somewhat subjective criterion. 

 

Spinner dolphins form two major clades of diversity (Figure 5). First is an eastern 

tropical Pacific Ocean clade, comprised of whitebelly, eastern, Central American and 

Tres Marias populations. The node separating these two major clades was well supported 

(posterior probability of 1). Within this ETP clade, whitebelly spinners were well 

supported as the most basal lineage, but the node grouping eastern, Tres Marias and 

Central American was not well supported (posterior = 0.5296).  

 

The second major clade contains samples from three ocean basins: North Atlantic, 

Indian Ocean, and Central and Western Pacific Ocean. Most of the nodes within this 
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clade were well supported, the exception being the node that grouped the Maldives 

samples with the Philippines samples (posterior  = 0.456).  

 

Most of the branches in the spinner dolphin tree had low theta indicating low 

diversity in these lineages. Three lineages had high theta indicating higher levels of 

diversity. These included: the ETP branch, the Indian Ocean and Western Pacific branch, 

and the Indonesian branch of the dwarf subspecies clade.  

 

The spotted dolphin dataset was analyzed for a total of 414,000 MCMC chains. 

The trace of the posteriors resulting from MCMC sampler showed some variability, 

potentially indicating a lack of convergence on a topology (Figure A3-S8). In addition, 

the ESS was only 7.6704 –indicating the need for additional MCMC iterations. We 

should have run the MCMC for much longer than we did (up to 1M chains, for complete 

confidence), but this was not feasible at this time. 

 

The Maximum Clade Credibility tree and visualization of uncertainty using all the 

trees is shown in Figure 6. Aside from two of the terminal nodes, the consensus tree was 

well supported. The topology supports the current taxonomy, with the endemic coastal 

ETP subspecies as the most basal lineage, distant from its sister clade that included all 

other populations (the nominate subspecies). Offshore ETP spotted dolphins were the 

next clade in, followed by Hawaii and an Indo-west Pacific clade. Relationships among 
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these Indian Ocean and western Pacific populations are poorly resolved as indicated by 

the low nodal support values.    

 

The ancestral branch that lead to the S. a. attenuata clade, and the ETP Offshore 

branch (the most basal branch within the S. a. attenuata clade) both had high theta values 

indicating higher genetic diversity within these branches.  

 

 

DISCUSSION: 

Diversity Estimates 

We were somewhat surprised to see the overall similarity in levels of 

heterozygosity in spinner dolphin, knowing that the ETP populations have much larger 

abundance that the other island-associated or coastal populations. Only two of eleven 

populations were outliers in terms of genetic diversity: Hawaii spinners and dwarf 

spinner dolphins from Australia. Hawaii is known to be a small, isolated population with 

reduced genetic diversity (Andrews et al. 2010, Andrews et al. 2013, Leslie et al. In 

Review). It is not clear why the Northern Australia population of dwarf spinner dolphins 

(collected offshore in the Timor Sea) would have reduced genetic diversity. There is 

recent evidence of a coastal population of dwarf spinner dolphins in NW Australia, but it 

is uncertain if this would be connected with those in the Timor Sea (Allen et al. 2012). 
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Dwarf spinner dolphins reside in shallow habitat compared to other pantropical spinner 

dolphins, so it is possible that this habitat can only support a relatively low abundance, 

which would ultimately decrease heterozygosity and increase genetic drift.  

 

Northern Australia samples were taken as fisheries bycatch and it is possible that 

some of the animals were related; however, we used samples that were killed in at least 

eight different incidents and locations. Moreover, eleven of the thirteen samples were 

males, decreasing the likelihood that samples represented mother-calf mortalities. It is 

unlikely that relatedness or skew in sex ratio of our Northern Australia sample resulted in 

the decreased heterozygosity observed. 

 

Several populations had individual heterozygosity outliers. All but one of these 

outliers were lower than expected heterozygosity. Causes of low heterozygosity could be 

biological (i.e., inbreeding) or a result of allelic dropout during data collection (Davey et 

al. 2013, Gautier et al. 2013). For the eastern spinner dolphin with very high 

heterozygosity, this could also be biological (i.e., admixture) or a result of sequencing 

error (although the later seems unlikely given the quality filtering). 

 

Spotted dolphins have lower heterozygosity than spinner dolphins and also varied 

minimally among populations. The offshore ETP population had higher mean 

heterozygosity, likely due to the larger population size compared to others. Coastal 
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spotted dolphins also had a slightly elevated heterozygosity, again likely due to a slightly 

higher population abundance in that population compared to the other island associated 

spotted dolphins in the dataset. Hawaii and Guam/NMI had very similar mean and 

distribution of heterozygosity indicating they could be comparable populations in terms 

of genomic diversity. Although they seam comparable to the Hawaiian and Guam/NMI 

populations in terms of genomic diversity, additional samples for the Indonesian and 

Maldivian populations will be needed to better characterize them. 

 

Population Structure: FST 

Spinner Dolphins 

Almost all pairwise comparisons in the spinner and spotted dolphin datasets were 

significant, indicating subdivided populations despite high dispersal potential of 

individual animals.  The largest estimates of pairwise FST between populations of spinner 

dolphins involved the Australian population of dwarf spinner dolphins (all estimates were 

> 0.1468). These results were corroborated by our DAPC analyses that indicated 

Australian dwarf spinners occupy a very different PC space from the other subspecies 

and populations. In the pairwise comparison with the other dwarf population (Indonesia), 

FST was larger (0.1468) than between the two morphologically distinct endemic ETP 

subspecies (CA and eastern: 0.0095). These results were unexpected given the 

morphological similarity between Australian and Indonesian dwarf spinner 

dolphins(Perrin et al. 1999). However, this pattern of strong genetic structure across the 
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“Marine Wallace’s Line” (sensu Barber et al. 2000) has been shown in two recent studies 

of coastal cetaceans in this same area (Beasley et al. 2005, Jefferson and Rosenbaum 

2014). Collectively, these studies indicate that the Marine Wallace’s Line is a significant 

biogeographic barrier despite the high dispersal abilities of marine mammals. 

 

Other comparisons between populations had FST values ranging from 

approximately 0.01 to 0.07. The ETP populations were the exception to this, in that the 

FST estimates were very low (i.e., <0.01). As aforementioned, the pairwise FST 

comparison between ETP endemic subspecies was an order of magnitude lower than the 

metric between our two populations of dwarf spinner. Low FST is not surprising, as 

previous studies have shown that the ETP subspecies are very closely related. However, 

for the only direct comparison of morphologically distinct subspecies it is surprising to 

get such relatively small FST values relative to pairwise comparisons of populations from 

different subspecies. This is interesting from a perspective of evolutionary dynamics and 

we agree with Andrews et al. (2013) that additional work on the possibility that positive 

selection is leading to the morphological differences could be a rich area of inquiry.  

 

One of the few pairwise comparisons that was not significantly different from 

zero was between the Tres Marias and the eastern spinner dolphins. This was also the 

lowest FST we measured in this dataset. See Leslie and Morin (Chapter 3) for a 

comprehensive discussion of ETP population comparisons. Although many of our 
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populations outside the ETP had low sample sizes, simulations have shown the ability to 

precisely estimate FST to detect allele frequency differences when using a large number 

of genetic markers (i.e., >1000), even from small sample sets (n > 4-6) (Willing et al. 

2012). 

 

The one population in our study with fewer than four samples (Tanzania) showed 

non-significant differences when compared to three other groups (whitebelly spinners, 

Maldives, and Philippines). It is possible that some connection exists between the most 

proximate populations – Tanzania and Maldives – but we believe all of these results are 

likely untrustworthy due to the small sample size for spinner dolphins from Tanzanian 

waters.  

 

Spotted Dolphins 

FST comparisons for spotted dolphins indicated highly structured populations 

(Table 4). Interestingly, the pattern of FST point estimates was similar to the spinner 

dolphins in that pairwise comparison of the coastal ETP subspecies with the offshore 

ETP population of pantropical spotted dolphins had reduced FST values compared to 

pairwise comparisons between other global populations. These results reinforce previous 

studies that have shown the permeability of the inshore/offshore boundary in the ETP 

(Escorza-Trevino et al. 2005). One of the lowest estimates was between Hawai‘i and 

Guam/NMI, suggesting structure between these two western Pacific island archipelagoes.  
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We hesitate to put much confidence in the FST comparisons involving the 

Indonesian spotted dolphins, given that this sample set was small (n = 3). We also did not 

include the data from the single Maldives spotted dolphin sample (n = 1) in pairwise FST 

comparisons.  

 

 

Spinner Dolphin Population Structure: DAPC 

 

Eastern Tropical Pacific 

Overall, the Discriminant Analysis of Principle Components (DAPC) showed 

good separation between most populations of spinner dolphins. On one end of the 

diversity was a cluster of the endemic ETP subspecies. CA and eastern were very close 

together with the Tres Marias Island spinner dolphins in between. As expected, the 

whitebelly spinner was also near the ETP endemics – about half way between these 

subspecies and the “core”, which included mostly Indo-Pacific populations. This is what 

we would expect given the hypothesis that it is a hybrid swarm between eastern and 

central Pacific pantropical spinner dolphins. Ongoing long-distance gene flow might be 

keeping the whitebelly genome similar to the pantropical subspecies. Alternatively, the 

WB form is the ancestral form to the ETP endemic subspecies; similarities in 
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morphology between WB and the pantropical subspecies would be synapomorphies, 

whereas the similarities shared between WB and eastern could be due to more recent 

ancestry and ongoing geneflow. Finally, the WB spinners could represent reconnection 

between subspecies separated and independent for some time and only recently 

reconnecting.  

 

We saw little evidence in our analyses of connection between the ETP spinner 

groups (including WB) and the central and western Pacific pantropical subspecies. 

Unfortunately, our sampling in the central Pacific was geographically sparse and may not 

have included the WB spinner’s most closely related island associate populations. If there 

were going to be connections with the WB they might come from south of Hawaii. 

Added data from these regions could be informative with regard to the level of 

connection between WB and the central Pacific Island-associated populations.  

 

Atlantic 

We were surprised by the placement of the Atlantic Ocean samples, very close to 

the whitebelly spinner samples and near the core of the DAPC diversity of all samples. 

Given the theories put forth by Davies (1963) and Perrin (2007) we would have expected 

to see it nearer to Tanzania and very distant from the ETP populations.  The Panamanian 

uplift occurred ~3.5Ma (Coates et al. 1992), although newer evidence suggests it may be 

considerably older at 15-20Ma (Bacon et al. 2015). The age of spinner dolphins, 
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estimated using molecular clock techniques on a supermatrix consisting of 42,335 

characters from mtDNA and nuDNA loci, is between 1.6 and 3.97 million years old 

(mean 2.75Ma; McGowen et al. 2009). From these estimate, we can infer that Panama 

would have been a significant barrier to spinner dolphins in the infancy of the species and 

should have lead to significant drift between eastern tropical Pacific dolphins and 

northeastern Atlantic spinner dolphins. If Atlantic and ETP spinner dolphins have been 

separated for at least 3.5M years, we would expect the Atlantic genotype frequencies to 

have drifted very far from the ETP frequencies. The only plausible reasons why this 

would not happen are ongoing or periodic pantropical geneflow (completely 

circumtropical geneflow) or incomplete lineage sorting. The former seems implausible 

given the barriers discussed. The latter involves older lineages harboring genomic 

variation from a large ancestral population that has not yet drifted apart despite 

separation. Neither of these hypotheses adequately explains the positioning of the 

Atlantic genotypes near the whitebelly spinner group in genomic PC space. Of course, 

these explanations are not mutually exclusive.  

 

If large populations harboring diverse genomes continued to disperse around 

southern Africa and the east Pacific basin, it is possible that similarities could remain 

even with low levels of ongoing or sporadic gene flow. Atlantic spinner dolphins tend to 

be more pelagic (found exclusively in water of >2000m) and form larger groups than the 

island-associated central Pacific spinner dolphins (Waring et al. 2015). They are also 

much lower in abundance in the Atlantic Ocean (11,971 in the Gulf of Mexico) than the 
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eastern tropical Pacific (Mullin and Fulling 2004) which could have led to lower 

heterozygosity, but would have also increased the genetic drift. Unfortunately, abundance 

estimates for the western north Atlantic coast of the United States are not available 

because sightings and strandings are rare along the continental shelf (Waring et al. 2015), 

so it is difficult to tell if the greater Atlantic population would have been subject to a 

similar level of drift or if it would have been buffered from drift by large abundance. 

These are factors to consider as additional work brings or clarity to our knowledge of 

ocean basin-level relationships in spinner dolphins.  

 

Alternatively, this could be a timing issue. If the spinner dolphin lineage is older 

than the Isthmus of Panama, the east Pacific basin could have been a more important 

barrier to geneflow in the infancy of the species. Further, if the historical ETP + western 

Atlantic population was large, genomic signatures could take a long time to separate via 

drift. An older, super abundant ETP + western Atlantic population might result in the 

pattern we observe in the DAPC results. To better understand these relationships we put 

our data into a phylogenetic framework to test various hypotheses (see below). 

 

Indo-Western Pacific Ocean Core 

We were also surprised by the amount of similarity between geographically 

disparate populations that made up the central core group in our DAPC. These included, 

western tropical Pacific (Philippines), Western Indian Ocean (Tanzania), and Central 
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Indian Ocean (Maldives). Separated by up to 5441km, these populations have remained 

genetically similar. Interestingly, the Maldives animals appear to be the most closely 

related to the dwarf subspecies. Galver (2002), using some of the Maldives samples we 

used in this study, found mtDNA haplotypes shared with the dwarf spinner populations. 

This, coupled with our nuDNA data, suggest possible genetic connection in the Maldives 

between the nominate subspecies and the dwarf subspecies.  

 

The Hawaiian genotypes were most closely aligned to this Indo-Western Pacific 

core group of populations. Interestingly, it was the second eigenvalue that spread the 

Hawaiian genotypes away from the other populations. Despite the reduced heterozygosity 

in Hawaiian spinner dolphins, the population covered a lot of space in the DAPC.  

 

Dwarf spinner  

Finally, opposite the ETP arm in our linear genotype array - spread by the first 

eigenvalue - are the two populations of dwarf spinner dolphins: Indonesia and Northern 

Australia. The Indonesian dwarf spinner overlaps somewhat in genotype space with the 

Indo-western Pacific populations, and has one individual midway between the core and 

the Northern Australia cluster. This could indicate a potential area of admixture between 

the western Pacific and Indian Ocean populations and the dwarf populations, or it could 

indicate a cline of diversity from these Indo-Pacific pantropical groups through the 

Indonesian Archipelago and south toward the genetically distant Australian dwarf 
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spinners. Recall also that the Australia dwarf spinners had much reduced heterozygosity. 

In combination with the results of the DAPC, this could be a sign that the Northern 

Australian population is small and subject to high levels of genetic drift. Abundance 

estimates are unknown (Allen et al. 2012). Allen et al (2012) noted two groups of small 

dolphins in northwestern Australia that fit the phenotype of dwarf spinner dolphins and 

noted that this would be the southwestern most record of this subspecies. Genetic analysis 

is underway to determine the subspecific identity and test the hypothesis that they are a 

unique population (D. Cagnazzi – Pers. Comm.)4 As noted by Allen et al. (2012), “more 

comprehensive data on the biodiversity and population ranges of tropical dolphins are 

required for north-western Australia.” 

 

Barber et al. (2000) proposed extending the terrestrial biogeographical break 

between Western Indonesia and eastern Indonesia/Australia to the marine environment 

based on patterns of multiple of reef-dwelling species. Recent work on the systematic 

relationships of small shallow-water dolphins highlighted the importance of this marine 

Wallace’s line as a biogeographic break. A new species of Irrawaddy dolphin (genus 

Orcaella) was described east of Wallace’s line (Beasley et al. 2005) and recently a new 

species of the genus Sousa was found to be separate from the Indo-Pacific species by a 

wide distributional gap that coincides with Wallace’s Line (Jefferson and Rosenbaum 

2014).  

                                                           
4 Daniele Cagnazzi Ph.D., School of Environment, Science and Engineering, Southern Cross 

University, Lismore NSW 2480 Australia 
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Certainly, efforts should be made to survey the abundance of these individuals 

and better characterize them. Our sample set for northern Australia dwarf spinners was 

skewed heavily toward male dolphins (11 of 13 were males), but Y chromosome linked 

SNPs would represent only ~1/44th the SNPs – a very small fraction of the overall data. 

Therefore, this is unlikely to contribute to the uniqueness of this population. Given our 

very high significance in pairwise comparisons using FST and the distance in genotype 

spaced detected with DAPC, this Australian population of dwarf spinner dolphins (from 

the Timor Sea, north of Australia) could warrant a unique stock of dwarf spinner or a 

unique subspecies. Perrin et al (1999) erected the subspecies S. l. roseiventris based on 

detailed morphometric analyses. They examined specimens from the Timor Sea and 

found them to be consistent with the dwarf spinner dolphins from the Gulf of Thailand. 

The only notable difference was northern Australia dwarf spinner dolphins had fewer 

vertebrae than those from the Gulf of Thailand. These authors did not examine dwarf 

spinner dolphins from Indonesia, but speculated that these animals inhabit shallow 

coastal waters of much of Southeast Asia. Further research effort should be applied to 

these areas to determine the geographic range and genetic diversity of dwarf spinner 

dolphins in Southeast Asia. 

 

Spotted Dolphin Population Structure: DAPC 
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Similar to the spinner dolphin DAPC, most of the spotted dolphin populations 

were distributed along the first eigenvalue. The coastal ETP populations represented one 

extreme of genotype space, while the western Pacific populations represented the other. 

All populations in this analysis had little to no overlap in the 67% ellipses, suggesting 

that these all represent unique isolated populations. The only exception was strong 

overlap from the Maldivian sample (n = 1) within the ellipse of the Guam/NMI 

population. It is difficult to draw strong conclusions based on one sample, but further 

studies should focus on expanding the sample of spotted dolphins in the Indian Ocean to 

test the uniqueness of the Maldivian population. Hawaiian spotted dolphins spread out on 

the second eigenvalue.  

 

 

Phylogeography:  

We present unrooted and midpoint-rooted trees in Figures 5 and 6. Although, 

there are methods for inferring the location of the root (Lemey et al. 2009) based on 

calculating the posterior probability of the root location, these options are not available 

for SNP data presently. Moreover, using outgroups in SNAPP can create long branches 

which make estimating parameters difficult and violates the assumptions of the Yule 

prior used in SNAPP (R. Bouckaert – Pers. Comm)5. Midpoint rooting often results in the 

root being assigned to the longest branch, which is the case in both of our species. This 

                                                           
5 Remco Bouckaert – Research Fellow, Dept. of Computer Science, The University of Auckland, 

Auckland, NZ.  http://tinyurl.com/j7uwq83 

http://tinyurl.com/j7uwq83
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may not, however, reflect reality. As best as possible, we have avoided making inferences 

dependent on the location of the root. Finally, it is worth noting that phylogeographic 

patterns in nuDNA trees could represent shared ancestry, admixture (i.e., genetic 

exchange between populations) or a combination of both. 

 

Spinner dolphin phylogeography 

Davies (1963) proposed phylogeographic hypotheses for circumtropical dolphins 

that included an Indo-Pacific core, and satellite lineages stretching into the Atlantic to the 

west, and the eastern Pacific to the east. Perrin (2007) argued for a similar arrangement, 

but noted that the southern Africa barrier was probably only passable from east to west 

during warm regimes. Both ideas included an east Pacific basin barrier, yet our modern 

conception of spinner dolphin relationships within the Pacific Ocean (informed by both 

morphology and genetics) says there is frequent genetic connection between the central 

and eastern Pacific via the whitebelly hybrid (Perrin et al 1990; Andrews et al 2013). 

Andrews et al. (2013), in the only genetic study of global spinner dolphin relationships, 

found “porous” genetic boundaries between the ETP and pantropical subspecies. They 

suggest that neutral genes have moved freely between groups, but genes subject to 

divergent natural selection should show differences. Evidence for this was from a shared 

Y-chromosome haplotype in the eastern and Central American subspecies that was not 

found in Gray's or the dwarf subspecies. Interestingly, this region of the Y-chromosome 

was found to be polymorphic in the whitebelly form (Andrews et. al., 2013).  
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We did not separate neutral from selected loci, and therefore cannot speak to the 

contrasting patterns Andrews et al (2013) saw in different marker types with regard to 

ETP spinner dolphins. However, the longest branch in our Bayesian species tree was 

between the eastern tropical Pacific Ocean populations and the rest of the global 

distribution (Figure 5). This suggests that the eastern Pacific basin – an expanse of 4000-

7000km without coastal habitat – has been a formidable biogeographic barrier since early 

in this species’ history (see Briggs 1961). Our results also showed high support for WB 

spinners as sister to the endemic ETP subspecies, as opposed to the WB being sister to 

the pantropical lineage. Endemic ETP subspecies were grouped together with Tres 

Marias with low support; this is not necessarily surprising given probability of genetic 

interchange among these groups (see Chapter 3).  

 

The sister clade to the ETP group includes all other pantropical and dwarf 

populations. Interestingly, the Atlantic branch is again not where we would expect it to be 

given the vicariant step-stone hypotheses of Davies (1963) and Perrin (2007). Based on 

the ideas of these authors we would expect the Atlantic branch to be nested well within 

the clade including Tanzania (labeled ZAN in Figure 5). Instead, it is positioned at the 

base of this clade well outside the clade including Tanzania. This again suggests a deeper 

relationship with the ETP clade and not a history of vicariant step-stoning west from the 

Pacific, Indian and ultimately to the Atlantic. The ETP and Atlantic Ocean branches are 

the longest in this tree, so could be attracted for this reason. We doubt the relationship of 
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these two lineages is a result of long branch attraction, because we would expect Atlantic 

and ETP to be sister taxa within a clade, which they are not. 

 

Possible reasons for this topology include separation of a historically super-

abundant ETP + Atlantic populations that has limited the effect of genetic drift. 

Alternatively, it could be that the age estimate for spinner dolphins is too young and that 

the east pacific basin was a much more formidable barrier to geneflow prior to the uplift 

of the Panamanian Isthmus. It is worth noting that Andrews et al (2013) did include some 

Atlantic specimens and there was no evidence of connection between ETP spinners and 

Atlantic spinners in their results.  

 

Much of our ability to test the hypothesis of east-west pan-tropical stepwise 

dispersal relies on the evolutionary history of the Indian Ocean populations. If early 

stepwise dispersal occurred, leading to an Atlantic population in the Caribbean, followed 

by extinction within the Indian Ocean, and subsequent recolonization events, the tight 

connection between Atlantic and Indian that anchor our null hypotheses of ocean-basin 

phylogenetics might have been erased. The inclusion of additional samples for the eastern 

Atlantic and additional Indian Ocean localities might help resolve this issue. 

 

Most of the clades within the large pantropical spinner + dwarf spinner dolphin 

clade were well supported (posterior >0.97). The most basal of these clades includes 
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Hawaii as sister to all other Indian Ocean and western Pacific Ocean populations 

(including dwarf spinner dolphins). Several authors have discussed the genetic evidence 

for the independence of Hawaiian spinner dolphins (Andrews et al. 2010, Andrews et al. 

2013, Leslie et al. In Review); given our results, this population should be considered a 

distinct population segment. The next clade links the dwarf spinner dolphin subspecies 

clade with a clade of Indian Ocean populations and a Southeast Asia population 

(Philippines). Despite showing large differences in the DAPC analysis, these two 

populations still group together phylogenetically (as suggested by morphological 

analyses – see Perrin et al 1999).  

 

The eastern tropical Pacific is known to harbor historically abundant spinner 

dolphin pelagic populations (Wade et al. 2007), so the high theta value for the ancestral 

branch is not surprising here. The large theta estimated for the Tanzania + Philippines + 

Maldives clade (0.2132) was somewhat surprising, however. High diversity in the 

ancestor of this clade could have resulted from a large western Pacific + Indian Ocean 

population, or this could be indicative of a metapopulation with locally adapted 

subpopulations throughout this portion of the range (Tanzania: 0.1188; Maldives: 0.1147; 

Philippines: 0.1149). Finally, the theta estimate for the Australian population of the dwarf 

spinner indicates very low diversity (0.0019) in contrast the Indonesian population dwarf 

spinners, which had much higher theta (0.1564). It is possible that the Indonesian 

population of dwarf spinners is a structured population that inhabits the many islands of 

the Indonesian archipelago. Moreover, it is also possible (given the DAPC results shown 
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above) that there is some genetic overlap between the pantropical and dwarf spinner 

dolphin in Indonesia serving to increase theta via admixture.   

 

 

Spotted dolphin phylogeography 

For other marine taxa, the east pacific basin is a major biogeographic barrier 

(Briggs 1961). Due to spatial proximity of the ETP spotted dolphin populations, the east 

Pacific basin should be a stronger biogeographic barrier than the inshore-offshore divide. 

Our results, however, suggest that it is not as significant a barrier for spotted dolphins as 

the inshore-offshore divide in the eastern tropical Pacific. Our results support the notion 

that the nominate pantropical spotted dolphin subspecies (S. a. attenuata) resides in the 

offshore ETP, and that the ETP has an coastal endemic subspecies (Perrin et al 1994, 

(Chapter 3, Escorza-Trevino et al. 2005, Leslie et al. In Review).  

 

We could not – with confidence - resolved relationships among the Indo-Pacific 

populations of spotted dolphins. This likely reflects the biological reality as hypothesized 

by Davies (1963) and Perrin (2007) that recent divergences and possible ongoing gene 

flow in this region make testing phylogeographic hypotheses difficult.  
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Theta estimates for spotted dolphins indicate that the offshore ETP population has 

high diversity – likely due to high historical abundance – and the clade that lead to the 

diversification of pantropical spotted dolphins had high diversity. This could be a result 

of large global population size prior to population substructuring or dispersal.   

 

CONCLUSIONS 

In spinner dolphins, the east Pacific basin appears to be an important 

biogeographic barrier to these highly mobile pelagic species. Our results indicate deep 

separation between eastern Pacific clades and other conspecifics in these species. 

 

Although we were not able to test relationships with Atlantic populations of 

spotted dolphins, our results support the current taxonomy and indicate a stronger 

separation at the inshore-offshore boundary in the ETP. 

 

Both spinner and spotted dolphins appear to have a tightly clustered Indo-Pacific 

core. Relationships from these areas were difficult to resolve, likely because of recent 

divergences, incomplete lineage sorting, and/or ongoing gene flow. 

 

For spinner dolphins our results do not support the connection between the 

Atlantic Ocean and the Indian Ocean via the South African species gate (Perrin 2007). 
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Instead, our results suggest the northwestern Atlantic Ocean population sit between the 

pantropical spinner dolphin clade and the ETP clade, instead of at the crown of the 

pantropical spinner clade, where it would be expected via an Indian Ocean–Atlantic 

stepping stone model of dispersal. The pattern we observe could represent a very deep 

connection (prior to the uplift of panama) of a historically super abundance population. 

The vicariance caused by the uplift should have caused the populations to drift apart, but 

high abundance and heterozygosity could have retained similarities. Alternatively, 

multiple extinctions and reinvasions could cause the pattern we see.  

 

We found the dwarf spinner dolphins from northern Australia to have very 

reduced diversity and unique genomic signature. It is clear there is a connection 

phylogenetically with the dwarf spinner dolphins from Indonesia. However, based on our 

results, the northern Australia dwarf spinner dolphin should be considered a different 

population if not a different subspecies. This could be another example of the Marine 

Wallace’s Line (Barber et al 2000) in a shallow-water small cetacean (Beasley et al. 

2005, Jefferson and Rosenbaum 2014).  

 

Our analyses indicated that the offshore spotted dolphin in the eastern tropical 

pacific is part of the pantropical subspecies. Subsequent studies should include the 

Atlantic pantropical spotted dolphin samples and samples from northern Australia should 

be added to test the circumtropical biogeographic hypotheses in this species. 
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Table 1. Population genetic summary statistics for spinner dolphins based on 8,268 SNPs. 

H (sd) is the mean heterozygosity (and standard deviation) per site across all individuals in each 

population. Numbers of samples show for n (total), F (females), M (males), and U (unknown 

sex).  

 

Subspecies Populations n/F/M/U H (sd) 

centroamericana Central American 9/5/3/1 0.2670 (0.2120) 

centroamericana Tres Marias 12/6/6/0 0.2650 (0.1898) 

    

orientalis eastern 37/18/18/1 0.2833 (0.1606) 

    

longirostris whitebelly 14/7/7/0 0.2697 (0.1799) 

longirostris Hawaii 6/2/4/0 0.2324 (0.2360) 

longirostris Philippines 9/4/2/3 0.2542 (0.2069) 

longirostris Maldives 6/4/2/0 0.2599 (0.2300) 

longirostris Tanzania 3/0/0/3 0.2531 (0.2799) 

longirostris North Atlantic 4/0/3/1 0.2361 (0.2594) 

    

roseiventris Indonesia 6/0/0/6 0.2409 (0.2245) 

roseiventris Australia 13/2/11/0 0.1651 (0.2034) 

    

 Overall 119/48/56/15 0.2552 (0.1337) 
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Table 2. Population genetic summary statistics for spotted dolphins based on 6,391 SNPs. 

H is the mean heterozygosity per site across all individuals in each population. Numbers of 

samples show for n (total), F (females), M (males), and U (unknown sex). NMI is Northern 

Marianas Islands. 

 

Subspecies Populations Subspecies n/F/M/U H (sd) 

graffmani ETP-coastal graffmani 27/11/14/2 0.2442 (0.1755) 

     

attenuata ETP-offshore attenuata 32/22/7/3 0.2692 (0.1515) 

attenuata Hawaii attenuata 4/2/2/0 0.2275 (0.2578) 

attenuata Guam/NMI attenuata 8/0/0/8 0.2326 (0.2109) 

attenuata Indonesia attenuata 3/0/0/3 0.2253 (0.2781) 

attenuata Maldives attenuata 1/0/0/1 NA 

     

 Overall  75/35/23/17 0.2518 (0.1303) 

NA = H could not be calculated for Maldives, as there was only one sample from this population.
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Table 4. Pairwise population genetic differentiation statistics for spotted dolphins from 

6,391 SNPs. FST is below the diagonal and p-value is above. All comparisons are significantly 

different from zero (p < 0.05). Pairwise statistics for comparisons with the Maldives were not 

included because only one sample from this population had genotype data. NMI is Northern 

Marianas Islands. 

 

 

Populations n 

ETP 

Coastal 

ETP 

Offshore Hawaii Guam/NMI Indonesia 

ETP-coastal 27 - 0.0009 0.0009 0.0009 0.0009 

ETP-offshore 32 0.0525 - 0.0009 0.0009 0.0060 

Hawaii 4 0.1703 0.0529 - 0.0019 0.0309 

Guam/NMI 8 0.1533 0.0350 0.0260 - 0.0069 

Indonesia 3 0.1744 0.0511 0.0416 0.0179 - 
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Figure 3. Genomic variation across individuals and populations of spinner dolphins: 

Scatter plot of individuals based on the first two eigenvalues (created from seven principle 

components) of the Discriminant Analysis of Principle Components (DAPC). Ellipses represent 

67% of the variation for each population. Inset shows the amount of variation represented by the 

DA eigenvalues. 
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Figure 4. Genomic variation across individuals and populations of spotted dolphins using 

seven principle components and three discriminant analyses: Scatter plot of individuals 

based on the first two eigenvalues of the Discriminant Analysis of Principle Components 

(DAPC). Ellipses represent 67% of the variation for each population. Maldives (6) is only one 

sample. Inset shows the amount of variation represented by the DA eigenvalues.  
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Figure 5. Bayesian species tree for spinner dolphins using 8,268 SNPs. In black is the mid-

point rooted Maximum Clade Credibility tree made from all trees with posteriors >0.5. It is 

overlaid on all trees from the analyses (colored). CA: Central America subspecies (S. l. 

centroamericana) is labeled with a light blue box. EAST: Eastern spinner dolphin subspecies (S. 

l. orientalis) is the dark blue box. WB: whitebelly spinner is the black circle. All other 

pantropical (S. l. longirostris) are labeled in orange: ATL = NW Atlantic; HI = Hawaii; ZAN = 

Tanzania (Zanzibar); PHIL = Philippines. Red populations are dwarf spinner dolphins from 

Indonesia (diamond = DWF.INDO) and northern Australia (square = DWF.AUS). Nodes are 

labeled with posterior probabilities. Branch widths were scaled to theta values; wider branches 

indicate higher theta. A reduced sample set was used (n = 22) to speed computation time. Blue 

trees are the most common, red are the next most common, and green are the least common. 

Inset map shows sample localities. The unrooted tree is in the inset. 
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Figure 6. Bayesian species tree for spotted dolphins 6,391 SNPs In black is the mid-point 

rooted Maximum Clade Credibility tree made from all trees with posteriors >0.5. It is overlaid 

onto all trees from the analyses. The Coastal subspecies (S. a. graffmani) is labeled with a blue 

box, while all other pantropical (S. a. attenuata) are labeled in orange. Offshore eastern tropical 

Pacific is represented by an orange circle (ETP.Off); Hawaii is represented by an orange 

diamond (HI); Northern Marianas Islands (NMI) and Guam are represented by inverted 

triangles; Maldives (MAL) is labeled with a square and Indonesia (INDO) is labeled with a 

standard triangle. Nodes are labeled with posterior probabilities. Branch widths were scaled to 

theta values; wider branches indicate higher theta. A reduced sample set was used (n = 25) to 

speed computation time. Inset map shows sample localities of these samples. Blue trees are the 

most common, red are the next most common, and green are the least common. The unrooted 

tree is in the inset. 
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CONCLUSIONS 

 

Knowledge of how wildlife populations are genetically related across space is a 

necessity for assessing threats, estimating abundance, and ultimately determining whether 

protection is required (Wheeler et al. 2004).  Without this information, we may fail to 

recognize entire subspecies or distinct populations that require urgent conservation action 

(Leslie 2014). Population structure information is also a direct input into the process of 

listing organisms under protective legislation (e.g., the U.S. Endangered Species Act - 

ESA), biodiversity status inventories (e.g., the International Union for the Conservation 

of Nature’s Red List), and international conservation agreements (e.g., the Convention on 

the International Trade of Endangered Species), making it a necessary precondition for 

conservation measures involving law enforcement and adjudication. 

 

The main objective of my dissertation was to address some of the possible 

shortcomings in our knowledge of cetacean diversity and population structure by using 

new philosophies and techniques. In Chapter 1 (Leslie 2014), I examined the principles 

of phylogenetic nomenclature (PN) as embodied in the PhyloCode (an alternative to 

traditional rank-based nomenclature that names biological groups based on the results of 

phylogenetic analyses and does not associate taxa with ranks) and assessed how this 

novel approach to naming taxa might affect the implementation of species-based 

legislation by providing a case study of the ESA. 
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The latest version of the PhyloCode relies on the traditional rank-based codes to 

name species and infraspecific taxa; thus, little will change regarding the main targets of 

the ESA because they will retain rank labels. For this reason, and because knowledge of 

evolutionary relationships is of greater importance than nomenclatural procedures for 

initial protection of endangered taxa under the ESA, I conclude that PN under the 

PhyloCode will have little impact on implementation of the ESA. 

 

In Chapter 2 (Leslie et al. In Review) and 3, I addressed some of the challenges 

with assessing population structure of eastern tropical Pacific (ETP) Ocean spinner and 

spotted dolphins by employing next generation DNA sequencing technology. In Chapter 

2, I tested for population structure in these two species at multiple hierarchical levels by 

collecting whole mitochondrial genome sequences (mtDNA) and nuclear (nuDNA) single 

nucleotide polymorphisms (SNPs) from 104 spinner and 76 spotted dolphins using 

capture array library enrichment and highly paralleled DNA sequencing. MtDNA showed 

weak but significant differences between subspecies of spotted dolphins and evidence for 

differentiation between ETP spinner dolphin subspecies. NuDNA supported subspecies 

of spotted dolphins (Perrin et al. 1994), but not subspecies of spinner dolphins (Perrin et 

al. 1991, Perryman and Westlake 1998). Strong and significant differentiation was 

detected between whitebelly and eastern spinner stocks using nuDNA. Neither mtDNA 

nor nuDNA supported the division of existing offshore stocks of spotted dolphins or Tres 

Marias spinner dolphins. This work helps identify a genetic basis for establishing 

biologically meaningful management units for the recovery of these dolphins, but lacked 
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power to detect differences in the nuclear genome. 

 

My nuDNA results partially conflict with previous studies that demonstrated 

morphometric differences supporting structured populations (Perrin et al. 1991, Perrin et 

al. 1994, Perryman and Westlake 1998). However, other molecular genetics approaches 

also failed to find corresponding population genetic structure (Dizon et al. 1994, Galver 

2002). Because Andrews et al. (2013) found some evidence for segregation in data from 

the Y-chromosome and Escorza-Treviño et al. (2005) found population structure within 

the coastal subspecies of spotted dolphins using microsatellites, I decided to try another 

novel technique to gather a more powerful dataset to test these hypotheses. 

 

I used a method of restriction-site associated DNA sequencing (RADseq) to test 

the same hypotheses of population structure in the nuclear genome for Chapter 3. Using 

this method greatly increase the number of SNP loci for analysis, and also the statistical 

power for testing the hypotheses. In fact, I tested for genetic structure at multiple 

hierarchical levels by analyzing the largest dataset to date brought to bear on these 

questions. Greater than 7,000 SNPs were collected from nuclear DNA regions associated 

with the restriction enzyme site PstI using genotype-by-sequencing (GBS) from 72 

spinner dolphins and 58 spotted dolphins (Elshire et al. 2011). My results support the 

current subspecies for both species (Perrin et al. 1991, Perrin et al. 1994) and indicate 

stock-level separation for Tres Marias spinner dolphins (Perryman and Westlake 1998) 
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and the two offshore spotted dolphin stocks in this area. These results are critically 

important for the ongoing management and recovery of these highly-impacted pelagic 

dolphins in the eastern tropical Pacific Ocean (Gerrodette and Forcada 2005, Wade et al. 

2007). 

 

Finally, in Chapter 4, my goal was to place the diversity of ETP spinner and 

spotted dolphins within the context of their global diversity using the same techniques 

(RADseq) to collect data for a comparative study of global phylogeography. In this study, 

I tested phylogeographic hypotheses (Davies 1963, Barber et al. 2000, Perrin 2007) by 

genotyping >6,000 nuDNA SNPs. Analyses for population structure via fixation indexes 

and Discriminant Analysis of Principle Components (DAPC) indicated significant 

genetic structure among these global populations. Bayesian phylogeographic analyses 

showed deep divergence between Indo-Pacific and eastern tropical Pacific Ocean (ETP) 

lineages of both spinner and spotted dolphins. I also found evidence of division among 

the dwarf spinner dolphins – with the northern Australia population being very different 

from Indonesia. My DAPC results indicated a closer than expected relationship between 

Atlantic spinner dolphins and the ETP groups, suggesting the Panama Seaway may have 

remained permeable during the early stages of species diversification. Bayesian 

phylogeographic analyses however, placed Atlantic spinner dolphins basal relative to a 

clade of Indo-Pacific Ocean populations. In spotted dolphin species, my results supported 

the current subspecies-level division between coastal and offshore varieties. These results 

indicate a pronounced inshore/offshore biogeographic barrier in the ETP. I also observed 



 

 

178 

very close relationships between endemic ETP spinner subspecies in relation to global 

diversity. Despite the uniqueness of the Australian population, the dwarf spinner dolphin 

is monophyletic and sister to a major clade that includes Indian Ocean and Western 

Pacific Ocean populations of the nominate subspecies. These results show the strength of 

the eastern Pacific basin and the marine Wallace’s line as biogeographic barriers for 

spinner dolphins despite high dispersal potential.  

 

This work has significantly advanced our knowledge of these two species, but 

also raised other questions of interest. Future directions for this work include: 1) 

combining data on body form and coloration with these genomic data to evaluate the 

importance of positive selection in the evolution of ETP spinner dolphin subspecies, 2) 

genotyping tooth bone material from spinner dolphin crania to perform a detailed 

investigation of the morphological and genomic cline in ETP spinner dolphins, 3) using 

other data to help establish the location of the root for spinner dolphin global 

phylogeographic processes, 4) expanding sampling for spinner dolphins in the central 

Pacific, eastern Atlantic, and northern Indian Ocean, 5) expanding sampling for spotted 

dolphins to include these places as well as the Atlantic Ocean in order to complete a true 

comparative phylogeographic study, and 6) further examination of the uniqueness of the 

Australian population of dwarf spinner dolphins.  
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In closing, the ETP is a fascinating and complex place. With greater than half a 

century of ecosystem-based study, we have come a long way since  I hope one day it will 

return to its full majesty. 

My hope is that this dissertation has advanced our knowledge of population 

biology of these two highly-impacted cetacean species in order to advance the grand 

challenge of conserving biological diversity in the face of rapid extinction (Pimm et al. 

1995, Mace G.M. et al. 2005). Moreover, I hope this work fuels additional research on 

the biology and conservation of understudied and endangered marine mammal species. 
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Table A1-S1. Sample information and mitochondrial genome haplotype assignment for S. 

longirostris.  

 

 

LabID 

Haplotype 

Subspecies Strata 

Alt. Stock Strata 

Latitude 

Longitude 

SEX 

YR 

SOURCE 

# LabI

D 

Haplotyp

e 

Subspecies 

Strata 

Alt. Stock 

Strata 

Latitude Longitude SE

X 

YR SOURCE 

1 65 Slon81 Whitebelly Whitebelly 8.833333 -133.416666 F 1989 FISHERY-ETP TUNA 

2 297 Slon45 Whitebelly Whitebelly 8.833333 -133.416666 M 1989 FISHERY-ETP TUNA 

3 669 Slon82 Eastern Eastern 11.766666 -115.666666 M 1992 FISHERY-ETP TUNA 

4 862 Slon91 Eastern Eastern 11.666666 -120.033333 F 1992 FISHERY-ETP TUNA 

5 865 Slon92 Eastern Eastern 11.666666 -120.033333 M 1992 FISHERY-ETP TUNA 

6 868 Slon93 Eastern Eastern 11.166666 -113.416666 M 1992 FISHERY-ETP TUNA 

7 1740 Slon17 Whitebelly Whitebelly 11.45 -128 F 1993 FISHERY-ETP TUNA 

8 1742 Slon18 Whitebelly Whitebelly 11.45 -128 F 1993 FISHERY-ETP TUNA 

9 1744 Slon19 Whitebelly Whitebelly 12.233333 -130.316666 M 1993 FISHERY-ETP TUNA 

10 1746 Slon20 Whitebelly Whitebelly 12.233333 -130.316666 M 1993 FISHERY-ETP TUNA 

11 1747 Slon21 Whitebelly Whitebelly 12.233333 -130.316666 F 1993 FISHERY-ETP TUNA 

12 1776 Slon22 Whitebelly Whitebelly 11.7 -128.85 F 1993 FISHERY-ETP TUNA 

13 1777 Slon23 Whitebelly Whitebelly 11.666666 -129.583333 M 1993 FISHERY-ETP TUNA 

14 1778 Slon24 Whitebelly Whitebelly 11.666666 -129.583333 F 1993 FISHERY-ETP TUNA 

15 1871 Slon29 Whitebelly Whitebelly 9.783333 -122.1 M 1993 FISHERY-ETP TUNA 

16 1987 Slon30 Whitebelly Whitebelly -11.383333 -85.9 F 1993 FISHERY-ETP TUNA 

17 2191 Slon31 Whitebelly Whitebelly -9.016666 -90.116666 F 1994 FISHERY-ETP TUNA 

18 2192 Slon32 Whitebelly Whitebelly -9.016666 -90.116666 F 1994 FISHERY-ETP TUNA 

19 2193 Slon33 Whitebelly Whitebelly -9.016666 -90.116666 M 1994 FISHERY-ETP TUNA 

20 2194 Slon34 Whitebelly Whitebelly -9.016666 -90.116666 M 1994 FISHERY-ETP TUNA 

21 2195 Slon35 Whitebelly Whitebelly -9.016666 -90.116666 F 1994 FISHERY-ETP TUNA 

22 2196 Slon36 Whitebelly Whitebelly -9.016666 -90.116666 F 1994 FISHERY-ETP TUNA 

23 2197 Slon37 Whitebelly Whitebelly -9.016666 -90.116666 F 1994 FISHERY-ETP TUNA 

24 2198 Slon38 Whitebelly Whitebelly -9.016666 -90.116666 M 1994 FISHERY-ETP TUNA 

25 2878 Slon44 Whitebelly Whitebelly 10.35 -129.583333 F 1985 FISHERY-ETP TUNA 

26 3850 Slon80 Whitebelly Whitebelly 3.066666 -114.966666 F 1982 FISHERY-ETP TUNA 

27 7185 Slon86 Hawaii Hawaii 20 -155.833333 M 1997 BIOPSY-SWFSC-HAWAII 

28 7191 Slon87 Hawaii Hawaii 20.033333 -155.833333 M 1997 BIOPSY-SWFSC-HAWAII 

29 7193 Slon88 Hawaii Hawaii 20.033333 -155.833333 M 1997 BIOPSY-SWFSC-HAWAII 

30 7202 Slon89 Hawaii Hawaii 19.666666 -156.083333 M 1997 BIOPSY-SWFSC-HAWAII 

31 11445 Slon2 Eastern Eastern 14.566666 -98.316666 U 1998 BIOPSY-SWFSC-SPAM 

32 11665 Slon3 Central 

American 

Central 

American 

15.866666 -94.833333 F 1998 BIOPSY-SWFSC-SPAM 

33 11667 Slon4 Central 

American 

Central 

American 

15.866666 -94.833333 M 1998 BIOPSY-SWFSC-SPAM 

34 11668 Slon5 Central 

American 

Central 

American 

15.866666 -94.833333 F 1998 BIOPSY-SWFSC-SPAM 

35 11860 Slon6 Eastern Eastern 12.366666 -93.483333 U 1998 BIOPSY-SWFSC-SPAM 

36 11861 Slon7 Eastern Eastern 12.55 -93.883333 U 1998 BIOPSY-SWFSC-SPAM 

44 15922 Slon8 Eastern Tres Marias 22.183333 -106.533333 U 1999 BIOPSY-SWFSC-STAR99 

45 15923 Slon9 Eastern Tres Marias 22.183333 -106.533333 U 1999 BIOPSY-SWFSC-STAR99 

46 15924 Slon10 Eastern Tres Marias 22.183333 -106.533333 U 1999 BIOPSY-SWFSC-STAR99 

47 16002 Slon11 Eastern Eastern 13.433333 -97.1 F 1999 BIOPSY-SWFSC-STAR99 

48 16003 Slon8 Eastern Eastern 14.283333 -96.766666 F 1999 BIOPSY-SWFSC-STAR99 

49 16013 Slon12 Eastern Eastern 11.25 -95.083333 F 1999 BIOPSY-SWFSC-STAR99 

50 16601 Slon13 Eastern Eastern 13.633333 -116.533333 F 1999 FISH-IDCPA NECROPSY 

51 16602 Slon14 Eastern Eastern 13.733333 -109.7 F 1999 FISH-IDCPA NECROPSY 

52 16603 Slon15 Whitebelly Whitebelly 9.333333 -127.083333 F 1999 FISH-IDCPA NECROPSY 

53 17374 Slon16 Whitebelly Whitebelly 13.433333 -114.283333 M 2000 FISH-IDCPA NECROPSY 

54 17820 Slon25 Whitebelly Whitebelly 6.166666 -125.383333 F 1984 FISHERY-ETP TUNA 

55 18200 Slon26 Eastern Eastern 12.416666 -97.716666 F 2000 BIOPSY-SWFSC-STAR00 

56 18368 Slon27 Eastern Eastern 13.6 -97.25 F 2000 BIOPSY-SWFSC-STAR00 

57 18374 Slon28 Eastern Eastern 14.35 -97.45 F 2000 BIOPSY-SWFSC-STAR00 
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Table A1-S1. Sample information and mitochondrial genome haplotype assignment for S. 

longirostris (cont.).  

 

# LabID Haplotyp

e 

Subspecies 

Strata 

Alt. Stock 

Strata 

Latitude Longitude SEX YR SOURCE 

58 24050 Slon39 Whitebelly Whitebelly 13.766666 -115.333333 M 2001 FISH-IDCPA NECROPSY 

59 24837 Slon40 Whitebelly Whitebelly 6.7 -126.533333 M 2001 FISH-IDCPA NECROPSY 

60 24850 Slon41 Eastern Eastern 14.533333 -97.366666 F 2001 FISH-IDCPA NECROPSY 

61 24923 Slon42 Eastern Eastern 10.2 -98.533333 M 2001 BIOPSY-SWFSC-CHESS 

62 27426 Slon43 Hawaii Hawaii 20.75 -156.85 U 2002 BIOPSY-HI-BAIRD 

63 27437 Slon0 Hawaii Hawaii 21.533333 -158.233333 U 2002 BIOPSY-HI-BAIRD 

64 33958 Slon46 Hawaii Hawaii 21.7 -160.2 U 2003 BIOPSY-HI-BAIRD 

65 38011 Slon47 Eastern Tres Marias 23.633333 -107.383333 M 2003 BIOPSY-SWFSC-STAR03 

66 38012 Slon48 Eastern Tres Marias 23.633333 -107.383333 M 2003 BIOPSY-SWFSC-STAR03 

67 38013 Slon49 Eastern Tres Marias 23.633333 -107.383333 F 2003 BIOPSY-SWFSC-STAR03 

68 38014 Slon50 Eastern Tres Marias 23.633333 -107.383333 M 2003 BIOPSY-SWFSC-STAR03 

69 38015 Slon51 Eastern Tres Marias 23.633333 -107.383333 F 2003 BIOPSY-SWFSC-STAR03 

70 38016 Slon52 Eastern Tres Marias 23.633333 -107.383333 M 2003 BIOPSY-SWFSC-STAR03 

71 38017 Slon49 Eastern Tres Marias 23.633333 -107.383333 F 2003 BIOPSY-SWFSC-STAR03 

72 38018 Slon53 Eastern Tres Marias 22.25 -106.4 F 2003 BIOPSY-SWFSC-STAR03 

73 38020 Slon54 Eastern Tres Marias 22.25 -106.4 F 2003 BIOPSY-SWFSC-STAR03 

74 38021 Slon55 Eastern Tres Marias 22.25 -106.4 F 2003 BIOPSY-SWFSC-STAR03 

75 38024 Slon56 Eastern Tres Marias 22.25 -106.4 F 2003 BIOPSY-SWFSC-STAR03 

76 38025 Slon57 Eastern Tres Marias 22.25 -106.4 M 2003 BIOPSY-SWFSC-STAR03 

77 38026 Slon58 Eastern Tres Marias 22.25 -106.4 F 2003 BIOPSY-SWFSC-STAR03 

78 38033 Slon59 Eastern Tres Marias 21.433333 -106.1 M 2003 BIOPSY-SWFSC-STAR03 

79 38034 Slon60 Eastern Tres Marias 21.433333 -106.1 M 2003 BIOPSY-SWFSC-STAR03 

80 38036 Slon61 Eastern Tres Marias 21.433333 -106.1 M 2003 BIOPSY-SWFSC-STAR03 

81 38037 Slon62 Eastern Tres Marias 21.433333 -106.1 M 2003 BIOPSY-SWFSC-STAR03 

82 38038 Slon63 Eastern Tres Marias 21.433333 -106.1 M 2003 BIOPSY-SWFSC-STAR03 

83 38091 Slon64 Eastern Eastern 11.333333 -119.583333 M 2003 BIOPSY-SWFSC-STAR03 

84 38092 Slon65 Eastern Eastern 11.333333 -119.583333 F 2003 BIOPSY-SWFSC-STAR03 

85 38093 Slon66 Eastern Eastern 11.333333 -119.583333 F 2003 BIOPSY-SWFSC-STAR03 

86 38094 Slon67 Eastern Eastern 11.333333 -119.583333 F 2003 BIOPSY-SWFSC-STAR03 

87 38095 Slon68 Eastern Eastern 11.333333 -119.583333 M 2003 BIOPSY-SWFSC-STAR03 

88 38096 Slon69 Eastern Eastern 11.333333 -119.583333 F 2003 BIOPSY-SWFSC-STAR03 

89 38097 Slon70 Eastern Eastern 11.333333 -119.583333 M 2003 BIOPSY-SWFSC-STAR03 

90 38128 Slon71 Eastern Eastern 14.75 -99.1 F 2003 BIOPSY-SWFSC-STAR03 

91 38143 Slon72 Eastern Eastern 13.5 -95.466666 F 2003 BIOPSY-SWFSC-STAR03 

92 38191 Slon73 Central 

American 

Central 

American 

12.583333 -88.533333 M 2003 BIOPSY-SWFSC-STAR03 

93 38193 Slon74 Central 

American 

Central 

American 

12.583333 -88.533333 M 2003 BIOPSY-SWFSC-STAR03 

94 38194 Slon75 Central 

American 

Central 

American 

12.583333 -88.533333 F 2003 BIOPSY-SWFSC-STAR03 

95 38195 Slon73 Central 

American 

Central 

American 

12.583333 -88.533333 M 2003 BIOPSY-SWFSC-STAR03 

96 38196 Slon76 Central 

American 

Central 

American 

12.583333 -88.533333 F 2003 BIOPSY-SWFSC-STAR03 

97 38197 Slon77 Central 

American 

Central 

American 

12.583333 -88.533333 U 2003 BIOPSY-SWFSC-STAR03 

98 38267 Slon78 Eastern Eastern 14.7 -97.083333 F 2003 BIOPSY-SWFSC-STAR03 

99 38268 Slon79 Eastern Eastern 14.5 -97.283333 F 2003 BIOPSY-SWFSC-STAR03 

100 56749 Slon0 Hawaii Hawaii 20.766666 -156.8 F 2005 STRAND-HI-MMRP 

101 66907 Slon83 Eastern Eastern 12.816666 -94.15 M 2006 BIOPSY-SWFSC-STAR06 

102 67035 Slon84 Eastern Eastern 14.566666 -97.5 F 2006 BIOPSY-SWFSC-STAR06 

103 67037 Slon85 Eastern Eastern 14.566666 -97.5 M 2006 BIOPSY-SWFSC-STAR06 

104 76367 Slon43 Hawaii Hawaii 20.9 -156.683333 U 2008 STRAND-HI-HPU 

105 78789 Slon90 Hawaii Hawaii 27.8 -175.8 U 2006 BIOPSY-HI-PIFSC 

106 78791 Slon0 Hawaii Hawaii 27.8 -175.783333 U 2006 BIOPSY-HI-PIFSC 

107 78797 Slon1 Hawaii Hawaii 27.8 -175.883333 U 2006 BIOPSY-HI-PIFSC 

108 92435 Slon94 Eastern Eastern 10.166666 -98.516666 F 2001 FISHERY-SWFSC 

109 10241

0 

Slon0 Hawaii Hawaii 28.4 -178.35 U 2010 BIOPSY-SWFSC-HICEAS 

110 10241

3 

Slon1 Hawaii Hawaii 28.4 -178.35 U 2010 BIOPSY-SWFSC-HICEAS 

111 10241

6 

Slon1 Hawaii Hawaii 28.4 -178.35 U 2010 BIOPSY-SWFSC-

HICEAS 
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Table A1-S2. Sample information and mitochondrial genome haplotype assignment for 

S. longirostris. 

 
# LabI

D 

Hap Subspecies 

Strata 

Stock Strata sex Latitude Longitude SST YR SOURCE 

1 64 Satt49 Pantropical-

ETP 

Offshore-Northern F 14.11666

6 

-108.566666 27.82 1989 FISHERY-ETP TUNA 

2 834 Satt54 Pantropical-

ETP 

Offshore-Northern F 9.416666 -102.983333 27.66 1992 FISHERY-ETP TUNA 

3 835 Satt55 Pantropical-

ETP 

Offshore-Northern F 9.416666 -102.983333 27.66 1992 FISHERY-ETP TUNA 

4 973 Satt56 Pantropical-

ETP 

Offshore-Western+Southern F 8.7 -126.1 28.09 1989 FISHERY-ETP TUNA 

5 977 Satt57 Pantropical-

ETP 

Offshore-Northern M 8.816666 -104.483333 27.37 1992 FISHERY-ETP TUNA 

6 1267 Satt13 Pantropical-

ETP 

NA M 5.133333 -86.383333 26.91 1992 FISHERY-ETP TUNA 

7 1268 Satt14 Pantropical-

ETP 

NA M 5.133333 -86.383333 26.91 1992 FISHERY-ETP TUNA 

8 1269 Satt15 Pantropical-

ETP 

NA M 5.133333 -86.383333 26.91 1992 FISHERY-ETP TUNA 

9 1883 Satt30 Pantropical-

ETP 

Offshore-Western+Southern F 14.01666

6 

-125.533333 28.34 1993 FISHERY-ETP TUNA 

10 1988 Satt31 Pantropical-

ETP 

Offshore-Western+Southern M -

11.38333

3 

-85.9 24.04 1994 FISHERY-ETP TUNA 

11 2173 Satt32 Pantropical-

ETP 

NA F 5.05 -88.233333 27.58 1994 FISHERY-ETP TUNA 

12 2190 Satt33 Pantropical-

ETP 

Offshore-Western+Southern F -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

13 2199 Satt34 Pantropical-

ETP 

Offshore-Western+Southern M -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

14 2200 Satt7 Pantropical-

ETP 

Offshore-Western+Southern M -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

15 2201 Satt15 Pantropical-

ETP 

Offshore-Western+Southern M -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

16 2202 Satt35 Pantropical-

ETP 

Offshore-Western+Southern M -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

17 2203 Satt36 Pantropical-

ETP 

Offshore-Western+Southern F -9.016666 -90.116666 24.81 1994 FISHERY-ETP TUNA 

18 2879 Satt41 Pantropical-

ETP 

Offshore-Western+Southern F 8.216666 -129.666666 28.03 1985 FISHERY-ETP TUNA 

19 11361 Satt0 Coastal Coastal F 23.21666

6 

-110.483333 29.36 1998 BIOPSY-SWFSC-SPAM 

20 11377 Satt1 Coastal Coastal M 21.46666

6 

-105.733333 30.21 1998 BIOPSY-SWFSC-SPAM 

21 11382 Satt2 Coastal Coastal F 16.45 -99.3 30.41 1998 BIOPSY-SWFSC-SPAM 

22 11384 Satt3 Coastal Coastal F 15.95 -94.45 29.9 1998 BIOPSY-SWFSC-SPAM 

23 11397 Satt4 Coastal Coastal M 14.85 -93.05 30.24 1998 BIOPSY-SWFSC-SPAM 

24 11403 Satt5 Coastal Coastal F 19.03333

3 

-104.733333 28.59 1998 BIOPSY-SWFSC-SPAM 

25 11913 Satt3 Coastal Coastal F 12.11666

6 

-87.783333 29.53 1998 BIOPSY-SWFSC-SPAM 

26 11921 Satt6 Coastal Coastal F 11.46666

6 

-86.566666 29.41 1998 BIOPSY-SWFSC-SPAM 

27 11931 Satt7 Coastal Coastal M 9.433333 -85.466666 28.88 1998 BIOPSY-SWFSC-SPAM 

28 11933 Satt7 Coastal Coastal F 9.466666 -85.45 28.9 1998 BIOPSY-SWFSC-SPAM 

29 11935 Satt7 Coastal Coastal F 9.466666 -85.45 28.9 1998 BIOPSY-SWFSC-SPAM 

30 11950 Satt8 Coastal Coastal M 7.65 -82.333333 28.31 1998 BIOPSY-SWFSC-SPAM 

31 11962 Satt9 Coastal Coastal F 7.183333 -80.45 28.03 1998 BIOPSY-SWFSC-SPAM 

32 11965 Satt10 Coastal Coastal M 7.183333 -80.416666 28.05 1998 BIOPSY-SWFSC-SPAM 

33 12035 Satt11 Coastal Coastal F 0.183333 -80.5 25.1 1998 BIOPSY-SWFSC-SPAM 

34 12039 Satt11 Coastal Coastal F 0.183333 -80.5 25.1 1998 BIOPSY-SWFSC-SPAM 

35 12040 Satt12 Coastal Coastal M 0.183333 -80.5 25.1 1998 BIOPSY-SWFSC-SPAM 

36 14346 Satt16 Pantropical-

ETP 

Offshore-Western+Southern U 3.333333 -87.2 27.71 1979 FISHERY-ETP TUNA 

37 14352 Satt17 Pantropical-

ETP 

Offshore-Western+Southern M -7.716666 -86.066666 24.07 1980 FISHERY-ETP TUNA 

38 16028 Satt18 Coastal Coastal M 13.05 -89.75 28.83 1999 BIOPSY-SWFSC-STAR99 

39 16030 Satt19 Coastal Coastal M 13.05 -89.75 28.83 1999 BIOPSY-SWFSC-STAR99 

40 16127 Satt14 Coastal Coastal M 7.2 -78.483333 26.87 1999 BIOPSY-SWFSC-STAR99 

41 16128 Satt7 Coastal Coastal M 7.2 -78.483333 26.87 1999 BIOPSY-SWFSC-STAR99 

42 16251 Satt20 Pantropical-

ETP 

Offshore-Northern F 13.63333

3 

-106.233333 28.41 1999 BIOPSY-SWFSC-STAR99 

43 16255 Satt21 Pantropical-

ETP 

Offshore-Northern M 14.48333

3 

-105.683333 28.69 1999 BIOPSY-SWFSC-STAR99 

44 16258 Satt22 Pantropical-

ETP 

Offshore-Northern M 14.6 -105.633333 28.72 1999 BIOPSY-SWFSC-STAR99 

45 17428 Satt23 Pantropical-

ETP 

Offshore-Western+Southern F 10.23333

3 

-125.05 28.5 1985 FISHERY-ETP TUNA 

46 17429 Satt24 Pantropical-

ETP 

Offshore-Western+Southern F 8.916666 -129.966666 28.19 1985 FISHERY-ETP TUNA 

47 17431 Satt25 Pantropical-

ETP 

Offshore-Western+Southern M 10.35 -129.583333 28.43 1985 FISHERY-ETP TUNA 

48 18138 Satt26 Pantropical-

ETP 

Offshore-Northern U 13.01666

6 

-101.283333 28.56 2000 BIOPSY-SWFSC-STAR00 

49 18139 Satt26 Pantropical-

ETP 

Offshore-Northern U 13.01666

6 

-101.283333 28.56 2000 BIOPSY-SWFSC-STAR00 

50 18198 Satt26 Pantropical-

ETP 

Offshore-Northern U 11.61666

6 

-100.05 27.44 2000 BIOPSY-SWFSC-STAR00 

51 18267 Satt8 Coastal Coastal M 7.8 -82.4 27.9 2000 BIOPSY-SWFSC-STAR00 
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Table A1-S2. Sample information and mitochondrial genome haplotype assignment for S. 

longirostris (cont). 

 
# LabI

D 

Hap Subspecies 

Strata 

Stock Strata SEX Latitude Longitude SST YR SOURCE 

52 18268 Satt8 Coastal Coastal M 7.766666 -82.233333 27.89 2000 BIOPSY-SWFSC-STAR00 

53 18353 Satt27 Pantropical-ETP Offshore-Northern U 8.733333 -100.166666 27.23 2000 BIOPSY-SWFSC-STAR00 

54 18354 Satt28 Pantropical-ETP Offshore-Northern U 8.733333 -100.166666 27.23 2000 BIOPSY-SWFSC-STAR00 

55 18357 Satt29 Pantropical-ETP Offshore-Northern U 8.666666 -100.4 27.23 2000 BIOPSY-SWFSC-STAR00 

56 18397 Satt3 Coastal Coastal M 14.43333

3 

-92.4 28.02 2000 BIOPSY-SWFSC-STAR00 

57 24047 Satt37 Pantropical-ETP NA M 5.866666 -90.066666 29.29 2001 FISH-IDCPA NECROPSY 

58 24049 Satt38 Pantropical-ETP Offshore-Northern M 9.066666 -108.35 27.75 2000 FISH-IDCPA NECROPSY 

59 24052 Satt39 Pantropical-ETP Offshore-

Western+Southern 
F 8.15 -128.6 27.6 2001 FISH-IDCPA NECROPSY 

60 24848 Satt40 Pantropical-ETP Offshore-Northern M 9.633333 -102.116666 28.65 2001 FISH-IDCPA NECROPSY 

61 24849 Satt7 Pantropical-ETP Offshore-

Western+Southern 
F 10.36666

6 

-127.666666 27.86 2001 FISH-IDCPA NECROPSY 

62 33842 Satt42 Pantropical-HI NA U 21.41666

6 

-158.35 25.7 2003 BIOPSY-HI-BAIRD 

63 38131 Satt43 Pantropical-ETP Offshore-Northern F 13.38333

3 

-101.433333 29.4 2003 BIOPSY-SWFSC-STAR03 

64 38133 Satt44 Pantropical-ETP Offshore-Northern F 12.91666

6 

-101.3 29.24 2003 BIOPSY-SWFSC-STAR03 

65 38135 Satt45 Pantropical-ETP Offshore-Northern M 12.91666

6 

-101.3 29.24 2003 BIOPSY-SWFSC-STAR03 

66 38286 Satt7 Pantropical-ETP Offshore-Northern M 14.58333

3 

-106.183333 28.87 2003 BIOPSY-SWFSC-STAR03 

67 38287 Satt46 Pantropical-ETP Offshore-Northern M 14.58333

3 

-106.183333 28.87 2003 BIOPSY-SWFSC-STAR03 

68 38288 Satt47 Pantropical-ETP Offshore-Northern F 14.58333

3 

-106.183333 28.87 2003 BIOPSY-SWFSC-STAR03 

69 55197 Satt48 Pantropical-HI NA F 19.28333

3 

-156 24.33 2006 BIOPSY-CASCADIA-BAIRD 

70 67068 Satt50 Pantropical-ETP Offshore-Northern F 13.95 -106.383333 28.48 2006 BIOPSY-SWFSC-STAR06 

71 67119 Satt51 Pantropical-HI NA M 19.48333

3 

-156.15 26.53 2006 BIOPSY-SWFSC-STAR06 

72 72686 Satt52 Pantropical-ETP Offshore-Northern F 13.75 -106.1 28.93 2007 BIOPSY-SWFSC-

STARLITE07 
73 72687 Satt52 Pantropical-ETP Offshore-Northern F 13.75 -106.1 28.93 2007 BIOPSY-SWFSC-

STARLITE07 

74 72695 Satt53 Pantropical-ETP Offshore-Northern U 13.91666

6 

-106.05 28.09 2007 BIOPSY-SWFSC-

STARLITE07 

75 73893 Satt42 Pantropical-HI NA M 19.4 -156.033333 24.56 2008 BIOPSY-CASCADIA-BAIRD 

76 75657 Satt42 Pantropical-HI NA M 19.4 -156.033333 26.73 2008 BIOPSY-CASCADIA-BAIRD 
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> SRY AB275398.1 Slon gene for testis determining factor, complete cds 

GAAGTGAAGAAACAAGGATCATGATTAGCGTGAATTCAGTATCCTGTGTGTTCTAATGGCTAACAGGTTCA

GGTTGTCTTTAAGCTTTGTGTTTAAGATAATACTCACTTACATTCATAACGATAAAAAATTCATTAGTATCT

CTGCTGCACCTTCATCCTTTGCATTAAGGGGATAATAAAATAGCTTTATAATGACAAAGTTTGTATTTTAAA

GCAGGTGTTTTAGCACCTTCAGCGGTTTTGATTAGATATAAACAAAGCAGAAAGCAGAGCGTTACAATCGT

ATTAAATAGTTTCCCTTGAGAATAGGTAGGTTGGCTGGGCGGGCTTTGGCTGAGGGCCGGGGGCGGTATTG

AGGGGAGGTGTTGGGGGCGGAGAGGTACGTATTTCACTGCAAAAGCTGTAGTCAGTCAGTGCCTAGTAGA

AATAACCCTTGAATAGCAAGATAATTTTCGTAATACTTGCACCTTCGAATTTTGATTCCTCACCCTTTTTAA

ACGGTGCAATCATACGCTTGTGCCATGTTCAGAACTGTGAACGGTGAGGATTACAGCCCAGCGGTACAGC

AACGAAATATCCTCGACTTTGGGAAAGCACATTCCCTACTGTGGACGGACAACGGTAGCGCGAATGATCG

GTGTGAAACCGGAGGAAATTGTAGAGAGAGCGGCCAGGACCGCGTCAAGCGACCCATGAACGCTTTCATT

GTGTGGTCTCGTGATCAAAGGCGAAAGGTGGCTCTAGAGAATCCCCAAATGCAAAACTCAGAGATCAGTA

AGCGCCTGGGATACGACTGGAAAATGCTTACAGAAGCCGAAAAGCAGCCATTCTTCGAGGAGGCACAGA

GACTACGAGCCATGCACCGAGACAAATACCCGGGCTATAAATATCGACCTCGTCGGAAGGCCAAAGAGGC

CACAGAAATCGCTTCCCGCAGACTCTTCAGTACTGTGCAGCCGAATGCACATAGAGGAGACGTTGTACCC

CTTCCCATCCAAGGACGGTTGCGCCAAGGCCACACGTTCACGAATGGAAAGCCGGTTAAGCCACTCACAG

CCCACGAACATAAGCAGCTCACTCCTGCCACAGGAGCATCGCAGCAGCTGGACAAGCCTGCGCCACAATA

GGGTAACACAGGCTACGCAGACCTGCGGACGTCCCCTTTTACTATAGTTCAGAGCCCGAACTTTCTCACGT

TTATTTTCGATGCTGGTTTCCTTACTCTCGCTATCAAAGGCCCTATTCATCTCAATTTTACTATTATTTCACC

TGTGACTTAATTTCAAAATAAGTCACATAAACATGTTTAACATATAAAGAATTAGGACCTTACAATATGAC

TGAACCTTTGTTTATGACTGCTTGAAAGAATACTAACTATTAAGAAAGTATCTTAACAGCACTGAAACTGC

TTGAATTCAAAGGCCATCTGTTTTTCCTATCGGTGGAAATATTTTCATATCTAATTTTAGTTGTTCCCGAGA

TTGGCCATTAGATAGGTGTTCGTATTTGATAGTAGTCCGGTAATCGTCAGCATAGACAATAGAATTCTCAC

TCTTTATTTTAAATACTGTAACTCAAAACTATAGTGCTTCGAGAAACACTCACGGATTTATGGTATAGGGA

AAAAATGTCGCACTTCGATGGAAATCTTCCTAACTCCTAAACCACTCCCTAATTAGTGAATACATATGTAC

ATTCTATCTTCTTTGACAGTTTATGTTGGGTCCTATTCCCGTTGTGGAAAAACCAGTTTTGCTGCCATTTGC

AACTCAATTCCTTCAGTCCGCACCAACTCTGCACGCTTCGACCTCTATTTTGAACCAATTATAACGTCTATC

GGGTAAAAAGAAATCTTTAATTAGCTCCTATGGGACTCACGGTTTCGCCTCTTTTCCGAAGTTTTTCTTTTA

ACAATGGCAA 

>ASIP_CapratoTtruExon1genescaffold:turTru1:GeneScaffold_536:33601:34831:1 

GAGGGCCAAACCACAGAGGGCCTCAAGGACCAAAGTAACGGGGAGGAGGGTGTGCTTTAAGCCCGAGTG

TGATGCCATCATAGGTCTTCTGAGAGGTCCCTTTTGTGCACTGGAGGTCGGACTGTAAGGGGGCAAAAGCC

GCAGACAGGGGCCTAGCCCAGGGTAGCAGCGGTAGTGAAGCAGTGGGTAGACTCCAGATCTATTGTGAAG

GCAGAACTGACAGGGATTGTGGCTACACTGGAAGGGGAAGACAACAGAGACGGTAGTTAAAAACGGTGG

AGCTGAGTGGGATGCCCTAGGGAGAGAAGAGGCCAGGCCGGAGCCAGTTAAGTTTTGATGAAGTGGGGC

ATTGTTGGGGGAGCAGGCGGGGACCCGCTGGGATGCCCTGTGGGCATCAGTCGAGCGGGCGGTGGGCAGA

AGGTGGGGATGTCTGGTCGGGGGCCTCCATAGTCCAAGGAGTCTCCAGGCAGAGGTGAGGACGAGTGGGG

CGGACGTGGACTGCTCGGGCAGACCCGGCGTTTCCCCGCAGAAAAAGGCTTCGATGAAGAAGGTGGCACA

GCCCCGGCCCCCGCCGCCCGGCCCCTGCGTGGCCAGCCGCGACAGCTGCAAGCCGCCGGCGCCCGCCTGC

TGCGACCCGTGCGCCTTCTGCCAGTGCCGCTTCTTCCGCAGCGCCTGTTCCTGCCGCGTGCTCAACCCCACC

TGCTGAGCGCGCCTCTGGGTGGTGGGCGGGGTGGGGCGGGGCTTCCACGGGCGGGGCTCCCCGGACGGGC

CCTTCTGGGGCGGGCAATCTCTAGTAGGTGTGACTACCTAAAACAGGGAGTGGGCGTAGCTACTGACGTT

GGGCGGAGCTTTTAGGAGGCGGGGCTTCAAGGAGACTTGGCTTGGGCTGGGCTAAAATCCAAATATATAT

AGGCTATTGAAAGGTGTGTGGCTGTTTCTTTAAAGAACCCGAAAGATCCTTTTCCCTTCGCCGAGTCCCCTT

CACCGCAGAAGTTCCGCGGGCTGCGCACTTGCTCTCTCCTGGTCCTGGGGAAACGTGGTTACCTGGCCCTG

AGGCTGCCCTCCTGGTAAGCCCATCTCTGGGTGTGGCCGCCAGAGACAATGCTGCCCCCTTCCTTTAAGCC

TGGGAACACCCGAAGCTGCCTACAAAACCAGGGAGGCAGAAAGGAACCATTAAGGAACTACCTTTCAGT

GTTTCACCCTTTCCCCGTTCTAAGAATCTCCCCTCAGC 

 

Figure A1-S1. List of additional nuclear gene sequences used in capture array design. 
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>TYRP1 genescaffold:turTru1:GeneScaffold_710:164613:165948:1 

GGGGACTTTAAATCCTGGATATTAACTTGCTAGAAATCTGCCCCCCATTTCTTCCTTCAGCTCCATGGAT

AAATGTAATTAACGACAGTGACCCGATAATGAGTGCTTTTGATAAATGACATCCAGGATAAGTATTTTTT

TATATAAATAGAAATTTAAAATGAAGAAAATTAAATGACGAGGACAGGGGATTTAATTATGTAGGTATT

ATACATGTCAAATTTTTAAAGGTAAGTTACTATTTTGATTAGTTTTTGAAATGTCATTTTACAGATATGA

AAAGCATTTTGAAGGTGGGTTGGGAAGGGTCTCATGCCATTTATAACAGTACAAAACAACTTGCATAAT

TTCATCTTGCTTTTTCCTTTTCAGCTTGATTTTTATCTATGTGCCTCGGGCTCTACACAAAGGGCTGAAAA

CCAGAGCCTGTACTGCATTCTTGCTTCAAGCAGAAATGAAAGCTCCCAAACTCCTCTCTCTGGGCTATAC

CTTCTTGGCCCTGCTTTTTTTCCAGCAGGCCTGGGCTCAATTCCCAAGACAGTGTGTCACCATCGAGGCT

TTGAGAAATGGCGTGTGTTGCCCAGACCTGTTCCCACTGTCTGGGCCTGGGACTGACCGCTGTGGTTCCT

CATCGGGAAGGGGCAGGTGTGAAGTGGTGACAGCTGACTCCCGACCCCACGGCCCCCAGTACCCACAT

GATGGCAGAGATGACCGAGAGGGCTGGCCCACGCGCTTCTTCAACAGGACATGCCACTGCATTGGCAAT

TTCTCAGGATACAACTGTGGAACCTGCCGTCCTGGATGGAGAGGAGCTGCCTGTGACCAGAGGGTTCTC

ATAGGTAAGTGGGGTGTGAATGGATGCACAGTTCTGCGTGGAACTCAACACACTTACAGAATCCTGAAC

CAGTTGAACTTTCAGAACTCCTAGAAATCATAAAGCTCAAGACTTACTTTTCACAGCTGAGGAAACTGA

GGCTTAGAGAGGCTGAGAAATGTATCTGATTTAAGGAGTTGAAGGTGAACCTCAAGTCTTCTAATAACA

TTTCCTTTCAAAAGATTTGTTGAGCAACTCCTTTATACTAGGAACTGTGCTAGGTGTTTATGACTGGACC

TTTCAGTAACTTTGCAAGATAGTTATGTTAATTGTGAGGTTCTGAAAGGTCAAGTCCATGTAGCTGGTAT

GTGGTAAACCTGGAATTCACACTGAGATGTGTCCAGCTCTAATCGATGAGCTTCTTCCACTACCCTTGCT

GACCACAAGGATGGTTCCTGCTCTGATGATCAAGTTCAGCCATTTTACAAGATGAGCCTGGCCTGCAGC

CTAAATGACAATAAA 

 

>TYRP1 Exon 4 genescaffold:turTru1:GeneScaffold_710:169647:171223:1 

ACAAAACAGAAACAAAATAAAAGGCACTGCTTCACATAATATATCTCAAGGCTGAGTCTGGCGCCAGA

CCAGGAGTTAGTCATGCTTGAACTAAAGATAAGAAAATGGAAGGAAGTGGAAATGTCAAAGTGTAGAA

GTGATTATTGATAATTTTTAGTAAAACCAACAGAAATGTAACTACTTGCCTAAAAAAGAAAAGGGAGAC

ACCTCCCCAAAGCATTTGCAGAAACTTCTGTATAACAAGTTGAGTTTCATTCCCTCTAGTGCCCAAGTGA

CTTCTTGTAGTAAATTTGAGGCTTTGTTAAATAAGGTATTTAAGTCCTCTAGCCCTTCAGACACCACTGA

CACACTAACTGGTTCCTAAGTGGCTGAAGAGAACTAATAGAAACAGAATGCCAGGGAGTAAACCAAGC

AAAGGGAGAATTTTAAACAAAAGCAGAGAATGCTAACAGAGTTTCTGTGATCTAGGAAATGTTGCAGG

ATACTTCTTTCTCCCTTCCTTACTGGAATTTTGCCACTGGGAAGAACACCTGTGACATTTGCACCGATGA

CTTGATGGGATCAAGAAGCAACTTTGATTCCACTCTTATAAGCCCGAACTCCGTCTTTTCTCAATGGCGA

GTGGTCTGCGAATCCTTGGAAGATTATGATACCCTGGGAACCCTTTGTAACAGTAAGTTCCAAATGACA

ACTAGGATTCAGAATTGCCTGTTATGTAAAGTGATTAAATGTGCTGCCTGAAGGCTCTTCATTCTACTAA

GGACTTCAGACTAAAATCCACGTTTATTATGGAGAGTTGATGTACAAATATTCACTAAGTACCTAGGAC

AGTCAAGGCAATCTGGGGTGCTCCAGGGGAAAAAGAAAGTGCCTATACATTTTTCCATTGCTTTCCTTG

AACAACTTGGTCAGTGCATTGCTCACTTTCTTATTTTGGAAATGTCTATTTTGTATTAATTAATCCTCTTA

GTAAGCTCAGCACTGCTTAGTAGTCATGTGTCTTGTGTTGGAATTTCACAGAAAATGTTTCCCTAGGAAA

TGTGAAATATGCAGAAAGAGTTGGAAGTGCCCTGGGAGTAAAAAATACATATTATAATAATAATTACTA

TTATTATTGTATAATGATTATTACTATTATTTTATGTTATTATAATATATTATTTTTACTATTATGTTAATC

TGGTCAGAAGGTTAAAAAACCGAAAGGTGACATGGAGGATGCCTTTAATAAAAGAAAGATACTGTACA

GAAGATGTCTGCCAACTAGCTCTTTCCAGCTCTCCCAAAGTGAATACAAAAAGAGAATGATTAACCAGT

TTTCCTAGCATCCTTTCTCCAGTGGTCTGAATGCCATCTCTGCCACACGTCACGTTTCTGTCCTATGTGGA

TCAGCTTCTGTGAAGCTTTCTGTTCTCTTCCTTAGATCCTATTTTTTACCGTCTCTCTTGCTGCTAACAGAA

GGTCTTAATTATCAGAGTCTTTTTATCCCATCTTATTTTTCTTATTCAGGCATGTCTGGCTATTTTGAACTT

TTGTTCTTCCATATAAAAACTAGAATTATTGGAATTTATTTTTTA 

 

Figure A1-S1. List of additional nuclear gene sequences used in capture array design (cont.). 
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>MC1R genescaffold:turTru1:GeneScaffold_3491:64839:66374:1 

CGGTCTCGTAGGACCGAAGGTAGCAAGAGGGCTAGAAATGTCCGGATCTGGGCGACCGCGCCTCCAGG

GAAGAGGGGAGGTGGACTGAGTGACCAGGACAGAGACACTGAGCCCGCAAGGCTGGCAACTGGGAGC

TTGGGGTCCTGGCTGGGAAGTGACGACTGGTGGAGAGGCCCGGGGCCGTGCCTGGGCCGACATTTGTCC

AGCCCCGGAGGACGGAGTGTGAGGGGCCTCCCGGTGGAGCCATGAGCTGGGCGGGACCCTGAGAGCAA

GGACCCCTTCCTGCTCCCTGGCAGGACGATGCCTGTGCTCGGCCCCCAGAGGCAGCTGCTGAGTCCCCT

CAACTCCACGTCCCCAGCCACCCCCCGCCTCGGGCTGGCCACCAACCAGACGGGGCCCCAGTGCCTGGA

GGTGTCCGTTCCCGAAGGGCTGTTCCTCAGCTTGGGGCTGGTGAGTCTCGTGGAGAACATGCTGGTGGT

GGCCGCCATCATGAAGAACCGCAACCTGCACTCGCCCATGTACTACTTCATCTGCTGCCTGGCCGCGTCC

GACCTGCTTGTGAGCATCAGCAACGTGCTGGAGACGGCCGTCATGCTGCTGCTGGAGGCCGGCGCCCTG

GCCCCTCGGGCCGCCGTGGTGCAGCAGCTGGACGACGTCATTGATGTGCTCATCTGCAGCTCCATGGTG

TCCAGCCTCTGCTTCCTGGGCGCCATCGCCGTGGACCGCTACATCTCCATCTTCTACGCCCTGCGGTACC

ACAGCCTCGTGACATTGCCCAGGGCGTGGCGGGCCATCGCGGCCATCTGGGTGGCCAGCATCCTTGCCA

GCACCCTCTTCATCGCCTACTACAACCACGCGGCCGTCCTGCTCTGTCTCGTGAGCTTCTTCGTAGCCAT

GCTGGTGCTCATGGCGGTGCTGTACGTCCACATGCTGGCCCGGGCGTGCCAGCATGCCCGGGGCATTGC

CCGGCTCCACAAGAGGCAGCGCTCCACCCAGCAGGGCTTCGGCCTCAAGGGCGCAGCCACCCTCACCAT

CCTGCTGGGCACCTTCTTCCTCTGCTGGGGCCCCTTCTTCCTCCACCTCTTGCTCATCGTCCTCTGCCCTC

AACACCCCACCTGTGTCTGCATCTTCAAGAACTTCAACCTCTTCCTCACCCTCATCATCTGCAACGCCAT

TGTGGACCCTCTCATCTACGCCTTCCGCAGCCAGGAGCTCCGGAAGACGCTCCAAGAGGTGCTGCAGGG

CTCCTGGTGAGCTGCTGGGCAGAGGGAGGAGGTGCTGTCGTGTGGCCCAAGCCCTGGGTGGCCGGGGC

GGTCCCTTGGCGGAGAGGACGGGCTAGGCCATCGCTGAAGGTGTGGCTGCACAGACCTTCTGGGGCCCG

GGAGGGGAATGGCCCGAAGCTCCAGGAGGCGCTGTGGGGGATGGGTGAGGCTGGGAGACTGCGGGGC

ACGGCCACCCCGTCCACTGGGATGTGCAGGGTGGTGGCAAAAGCTGTCGGCAGCGCTGCTCCAAGGACT

TTGTGACCAGCAAGGAGGA 

 

>Kit Ligand genescaffold:turTru1:GeneScaffold_136:166877:168036:-1 

AAAAAAAAAAAACACGCACGAGAATTCATCTATGAAGAAGCCTTGAAATCTATCAAGGTCTTTAGGAA

AATAATCTATTATTAATCCACTGATTCATTTTCCAATTCACCAAAAGACTGGAAGTTCCTTGAAGACTAG

GACTCTCTCCCACAATAATTTTTTTGTAGTTTCCTCTGGGCCTAAAGTTCTTTTAAATTCCATTAGTATCT

GAACCTTGTCAAGGACTCTGTCTTGGCTCTTCTTGTCTTAATTTTACTTCCATGGAAGAGCAAAATCTTTA

CCATCAACAGTTTCCTCTGATCTTTATGCATTTGTAAATTTTGAAACAGATGTTGGGTATGACTTAAACA

AAACATAAGAACTAACCTGTTCTGATATAAGGAAATCCTTTGTCCGGGAGTCCATTACTGAAACATTGA

TGGCTTTGAAGGGTAATCCACAGGTAATCCACCTGTACTTAAAAAATAGGTGCTTTATCTTCTTTTCTTTC

AATTCTTACAGCCTAGTCATTGTTGGATAAGCGAGATGGTGGAACAATTGTCAGTCAGCTTGACTGATCT

TCTGGACAAGTTTTCAAATATTTCTGAAGGCTTGAGTAATTACTCTATCATAGACAAACTTGTGAAAATA

GTCGATGACCTTGTGGAGTGCATGGAAGAACACTCATTTGAGGTAACTTGGTATTCATTGGGATTGCTTT

TTATTACTCTTCTCTAAAACCTGTGCTGATTGGTCATGGCTGGGATGGGGGCATATTTGTGAGATTTCTA

ATTTATAAATTTTTAATTAAAAAATTTTTAAGATGAGCACATCTCTTAGAGTTAACATCTCTTTTTATGTC

AATCGTATCAGTACAAATAGAGTGCTAATCGTATCAGTACAAATAGTGTGCTAATGGCATTGATAAGAA

GTAGAGGTCACAAAAAGTAGGGTATATTAGACGAGGTATCATGAAGGAAATAACATACGCATTGGGGC

ATGAAAGATGAGTTAGGTGGTCAGTAAATGGCAGTGTCTGGAAGAGCATTCCAAATACCAGAGAATGT

CCGTTTACTAATCATAGAGTAGTACATAGTAAGTGCTACATAGGTGTTAACTCTTATTATTACCTGCTTTT

ATTTATAATCATGTATTTATGAATTCCTAAAATAGACCTTTGA 

Figure A1-S1. List of additional nuclear gene sequences used in capture array design (cont.). 
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>beta-defensin 103 (CBD103)scaffold:turTru1:scaffold_83571:21060:22135:1 

CTTTAATACCAAGAGGAAAAATTGACAGTCGAGAACAGAAGCACAGACTTCCCTTTTATTAGCTTAGTG

GTTGGTGGTAGAGTCTTTTGGCCTCTAGAGAGTCCCGGGGGACCACCGTGGCCCCGGCCTCCCAGGTGT

CAGTTCACGAGGGGGGCTGCCTGTGGTCATGCCACTTTCTCAGCACTCCGGCGGTTTATGACTGAGCTGA

ACCCATGGACGCGTTGTTAGTTGCTTAGTCCCACCTTCTACTTTACTCCTGATGGCATAGAAAAAGGAAA

AAGAAATAAAAGAAAGGCCACAGATCAGTTACGTGAGGAATTCCAAAAGCCTAGGTCTTGCACTTCCTA

AAACCTTCCCGTGCTTTCCGTTTCTTCATTGCAGGCAGTGGAACAATCGTAAATATATTACAAAAGTATT

ATTGCAGAGTGAGAGGCGGCCGGTGTGCTCTGTTTGGCTGTCTTCCGAGGGAGATACCCTTAGGCCTTTG

TTCCCACAGTGGTCGAAAATGCTGCCGAAGGGAGAGATGAAAAATCCAGAAGCGCGATGAGAACGTTG

CCAAGTGTGAAAATGCTCCTGCGGGGTCTATAGAAGCCAAATCAAATTAAAGATTTTTCACAAAAAAAT

TAGAAGGTGGATTATTTTTTTTTCTTTTAATTCTGGTTGTTGTGCTAGTTGTTACCAAACAGGCAACTTAG

GAAGTGCTGGTGACTCACCTTTAATTCAAATAAAGTATTATCTCTAGAGCAAGAGGATCTGAACTGATG

TTCCCAGGGTTATCAGACTTTATTCCTCTTTTGCAAATCTTGCACCCCAGTGACACAGGACTCCTCGTTCT

TCCTGAAATATTTTCTTCACTTACTTGTCACCCATTTTGAGTTTCCAGTTCATCTATAAGCCATAGCCTCT

CCCCATCAAATCTATGTCTCATTTTTTGATGATGGCCATTCTGACTGGTGTGAGATGATATCTCATTGTGC

TTTTGATTTGCATTTCTCTAATGATTAGTGATGTTGAGCATCCTTTCATGTGCTTGTTGGCAATCTGTATA

TCTTCTCTGGAGAAATGTCTATTTAGGT 

 

>Pax7 scaffold:turTru1:scaffold_114323:104712:105911:-1 

TCTTCCCGGACCGGGGCACGAACCCGTGTTCCGTGCATCGGCAGGCGGACTCTCAACCACTGCGCCACC

AGGGATACCCCCTTGCCTTCTTCTTAAAGTCAGGTTTATTGAGGTGCAGTGAATATTCAGTAAAATTCTC

CCCCTTTTGGAGAATATAGTTCTAGGAATTTTGACAAGTGTGTTTCCTCATGAAACCATCCCCTGAGTGC

CATGTCATGGACATCCTTCCGTGTCAGTAGAAATAACCTAAATGCCCAACTACAGGGGTTATTTTTTTAA

AGGAATGGCTGGGCCATAAGGTATTTAACCAATCCCCTAAGGTTGGGCAGAGAGGTTGCTTCCCAGCCT

TCACGCTGATAAATAGTGCCGGGGGGGAACATCCTTCCTGTGCTCAGGAGGGATCTGAGGCTCAGTGCC

GTGGTGGCCTGCAGGTATGCACAAAGCACCCGTCCATCTCACTGGGCCCCCACCCTCTTCCTCCCTCTCA

CCTGGCTGTAGGCAACCGTCTGGATGAGGGCTCGGACGTGGAGTCAGAACCCGACCTCCCTCTGAAACG

TAAGCAGCGCCGCAGTCGGACCACGTTCACAGCCGAGCAGCTGGAGGAGCTGGAGAAGGCCTTCGAGA

GGACTCACTACCCGGACATCTACACCCGGGAGGAGCTGGCGCAGAGGACCAAGCTGACGGAGGCACGC

GTGCAGGTGAGGGGGCGCCTGGGGCTTTGTGCTGTGGGCATCATCCGGAGACCAGGATTGGGAAGGTG

GGAGTGGCCAGGGTCAGAGGGTTTAGTGGGCACTCCCCAGGGTGGGGATGGAGGTTCTGCAGCAAGTG

ATCCAGGAACCGTGTAGGCAAGTATTGCCCTGGCACTTGGTACAGAGTAAATGGGCAGCGAATGTTGAC

TGATTAACTAATCTCTAGGCAGTCCCAGGGAAGCCAGGAGCGGCAGTGAGGACTTGGATCGTGGGGGG

GCGGGGAAGGGGGGAAGGAGGGATGGAGGAGAGACAGAAAGGGAGAGGAGAAAAGGGTGAGGGAGG

GAGGAAGGAAGGACATTGGTTCAGCCACAAGAGAGGGAGCTCGGGGAGTAGAAAAGTCTCCAAATCTC

TGAGGAGGGGAGGAAGTAATCAGGACACACATTCCAGAAGAGACGTAGCTTCCTAAGATGGGTAATGA

GTCTCCTGTTATGAGAAGCATGCAAGCCGACTG 

 

Figure A1-S1. List of additional nuclear gene sequences used in capture array design (cont.). 
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>OCA2 genescaffold:turTru1:GeneScaffold_613:187212:188330:-1 

CAGGCATGGTGTGAGACACTGGGTGGCGGTGCTTTATGCTCTAGCCTCATCCTATTCAGAGGGGTCTGGT

GGCAAAGATGCATTCATCTGTGCCAGGGCCTTCCCTGCACAGGGTCCTGCACCCTGAGTGCTTCCTCCAG

ACCTGTGGGGGCGAGGCAGGAGTATATTTTCACATGGATGGTTCAGATGGGTTTTATGTTAATTTTCAGA

GAAATCTAATGCTGAGAGTCAAATTTATCCAGTAGCTCTGTAGCACTGTTGTCGTTTTTTACCCCTCAAC

ATTGCCCTTCTCACAGGTGTGTGAGTGTGCGTGCACATGTGCACAAGCACATGCACACACATGCCTCCCT

TGTACAAGCAAATGCTTTAAAAAAAATTAAGTCCCACATGGGCAATTCACAATGTGAATAGTGGGACTG

TTTTCATTTTCCTCCATTCGTGACAGATTGTGTGAGGTGCTCAATCTCGATCCAAGACAAGTCCTGATTG

CAGAAGTGATCTTCACAAACATTGGAGGAGCTGCCACTGCCATTGGGGACCCACCAAATGTCATTATTG

TTTCCAACGAGGAGTTGAGGAAAATGGTATGTATCAGTATAACAGGGTTGCTTCCAATAAACATAAGTG

TGCAGCTTACCTGCACACTTAATAAAATTTTACCCTAAATGGATGTCACTTCTTCATATGAAGTGCTTTT

GGTCATCTTGAGAGTGGGAAGTTAGGTGACTGATCCGCTAATTTAGAGTTAAGTGGTCTGAATTGATTTC

ATTCTTTTTTTTAAACATCTTTATTGGAGTATAATTGCATTACAATGGTGTGTTAGTTTCTGCTGTATAAC

AAAGTGAATCAGCTATACATACACATATATCCCCATATCTCCTCCCTTTTGCGTCTCCCTCCCACCCCTCT

AGATGGACACAAAGCACTGAGCTGATCTCCCTGTGCTATGCAGCTGCTTCCCACTAGCTATCTATTTTAA

ATTTGGTAGTTTATATATGTCAATGCCACTCCCTCACTTTGTCCCAGCTTATCCTTCCACATCCCCGTGTC

CTCAAGTCCATTCTCTACATCTGCATCTTTATTCCTGTCCTTTCCCAGGTTCTTCAGAACCTGGTTTTT 

 

>BCDO2 - genescaffold:turTru1:GeneScaffold_3620:729737:730941:1 

ATATGGACGAAAATGATTATCCAGTAAGGGTAGTCATGGGTAGTCATCTTACTTGCTTACTTTAGCATAG

TTCTGATAAATTTGAAAAAATTTTAAATAAATAGAAAATGTAATATGTATAAGATATGAAGATAACTAT

CTCTAAAAGTTTTGGAATCCATTTTAATTTGAGAAATGTCAAGCATTCCATATGATGATATCTTGGCTAT

AGGTTAAAGACAGAATTATCTTAGGCATCACCAGCTTAGGGTTTTTCTTTAGCCCTCTGATGTGTGAGCT

TTTTGAGAAGGGGTAAGGGTCAAGAGAATGTAAGTTGCTCTTTCATTGTTGTACTCCAGGATATACTCAA

AAGCTCTCAACCCTTAATTTCAAGTTCTTTGACTGAGCAGGTTCTGCTGGGAAGCCATCCCATTTCCTTA

TTTCTGTATTTGAAATCTCTCATTTTGACCCCATGTTTATCTTCCTAATATTTATTTTTCTATTTTTGCTCCT

GTTTAAAGGTACAATCACTGGTTTGATGGAATGGCTTTACTTCACCAGTTCAAGGTGGAGAAGGGCACA

GTGACATACAGGAGCAAGTTTCTACAGAGTGATACATATAAGGCCAACAGTGTTCATGATCGAATTGTG

ATCTCAGAATTTGGCACATTGGCTCTCCCCGATCCATGCAAGAATGTTTTTGAACGTTTCCTGTCAAAAT

TTGAACCGCCTGGTAAGCAGCCTTTAATATGCTCAGAATTTGCAGGGGATAGTGATGATTCTTTAAATTA

TTATGATATATGTCAAGCTATATAAATATGAATATTGAAATATATATTTTTTTGATATGAGAGGATGTTT

AAACTGCTTTCTCCCTTGAGAAAGCTGTGGTGTTTAAATAACTCTGGGGTTTGATTTCAGCAATTACTGA

CAACACCAATGTCAACTATGTGCAGTACAAGGGTGATTACTACATTAGTACGGAAACCAACTTCATGAA

CAAAGTGGACATTGAAACCCTGGAAAAAACAGAAAAGGTAAAATATAGGTTAAAAACGAATATAATAA

ACCCTAAAATTTTTCTCCATTCCAAATACTTTGTAGAGTAGCTAATATCTGAAGAAAAAATTGGATCCTT

AAACAAAACCAAAGTTACCCACTGATTCATATCATTGTGTACCCCCTGTCCTGGTTAGAAGGGCCTGTG

GGGTTGGGGTTTTCCTTAA 

Figure A1-S1. List of additional nuclear gene sequences used in capture array design (cont.). 
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A. 
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           C. 

Figure A1-S2. A. The mean log likelihood of the spinner dolphin SNP data (LnP(K)) and the 

second-order rate of change in LnP(K) (DeltaK), with respect to K. Estimates calculated in 

STRUCTURE for K = 2 through 5. B) Estimated membership coefficients (Q) plot for K = 2 

without a location prior. C. Estimated membership coefficients (Q) plot for K = 2 with location 

prior. 
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A.  

 

 

B. 

 

 

      C. 

Figure A1-S3. A. The mean log likelihood of the spotted dolphin SNP data (LnP(K)) and the 

second-order rate of change in LnP(K) (DeltaK), with respect to K. Estimates calculated in 

STRUCTURE for K = 2 through 5. B. Estimated membership coefficients (Q) plot for K = 2 

with no location prior. C. Estimated membership coefficients (Q) plot for K = 2 with location 

prior. 
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Figure A1-S4. FST outlier test for selection in ETP spinner dolphins using the Lositan 

workbench based on 75M simulations. FST for all 51 loci are plotted against the heterozygosity. 

Four loci were estimated to be under positive selection (BCDO, GLUT, WT, MPO), shown in 

red section; five were shown to be under balancing, shown in yellow. BCDO is a gene with 

known function in coloration. Candidate neutral loci are shown in the grey area. 
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Table A1-S3. Test for selection on 51 nuclear SNPs in spinner dolphins (S. longirostris). 

 

Locus Name Het Fst P(Simul 

Fst<sample 

Fst) 

Result Origin 

Actin274 0.111111 0.130435 0.973628 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
ADH2758 0.409641 -0.017609 0.307102 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
AMBP1143 0.121296 0.049073 0.805247 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
ASIP326 0.372727 0.069385 0.870835 Neutral Coloration (reviewed in Hubbard et al. 2010; Rieder et al. 2001;) 

BCDO2606 0.483333 0.163708 0.989492 Positive Coloration (Eriksson et al. 2008) 

BGN165 0.083333 0.096774 0.966524 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
BTN554 0.25 0.088337 0.91075 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
C51138 0.433048 0.029608 0.701873 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CGA166 0.490029 0.003092 0.593723 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CHRNA1305 0.116667 0.009667 0.589659 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CHY146 0 -100 0.5 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CK222 0.434028 -0.009689 0.399385 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CKMM167 0.52246 0.107512 0.910514 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
COL10A1162 0.481703 -0.050251 0.000151 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
CYO19346 0.229167 0.078788 0.88794 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
DRD2279 0.307217 -0.015057 0.344578 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
FES561 0.295113 0.072542 0.886081 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
Fibrinogen24

5 
0.121981 0.029326 0.714508 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
G6PD298 0.489035 -0.000534 0.56403 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
GLB79 0.477778 -0.044578 0.007902 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
GLUT2363 0.481481 0.291855 0.999784 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
GNAS614 0.180093 -0.023055 0.1964 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
HGBA905 0.156381 0.055353 0.804158 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
HOXc8692 0.504561 -0.01426 0.273789 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
IFNG885 0.150727 -0.002025 0.374916 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
Lactalbumin5

49 
0.266782 -0.010418 0.405378 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
LAPTM4A54

7 
0.046667 -0.006195 -100 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
LF582 0.388406 0.106418 0.949297 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
MATR3691 0.515873 0.004103 0.478604 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
MC1R446 0.197181 0.002978 0.439682 Neutral Coloration (Rieder et al. 2001; Hoekstra et al. 2006; reviewed in Hubbard et al. 2010) 

MPO192 0.310417 0.328859 0.999276 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
MYH4328 0.5 -0.059797 0 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
MYL4984 0.427824 -0.016146 0.322161 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
NPPA308 0.166667 -0.053169 0.000244 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
OCA2407 0.5 -0.021485 0.34478 Neutral Coloration (reviewed in Hubbard et al. 2010) 

Pax7238 0.303624 0.018339 0.634601 Neutral Coloration (reviewed in Hubbard et al. 2010) 

PGK1511 0.357087 -0.004643 0.455093 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
PIM171 0.262787 -0.025274 0.208521 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
PKM223 0.225238 -0.041276 0.051437 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
PLP509 0.197531 0.066216 0.788129 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
RDS611 0.395202 0.107948 0.951117 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
RHO1692 0.468842 -0.049717 0.011647 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
RYR2465 0.451471 0.066757 0.872432 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
SPTBN1465 0.185897 -0.020844 0.219142 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
TCRA1174 0.103704 0.033752 0.653326 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
TCRB178 0.256039 -0.037932 0.072035 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
TOP1893 0.366667 -0.037397 0.051564 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
TPI1236 0.466667 0.12289 0.966634 Neutral Coloration (reviewed in Hubbard et al. 2010; Rieder et al. 2001) 

TYRP11007 0.238462 -0.044331 0.036015 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
UBE1553 0.104497 0.012658 0.542809 Neutral Y chromosome – T. truncatus (Aitken et al. 2004; Lyons et al. 1997) 

WT1642 0.136364 0.186046 0.995041 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 

1997) 
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Figure A1-S5. FST outlier test for selection in ETP spotted dolphins using the Lositan 

workbench based on 75M simulations. FST for all 36 loci are plotted against the 

heterozygosity. Six loci were estimated to be under positive selection (BCDO, FES, HOXc8, 

MYH4, SST, TYRP1), shown in red section; five were shown to be under balancing (ADH2, 

AMBP, CHRNA, ELN, FSHB), shown in yellow. BCDO and TYRP1 are genes for 

coloration. Candidate neutral loci are shown in the grey area. 
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Table A1-S4. Results of tests for selection on 36 nuclear SNPs in our spotted dolphin (S. 

attenuata) dataset. 

Locus Het Fst P(SimFst<s

ample Fst) 

Simulation 

Result 
Origin 

ADH2128 0.5 -0.116883 0 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

AMBP499 0.377551 -0.06237 0 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

ASIP598 0.575 0.224983 0.84332 Neutral Coloration (reviewed in Hubbard et al. 2010; Rieder et al. 2001) 

BCDO2547 0.4375 0.4 0.991676 Positive Coloration (Eriksson et al. 2008) 

BTN434 0.611111 0.355372 0.915438 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

CAT352 0.166667 -0.033333 0.231214 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

CHRNA1504 0.47619 -0.062937 0 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

CHY146 0.538889 0.265807 0.959939 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

CKMM403 0.5 0 0.450598 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

DRD2200 0.388889 0.0953 0.706798 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

EDN1354 0.546875 0.306667 0.884835 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

ELN1004 0.46875 -0.066667 0 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

FES247 0.609375 0.487179 0.977508 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

FSHB268 0.325 -0.072296 0 Balancing Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

GBA134 0.557143 0.195924 0.761232 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

GNAS199 0.539683 0.172212 0.834206 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

HGBA688 0.5 0.044444 0.546065 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

HOXc8395 0.75 0.727273 0.99607 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

INT548 0.5 0.064593 0.5802 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

LAPTM4A106

0 

0.533333 0.194014 0.872747 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

LF466 0.5 -0.058333 0.056894 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

MPO1006 0.5 0.343434 0.880361 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

MYH4237 0.272727 0.238095 1 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

MYL4784 0.3 0.002392 0.320866 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

ODC128 0.5 -0.043478 0.246566 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

Pax7439 0.5 0.065934 0.582349 Neutral Coloration (reviewed in Hubbard et al. 2010) 

PIM172 0.625 0.398039 0.931291 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

PIT1301 0.433333 0.157343 0.962393 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

RDS637 0.380952 0.132212 0.760149 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

SPTBN1386 0.225 0.066277 0.464187 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

SST817 0.285714 0.230769 1 Positive Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

TCRA1293 0.371429 -0.045157 0.235925 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

TCRB583 0.3625 0.22444 0.679178 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997) 

TPI1778 0.5 0.136264 0.679374 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  

TYRP11335 0.577778 0.381758 1 Positive Coloration (reviewed in Hubbard et al. 2010; Rieder et al. 2001) 

WT1529 0.5 0.048848 0.553843 Neutral Tursiops truncatus Conserved Anchor Tag orthologs (Aitken et al. 2004; Lyons et al. 1997)  
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Table A1-S5. Pairwise FST estimates for coloration genes found to be subject to positive 

selection. 

Species Locus strata.1 strata.2 n.1 n.2 Fst Fst.p.val 

S. attenuata BCDO2547 Coastal Pantropical-ETP 7 8 0.3891 0.0047 

  TYRP11335 Coastal Pantropical-ETP 9 10 0.3704 0.0059 

        

  

    

S. longirostris BCDO2602 

Central 

American Eastern 5 21 0.3298 0.0259 

  BCDO2602 

Central 

American Whitebelly 5 10 0.1522 0.1699 

  BCDO2602 Eastern Whitebelly 21 10 -0.0231 0.5353 
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Figure A2-S1. Alpha-score optimization for the spinner dolphin dataset – spline 

interpolation for PCs 1 through 24. Box and whiskers show the overall mean and variance of 

individual population a-score for each of the PCs representing the ETP spinner dolphin dataset 

based on 10 simulations. Five PCs had the highest estimated mean a-score for the dataset and 

was chosen as the “optimal” is subsequent analyses of DAPC. Twenty-four PCs was also chosen 

as a “highest recommended” number of PCs (the number of PCs should be <N/3) because it 

showed only marginally lower mean a-scores and less variance. 
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Figure A2-S2. a-score optimization – spline interpolation for PCs 1 through 19 for ETP 

spotted dolphin data. Box and whiskers show the overall mean and diversity of individual 

population a-score for each of the PCs representing the ETP spotted dolphin dataset based on 

10 simulations. One PC had the highest estimated mean a-score for the dataset and was chosen 

as the “optimal” is subsequent analyses of DAPC. Seventeen PCs was also chosen as a “highest 

recommended” number of PCs (the number of PCs should be <N/3) because it showed only 

marginally lower mean a-scores and less variance. 
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Figure A2-S3. Cumulative genomic variation explained by PC 1 through 70 in the ETP spinner 

dolphin dataset (maximum k set to 20). 
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Figure A2-S4 Cumulative genomic variation explained by PC 1 through 60 in the ETP spotted 

dolphin dataset (max k set to 20).  
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Figure A3-S1. Cumulative genomic variation explained by principle components 1 through 

120 in the global spinner dolphin dataset. 

 

 

 

Figure A3-S2. Cumulative genomic variation explained by principle components 1 through 70 

in the spotted dolphin dataset. 
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Figure A3-S3. Alpha (or a-score) optimization for the spinner dolphin dataset – spline 

interpolation for PCs 1 through 39. Box and whiskers show the overall mean and variance 

of individual population a-score for each of the PCs representing the global spinner dolphin 

dataset based on 10 simulations. Seven PCs had the highest estimated mean a-score for the 

dataset and was chosen as the “optimal” is subsequent analyses of DAPC. Thirty-nine PCs 

was also chosen as a “highest recommended” number of PCs (the number of PCs should be 

<N/3). 
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Figure A3-S4. Alpha (or a-score) optimization – spline interpolation for PCs 1 through 

25 for spotted dolphin data. Box and whiskers show the overall mean and diversity of 

individual population a-score for each of the PCs representing the ETP spotted dolphin 

dataset based on 10 simulations. Seven PCs had the highest estimated mean a-score for the 

dataset and was chosen as the “optimal” is subsequent analyses of DAPC. Twenty-five PCs 

was also chosen as a “highest recommended” number of PCs (the number of PCs should be 

<N/3). 
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Table A3-S1. List of spinner dolphin samples subset from the total dataset and used for global 

phylogeographic analyses in SNAPP.  

 

LabID subspecies Slon_GBL_22 Latitude Longitude SEX 

367 roseiventris DWF_AUS -12.633333 126.4 M 

372 roseiventris DWF_AUS -12.6 127.3 M 

392 longirostris PHIL 8.85 123.116666 F 

400 longirostris PHIL 8.85 123.116666 U 

462 longirostris ATL 36.383333 -75.816666 M 

2138 longirostris WB 8.6 -138.216666 M 

2757 longirostris ATL 28.666666 -87.766666 M 

4095 longirostris WB 8.6 -138.216666 M 

7185 longirostris HI 20 -155.833333 M 

7202 longirostris HI 19.666666 -156.083333 M 

9847 longirostris MALDIVES 4.766666 73.5 F 

9854 longirostris MALDIVES 6.933333 73.233333 M 

11664 centroamericana CA 15.866666 -94.833333 F 

24928 orientalis EAST 10.2 -98.533333 F 

38017 orientalis TM 23.633333 -107.383333 F 

38018 orientalis TM 22.25 -106.4 F 

38050 orientalis EAST 21.45 -106.066666 M 

38191 centroamericana CA 12.583333 -88.533333 M 

47281 longirostris ZAN -4.866666 39.65 U 

47283 longirostris ZAN -4.866666 39.65 U 

79908 roesiventris DWF_INDO 2.266666 118.3 U 

79923 roseiventris DWF_INDO 1.3 118.75 U 
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Table A3-S2. List of spotted dolphin (Stenella attenuata) samples subset from the total dataset 

and used for global phylogeographic analyses in SNAPP.  

 

LabID subspecies Satt_GBL_reduced Latitude Longitude SEX 

130 attenuata ETP.Off 14 -96.083333 U 

2081 attenuata ETP.Off 13.283333 -128.766666 F 

2092 attenuata ETP.Off 12.8 -131.183333 F 

9860 attenuata MAL 7.183333 73 U 

11371 graffmani Coastal 22.666666 -106.5 M 

11381 graffmani Coastal 16.45 -99.3 M 

11393 graffmani Coastal 14.833333 -93.183333 M 

11921 graffmani Coastal 11.466666 -86.566666 F 

11931 graffmani Coastal 9.433333 -85.466666 M 

11950 graffmani Coastal 7.65 -82.333333 M 

12039 graffmani Coastal 0.183333 -80.5 F 

24047 attenuata ETP.Off 5.866666 -90.066666 M 

24937 attenuata ETP.Off 10.233333 -98.566666 F 

30485 attenuata HI 21.7 -157.616666 F 

55197 attenuata HI 19.283333 -156 F 

56750 attenuata HI NA NA M 

75657 attenuata HI 19.4 -156.033333 M 

79906 attenuata INDO 2.3 118.466666 U 

79912 attenuata INDO 2.183333 118.533333 U 

79915 attenuata INDO 2.366666 118.433333 U 

108200 attenuata Guam 13.7 144.816666 U 

108201 attenuata Guam 13.7 144.816666 U 

116842 attenuata NMI 14.126452 145.059145 U 

116844 attenuata NMI 14.127214 145.076016 U 

116849 attenuata NMI 14.067994 145.209951 U 
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Figure A3-S5. Genomic variation across individuals and populations of spinner dolphins 

using 39 principle components and 3 discriminant analyses: Scatter plot of individuals 

based on the first two eigenvalues of the Discriminant Analysis of Principle Components 

(DAPC). Inset shows the amount of variation represented by the DA eigenvalues. Ellipses 

represent 67% of the variation for each population. CA is Central American spinner, TM is 

Tres Marias, WB is whitebelly spinner, ATL is Atlantic, IND is Indian Ocean (Zanzibar), PHIL 

are samples from the Philippines, DWF_INDO are samples of the dwarf subspecies from 

Indonesia, DWF_AUS are samples of the dwarf subspecies from Australia, HI is Hawaii.  
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Figure A3-S6. Genomic variation across individuals and populations of spotted dolphins 

using 25 principle components and three discriminant analyses: Scatter plot of individuals 

based on the first two eigenvalues of the Discriminant Analysis of Principle Components 

(DAPC). Ellipses represent 67% of the variation for each population. Inset shows the amount of 

variation represented by the DA eigenvalues. 1 is Coastal ETP, 2 is Offshore ETP, 3 is Hawaii, 

4 is Guam/NMI, 5 is Indonesia, 6 is Maldives. Maldives is represented by only one sample. 
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a)  

b)  

Figure A3-S7. Trace (a) and density distribution (b) for spinner dolphin Bayesian 

phylogeographic analysis. MCMC run for 617,000 chains.  
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a)  

b)  

Figure A3-S8. Trace (a) and density distribution (b) for spotted dolphin Bayesian 

phylogeographic analysis. MCMC run for 414,000 chains.  
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