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ARTICLE INFO ABSTRACT

Handled by Dr. J Vinas Patterns of genetic connectivity can be used to define the geographic boundaries of fishes and underpin man-

agement decisions. This study used a genetic multi-marker approach to investigate the population structure of

Keywords: scalloped hammerheads (Sphyrna lewini) in the Indo-Pacific. Samples from 541 S. lewini were collected from 12
Elasmobranch locations across the Indo-Pacific. Samples were analysed using two regions of the mitochondrial genome, nine
ISVII\iIfrosatellite microsatellite loci and two sets of Single Nucleotide Polymorphisms (SNP). Our study has four key findings; (1)
Mitochondrial DNA genetic structure of S. lewini across the Indo—Pacific is affected by oceanic basins and can be separated into four
Conservation distinct regions. (2) Within the central Indo-Pacific, connectivity is facilitated along continental shelves and

strong signals of Isolation-By-Distance (IBD) were observed. (3) Mitochondrial haplotypes previously thought
only to exist in the Atlantic Ocean are observed in Indo-Pacific populations, suggesting the haplotype should be
reconsidered as more widespread than initially thought. (4) Results from microsatellites and SNPs largely agree,
however a few differences are apparent with SNPs identifying more discrete population subdivision. Our findings
suggest management at the spatial scales and boundaries identified in this study will necessitate international
and national cooperation to conserve S. lewini populations.

1. Introduction

Knowledge of the biological stock structure of highly mobile marine
species provides a basis for informed management for fisheries or con-
servation commitments. The identification of biological stock structure
is challenging for many broad ranging species, given a lack of obvious
barriers to dispersal (Cowen et al., 2006). Until formally tested, it is
assumed a species belongs to a single panmictic stock, which may result
in complex and challenging international management requirements
(Chin et al., 2017; Reiss et al., 2009; Ward, 2000). Despite a lack of
physical barriers preventing shark dispersal, we often see patterns of
stock structure driven by subtle environmental barriers relating to an
individual’s requirements of habitat, food and reproduction (Pember
et al., 2020). For large-bodied sharks that are subject to intense harvest
pressure, biological stocks can be found to occur across Exclusive

Economic Zones (EEZs) of a number of countries, including international
waters requiring cross-jurisdictional consultation and management
(Chin et al., 2017; Ovenden et al., 2015; Vaudo et al., 2017).

The scalloped hammerhead (Sphyrna lewini) is one of ten recognised
hammerhead shark species. It is a large-bodied shark with a circum-
global distribution in tropical and warm-temperate waters (Last and
Stevens, 2009). Adults are often found occupying oceanic seamounts
and continental shelves to depths of more than 275 m, with reports of
aggregation and long distance dispersive behaviours (Bessudo et al.,
2011; Compagno et al., 2005; Hearn et al., 2010; Klimley and Nelson,
1981; Lopez et al., 2022). There are a number of studies describing the
seasonal migrations of adult females into sheltered coastal waters to give
birth (Bessudo et al., 2011; Clarke, 1971; Yates et al., 2015) and it has
been suggested that the species demonstrates female-mediated phil-
opatry (Daly-Engel et al., 2012). Multiple mating events in a single
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season can occur for S. lewini, leading to litters containing pups sired by
multiple fathers (Green et al., 2017). Young-of-the-year (YOY), neonate
and juvenile S. lewini remain in shallow coastal areas in depths of less
than 100 m, likely providing protection from large predators (Heupel
et al., 2018, 2007). A number of pupping grounds have been identified
for S. lewini including in the Gulf of California (Baum et al., 2007),
inshore regions of the east Australian coast (Simpfendorfer and Milward,
1993; Yates et al., 2015), Fiji (Brown et al., 2016; Marie et al., 2017), the
Galapagos Islands (Hearn et al., 2010) and an inshore region in Florida,
USA (Wargat, 2021). Ontogenetic and sex-biased shifts in habitat use
have been described for S. lewini within the central Indo-Pacific;
whereby the majority of northern Australian waters contain male neo-
nates and juveniles, while a high proportion of adult females are found
in Indonesia and Papua New Guinea (Chin et al., 2017; Green et al.,
2017). Recent diet analyses also described ontogenetic changes in diet
and habitat for S. lewini in the tropical East Pacific Ocean, highlighting
the complex patterns of behaviour and habitat use for the species
(Estupinan-Montano et al., 2021).

Listed as Critically Endangered under the International Union for the
Conservation of Nature’s (IUCN) Red List of Threatened Species, all life
stages of S. lewini are vulnerable to capture with a variety of fishing
methods near and offshore (Rigby et al., 2019). As such, S. lewini is listed
as a conservation concern with many international and national bans
and restrictions established including: Appendix II listing within the
Conservation on International Trade in Endangered Species (CITES,
2014), Appendix II for the Conservation of Migratory Species (CMS,
2015), listing in the U.S. Endangered Species Act (79 FR 38213) (NOAA,
2014) and listed as Endangered under the New South Wales (Australia)
Fisheries Management Act (1994). Fishing is considered the major threat
for S. lewini with gears such as trawling, purse-seining, gillnetting,
longlining (bottom and pelagic) and inshore artisanal fishing capturing
S. lewini (Baum et al., 2007; Roberson et al., n.d.). Slow life history
characteristics (low growth rate, late maturation, low natural mortality)
in combination with a preference to aggregate during mating and
inshore parturition mean S. lewini are highly susceptible to fishing
pressure and are less likely to replenish local population losses at a
sufficient rate (Barker and Schluessel, 2005). Additionally, the fins of
S. lewini are highly valuable due to their high fin-ray count leading to the
species being one of the most commonly traded in the Hong Kong fin
market (Cardenosa et al., 2020; Clarke et al., 2006).

In the Western Indian Ocean, population size estimates based on
fisheries independent surveys (shark control nets) found a trend of
population decline across a 25 year period (1978-2003) (Dudley and
Simpfendorfer, 2006). Catch data from South Africa, northwest and
western central Atlantic and Brazil has also reported significant popu-
lation declines between 50% and 90% over 32 years (Baum et al., 2007).
Total catches throughout central Indo-Pacific locations; Indonesia,
Papua New Guinea (PNG) and Australia are unknown, however given
the high number of elasmobranch catches reported for Indonesia the
species is estimated to be at risk of being overfished in at least Indonesia
waters (White et al., 2008). Recent regional IUCN assessments have
calculated positive population change in some locations (North
Atlantic!, South Pacific?) indicating recovery may be possible for the
species (Rigby et al., 2019).

Genetic methods have delivered important assessments of the bio-
logical stock structure for circumglobal S. lewini populations (Daly-Engel
et al., 2012; Duncan and Holland, 2006; Ovenden et al., 2009). In
S. lewini, maternally inherited mitochondrial DNA (mtDNA; considered
a single marker) and bi-parentally inherited nuclear DNA (i.e.
multi-allelic microsatellites) have shown female mediated gene flow is
thought to be restricted to oceanic basins and along continental shelves
(Duncan et al., 2006b; Ovenden et al., 2009; Daly-Engel et al., 2012;
Hadi et al., 2020). Thus, female residency or female philopatry is likely
for the species. Conversely, studies primarily using microsatellite loci
have described genetic homogeneity for S. lewini across a broad area
encompassing the Indo-Pacific region, proposed to be driven by male
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biased dispersal (Daly-Engel et al., 2012). As an emerging nuclear ge-
netic marker, Single Nucleotide Polymorphisms (SNPs) have recently
been applied in S. lewini studies of juvenile hammerhead sharks to
examine kinship within Fijian populations (Marie et al., 2019). SNPs are
single base-pair mutations which occur across an individual’s genome.
Cost effective and accessible in the thousands, SNPs are becoming a
common tool for population genetic assessments of elasmobranchs
(Devloo-Delva et al., 2019; Diaz-Jaimes et al., 2021; Green et al., 2019;
Momigliano et al., 2017; Pazmino et al., 2018).

Using a species whose global genetic stock structure is well docu-
mented, this study compared and contrasted genetic connectivity for
S. lewini using a multi-marker approach (mitochondrial DNA, micro-
satellites and SNPs). Given the global Critically Endangered status of
S. lewini and its Data Deficient listing within the Oceania region, this
novel research in which we test new regional samples alongside samples
from previously published studies of Duncan et al. (2006b), Daly-Engel
et al. (2012) and Ovenden et al. (2009) is the most comprehensive
population genetic study for S. lewini to date. Our aim was to provide
updated genetic knowledge and inputs for S. lewini conservation and
management, primarily in the Australasian region.

2. Materials and methods
2.1. Sample collection and DNA extraction

A total of 541 S. lewini DNA samples were obtained from 12 locations
across the Indo-Pacific (Fig. 1 and.). To compare our multi-marker study
with that of previous S. lewini genetic assessments, we accessed samples
used in Daly-Engel et al. (2012) and Ovenden et al. (2009) with permission
from lead authors of these respective studies. Therefore, across all loca-
tions, collection occurred between 1999 and 2016. Collection protocols for
samples from the Seychelles (SEY), Philippines (PH), Taiwan (TW), Hawaii
(HAW) and Gulf of California (GOC) are described in Daly-Engel et al.
(2012), while sampling of individuals from Indonesia (IN), Western
Australia (WA) and Princess Charlotte Bay, Australia (PCB) are outlined in
Ovenden et al. (2009). Samples from Papua New Guinea (PNG) were
collected on-board fishing vessels by fisheries observers and from coastal
fisheries during dedicated surveys as part of an Australian Centre for In-
ternational Agricultural Research (ACIAR) project (project number
FIS/2012/102). For sharks landed by commercial and coastal fishers a
piece of vertebrae chord or muscle was collected. DNA was extracted from
all samples using the Wizard© SV Genomic DNA Purification system
(Promega, Australia) using SV minicolumns. Total genomic DNA (gDNA)
was eluted in DNAse free water and quantified (ng/ul) on a Nanodrop 8000
(Thermo Fisher Scientific, Australia) with A260:A280 ratios reflecting DNA
quality. Working stocks of DNA were maintained at 4 °C while archival
DNA stocks (in water) and samples (in 95% ethanol) are stored at the
Commonwealth Scientific and Industrial Research Organisation (CSIRO)
marine laboratories at — 80 °C.

2.2. Mitochondrial DNA

To measure the matrilineal genetic similarity between samples from
various locations we amplified two portions of mitochondrial DNA. Two
markers; the Control Region (CR) and NADH dehydrogenase subunit 4
(ND4), were used to capture sufficient diversity within the mitochon-
drial DNA to distinguish between putative genetically similar and
divergent populations. For the CR portion forward and reverse primers
PRoL2 and PheCacaH2 were used (Pardini et al., 2001), while the for-
ward and reverse primers; ND4 and Leu-Scyliorhinus were used for ND4
amplification (Naylor et al., 2005). For both mitochondrial DNA regions
Polymerase Chain Reactions (PCR) were conducted in 25 L reactions
with 15-25 ng of gDNA, GoTaq® Green Master Mix (Promega, USA),
1 uL Bovine Serum Albumin (Promega) and 10 uM primers. PCR used
the following thermocycler parameters (for both CR and ND4); initial
hold at 94 °C/ 5 min, 35 cycles of 94 °C/ 30 s, 52 °C/ 30 s, 72 °C/ 1 min,
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Fig. 1. Sample collections for S. lewini within the Indian and Pacific Oceans. Coloured squares represent locations of sample collection, white dots represent sample
collection sites, numbers in brackets indicate total sample size (for sample size per marker type see Table 1). (For interpretation of the references to colour in this

figure legend, the reader is referred to the web version of this article.)

followed by final extension of 72 °C/ 10 min. After PCR products were
cleaned with Agencourt AMPure magnetic beads (Beckman Coulter,
Australia), successfully amplified PCR products were Sanger sequenced
bi-directionally for CR and unidirectional (forward) for ND4 using a
BigDye® Terminator v3.1 Cycle Sequencing Kit (Invitrogen Life Tech-
nologies, USA) and an annealing stage of 52 °C/5 s for 25 cycles. Cycled
sequence products were cleaned using CleanSEQ magnetic beads
(Beckman Coulter, Australia) and run on an ABI 3130XL AutoDNA
sequencer (Applied Biosystems, USA) at the CSIRO marine laboratories,
Hobart, Australia. Sequences were screened and aligned using Geneious
v10.2.3 (Biomatters Ltd, New Zealand).

In order to find the best-fit substitutional model for mitochondrial
DNA sequences MEGA v5.2 was used (Tamura et al., 2011). We calcu-
lated molecular diversity indices such as haplotype and nucleotide di-
versities using Arlequin v3.5 (Excoffier and Lischer, 2010). To visualize
haplotype networks, median-Joining network analysis was constructed
using POPart v1.7 (http://popart.otago.ac.nz) (Bandelt et al., 1999).
Estimates of genetic differentiation between locations was calculated
using pairwise ®gy for mitochondrial DNA in Arelquin v3.5 (Excoffier
and Lischer, 2010). Each analysis consisted of 10,000 bootstraps
generating confidence intervals and p values for each pairwise com-
parison. Significance of pairwise tests for mitochondrial DNA and nu-
clear markers was considered when p=< 0.01 and p =< 0.001
respectively, to be comparable with Daly-Engel et al. (2012) and
Ovenden et al. (2009).

2.3. Microsatellites

Microsatellite loci were one of two types of nuclear genome markers
used to test for population distinctiveness among individuals across
sample locations. Samples were genotyped using nine polymorphic
microsatellite loci initially described in Nance et al. (2009) for S. lewini.
PCR amplifications were performed in three multiplex reactions and
forward primers were labelled with a single proprietary fluorophore
dye; 6-FAM, VIC, NED, PET (Applied Biosystems, USA). PCR conditions
consisted of 1X GoTaq© Colourless Master Mix (Promega), 1 pL Bovine
Serum Albumin (Promega,), 0.2 uM of each individual F and R primer,
and 0.8 ng/ul DNA in a 25 pL reaction volume. Thermal cycling (in an
Eppendorf Mastercycler®, Eppendorf, Germany) consisted of initial
denaturation at 94 °C/3 min, 35 cycles of 94 °C/1 min, 58 °C/30 s,
72 °C/1 min and a final extension of 72 °C/10 min. Amplification suc-
cess was visualised on agarose gels containing SYBR Safe DNA gel stain
(ThermoFisher Scientific, USA). Following PCR amplifications in each of

the S. lewini individuals, GeneScan™ 500 LIZ ™ size standard (Ther-
mofisher Scientific) and formamide were added to 3 pL of each PCR
reaction and 20 pL sample volumes were run on an ABI 3130XL
AutoDNA sequencer (Thermofisher).

Genotypes were scored using the Microsatellite plug-in program in
Geneious R10.2.3 (Biomatters Ltd). To check for potential scoring errors
(due to stuttering and large allele drop out) and the presence of null
alleles, we used MICRO-CHECKER v2.2.3 (Van Oosterhout et al., 2004).
At each locus and each location we calculated the number of alleles (N,),
expected (Hg) and observed (Hp) heterozygosities, allelic richness (Ag),
fixation indices (Fig) and deviations from Hardy-Weinberg Equilibrium
(HWE,) using R-Package ‘diveRsity’ (Keenan et al., 2013). Allele fre-
quencies are available in Supplementary material (Table S2). To detect
non-random associations of genotypes among pairs of loci, exact tests for
linkage disequilibrium were undertaken using GENEPOP on the web
v4.2 (Raymond and Rousset, 1995).

Genetic differentiation between locations was calculated with pair-
wise Fgr for microsatellites using the R-package ‘diveRsity’ (Keenan
et al., 2013). Each analysis consisted of 100,000 bootstraps generating
95% confidence intervals for each pairwise comparison. The number of
genetic groups was estimated using Bayesian clustering algorithms
implemented in STRUCTURE v2.3.4 (Pritchard et al., 2000). STRUC-
TURE analysis was initially run using an admixture models with corre-
lated allele frequencies, a burn-in length of 50,000, followed by 1000,
000 MCMC with K (number of clusters) set between 1 and 15 and 8 it-
erations per value. Optimum K was determined by LnP and AK outputs
using Structure Harvester v.0.6.94 (Earl and VanHoldt, 2012; Evanno
et al., 2005). We also conducted an alternative assessment of genetic
clusters for microsatellites using a Discriminant Analysis of Principle
Components (DAPC) in R-package ‘adegenet’ (Jombart et al., 2010).
DAPC identifies clusters by sequential clustering and model selection,
the multivariate analyses do not require populations to be in HWE or
linkage equilibrium (Jombart, 2008; Jombart et al., 2010) As per in-
structions from Jombart et al. (2010), the number of Principle Compo-
nents (PC) retained was selected by dividing the number of individuals
by three (PC = 115) and 10 eigenvalues were used.

2.4. Single nucleotide polymorphisms (SNPs)

We used a reduced-representation next generation sequencing (NGS)
approach to obtain SNPs from across the genome. This enabled us to target
a subset of orthologous regions across the genome for the selected samples
and to capture and genotype SNP loci from those regions. We sent genomic
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DNA to the Diversities Arrays Technology Pty. Ltd (Canberra, Australia) for
library preparation and sequencing using the standard DArTSeq Protocol.
DArTSeq is a genotype-by-sequencing approach that uses Diversity Arrays
(DArT) restriction enzymes (Jaccoud, 2001) and next-generation
sequencing on an Illumina platform (Sansaloni et al., 2011). All resulting
SNPs were filtered using R-Package ‘dartR’ (Gruber et al., 2018) according
to criteria described in the Supplementary materials (Methods S.1,
Table S2). Broad and fine scale population structure was examined using
two different suites of SNPs filtered separately. Broad scale gene flow was
assessed among all locations using a final set of 5689 SNPs, while fine scale
gene flow was assessed among central Indo-Pacific locations only (PNG,
PHTW, IN, WA, NT, PCB, TSV and NSW) using a set of 5969 SNPs. The
central Indo-Pacific dataset was generated to sweep for regionally impor-
tant SNPs that may be lost in the dataset containing distant (and likely)
genetically distinct populations. The outcome of each filtering step for each
set of SNPs is described in Supplementary materials (Table S2, Fig. S1).
Summary statistics including, Hg and Ho, Fig and Ag were calculated
using R-package ‘diveRsity’ (Keenan et al., 2013). To describe genetic
differentiation between locations we calculated pairwise Fgr using the
R-package ‘StAMPP’(Excoffier and Heckel, 2006; Pembleton et al.,
2013). Each analysis consisted of > 10,000 bootstraps generating con-
fidence intervals and p values for each pairwise comparison. To inves-
tigate the possible ancestry of each individual and number of genetic
groups in our SNP datasets we used the unsupervised maximum likeli-
hood algorithm implemented in ADMIXTURE with K varying from one
to 14 and 10,000 bootstraps (Alexander and Lange, 2011). A 100-fold
cross-validation (CV) was set to determine the optimal number of clus-
ters for successfully reassigning individuals to their original group (i.e.
lowest CV error). Alternative clustering assessment for SNPs was un-
dertaken using DAPC in the R-package ‘adegenet’ (Jombart et al., 2010).
One hundred and three PCs (a third of the number of individuals in the
dataset) were retained and 10 discriminant eigenvalues were used.

2.5. Isolation-by-distance

The relationship between genetic and geographic distance was
explored using Mantel tests, where the null hypothesis is that genetic
difference is not correlated with geographical distance (Mantel, 1967).
Analyses were undertaken following Slatkin (1995) in Arlequin v3.5
(Excoffier and Heckel, 2006) whereby genetic distance was calculated as
Fs1/(1-Fst) (or ®gr/(1- ®gr) for mitochondrial DNA) and geographic
distance was measured using Google Earth (2019). Using microsatellites
and SNPs two spatial scenarios were examined; firstly, a broad scale
dataset (consisting of all locations), secondly a finer scale dataset
(central Indo-Pacific locations only). Central Indo-Pacific locations
included PNG, PHTW, IN, WA, NT, PCB, TSV and NSW. The latter
dataset was generated to identify regionally important SNPs that may
otherwise be lost in the global dataset. The central Indo-Pacific dataset is
more suitable for measuring genetic patterns in the unique biogeo-
graphical region which is under strong harvest pressure and where little
is known about local populations of S. lewini. Genetic distance in relation
to geographic distance was measured for SNPs using the gl.ibd function
in R-package ‘dartR’ (Gruber et al., 2018). Similar to Arlequin, ‘dartR’
estimates isolation by distance (IBD) based on mantel tests where ge-
netic distance is calculated as Fsy/(1-Fst). Geographic distance is rep-
resented as the log of distance in metres. Two differently filtered
datasets consisting of various combinations of locations were used to
understand the effect of large and fine scale structure on IBD analysis
(See Supplementary materials for description of SNP sets).

3. Results

The number of samples successfully analysed for each marker type is
described in Table 1. Differences in sample size per location and per
marker are likely due to a number of factors affecting sequencing and
genotype success (i.e. poor quality gDNA). Due to reduced sample sizes
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for the Philippines (PH) and Taiwan (TW), individuals from these
sampling locations were grouped together to allow the representation of
the north Indo-Pacific region in the analyses (hereafter abbreviated to
PHTW). Separate pairwise Fgr analysis was conducted to ensure no
difference between locations occurred; since no significance was iden-
tified, samples were combined.

3.1. Mitochondrial DNA

To describe the relationship among mitochondrial genomes of indi-
vidual S. lewini we sequenced a 964 bp of the control region CR and
853 bp of ND4 and subsequently concatenated for analysis (total
concatenated sequence of 1817 bp in length). Maximum likelihood fits
of nucleotide substitutions models found the Tamura model to have the
lowest Bayesian Information Criterion (BIC) values for both CR and ND4
portions and was therefore used in further testing of the concatenated
sequences. A total of 359 individuals from 12 populations were suc-
cessfully amplified at both mitochondrial DNA regions resulting in 43
haplotypes. A large break of 19 mutations between haplotypes separated
all individuals from SEY and some individuals from IN, PHTW and PNG
(Fig. 2). Upon further investigation these haplotypes were identified as
very similar to those of the previously described CR ‘Atlantic Ocean’
haplotype of S. lewini (Quattro et al., 2013, 2006) (). An additional
branch, divergent by seven mutations, included a mixture of central
Indo-Pacific locations and almost all the WA samples. Overall, the
majority of other haplotypes were found to be shared in individuals from
different locations. The number of haplotypes varied greatly from H
=33 in PNG to H = 3 in Hawaii and the GOC. Nucleotide diversity
greatly varied from © = 0.014 in PHTW to n = 0.003 in GOC (Table 1).

An assessment of the fixation indices for spatial population structure
across the 12 locations, found a moderate and significant global ®gr of
0.622 (p < 0.010). Pairwise ®dgy estimates for the westernmost location
(SEY) and the easternmost location (GOC) were very high and signifi-
cantly different across all locations (®st = 0.265-0.988, p < 0.010)
(Table 2). HAW and WA were also found to be genetically dissimilar
from east Australia and Fiji locations (PCB, TSV, NSW & FJ) (&gt =
0.193-0.379, p < 0.010).

3.2. Nuclear markers — microsatellites & SNPs

To determine the extent to which genetic markers from the nuclear
genome distinguished biological stocks, two types of markers were
compared: microsatellite and SNP loci. A total of 354 individuals from
12 locations successfully genotyped at nine polymorphic microsatellite
loci (as in Daly-Engel et al., 2012, with exception of SLE053 and SLE081
which were poorly resolved in our samples and not in HWE). Each locus
was highly variable as indicated with Ag ranging from 6.99 to 9.57 and
Hp 0.612-0.787 (Table 1). All loci were checked for departures from
HWE, after Bonferroni correction of p values (BFp = 0.05/108), 12 tests
were considered out of HWE within some populations (). No single locus
was out of HWE at each of the 12 locations, however, WA did have the
highest number of departures for a single location (3 loci with HWE,, <
0.002), which were rechecked to ensure no heterozygous alleles were
missed during genotyping. Per loci (across all locations), no significant
departures from HWE were observed, therefore all loci were retained in
analyses.

The global Fgr estimated across 12 locations using microsatellites
was quite small (Fsy = 0.010). Pairwise Fsr comparisons showed the
westernmost location SEY and easternmost locations HAW and GOC to
have the highest pairwise Fgr values compared to the remaining loca-
tions (Fst = 0.010 — 0.064), with many of the pairwise comparisons
found to be highly significant (p = < 0.001) (Fig. 3, Table S4). Evidence
of high gene flow as reflected in low and non-significant Fsr values was
apparent between closely located regions within the central Indo-Pacific
(PHTW, IN, WA, NT, PNG, PCB, TSV, NSW) (Fsy = 0.000-0.006). DAPC
analysis identified some overlap between all locations, however GOC,
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Table 1

Summary of various measures of genetic diversity (averages given) for mitochondrial DNA, microsatellites and SNP datasets in S. lewini across the twelve sampling locations.

SNPs (5689 loci)

Microsatellites (9 loci)

mitochondrial DNA (CR+ND4, 1817 bp)

Ho Hg Fis

AR

Ho Hg Fs HWE,

AR

nx 10%

n

Abbr.

Site

Ocean

0.177
0.214

0.167
0.161
0.166
0.165
0.165
0.166
0.163
0.167
0.165
0.165
0.169
0.162

0.128
0.121
0.130
0.130
0.126
0.126
0.123
0.129
0.126
0.126
0.127
0.116

1.91
1.91
1.92
1.92
1.92
1.93
1.91
1.92
1.92
1.92
1.93
1.91

3753

14
23
21

0.045 0.516
0.165
0.220
0.125

0.048
0.073

0.768 0.801

0.614

9.28
8.65

9.

26
23

0.653 0.055

7

22
35

Seychelles SEY
IN

Indonesia

Indian

4507
4491

0.248
0.173
0.237
0.204
0.416

0.715

0.675

0.908
0.780
0.776
0.882

18
6

75
17
75
27
82
24
29
23

0.178
0.177
0.206
0.228
0.189
0.202
0.196
0.192
0.215

0.761

0.612

13

0.478
1.419

10
19
54
77
25
39
25

WA

West Australia

4421

21

0.784
0.783
0.800
0.783
0.785
0.788
0.792
0.758
0.709

0.697
0.743
0.746
0.717

8.86
9.

29
33

10
20
33
12
25
13
7
3
3

PHTW
NT

Philippines/Taiwan

North Australia

Pacific

4812

28
67

13

0.233

5315

9.57
9.15
8.61
9.09
9.43
8.05
6.99

0.267
0.167
0.165
0.135
0.064
0.055

0.912

PNG
P

Papua New Guinea

4223

17
33
26
19
25
16

0.406

0.241

0.093
0.134

0.076

0.838

CB

Princess Charlotte Bay

Townsville

4916

0.686
0.738
0.770
0.787
0.673

43

0.934

TSV

4686
4263

0.311

0.774
0.712

NSwW
FJ

New South Wales

Fiji

0.383
0.502
0.370

0.027

21

4351

0.040
0.048

28

0.439

14
18

HAW
GoC

Hawaii

0.227

3236

0.033

0.537

Gulf of California

Total n

310

354

359

The number of individuals successfully amplified per marker and total (n), the observed (HO) and expected heterozygosity (HE), the number of polymorphic sites (S); for SNPs one site equals one locus, number of

Haplotypes (H), haplotype diversity (h), nucleotide diversity (n), allelic richness (AR), inbreeding coefficient (FIS) and Hardy-Weinberg significance value (HWEp).
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WA, SEY and IN were more separated in cluster space than all other
locations (Fig. 4). Based on the STRUCTURE analyses, K = 3 was the
most likely number of clusters detected based on the Evanno method
(Supplementary Fig. S2). In all plotted scenarios (Fig. 6, K = 2-6) GOC
was separated into its own distinct cluster, while almost all the other
locations were similarly assigned to other clusters. Genetic and
geographic distances were found to correlate when all populations were
included in the analysis (Fig. 5). The all location dataset based on
microsatellites was found to be significantly correlated with r values of
0.74 (p = < 0.001). No significant relationship between genetic and
geographic distance could be identified between central Indo-Pacific
locations (Fig. 5).

DArTSeq processing returned a total of 53,729 SNP loci for 352 in-
dividuals from 12 populations. After additional stringent quality
filtering (Supplementary Methods S.1) we identified two datasets con-
taining 5689 and 5969 SNPs (Supplementary Fig. S1, Table. S2). Sum-
mary statistics are reported for the total SNP dataset (5689) in Table 1.
The number of polymorphic loci per population was similar for most
locations, however PNG and GOC had the highest (5315) and lowest
(3236) respectively (Table 1). For bi-allelic SNP markers, Ag and Hp did
not vary greatly between locations (Ag = 1.91-1.93, Hp = 0.116-0.130),
further heterozygosity (Hp) values were consistently low suggesting a
deficit across populations.

Pairwise location comparisons based on SNPs were similar to those
observed with microsatellites (global Fsy = 0.010 and Fsr = 0.011
respectively) Again, the easternmost location, GOC was the most
genetically differentiated from all locations and Fsr values based on
SNPs were comparable (albeit slightly higher) than with microsatellites
(Fst = 0.044-0.072) (Fig. 3,). Comparisons between S. lewini from SEY
and HAW to all other locations revealed a lack of gene flow with mod-
erate and significant Fgr values (Fst = 0.009-0.023, p = < 0.001).
Despite somewhat similar trends in Fgt values, SNPs and microsatellites
differed greatly in the statistical significance of comparisons. The ma-
jority of pairwise tests for SNPs were found to be significant (p = <
0.001), except for closely located regions in Indonesia, Australia and
PNG - (IN, NT, PCB, NSW, TSV and PNG). The central Indo—Pacific SNP
set estimated similar pairwise Fgr’s as the all location SNP set with the
largest difference between Fgr values being + /- 0.001 ().

The unsupervised clustering algorithm run using ADMIXTURE soft-
ware yielded more visibly structured clusters based on geographic
location than STRUCTURE plots for the microsatellites (using all loca-
tion SNP set). CV error value were lowest for clusters K = 1-5 suggesting
these clusters has the best predictive accuracy (Supplementary material
S.3) (Alexander et al., 2020). Like pairwise Fgr tests indicating genetic
distinctiveness, SEY, GOC and HAW all belong to clearly defined clusters
from K = 3 onwards. This is dissimilar from Microsatellite STRUCTURE
output where HAW and SEY did not form distinct clusters. ADMIXTURE
plots also show a high level of homogeneity among many of the central
Indo—Pacific locations (PHTW, IN, WA, NT, PNG, PCB, TSV, NSW and
FJ) sharing assigned clusters. DAPC plots also support the findings of the
pairwise Fgr’'s and ADMIXTURE analyses for SNPs. Clustering is
consistent with geographic locations showing SEY, GOC and HAW most
clearly separated from a central Indo-Pacific cluster (Fig. 7). Testing
exclusively central Indo—Pacific locations (5969 SNPs) we found PHTW,
WA and FJ cluster slightly away from other overlapping locations.
Contrary to the microsatellite results, both SNP datasets found signifi-
cant correlations between genetic and geographic distance. Correlation
value (r) varied between groupings with all locations and central
Indo-Pacific locations showing significant r values of 0.67 and 0.73,
respectively (Fig. 5).

4. Discussion
Population subdivision identified in our study using three genetic

marker types has updated our understanding of S. lewini connectivity
across the Indo-Pacific. The results presented here clearly show little



M.E. Green et al.

[ Seychelles
B Philippines/Taiwan
[ Indonesia
Bl Western Australia
[ Northern Territory
B Papua New Guinea
[ Princess Charlotte Bay
I Townsville
[l New South Wales

Fiji
W Hawaii

Gulf of California

Fisheries Research 251 (2022) 106305

Fig. 2. Mitochondrial DNA (CR and ND4) Median-Joining network analysis from POPart v1.7. S. lewini haplotype frequencies are relative to the size of the circles,
colours represent sampling locations. Number of strokes joining nodes represents number of mutations between two haplotypes (across the concatenated 1817 bp
fragment). (For interpretation of the references to colour in this figure legend, the reader is referred to the web version of this article.)

Table 2
Pairwise genetic differences (®gt) calculated from concatenated 1817 bp mitochondrial DNA CR and ND4 sequences for S. lewini.
SEY PHTW IN WA NT PNG PCB TSV NSwW FJ HAW GOC

SEY * 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000
PHTW 0.764 * 0.140 0.118 0.002 0.001 0.009 0.001 0.008 0.002 0.027 0.000
IN 0.877 0.048 * 0.181 0.086 0.039 0.042 0.011 0.041 0.032 0.020 0.000
WA 0.951 0.099 0.018 * 0.014 0.003 0.001 0.001 0.001 0.001 0.000 0.000
NT 0.951 0.207 0.025 0.177 0.377 0.164 0.169 0.249 0.186 0.008 0.000
PNG 0.941 0.215 0.037 0.220 0.000 0.406 0.777 0.564 0.644 0.002 0.000
PCB 0.969 0.157 0.045 0.291 0.018 0.002 * 0.740 0.677 0.251 0.000 0.000
TSV 0.966 0.203 0.054 0.309 0.013 0.000 0.000 * 0.748 0.577 0.000 0.000
NSW 0.974 0.166 0.045 0.307 0.007 0.000 0.000 0.000 * 0.659 0.000 0.000
FJ 0.984 0.171 0.057 0.379 0.020 0.000 0.009 0.000 0.000 * 0.000 0.000
HAW 0.985 0.158 0.111 0.418 0.171 0.133 0.193 0.199 0.209 0.362 * 0.000
GOC 0.988 0.265 0.290 0.598 0.498 0.442 0.582 0.593 0.639 0.788 0.805 *

Above diagonal; p values, below diagonal; pairwise ®ST values, significant values (p = < 0.010) are in bold.

gene flow is occurring between the westernmost (Seychelles), eastern-
most (Hawaii and Gulf of California) and central Indo—Pacific locations
(Australia, Indonesia, Philippines, Taiwan, Papua New Guinea and Fiji).
The implication is that neither sex migrates effectively across the Indian
Ocean as mitochondrial haplotypes and biparental genotypes from the
Seychelles were distinct from the remainder. The lack of gene flow is
most likely driven by the large distances involved, inferring that S. lewini
do not cross ocean basins. In contrast, the closely located continental
shelves of Australia, Papua New Guinea and Indonesia provide well
connected habitat enabling dispersive behaviours between the Pacific
and eastern Indian Oceans explaining the gene flow patterns across
marker types identified in the central Indo-Pacific region.

This study used a number of samples and similar genetic markers
from previous work including Duncan et al. (2006a), Daly-Engel et al.
(2012) and Ovenden et al. (2009) as well as newly collected samples
from Seychelles, Papua New Guinea and Townsville (Australia) and
newly developed genomic markers. Overall, our results are broadly
equivalent with previous studies, finding structure between ocean basins
and connectivity along continental shelves using mitochondrial DNA.
Additionally, our findings of ocean basin and Indo-Pacific connectivity
identified using microsatellites are similar to descriptions in Daly-Engel
et al. (2012) and Ovenden et al. (2009) respectively. The new infor-
mation in this study, based on the addition of over 5600 SNP markers
enabled direct comparisons to previous interpretations of S. lewini

connectivity across all 12 locations. In contrast with microsatellite re-
sults, SNP markers revealed no genetic connectivity across the broader
Indian and Pacific ocean basins suggesting initial conclusions of male
biased dispersal across Indian and Pacific oceans (Daly-Engel et al.,
2012) will need to be updated.

Of great interest is the mitochondrial DNA haplotypes thought only
to exist in the Atlantic Ocean, shown here to be apparently ‘leaking’ into
the Indian Ocean. Previously, the divergent haplotype described for
individuals from North and South Carolina, Florida, Louisiana and the
Ivory Coast led authors to suggest Atlantic S. lewini are a distinct
divergent lineage (Quattro et al., 2006). However, Duncan et al. (2006b)
and Daly-Engel et al. (2012) noted a western Indian Ocean haplotype
clustering within the Atlantic lineage. In our current study, when
assessing mitochondrial DNA CR haplotypes from individuals sampled
in Seychelles, mitochondrial DNA data demonstrated all individuals
from the Seychelles were represented by the same ‘Atlantic’ haplotype
over two separate time periods of sampling (2010 and 2017). Addi-
tionally, one individual from Indonesia and PNG and three individuals
from the Philippines all had similar haplotypes to the ‘Atlantic’ lineage.
Given the evidence suggesting S. lewini centre of origin was likely from
the Indo-Pacific (Duncan et al., 2006), it is possible the Atlantic
haplotype could have originated in the Indo-Pacific and through
migration westward past South Africa moved into the Atlantic Ocean.
Alternatively, ancestors of the ‘Atlantic’ lineage migrated westward
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Fig. 3. Estimates of pairwise genetic differentiation (Fsy) between all sampled locations for S. lewini using SNP (black) and microsatellite (grey) loci. Where CIP
= central Indo-Pacific, SEY = Seychelles, HAW = Hawaii and GOC = Gulf of California. Comparisons are arranged in ascending order of SNP Fgr values (x-axis).
Filled circles indicate significant p-values where p = < 0.001 and boxes represent pairwise comparisons between grouped locations (note 37 is the only CIP com-

parison within the SEY & HAW section).

where evolution in isolation occurred followed by possible eastward
leakage. It is unknown which direction the ‘Atlantic’ haplotype came
from, however, results presented here suggest the haplotype should be
reconsidered as more widespread than initially thought.

4.1. Indo—Pacific population structure

The findings of significant population structure based on SNPs, be-
tween the Seychelles and Hawaii with the central Indo—Pacific clearly
defined using SNPs adds new knowledge to our understanding of
S. lewini dispersive behaviour. Until now, microsatellites have only
detected population structure between the region of the Gulf of Cali-
fornia and other locations used in this study. Previously, Seychelles and
Hawaii were found to be connected with central Indo—Pacific locations,
suggesting some level of male-mediated connectivity occurs across
ocean basins (Daly-Engel et al., 2012). Using SNP markers, our results
identified individuals from the Seychelles and Hawaii belonging to
distinct clusters corroborated with large and significant pairwise Fsr’s
(analogous with mitochondrial DNA results presented here). Similarly,
SNP DAPC and ADMIXTURE plots clearly define Seychelles and Hawaii
as separate and distinct populations from the central Indo-Pacific.
Therefore, connectivity of S. lewini across the Indo-Pacific may be more
restricted than initially proposed.

The number of populations estimated using ADMIXTURE and

STRUCTURE for SNPs and microsatellites respectively were not
concordant. Differences in the number of loci and therefore informa-
tiveness of each marker likely attributed to varied clusters/populations
identified (Morin et al., 2004). Bayesian clustering algorithms are re-
ported to be inaccurate in the presence of low levels of genetic differ-
entiation (Latch et al., 2006), therefore many scenarios of K need to be
modelled to assess for biological importance. Scenarios of K = 4-6
populations using SNPs appear reasonable, with the Seychelles, Hawaii
and Gulf of California all distinct populations and the central
Indo-Pacific (9 locations) making up a homogeneously mixed popula-
tion. Philippines, Taiwan, Western Australia and Fiji begin to differ at K
= 6, however this differentiation is only slight. DAPC and pairwise Fsr’s
support K scenarios identifying Seychelles, Hawaii, Gulf of California,
Fiji and some comparisons between Philippines, Taiwan and Western
Australia to be genetically distinct. We therefore propose four major
genetic stocks across the Pacific and Indian Oceans; 1. West Indian
(Seychelles), 2. Central Indo-Pacific (Papua New Guinea, Philippines,
Taiwan, Australia, Fiji), 3. Central Pacific (Hawaii), and 4. East Pacific
(Gulf of California). We also note structure occurring within the central
Indo-Pacific (i.e. Western Australia and Fiji), however this is less clear
(discussed below). The genetic stock groupings suggested here are
largely ocean basin focused. A number of other shark species have been
found to have limited gene flow across ocean basins (using micro-
satellites), including many of the Carcharhinidae family (Pember et al.,
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Fig. 4. Scatterplot created using DAPC showing variation between S. lewini individuals (dots) and populations (colours) for 9 microsatellite loci. (For interpretation
of the references to colour in this figure legend, the reader is referred to the web version of this article.)
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Fig. 5. Isolation by Distance (IBD) plots showing the relationship between genetic distance (y-axis) and geographic distance (x-axis) for SNPs (left) and micro-
satellites (right) across two population scenarios; all locations (top) and central Indo-Pacific locations (bottom). SNP IBD plots were generated using dartR package
(Gruber et al., 2018) where geographic distance is represented as the log of distance in metres.

2020), lemon shark Negaprion brevirostris (Schultz et al., 2008), common
blacktip shark C. limbatus (Keeney and Heist, 2006) and tiger shark
Galeocerdo cuvier (Bernard et al., 2016). Similar to S. lewini, these species
rely on coastal and/or reef habitat for food, protection and reproduction.
It is possible that the strong reliance on these habitats for critical
physiological and ecological functions explains why large scale oceanic
movements are rare (Ketchum et al., 2014).

It would be beneficial to link genetic and genomic findings with
movement data, similar to that of Corrigan et al. (2018) who combined

genetic and telemetry methods to describe connectivity of shortfin mako
sharks Isurus oxyrinchus across the Indo-Pacific. Much of the available
telemetry and mark-recapture data for S. lewini have focused on
young-of-the-year and juveniles from Hawaii (Clarke, 1971; Duncan and
Holland, 2006; Holland et al., 1993; Klimley and Nelson, 1981; Kohler
and Turner, 2001; Lowe, 2002) and the South African coast (Diemer
et al., 2011). However, recent tagging undertaken in Australia deployed
eight tags on adult S. lewini (7 males, 1 female) and found tracked in-
dividuals did not move greater than 200 km suggesting relatively high
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Fig. 6. Average population for S. lewini clustering based on ADMIXTURE (SNPs) and STRUCTURE (Microsatellite) outputs for 5689 SNPs (left) and 9 microsatellites

(right) respectively. Colours represent different clusters as defined by K values. Each column represents a different location. (For interpretation of the references to
colour in this figure legend, the reader is referred to the web version of this article.)

residency (Heupel et al., 2020). Adult movements tracked within the Parasite analyses for S. lewini in Australia, Indonesia and Papua New

Galapagos Islands found the majority of individuals remained resident at Guinea also support a high degree of residency similar to that of tagging
their capture reef (Ketchum et al., 2014). A few large females moved studies (Heupel et al., 2020). The largest difference in parasite assem-
significant distances (700-1200 km) and returned to resident reefs. blages were found along the east Australian coast and driven by
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Fig. 7. Scatterplot created using DAPC showing variation between S. lewini individuals (dots) and populations (colours) for two SNP datasets with accompanying
map of locations. Top- All locations (5689 SNPs), bottom- central Indo-Pacific locations (5969 SNPs). (For interpretation of the references to colour in this figure
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ontogenetic shifts from juveniles to adults (Heupel et al., 2020).
Although these studies have limited sample sizes, the available de-
mographic evidence (i.e. telemetry, parasites) suggests S. lewini do not
traverse large distances and instead show site attachment and residency.
The vast genetic connectivity identified in this study, and other popu-
lation genetic analyses of S. lewini, is therefore likely to represent a small
number of individuals migrating and successfully breeding over long
periods of time.

4.2. Central Indo—Pacific population structure

The removal of distant locations (Seychelles, Hawaii and Gulf of
California) and re-filtering of SNPs enabled our study to generate a
central Indo-Pacific dataset. By assessing genetic information of in-
dividuals closely located, our study identified 931 informative SNPs
exclusive to the central Indo-Pacific region. Findings from the central
Indo-Pacific SNP set in combination with microsatellites and mito-
chondrial DNA have described the genetic connectivity present in a
critical region for S. lewini. Regional assessment of S. lewini in the central
Indo-Pacific is important given the data deficient status in Oceania and
closely located EEZ’s of Indonesia, Papua New Guinea and Australia.

SNPs, microsatellites and mitochondrial DNA identified patchy gene
flow across the central Indo-Pacific countries of Australia, Papua New
Guinea, Indonesia, Philippines, Taiwan and Fiji. Connectivity across the
Indo-Pacific has been noted for S. lewini previously (Daly-Engel et al.,
2012; Ovenden et al., 2009) as well as a number of other shark species
including G. cuvier (Holmes et al., 2017), short fin mako Isurus oxy-
rinchus (Corrigan et al., 2018), C. amblyrhynchos (Momigliano et al.,
2017), C. albimarginatus (Green et al., 2019) and P. glauca (Ovenden
et al.,, 2009). Within the central Indo-Pacific region, S. lewini are
continuously distributed (Last and Stevens, 2009) with no perceived
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contemporary barriers hindering dispersal along continental shelves.
Interestingly, SNP markers revealed a subtle level of population struc-
ture within the central Indo-Pacific. The majority of SNP pairwise
comparisons between central Indo-Pacific locations were significantly
different, meaning gene flow between these locations may be limited.
Only some of the geographically closest locations including the Northern
Territory, east Australian coast, Indonesia and PNG comparisons are not
significantly partitioned, likely driving the observed pattern of Isolation
by Distance (IBD). Supported by Fsy, DAPC and ADMIXTURE plots, our
results show Fiji, Western Australia and Philippines/Taiwan to have
restricted gene flow with other central Indo-Pacific locations. If we
accept that IBD is driving genetic diversity patterns among the central
Indo-Pacific, it is likely gene flow across the region is facilitated by
stepping-stone migrations as purported for C. amblyrhynchos (Momi-
gliano et al., 2017). Reef coverage is continuous between east-
ern/northern Australia, PNG and Indonesia, however, coral reef habitat
in Western Australia is sparser, separated by hundreds of kilometres of
unsuitable habitat (Momigliano et al., 2017). The distance and lack of
suitable reef structure between Western Australia, Fiji and Philip-
pines/Taiwan and other central Indo-Pacific locations may reduce
dispersal ability and therefore gene flow between these locations. In
contrast, high gene flow identified between east/north Australia, PNG
and Indonesia suggests movement of S. lewini between these locations is
likely.

4.3. Microsatellite vs. SNP markers for population assignment

Results from nuclear microsatellites and SNPs largely agree, however
a few differences were identified. First, the clusters inferred by SNP
DAPC are much more distinct than those observed with microsatellites.
Second, while global Fgy values were similar and pairwise Fgy’s followed
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similar trends, the pairwise significances were highly varied. Third, the
IBD pattern detected among populations in the central Indo-Pacific was
much stronger in the SNP data. Forth, assignment of clusters using
Bayesian programs ADMIXTURE and STRUCTURE identified different K
values and population assignment between K = 1-6 varied, with SNPs
more accurately assigning individuals to their geographic locations. A
number of studies comparing SNPs and microsatellites have found
similar patterns with SNPs more clearly defining DAPC and PCA clusters
(Benestan et al., 2015; Jeffries et al., 2016; Malenfant et al., 2015), IBD
correlations (Coates et al., 2009; Jeffries et al., 2016) and larger, sig-
nificant Fgr values (Malenfant et al., 2015; Vendrami et al., 2017). These
differences can be attributed to SNPs more densely sampling the
genome, SNP genotyping identifying a large set of loci, highly differ-
entiated and providing fine-scale resolution and estimations of popula-
tion structure (Hohenlohe et al., 2018; Xing et al, 2005). The
significance of SNP Fgr values is likely due to the sheer number of SNP
loci lowering residuals and creating more confidence in calculated ob-
servations. Similar to many previous studies, here SNPs provided
fine-scale discrimination of population structure for a widely distributed
marine species where weakly differentiated microsatellites did not.

4.4. Management implications and conclusion

Determining genetic connectivity provides important information
for fisheries management. Population structure can be used to define the
geographic boundary of a biological stock and underpin management
decisions (Ovenden et al., 2009). Here we have defined the biological
stock structure of S. lewini into four regions: the Western Indian
(Seychelles), the central Indo-Pacific (Papua New Guinea, Indonesia,
Australia, Philippines, Taiwan and Fiji), Central Pacific (Hawaii) and the
tropical East Pacific (Gulf of California). As was done for the central
Indo-Pacific, it would be of great interest to estimate intra-regional
connectivity of individuals from geographically close locations in the
Western Indian (around the Seychelles) and Eastern Pacific (around Gulf
of California). Future studies should incorporate samples near regions
tested within our study to determine the extent of connectivity within
ocean basins.

Within the central Indo-Pacific, only subtle population structure was
identified; connectivity appears to be present between east and north
Australia, PNG and Indonesia, however, small breaks in gene flow were
observed between the west coast of Australia and Fiji. Conceptual
models developed to explain patterns of S. lewini distribution described
four possible models of movement (see Chin et al., 2017). Based on the
findings of our current study, we assume Model 1 and Model 2, sug-
gesting panmixia and limited movement respectively are unlikely.
Instead, our results support Model 3; continental shelf movement
enabling connectivity between Australia, PNG and eastern Indonesia,
but not with the Pacific Islands (i.e. Fiji). In addition to Model 3, the
results presented here suggest connectivity to Western Australia appears
to be limited. Ultimately, adopting management at the spatial scales and
boundaries identified in this study for the central Indo-Pacific region
will necessitate international and national cooperation.

A key objective of this study was to assess whether differences in
genetic patterns could be observed using a multi-marker approach. The
work presented here indicates differences between microsatellites and
SNPs do occur, with SNPs identifying more discrete population subdi-
vision than microsatellites. The ability of genomic techniques to capture
a large subset of highly differentiated markers provides a robust
approach to identify population structure (Hohenlohe et al., 2018). Our
results suggest increased sampling regimes and an increased number of
microsatellite loci are required if choosing to undertake population
structure analyses exclusively with genetic markers. Therefore, under-
taking a genomic approach using SNPs may be more suited for shark and
ray population structure studies given the challenges faced (expense and
accessibility) when obtaining adequate sample sizes. Future studies
assessing population connectivity using alternative demographic
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methods (i.e. telemetry, parasites) should be undertaken alongside
genomic approaches to estimate the level of demographic connectivity
between regions with varying levels of fishing pressure and capacity for
management.
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Lay summary

Samples were collected from twelve locations across the Indo-Pacific
to provide an updated assessment of the genetic connectivity for the
critically endangered S. lewini. Three different genetic methods were
used to better understand how to integrate new and old genetic tech-
nologies for population assignment. Results suggest large oceanic bar-
riers separate populations, while continuous continental shelves
facilitate connectivity.
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