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Abstract

Population genetics has been increasingly applied to study large sharks over the last
decade. Whilst large shark species are often difficult to study with direct methods,
improved knowledge is needed for both population management and conservation,
especially for species vulnerable to anthropogenic and climatic impacts. The tiger
shark, Galeocerdo cuvier, is an apex predator known to play important direct and indi-
rect roles in tropical and subtropical marine ecosystems. While the global and Indo-
West Pacific population genetic structure of this species has recently been
investigated, questions remain over population structure and demographic history
within the western Indian (WIO) and within the western Pacific Oceans (WPO). To
address the knowledge gap in tiger shark regional population structures, the genetic
diversity of 286 individuals sampled in seven localities was investigated using 27 mi-
crosatellite loci and three mitochondrial genes (CR, COI, and cytb). A weak genetic
differentiation was observed between the WIO and the WPO, suggesting high ge-
netic connectivity. This result agrees with previous studies and highlights the impor-
tance of the pelagic behavior of this species to ensure gene flow. Using approximate
Bayesian computation to couple information from both nuclear and mitochondrial
markers, evidence of a recent bottleneck in the Holocene (2,000-3,000 years ago)
was found, which is the most probable cause for the low genetic diversity observed.
A contemporary effective population size as low as 111 [43,369] was estimated dur-
ing the bottleneck. Together, these results indicate low genetic diversity that may
reflect a vulnerable population sensitive to regional pressures. Conservation meas-

ures are thus needed to protect a species that is classified as Near Threatened.
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1 | INTRODUCTION

Study of large sharks, including the tiger shark Galeocerdo cuvier,
the great white shark Carcharodon carcharias, and the whale shark
Rhincodon typus, is challenging as these species spend substan-
tial periods of their lifetime in open ocean waters. Consequently,
data concerning basic aspects of their biology, such as migration
patterns and population structure, are limited (Conrath, Musick,
Carrier, & Heithaus, 2012; Musick, 2010). Understanding the
ecological role of large sharks in marine ecosystems also re-
mains incomplete. However, as apex predators they are consid-
ered to exercise important functions in marine food webs via
top-down processes (Dudley & Simpfendorfer, 2006; Ferretti,
Worm, Britten, Heithaus, & Lotze, 2010; Myers, Baum, Shepherd,
Powers, & Peterson, 2007). Large sharks typically present classi-
cally K-selected life histories, with slow growth rate, late maturity,
and low fecundity (Musick, Burgess, Cailliet, Camhi, & Fordham,
2000). This renders them vulnerable to overexploitation with low
rebound potentials limiting their recovery (Campana & Ferretti,
2016; Cortés, 2002; Dudley & Simpfendorfer, 2006; Ferretti et al.,
2010; Myers & Worm, 2005; Worm et al., 2013). Certain species,
including the white, tiger, and bull sharks, are also responsible for
the majority of human-shark conflicts, complicating conservation
and management actions. Consequently, continuing to build on
our current understanding of the biology and the ecology of these
large sharks is needed to facilitate appropriate management .

The tiger shark is a large (up to 5.5 m long) Carcharhinid (Meyer
et al., 2014) with a circumglobal distribution in tropical and sub-
tropical waters (Compagno, 1984, 1990). It is a potential keystone
species in marine ecosystems through predation or by inducing
behavioral modifications of its prey, and thus indirectly modify-
ing primary producer community structure, biomass, and nutrient
composition (Burkholder, Heithaus, Fourqurean, Wirsing, & Dill,
2013; Heithaus, Frid, Wirsing, & Worm, 2008; Wirsing, Heithaus,
& Dill, 2007). The tiger shark is listed as globally “Near Threatened”
by the International Union for Conservation of Nature (IUCN) Red
List of Threatened Species and is primarily threatened by fisher-
ies exploitation (Simpfendorfer, 2009; Temple et al., 2018). Clarke
et al. (2006) estimated that ~400,000-500,000 tiger sharks are
caught annually for the shark fin trade globally. Furthermore, this
species is currently targeted by shark control programmes in the
Indo-Pacific: South Africa (Cliff & Dudley, 1991; Dudley, 1997,
Sumpton, Taylor, Gribble, McPherson, & Ham, 2011) and Australia
(Holmes et al., 2012; Reid & Krogh, 1992; Simpfendorfer, 1992),
and formerly in Hawaii (Wetherbee, Lowe, & Crow, 1994). It is also
reported as bycatch in pelagic fisheries, in the Western Pacific
(Polovina & Lau, 1993) and in the southern (Afonso & Hazin, 2014)
and northwestern Atlantic (Baum et al., 2003). Trends in long-term
catch and catch rates are difficult to obtain for sharks not spe-
cifically targeted by fisheries. Nevertheless, long-standing control
programmes as well as loghooks from the longline fishing fleets
do provide long-term data using standardized fishing methods,

which may be used to assess catch per unit effort trends over time.

Tiger shark catch rates in control programmes appear to be in-
creasing in KwaZulu-Natal, South Africa (Dudley & Simpfendorfer,
2006), while contrasting declines were observed in Queensland
(Holmes et al., 2012), New South Wales, Australia (Reid, Robbins,
& Peddemors, 2011), and in commercial fisheries in the northern
Atlantic (Baum et al., 2003; Myers et al., 2007). These differences
in catch rates indicate regional variation in population trends of
tiger sharks, but overall evidence supports declining populations.
Control programme catch rates coupled with mark-recapture and
telemetry also provide information on habitat use patterns.

Data from pelagic longline fisheries have highlighted the impor-
tance of the pelagic realm to a species originally described as coastal
(Domingo et al., 2016; Polovina & Lau, 1993). More recently, tiger
shark individuals have been recorded moving over several thou-
sands of kilometers distances (Ferreira et al., 2015; Hammerschlag,
Gallagher, Wester, Luo, & Ault, 2012; Holmes et al., 2014; Lea et al.,
2015; Werry et al., 2014), including crossing ocean basins (Afonso,
Garla, & Hazin, 2017; Heithaus, Wirsing, Dill, & Heithaus, 2007,
Kohler, Casey, & Turner, 1998; Kohler & Turner, 2001). Equally,
tracking studies have also revealed strong residency patterns, with
some individuals maintaining large but defined home ranges and re-
turning to specific locations on a regular basis (Ferreira et al., 2015;
Fitzpatrick et al., 2012; Heithaus, 2001; Holland, Wetherbee, Lowe,
& Meyer, 1999; Lowe, Wetherbee, & Meyer, 2006). These patterns
seem to be linked not only to intrinsic states such as foraging strate-
gies (Heithaus, Hamilton, Wirsing, & Dill, 2006; Holland et al., 1999;
Meyer, Clark, Papastamatiou, Whitney, & Holland, 2009; Meyer,
Papastamatiou, & Holland, 2010; Papastamatiou et al., 2011) and sex
(Heithaus et al., 2006; Papastamatiou et al., 2013; Sulikowski et al.,
2016) but also to extrinsic drivers, notably prey abundance (Lowe,
Wetherbee, Crow, & Tester, 1996) and water temperature (Heithaus,
2001; Holmes et al., 2014; Wirsing, Heithaus, & Dill, 2006). While
these movement studies highlight the complex migration patterns
and habitat use of tiger sharks, the implications of these patterns on
population connectivity and structure have only begun to be consid-
ered recently using molecular markers.

The first study investigating the population genetic structure of the
tiger shark was primarily designed for species delimitation examining 29
samples collected throughout its range using the mitochondrial NADH
dehydrogenase subunit (ND2) gene (Naylor et al., 2012). Two mono-
phyletic clades were identified, one in the Atlantic and the other in the
Indo-Pacific, with no shared haplotype, suggesting the presence of two
subspecies. This hypothesis was subsequently refuted by Bernard et al.
(2016), using a larger sample of 380 individuals from several sampling
sites across the three ocean basins, 10 microsatellite loci and two mi-
tochondrial genes, the control region (CR) and the cytochrome oxidase
¢ subunit | (COI). Bernard et al. (2016) highlighted long-term genetic
isolation between tiger shark populations of the Atlantic and the Indo-
Pacific, but with shared mitochondrial haplotypes, which is inconsistent
with the two subspecies hypothesis. Furthermore, samples from Hawaii
appeared genetically differentiated from all other locations, perhaps
due to more restrictive movement behaviors and greater residency

exhibited by sharks from this area (Meyer et al., 2010; Papastamatiou
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et al., 2013). Using mitochondrial data, Bernard et al. (2016) also iden-
tified a larger degree of genetic differentiation in the Indo-Pacific than
observed with microsatellite data. Recorded differences between the
west and east coast of Australia were hypothesized to be a result of a
stronger matrilineal structure due to sex-biased dispersal and female
philopatry. An additional study focused on the population structure of
tiger sharks across the eastern Indian Ocean and the Pacific, with 355
samples collected primarily around Australia and Hawaii, with eight sam-
ples from Brazil in the southwest Atlantic as an outgroup (Holmes et al.,
2017). Using nine microsatellite loci, Holmes et al. (2017) confirmed
genetic isolation between the western Atlantic and the Indo-Pacific.
Further, the high connectivity around Australia found by Bernard et al.
(2016) was reflected in satellite tracking data (Afonso etal., 2017;
Heithaus et al., 2007; Kohler et al., 1998). Nevertheless, contrary to the
findings of Bernard et al. (2016), Holmes et al. (2017) found no genetic
differentiation between Hawaiian and Australian populations.

In the present study, we used samples from the western Indian
Ocean (233 individuals from four locations), the eastern Indian
Ocean (nine individuals from one location), and the western Pacific
(33 individuals from two locations), and 27 microsatellite loci and
three mitochondrial genes (CR, COI, and cytb) to further investigate
population structure and demographic parameters in the tiger shark.
As we used samples in common with Holmes et al. (2017) and the
nine microsatellite loci they used, we were able to combine samples
to obtain a more precise picture of the population genetic dynam-
ics of the tiger shark in the Indo-Pacific. In addition, CR sequences
obtained by Bernard et al. (2016) were used in conjunction with our
data, to further investigate their proposed mitochondrial structure
in these oceans.

2 | MATERIALS AND METHODS

2.1 | Sampling

Samples were collected in four locations in the western Indian
Ocean (Zanzibar, ZAN: n=8; South Africa, SAF: n=234; the

Seychelles, SEY: n = 24; Reunion Island, RUN: n = 167), and in the
eastern Indian Ocean, along the Australian west coast (AUS1: n = 9).
Samples were collected in the western Pacific from the northeast
coast of Australia (Queensland, AUS2: n = 10) and in New Caledonia
(NCA: n = 23; Figure 1). Samples came from individuals caught by
fishermen or shark control programmes (fin clips or muscle tissue)
and from scientific projects (i.e., biopsies) and were preserved in
90% ethanol.

2.2 | Laboratory procedures

Genomic DNA was extracted using Qiagen DNeasy Blood & Tissue
kit (Qiagen, Hilden, Germany) following manufacturer instructions.
The genotyping of all samples was performed at 30 microsat-
ellite loci. Twenty-six of them were species-specific loci: the eight
Gc-loci developed by Pirog, Jaquemet, Blaison, Soria, and Magalon
(2016), the nine TGR-loci developed by Bernard, Feldheim, and
Shivji (2015), and the nine TIG-loci developed by Mendes et al.
(2016). The remaining microsatellite loci were originally developed
for the bull shark Carcharhinus leucas (Cl12, Cl14, and Cl17; Pirog,
Blaison, Jaguemet, Soria, & Magalon, 2015) and the blacktip shark
Carcharhinus limbatus (Cli100; Keeney & Heist, 2003), and success-
fully cross-amplified in the tiger shark. The Gc-loci as well as Cl12,
Cl14, and ClI17 were directly fluorochrome-labeled (using 6-FAM,
PET, VIC, or NED) and PCR reactions were performed following
Pirog et al. (2016). Other loci were indirectly fluorochrome-labeled
(using 6-FAM, PET, VIC or NED) and PCR reactions were performed
following Gélin, Postaire, Fauvelot, and Magalon (2017). All loci were
multiplexed post-PCR in five panels (Appendix S1). PCR products
were genotyped using an ABI 3730XL capillary sequencer at the
Plateforme Gentyane (INRA, Clermont-Ferrand, France). Allelic sizes
were determined with GENeEMapper v.4.0 (Applied Biosystems) using
an internal size standard (Genescan LIZ-500, Applied Biosystems).
Of the nine loci developed by Bernard et al. (2015), we did not keep
TGR233 as we found it difficult to read. Of the loci developed by
Mendes et al. (2016), we did not keep either TIGO5, as it was difficult
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FIGURE 1 Map of tiger shark (Galeocerdo cuvier) sampling locations (AS: Andaman Sea; AUS1: Western Australian coast; AUS2:
Queensland, Australia; AUS3: New South Wales, Australia; AUS4: Northern Territories, Australia; BAH: Bahamas; COR; BRA: Brazil; Coral
Sea; FLE: Florida East Coast; HAW: Hawaii; GOM: Gulf of Mexico; NCA: New Caledonia; RUN: Reunion Island; SEY: Seychelles; SAF: South
Africa;USVI:US Virgin Islands; ZAN: Zanzibar). In brackets are sample sizes. In green are indicated samples collected for this study and
genotyped with 27 microsatellite loci and three mitochondrial genes. Red indicates samples genotyped by Holmes et al. (2017) with the nine
microsatellite loci developed by Bernard et al. (2015). Blue indicates samples sequenced at the control region by Bernard et al. (2016)
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to read with several failed amplifications, or TIG25 as it was mono-
morphic throughout our samples. We thus kept 27 microsatellite loci
for further analyses.

Microsatellite genotypes generated by Holmes etal. (2017)
and Bernard et al. (2016) were also added to the present study
(Figure 1; Table 1). Individuals from Australia genotyped in this
study are the same as those in Holmes et al. (2017), which were

genotyped with the nine microsatellite loci developed by Bernard

et al. (2015). For these individuals and the eight microsatellites in
common between the present study and Holmes et al. (2017), the
genotypes were compared and allele lengths calibrated. To en-
sure the allele frequency bins were uniform between the studies
at each locus, alleles frequencies were plotted and compared for
each sampling location (Appendix S2). We thus added genotypes
of all the individuals from Holmes et al. (2017) (Figure 1, Table 1)

enlarging the geographic coverage of our sampling: northern and

TABLE 1 Summary of Galeocerdo cuvier sampling locations and number of individuals from this study, Holmes et al. (2017) and Bernard
et al. (2016), as well as the molecular markers used in each study and the different datasets analyzed in the present study

This study

Sampling locations
Western Indian Ocean
ZAN 8
SEY 24
SAF 34
RUN 167
Eastern Indian Ocean
AS
AUS1 9
Western Pacific Ocean
AUS4
COR
AUS2 10
AUS3
NCA 23
Central Pacific
HAW
Northwestern Atlantic
GOM
FLE
BAH
usvi
Southwestern Atlantic
BRA
Cl12; Cl14; Cl17* Gc01-Gc08®
Cli100°

Microsatellite loci

Holmes et al. (2017) Bernard et al. (2016)

TIGO1; TIGO7; TIG10; TIG12; TIG15; TIG17; TIG19¢
TGR47; TGR212; TGR348; TGR891; TGR943; TGR1033; TGR1157; TGR1185°

Mitochondrial loci CR; COI
cytb

Microsatellite datasets 27-msat (n = 275)

8-msat (n = 606)
CR-COl-cytb (n = 127)
CR (n=538)

Mitochondrial datasets

Notes. In bold are indicated samples or markers in common in several studies.

55
31
9 +47 66
62
36
10 + 59
81 21
22
21 65
26
35
39
22
8 20
Cli100
TGR233
CR; Col

Bernard 8-msat
(n =380)

Holmes 8-msat (n = 355)

CR (n =538)

?Pirog et al. (2015). "Pirog et al. (2016). “Keeney and Heist (2003). “Mendes et al. (2016). °Bernard et al. (2015).
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southeastern Australian coasts, Coral Sea, Hawaii, and Brazil.
We also expanded the number of individuals for some locations
in common: western (AUS1) and northeastern (AUS2) Australian
coasts, and New Caledonia (Figure 1, Table 1).

Moreover, for DAPC analyses (see below) we also used the mi-
crosatellite genotypes generated by Bernard et al. (2016), retaining
only the eight microsatellites in common with our study and Holmes
et al. (2017). However, we could not analyze them together with our
genotypes as we did not have in our possession samples from indi-
viduals in common to calibrate the electrophoregrams.

In summary, four microsatellite datasets were used (Table 1): (a)
27-msat dataset (the 27 microsatellites on the individuals from this
study only; n = 275), (b) 8-msat dataset (the 8 microsatellites in com-
mon for all studies on the individuals from this study and those from
Holmes et al. (2017) only; n = 606), (c) Holmes 8-msat dataset (the
8 microsatellites in common for all studies on the individuals from
Holmes et al. (2017) only; n = 355), and (4) Bernard 8-msat dataset
(the 8 microsatellites in common for all studies on the individuals
from Bernard et al. (2016) only; n = 380).

The mitochondrial DNA control region (CR) was amplified using
the set of primers Gc-CR-F/Gc-CR-R (Pirog et al., 2016), the cy-
tochrome oxidase c subunit | (COI) using the primer cocktails C_
FishF1t1/C_FishR1t1 (lvanova, Zemlak, Hanner, & Hebert, 2007;
Ward & Myers, 2005) as described in Wong, Shivji, and Hanner
(2009) and the cytochrome b (cytb) using GluDG/C61121H (Naylor,
Ryburn, Fedrigo, & Lopez, 2005). This was performed for subsets of
the whole dataset: 200 individuals for CR, 147 individuals for COI,
and 130 for cytb. Primers were used for both amplification and di-
rect sequencing. PCR reactions were performed in a total volume
of 25 pl: 1x of MasterMix (Applied Biosystems), 0.3 uM of forward
and reverse primers/cocktails, and 1.6 ng/uL of genomic DNA. The
thermocycling programme for CR is described in Pirog et al. (2016).
For COI and cytb, the same programme was used, except that the
PCR annealing temperature was set at 53°C. Amplicons were sent
for sequencing to Genoscreen (Lille, France) on a capillary sequencer
ABI 3730XL (Applied Biosystems).

Moreover, to complement the mitochondrial analyses, CR se-
quences generated by Bernard et al. (2016) (GenBank accession
numbers: KU847364-KU847386) were added to our dataset
(named hereafter the CR dataset; n = 538), adding samples from
10 locations for CR analyses (Figure 1; Table 1): Gulf of Mexico,
Florida East Coast, Bahamas, US Virgin Islands, Brazil (referred to
as western South Atlantic therein), South Africa (western South
Indian Ocean therein), Andaman Sea, Western Australia (eastern
South Indian Ocean therein), southeastern Australia (western South

Pacific Ocean therein), and Hawaii (Central Pacific Ocean therein).

2.3 | Genetic diversity analyses

Null alleles and allelic drop-out occurrence and frequencies were
assessed using MicroCHeckeR v.2.2.3 (Van Oosterhout, Hutchinson,
Wills, & Shipley, 2004). Linkage disequilibrium (LD) between pairs of
loci was tested using a likelihood-ratio test with 10,000 permutations

in ArLEQUIN v.3.5.1.2 (Excoffier & Lischer, 2010). Diversity indices
such as the number of alleles per locus N,, observed and expected
heterozygosities (H, and Hg) and inbreeding coefficient F,; (Weir
& Cockerham, 1984) were assessed using Fstar v.2.9.3.2 (Goudet,
1995). Departure from Hardy-Weinberg equilibrium (HWE) was
tested using 5,000 permutations in Fstar v.2.9.3.2 (Goudet, 1995).
The mean allelic richness A, and the mean private allelic richness
Arp were calculated using a rarefaction method, as implemented
in HP-raARe v.1.0 (Kalinowski, 2005). This method accounts for dif-
ferences in sample size by standardizing A, and ArID values across
sampled locations by resampling the lowest number of genotypes
available (i.e., 16 haploid gene copies or eight diploid genotypes in
Zanzibar) in each location.

Mitochondrial sequences were quality checked and aligned
using Genelous v.8.1.2 (Kearse et al., 2012). Alignments were per-
formed using the MAFFT method (Katoh, Misawa, Kuma, & Miyata,
2002), first for each gene separately and then for the concatenated
sequence CR-COl-cytb. Molecular diversity indices (i.e., number of
haplotypes, number of segregating sites, haplotype (h) and nucle-
otide () diversities) were calculated for each region separately and
for the concatenated dataset (called hereafter CR-COl-cytb dataset),
using DNASP v.5.10.1 (Librado & Rozas, 2009).

Detection of partitioning schemes and substitution models
within the concatenated sequence CR-COl-cytb was performed
using ParTiTIONFINDER v.2.1.1 (Guindon et al., 2010; Lanfear, Frandsen,
Wright, Senfeld, & Calcott, 2017). Beast v.1.8.4 (Drummond,
Suchard, Xie, & Rambaut, 2012) was used to reconstruct phyloge-
netic relationships on the CR dataset, and on the CR-COI-cytb data-
set. Bayesian Markov chain Monte Carlo (MCMC) analyses were
performed assuming a HKY85 model of substitution as the latter
was shown to best fit the data (see Section 3). Rate of variation
among sites was modeled with a discrete gamma distribution with
four rate categories. We assumed an uncorrelated lognormal relaxed
clock to account for rate variation among lineages. To minimize prior
assumptions about demographic history, we adopted an extended
Bayesian skyline plot (EBSP) approach in order to integrate data over
different coalescent histories. Evolutionary model parameters were
then estimated, with samples drawn from the posterior every 10°
MCMC steps over a total of 108 steps from five independent runs.
The first 107 steps were discarded as burn-in. Good mixing and con-
vergence were assessed using TrRAcer v.1.6 (Rambaut, Suchard, Xie,
& Drummond, 2014) and the best tree was selected using the maxi-
mum clade credibility option with TReeANNOTATOR v.1.8.4 (Drummond
et al.,, 2012) and viewed with FIGTRee v.1.4.0 (http://tree.bio.ed.ac.
uk/software/figtree/). To further evaluate phylogenetic relations
among haplotypes, TCS statistical parsimony networks (Clement,
Posada, & Crandall, 2000) were constructed using PopArT v.1.7
(Leigh & Bryant, 2015).

2.4 | Population genetic structure

Two complementary clustering methods were used to investigate
population structure in the tiger shark. First, Bayesian clustering


info:ddbj-embl-genbank/KU847364
info:ddbj-embl-genbank/KU847386
http://tree.bio.ed.ac.uk/software/figtree/
http://tree.bio.ed.ac.uk/software/figtree/
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FIGURE 2 Graphical representations of the seven scenarios depicting possible variations in effective population size of Galeocerdo cuvier
population, using individuals from Reunion Island (RUN). The time was measured backward in generations before present. N, the actual
effective population size; N,, the ancestral effective population size; N,, the effective population size during a bottleneck; N, the effective
population size during an expansion; t,, beginning of decrease or expansion for Scenarios 1 and 3; t,, beginning of decrease or expansion for
Scenarios 2 and 4; t, beginning of the expansion or bottleneck period for Scenarios 5 and 6

analyses were performed using Structure v.2.3.4 (Falush, Stephens,
& Pritchard, 2003; Pritchard, Stephens, & Donnelly, 2000). For
any given number of clusters (K) between 1 and 10, individual as-
signment probabilities to each cluster were determined so as to
minimize departures from HWE within clusters and maximize LD
among clusters. Two analyses were performed, with and without
the LOCPRIOR model, which uses prior sampling location informa-
tion in the Bayesian clustering, to allow detection of weaker ge-
netic population structure (Hubisz, Falush, Stephens, & Pritchard,
2009). Conditions were set to 10° chain length after a burn-in
of 5x10° and 10 chains were run for each K, assuming corre-
lated allele frequencies and the admixture model. The analysis
was also performed using the alternative ancestry prior as sug-
gested in Wang (2017), but it did not alter the results. For a given
K, distinct modes were identified and, for each mode and each
individual, the assignment probabilities to each cluster were aver-
aged using CLumpak (Kopelman, Mayzel, Jakobsson, Rosenberg, &
Mayrose, 2015). These analyses were performed on both 27msat
and 8msat datasets. Secondly, a Discriminant Analysis of Principal
Components (DAPC; Jombart, Devillard, & Balloux, 2010), which
in contrast to STRucTure does not rely on HWE or LD to identify
clusters, was performed to check consistency between clustering
methods based on different algorithms. This method transforms
genotypes using PCA as a prior step to a discriminant analysis and
defines clusters by minimizing variations within while maximizing
differentiation among clusters. DAPC was applied using the ade-
genet package (Jombart, 2008) for R (R Development Core Team
2017). We tested values of K ranging from 1 to 50 and visualized
the Bayesian Information Criterion (BIC) values for increasing K
using the find.clusters() function. We then used the dapc() func-
tion for values of K ranging from 1 to 10, retaining a number of
principal components sufficient to explain 290% of total variance
of the data (Jombart et al., 2010). This analysis was performed
on the four microsatellite datasets (see Laboratory Procedures
above). Methods traditionally used to detect the most likely num-
ber of clusters within a dataset (Pr(X/K), Pritchard et al. 2000;
the AK method, Evanno, Regnaut, & Goudet, 2005; the Deviance
Information Criterion (DIC), Gao, Bryc, & Bustamante, 2011; the
Bayesian Information Criterion (BIC), Jombart et al., 2010; the
Thermodynamics Integration (TI), Verity & Nichols, 2016) may

provide different outputs and do not always reflect the biologi-
cal truth. To cope with these inconsistencies, we tested different
K-values and different numbers of clusters in STrRucTure and DAPC,
and chose to consider the number of clusters and the individual as-
signments that were retrieved by both types of analyses and that
seemed biologically meaningful.

Assessing population differentiation between pairs of sam-
pling locations, F¢; (Weir & Cockerham, 1984) and D, (Jost,
2008) were estimated for the microsatellite data with ArRLEQUIN
v.3.5.1.2 (Excoffier & Lischer, 2010) and DEMEtics v.0.8-7 (Gerlach,
Jueterbock, Kraemer, Deppermann, & Harmand, 2010), respec-

est

tively, on both 27msat and 8msat datasets. Contrary to Fqy, which
depends on within-population diversity and is affected by mi-

gration rates and effective population sizes, D__,, based on the

est?
effective number of alleles strictly reflects the differentiation
between populations. For the CR-COI-cytb dataset as well as the
CR dataset, the metric ®¢; (Slatkin, 1995) was estimated using
ArLEQUIN v.3.5.1.2 (Excoffier & Lischer, 2010). Significance of pair-
wise population differentiation indices was tested using 10,000

permutations.

2.5 | Population demography

To test for departures from a constant population size (Ramos-
Onsins & Rozas, 2000), the summary statistics Tajima's D (Tajima,
1989) and Fu's Fg (Fu, 1997) were estimated from the CR-COI-cytb
dataset with ArLEQuIN v.3.5.1.2 (Excoffier & Lischer, 2010), with sig-
nificance tested implementing 10° simulated samples.

Furthermore, to identify effective population size variations in
the Indo-Pacific, as no population structure was highlighted between
both the western Indian and the western Pacific Oceans, a coales-
cent framework was used through approximate Bayesian computa-
tion (ABC) using Divagc v.2.1.0 (Cornuet et al., 2014) with both the
27-msat dataset and the CR-COl-cytb dataset. We defined N, the
actual effective population size, N, the ancestral effective popula-
tion size, N, the effective population size during a bottleneck, and
N, the effective population size during an expansion. Then, seven
scenarios (Figure 2) were tested: (Scenario 1) a recent (<500 gener-
ations) decrease (N, < N,), (Scenario 2) a more ancient (between 10°

and 5 x 10° generations in the past) decrease, (Scenario 3) a recent
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(less than 500 generations) expansion (N, > N,), (Scenario 4) a more
ancient (between 10° and 5 x 10° generations in the past) expansion,
(Scenario 5) an expansion followed by a decrease (N, &gt; Ny,N,),
(Scenario 6) a bottleneck (N, <N,N,), and (Scenario 7) a constant ef-
fective population size (N, = N,). The parameters t, (t, < 500 genera-
tionsi.e., =5,000 years) and t, (t, > 500 generations) were chosen to
reflect relatively recent events that may be linked to anthropogenic
factors, or more ancient events, such as glacial/interglacial transi-
tions. For Scenarios 5 and 6, the end of the expansion/bottleneck
was set at five generations in the past, which approximately cor-
responds to the ban on commercial exploitation of the tiger shark
in Reunion Island (in 1999). Generation time was supposed to be
around 7-10 years (Branstetter, Musick, & Colvocoresses, 1987;
Holmes etal., 2015; Kneebone, Natanson, Andrews, & Howell,
2008; Wintner & Dudley, 2000).

To run this analysis, we considered all the individuals from
Reunion Island, as it was the location with the highest number of
individuals and may be the most representative of the genetic diver-
sity of the whole population. It has indeed been shown that pooling
individuals from different sampling locations, even with nonsignifi-
cant pairwise differentiation values may bias results (Lombaert et al.,
2014). Nevertheless, the analysis was also run using only samples
from New Caledonia (n = 23), to consolidate the results.

For each scenario, 10° simulated datasets were run. To select

the best scenario, posterior probabilities were computed via logistic

TABLE 2 Summary statistics for each
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regression on the 1% of simulated datasets closest to the empirical
data (Cornuet et al., 2008). Summary statistics were transformed by
linear discrimination analysis prior to logistic regression to reduce
correlation among explanatory variables and provide conservative
estimates of scenario discrimination (Estoup et al., 2012). Posterior
distributions of all parameters were then estimated from the se-
lected model, based on the 1% of simulated datasets closest to the
empirical data. More details on the ABC analysis are provided in
Appendix S3.

3 | RESULTS
3.1 | Genetic diversity analyses

3.1.1 | 27-msat dataset

Null alleles were detected for several loci in several sampling loca-
tions but were not constant among locations and were not corre-
lated with significant deviations from HWE. All loci were thus kept
for further analyses. Global significant LD was detected for 21 tests
over 2,457 after FDR correction (0.85%, p < 0.05) only, and all loci
were thus considered independent. The mean rarified allelic richness
(+standard error [SE]) was relatively constant among locations, vary-
ing from 2.86 £ 0.30 in AUS1 (Western Australia) to 3.05 + 0.28 in
New Caledonia while H varied from 0.52 + 0.06 in Reunion Island

sampling location (AUS1, Western N
Australian coast; AUS2, Queensland, 27 loci
Australia; AUS3, New South Wales, ZAN 8
Australia; AUS4, Northern Territories, SEY o4
Australia; BRA, Brazil; COR, Coral Sea;
HAW, Hawaii: NCA, New Caledonia; RUN, RUN 167
Reunion Island; SEY, Seychelles; SAF, SAF 34
South Africa; ZAN, Zanzibar) for the AUS1 9
27-msat and 8-msat datasets
AUS2 10
NCA 23
8 loci
ZAN 8
SEY 24
SAF 34
RUN 167
AUS1 56
AUS4 62
COR 37
AUS2 74
AUS3 81
NCA 34
HAW 21
BRA 8

Populations are ordered along a west to east and north to south gradient beginning at locations from

A Ho He Fis

3.01(0.33) 0.14 (0.05) 0.60 (0.06) 0.60 (0.05) 0.01
2.96(0.31) 0.14 (0.04) 0.57 (0.05) 0.57(0.05) 0.01
3.02(0.28) 0.19 (0.04) 0.50 (0.05) 0.52 (0.06) 0.05
3.02(0.30) 0.16 (0.04) 0.49 (0.05) 0.55(0.05) 0.12
2.86(0.30) 0.11 (0.04) 0.55 (0.05) 0.58(0.05) 0.05
2.99(0.30) 0.18(0.06) 0.53(0.05) 0.59 (0.05) 0.1
3.05(0.28) 0.18 (0.03) 0.53(0.06) 0.58 (0.05) 0.09
5.75 (1.10) 0.25(0.15) 0.61 (0.12) 0.67(0.11) 0.08
5.66(1.13) 0.17(0.12) 0.65 (0.06) 0.69 (0.05) 0.06
5.43(1.02) 0.11 (0.06) 0.59 (0.04) 0.66 (0.04) 0.07
5.79 (1.04) 0.11(0.04) 0.65 (0.02) 0.69 (0.02) 0.04
5.76 (1.02) 0.11 (0.04) 0.68 (0.03) 0.70 (0.03) 0.01
5.81(1.06) 0.18(0.08) 0.71(0.03) 0.70(0.03) -0.04
5.89(1.11) 0.08 (0.05) 0.64 (0.04) 0.68 (0.04) 0.04
5.80(1.03) 0.08(0.03) 0.68 (0.03) 0.70(0.03) 0.01
5.80 (1.08) 0.10 (0.07) 0.70 (0.03) 0.69 (0.03) -0.03
5.53(0.97) 0.07 (0.04) 0.62(0.04) 0.67 (0.04) 0.06
5.85(1.12) 0.10 (0.07) 0.67 (0.06) 0.68 (0.06) 0.01
4.63(0.73) 0.49 (0.17) 0.73(0.07) 0.72(0.07) -0.16

the eastern African coast.
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TABLE 3 Summary statistics for each sampling location of Galeocerdo cuvier for (a) the 2,452 bp CR-COl-cytb dataset and (b) the CR

dataset: N, number of individuals sequenced in this study; Ng....4»

number of individuals sequenced in Bernard et al. (2016); N

total

S+Bernard’

number of individuals sequenced; H, number of haplotypes, h, haplotype diversity; S, number of polymorphic sites; =, nucleotide diversity

(a) CR_COl_cytb Ny

ZAN 8

SEY 20

SAF 23

RUN 39

AUS1 9

AUS2 10

NCA 18

Total 127

(b) CR NBernard Ng Ns.ernard
ZAN - 8

SEY = 20 20
SAF 56 24 80
RUN = 103 103
AS 31 - 31
AUS1 49 9 58
AUS2 - 10 10
AUS3 19 = 19
NCA - 25 25
HAW 48 = 48
GOM 26 - 26
FLE 35 = 35
BAH 33 - 33
usvi 22 = 22
BRA 20 - 20
Total 339 199 538

H S h n
2 1 0.43(0.06) 0.00018 (0.00007)
8 8 0.76 (0.02) 0.00053 (0.00009)
6 5 0.62 (0.02) 0.00035 (0.00006)
9 8 0.77 (0.01) 0.00049 (0.00006)
5 4 0.86 (0.03) 0.00050 (0.00013)
4 3 0.78 (0.03) 0.00042 (0.00011)
8 9 0.82(0.02) 0.00062 (0.00010)
22 22 0.78 (0.00) 0.00053 (0.00000)
H S| h n
2 1 0.43(0.06) 0.00049 (0.00020)
4 8 0.57 (0.02) 0.00081 (0.00016)
4 3 0.39 (0.01) 0.00048 (0.00005)
6 5 0.34(0.01) 0.00047 (0.00005)
5 4 0.52(0.02) 0.00084 (0.00013)
9 6 0.78 (0.00) 0.00138 (0.00013)
3 2 0.69 (0.03) 0.00095 (0.00026)
4 8 0.68 (0.02) 0.00101 (0.00019)
3 2 0.56 (0.01) 0.00069 (0.00013)
2 1 0.48 (0.01) 0.00055 (0.00008)
2 1 0.21(0.02) 0.00024 (0.00007)
4 7 0.49 (0.01) 0.00091 (0.00013)
5 7 0.60 (0.01) 0.00106 (0.00015)
7 9 0.80 (0.01) 0.00196 (0.00028)
9 11 0.87(0.01) 0.00317 (0.00044)
25 16 0.74 (0.00) 0.00280 (0.00000)

AS: Andaman Sea; AUS1: Western Australian coast; AUS2: Queensland: Australia; AUS3: New South Wales: Australia; BAH: Bahamas; BRA: Brazil; FLE:
Florida East Coast; GOM: Gulf of Mexico; HAW: Hawaii; NCA: New Caledonia; RUN: Reunion Island; SAF: South Africa; SEY: Seychelles; USVI: US

Virgin Islands; ZAN: Zanzibar.

to 0.60 £ 0.05 in Zanzibar and H, from 0.49 + 0.05 in South Africa
to 0.60 £ 0.06 in Zanzibar (Table 2). No significant deviation from
HWE was revealed for any location. The mean rarified private al-
lelic richness varied from 0.11 + 0.04 in AUS1 (Western Australia) to
0.19 £ 0.05 in New Caledonia (Table 2) and was relatively constant

among locations.

3.1.2 | 8-msat dataset

The mean rarified allelic richness varied from 4.63 = 0.73 in Brazil to
5.89 + 1.11 in Coral Sea while H. and H, varied from 0.66 + 0.04 in
South Africa to 0.72 + 0.07 in Brazil and from 0.59 + 0.04 in South
Africa to 0.73 £ 0.07 in Brazil, respectively (Table 2). No significant
deviations from HWE were revealed. The mean rarified private al-
lelic richness was rather constant among locations but was higher
for Brazil, varying from 0.07 + 0.04 in New Caledonia to 0.49 + 0.17
in Brazil (Table 2).

3.1.3 | Mitochondrial diversity indices for the three
mitochondrial genes

We obtained sequences of 869 bp for CR, 652 pb for COl and 931 bp
for cytb.

Using only our samples, the three genes resolved 9, 4, 14 hap-
lotypes with 7, 3, and 12 polymorphic sites, respectively. Total
haplotype diversity (h) was lower for COI (0.09 + 00) than for cytb
(0.47 +0.00) and CR (0.48 + 0.00). Similar results were observed for
the total nucleotide diversity (r), varying from 0.00014 + 0.00000
for COl to 0.00063 + 0.00001 and 0.00068 + 0.00000 for cytb and
CR, respectively. Overall, variations of haplotype and nucleotide
diversities were not constant across locations and across genes,
with lowest values estimated for Reunion Island (h =0.34 +0.01
and = =0.00047 +0.00005) and Zanzibar (h=0.00+0.00 and
7 = 0.00000 + 0.00000) and highest values for AUS1 (Western
Australia; h=0.78 +0.44 and = =0.00115 + 0.00032) for CR and
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New Caledonia (h=0.61+0.03 and = =0.00099 +0.00018) for
cytb. For COI, nearly all locations showed null haplotype and nu-
cleotide diversities, except for South Africa (h=0.07 +0.01 and
7 =0.00010 £ 0.00004), New Caledonia (h=0.09+0.02 and
7 =0.00013 £ 0.00006), and Reunion Island (h=0.21+0.01 and
7 =0.00032 + 0.00007; Appendix S4).

The CR-COl-cytb dataset (2,452 bp; Ng=127) resolved
22 haplotypes and 22 polymorphic sites, with an overall hap-
lotype diversity of 0.78 + 0.00 and a nucleotide diversity of
0.00053 + 0.00000 (Table 3a). No partitioning schemes were
detected within the CR-COI-cytb sequence, and the HKY85
model of substitution was selected. Bayesian analysis on the
CR-COlI-cytb dataset showed good convergence and mixing, with
ESS above 200 (Appendix S5). Nevertheless, no lineages were
strongly supported as no internal nodes showed high support.
This was retrieved on the TCS statistical parsimony network
built from the CR-COIl-cytb dataset, with all haplotypes sepa-
rated by only one or two mutations, and no clear geographic
structuring (Figure 3a; Appendix S6). Three main haplotypes
were identified, represented by 50, 25, and 9 individuals from

distinct locations.

EASTERN

AUSL | iNDIAN OCEAN

AUS2 WESTERN

PACIFIC

.QQOQOQ

WESTERN
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OCEAN

3.1.4 | Mitochondrial diversity on the CR dataset

Within the CR dataset, we analyzed 538 CR sequences and re-
solved 25 haplotypes and 16 polymorphic sites, with an overall
haplotype diversity h of 0.74 + 0.00 and a nucleotide diversity = of
0.00280 + 0.00000 (Table 3b). We retrieved only two new haplo-
types compared to the study of Bernard et al. (2016), represented
by three individuals (from the western Indian Ocean). From loca-
tions in common in both studies, South Africa and AUS1 (Western
Australia), h and = for the CR did not vary when adding individuals
from Bernard etal. (2016) (Table 3b; Appendix S4). As shown by
the TCS network built, samples collected for this study presented
the three main haplotypes identified by Bernard et al. (2016) in the
Indian and Pacific Oceans and none of the haplotypes identified in

the western Atlantic (Figure 3b).

3.2 | Population genetic structure

Performing Bayesian clustering analyses without the LOCPRIOR

model, no distinct genetic clusters were retrieved in either the 27-

msat or the 8-msat datasets (Figure 4a, c).
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FIGURE 3 TCS statistical parsimony networks for the tiger shark Galeocerdo cuvier constructed with (a) the CR-COI-cytb dataset (22
haplotypes) and (b) the CR dataset (25 haplotypes). Each circle represents a haplotype and each trait, a mutation. Circle size is proportional
to the number of individuals harboring each haplotype and colors correspond to sampling locations (AS: Andaman Sea; AUS1: Western
Australian coast; AUS2: Queensland, Australia; AUS3: New South Wales, Australia; AUS4: Northern Territories, Australia; BAH: Bahamas;
COR; BRA: Brazil; Coral Sea; FLE: Florida East Coast; HAW: Hawaii; GOM: Gulf of Mexico; NCA: New Caledonia; RUN: Reunion Island; SEY:

Seychelles; SAF: South Africa;USVI:US Virgin Islands; ZAN: Zanzibar)
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FIGURE 4 Galeocerdo cuvier assignment probabilities of individuals to putative clusters assuming correlated allele frequencies and
admixture as performed by STRUCTURE. (a) Average probability of membership (y axis) of individuals (N = 275, x axis) for major modes of K
varying from 2 to 3, with the 27-msat dataset and no a priori sampling location information. (b) Average probability of membership (y axis)

of individuals (N = 275, x axis) for major modes of K varying from 2 to 3, with the 27-msat dataset and the LOCPRIOR model. (c) Average
probability of membership (y axis) of individuals (N = 606, x axis) for major modes of K varying from 2 to 3, with the 8-msat dataset and

no a priori sampling location information. (d) Average probability of membership (y axis) of individuals (N = 606, x axis) for major modes of

K varying from 2 to 4, with the 8-msat dataset and the LOCPRIOR model. AUS1, Western Australian coast; AUS2, Queensland, Australia;
AUS3, New South Wales, Australia; AUS4, Northern Territories, Australia; BRA, Brazil; COR, Coral Sea; HAW, Hawaii; NCA, New Caledonia;

RUN, Reunion Island; SEY, Seychelles; SAF, South Africa; ZAN, Zanzibar

Using the LOCPRIOR model on these both microsatellite data-
sets, a single mode regrouping the five runs was retrieved for each
K. For the 8-msat dataset, the highest averaged log likelihood of
observing the data (-15,986.26 + 11.59) was retrieved for K = 3.
Individuals from the western Indian Ocean (ZAN, SEY, SAF, and
RUN) belonged to one genetic cluster, those from the eastern
Indian Ocean (AUS1), the western (AUS2, AUS3, AUS4, COR, and
NCA), and Central (HAW) Pacific to a second one, and those from
the western Atlantic (BRA) to a third one (Figure 4d). Nevertheless,
with the 27-msat dataset, the two clusters previously identified did
not appear (Figure 4b). Indeed, while K = 4 presented the highest
likelihood of observing the data (-16,235.32 + 66.01), from K =2
each new cluster was mostly uninformative, with individual mem-

bership proportions in new clusters extremely low (respectively,

3.43% £ 0.82%, 4.13% +0.74%, and 2.00% + 0.45% for K =2,
K=3,and K = 4).

Discriminant analyses of principal components performed on
both 27-msat and 8-msat datasets did not retrieve distinct genetic
clusters, with 95% confidence ellipses for each location overlapping
(Figure 5a, b; BIC in Appendix S7). For the analysis on the 27-msat
dataset, the first axis explained 32.94% and the second 30.38% of
total inertia (Figure 5a) and no clear groups were identified. For
the 8-msat dataset, when assigning individuals to five clusters (i.e.,
defining K = 5), the first axis explained 19.58% of total inertia and
the second axis 18.01% and ellipses for each location overlapped,
with no clear clusters identified (Figure 5b). Nevertheless, with the
same dataset, for lower values of K (3 and 4), individuals seemed to
cluster into three groups, not related to their geographical origins
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FIGURE 5 Galeocerdo cuvier scatterplot output from DAPC analyses performed using the four microsatellite datasets, and using the
first and second components (a) 27-msat dataset, (b) 8-msat dataset, (c) Holmes 8-msat dataset, (d) Bernard 8-msat dataset. Dots represent
individuals colored by their sampling location (AS: Andaman Sea; AUS1: Western Australian coast; AUS2: Queensland, Australia; AUS3:
New South Wales, Australia; AUS4: Northern Territories, Australia; BAH: Bahamas; BRA: Brazil; COR: Coral Sea; HAW: Hawaii; GOM: Gulf
of Mexico; FLE: Florida East Coast; NCA: New Caledonia; RUN: Reunion Island; SEY: Seychelles; SAF: South Africa; USVI:US Virgin Islands;

ZAN: Zanzibar)

(Appendix S8a). As DAPC analyses were not performed in the stud-
ies of Holmes et al. (2017) and Bernard et al. (2016), we performed
them on both Holmes 8-msat and Bernard 8-msat datasets, to com-
pare the results obtained (Figure 5c, d, BIC in Appendix S7). Using
Holmes 8-msat dataset, we observed the same patterns with the
8-msat dataset (i.e., three clusters not related to the individual geo-
graphical origin for K varying from 2 to 4, and for higher K, no clus-
tering pattern). With the Bernard 8-msat dataset, individuals were
clearly clustered into two groups, one from the western Atlantic and
one from the Indo-Pacific (Figure 5d). The three clusters identified
with the 8-msat and Holmes 8-msat datasets were not observed
with the Bernard 8-msat dataset for any K.

In conclusion, for both 27-msat and 8-msat datasets, neither
the STrRucTURE analysis without the LOCPRIOR model nor the DAPC

highlighted clear genetic clusters, even among locations within the
Indo-Pacific nor within the western Atlantic. Only the STRucTUre
analysis with the LOCPRIOR model succeeded to identify different
genetic clusters in the Indo-Pacific, but only using the 8-msat data-
set. These clusters were not identified in any of the other analyses,
including the same analysis with the 27-msat dataset, which, if this
pattern clearly exists, should have attributed individuals into two
different genetic clusters. Thus, as no clear geographic structuring
was retrieved using these two microsatellite datasets, we did not
perform analyses of molecular variances, and instead directly calcu-
lated pairwise differentiation estimates.

Concerning the 27-msat dataset, no pairwise Fy; values were
found to be significantly different from O (F.; =[0.000, 0.012], all
p > 0.05 after FDR correction; Table 4a). Nevertheless, weak but
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TABLE 4 Genetic differentiation between Galeocerdo cuvier sampling locations estimated with Weir and Cockerham's F; (lower-left

matrix) and Jost's D

est* (

upper-right matrix) for (a) the 27-msat dataset, and (b) the 8-msat dataset

(a) ZAN SEY SAF RUN AUS1 AUS2 NCA
ZAN (8) - 0.000 0.000 0.000 0.000 0.019 0.026
SEY (24) 0.001 = 0.007 0.003 0.005 0.044* 0.047**
SAF (34) 0.000 0.002 - 0.014* 0.028 0.038* 0.052**
RUN (167) 0.000 0.000 0.006 = 0.014 0.034* 0.034**
AUS1 (9) 0.000 0.008 0.012 0.012 - 0.022 0.030*
AUS2 (10) 0.000 0.004 0.000 0.000 0.000 = 0.040*
NCA (23) 0.000 0.008 0.008 0.001 0.004 0.000 -

(b) ZAN SEY SAF RUN AUS1 AUS4 COR AUS2 AUS3 NCA HAW BRA
ZAN (8) - 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.000 0.331**
SEY (24) 0.002 - 0.035 0.004 0.000 0.014 0.003 0.003 0.027 0.025 0.000 0.376**
SAF (34) 0.008 0.007 - 0.032* 0.056**  0.032 0.036 0.025 0.039* 0.033 0.033 0.342**
RUN (167)  0.000 0.003 0.010* - 0.019* 0.017* 0.006 0.006 0.018**  0.017 0.005 0.377**
AUS1 (56) 0.002 0.000 0.011*  0.004 - 0.010 0.000 0.021 0.021* 0.019 0.000 0.366**
AUS4 (62) 0.000 0.007 0.009* 0.003 0.001 = 0 0.000 0.000 0.011 0.002 0.355**
COR (37) 0.001  0.007 0.011 0.000 0.000 0.001 - 0.000 0.000 0.008 0.019 0.406**
AUS2 (74) 0.000 0.004 0.008 0.000 0.003 0.000 0.000 = 0.000 0.013 0.017 0.355**
AUS3 (81) 0.000 0.007 0.009*  0.002 0.003 0.000 0.000 0.000 - 0.018 0.000 0.365**
NCA (34) 0.003 0.007 0.008 0.002 0.002 0.004 0.001 0.004 0.003 = 0.002 0.367**
HAW (21) 0.000 0.004 0.006 0.001 0.000 0.000 0.001 0.001 0.000 0.000 - 0.323**
BRA (8) 0.039 0.048* 0.033* 0.047** 0.037* 0.046**  0.051** 0.044** 0.038** 0.056** 0.030* -

Tests significance were assessed after FDR correction and values significantly different from zero are indicated in bold; *P < 0.05; **P < 0.01. In paren-
theses are indicated the number of individuals used for analyses. AUS1: Western Australian coast; AUS2: Queensland: Australia; AUS3: New South
Wales: Australia; AUS4: Northern Territories: Australia; BRA: Brazil; COR: Coral Sea; HAW: Hawaii; NCA: New Caledonia; RUN: Reunion Island; SAF:

South Africa; SEY: Seychelles; ZAN: Zanzibar.

significant D, values were retrieved between New Caledonia
and all other locations (D, = [0.030, 0.052], all p < 0.05 after FDR

=0.026"°). AUS2 (Queensland,
Australia) was also significantly different from the Seychelles, South
Africa and Reunion Island (D__, = [0.034, 0.044], all p < 0.05 after

est

correction), except Zanzibar (D,

FDR correction) and a low but significant value was also retrieved
between Reunion Island and South Africa (D__, =0.014, p < 0.05

after FDR correction; Table 4a).

est

Considering the 8-msat dataset, significant pairwise F¢; val-
ues were only found between: Brazil and all other locations
(Fs7 =1[0.030, 0.05¢], all p <0.05 after FDR correction; Table 4b),
except Zanzibar (FST=O.039NS); and between South Africa and
Reunion Island, AUS1 (West Australia), AUS4 (North Australia) and
AUS3 (East Australia) (Fg; = [0.009,0.011], all p <0.05 after FDR
correction). Significant D, values were also retrieved between:
Brazil and all other locations (D, = [0.323, 0.406], all p < 0.01 after
FDR correction); between Reunion Island and South Africa, AUS1
(West Australia) and AUS3 (East Australia) (D, = [0.032, 0.056], all
p < 0.05 after FDR correction); between Reunion Island and AUS1,
AUS4, and AUS3 (D, = [0.017, 0.019], all p < 0.05 after FDR correc-
tion); and between AUS1 and AUS3 (D, = 0.021, p < 0.05; Table 4b).

Pairwise @¢; values for the CR-COI-cytb dataset were highly
significant between: Reunion Island and AUS1 (West Australia);

between AUS2 (East Australia) and New Caledonia; as well as be-
tween South Africa and AUS1 (West Australia), AUS2 (East Australia),
and New Caledonia (@4, =1[0.165,0.387], all p < 0.001 after FDR
correction; Table 5). Values were lower but also significant be-
tween the Seychelles and South Africa and between the Seychelles
and Reunion Island (@ST =0.104 and @4 = 0.110, all p < 0.01 after
FDR correction; Table 5). When using the CR dataset, highly signifi-
cant values were observed between locations of the northwestern
Atlantic Ocean (i.e., GOM, FLE, BAH and USVI) and locations from
the Indian and Pacific Oceans (@4 =[0.697,0.954], all p < 0.001
after FDR correction; Table 5), and also between Brazil and loca-
tions from the Indian and Pacific Oceans (@ = [0.485,0.793], all
p < 0.001 after FDR correction). Within the Indo-Pacific and the
western Atlantic, some locations were significantly differentiated
from each other, but this was not related to geographical distance or
separation by coastline (see Table 5).

3.3 | Population demography

Considering the CR-COl-cytb dataset and all locations separately,
no evidence of historical population expansions or contractions
was found when estimating Tajima's D (all p > 0.05; Appendix
S9). Nevertheless, pooling all locations, a significantly negative
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D value was found (D = -1.83, p < 0.01), suggesting a population
expansion. Furthermore, all Fu's Fg estimates were significantly
negative, either considering all locations separately (except for
Zanzibar and Western Australia AUS2) or pooling all locations
(Fg=1-18.12, -1.99]; all p < 0.05; Appendix S9), also indicative of a
population expansion.

Concerning the ABC analyses (Appendix S10), observed sum-
mary statistics for all scenarios fell within the distribution of sim-
ulated summary statistics, suggesting adequate choice of prior
distributions (Appendix S10a). Scenario 6 (population decrease at
time t from N, to N, followed by an expansion from N, to N, five
generations ago; Figure 2) presented the highest posterior proba-
bility based both on the logistic regression-based estimates and the
direct estimate of posterior probability (Appendices S10b and S10c).
Other scenarios received no statistical support. Furthermore, pos-
terior error rates were relatively low, with values of 0.342 and 0.294
using the direct and logistic approaches, respectively. We thus es-
timated parameter values using data simulated under Scenario 6
(Table 5). The population size decrease during the bottleneck event
(N,) was equal to 111 (95% confidence interval [CI] = [43, 369]
and root mean square error [RMSE] = 0.958), the ancestral effec-
tive population sizes (N,) equal to 5,150 (95% ClI = [1,120, 9,710],
RMSE = 1.049) and the time at which the bottleneck began (t)
estimated to 319 (95% Cl = [65, 913]) generations, corresponding
to approximately 2,000 - 3,000 years (RMSE = 1.347). However,
the actual effective population size N, was less precisely inferred
(Table 6; Appendix S11).

Similar results were found when performing the analysis includ-
ing only individuals from New Caledonia (Appendices $12, S13, and
S14).

4 | DISCUSSION

Ideally, every population genetic study needs the greatest sam-
pling coverage and the greatest number of microsatellite loci
(Koskinen, Hirvonen, Landry, & Primmer, 2004; Meirmans, 2015).
Nevertheless, achieving an extensive sampling is difficult, espe-
cially for elusive species, while elaborating numerous molecular
markers remains expensive. Thus, researchers continually strive
to find a balance between both strategies but ultimately have to
settle for what they can afford. Hence, some datasets encompass

a great sampling coverage while others strive for a greater number

of markers. In this study, we combined datasets to improve both
sample sizes and number of markers to improve the power of
analyses of tiger shark population structure. Comparing results
from the datasets, they were not always congruent: the dataset
with the greatest number of samples but the lowest number of
molecular markers highlighted potential differentiation between
the western Indian Ocean and the eastern Indian Ocean/Pacific,
which was not identified with the dataset with larger number of
markers but fewer samples. It demonstrates how difficult it may
be to interpret results from multiple studies with different popula-
tion samples and molecular screening effort.

This study investigated the population structure and demograph-
ics of the tiger shark by adding additional samples and new molecular
markers to recent studies (Bernard et al., 2016; Holmes et al., 2017).
Compared to these previous studies, we carried out intensive sampling
in the western Indian Ocean, a region in which only one location had
previously been sampled (South Africa). We also used a higher number
of microsatellite and mitochondrial loci in our analyses, thus expand-
ing the picture of tiger shark population structure. The results con-
firmed here the genetic differentiation between the populations from
the Indo-Pacific and the western Atlantic, with both microsatellite
and mitochondrial markers, while an important genetic connectivity
was detected within and between the Indian and the Pacific Oceans.
Furthermore, we investigated for the first time variations in effective
population size at the scale of the Indo-Pacific and highlighted the
probable occurrence of a bottleneck 2,000-3,000 years ago.

4.1 | Connectivity between the western
Atlantic and the Indo-Pacific

Genetic differentiation between tiger sharks from the western Atlantic
and the Indo-Pacific could only be investigated with the 8-msat and CR
datasets as we did not obtain samples from the western Atlantic. By
adding new sampling sites from the western Indian Ocean, the pre-
sent study confirmed a genetic differentiation between the two re-
gions. Both StrucTure (using the LOCPRIOR model and at K= 3, i.e.,
not the first level of differentiation) and mitochondrial haplotype net-
work clustered individuals from Brazil (and more largely the western
Atlantic when analyzing individuals from Bernard et al. (2016)) sepa-
rately from the individuals sampled from the Indo-Pacific. It is possible
that the low number of markers used created a false differentiation;
however, this was contradicted by some of the other results. Indeed,

pairwise differentiation indices were higher for comparisons between

TABLE 6 Characteristics of

Parameter Median 2.5% quantile 97.5% quantile RMSE . .
demographic parameter posterior
N, 111 43 369 0.958 distributions estimated using Galeocerdo
¢ 319 65 913 1.347 cuvier individuals from Reunion Island
N 5760 639 9820 2839 with Divasc under Scenario 6 (population
0 ’ decrease at time t from N, to N, followed
Ny 5,150 1,120 9,710 1.049 by an expansion from N, to N, five

Ny: the actual effective population size; N;: the ancestral effective population size; N: the effective

generations ago)

population size during a bottleneck; t: beginning of the bottleneck period; RMSE: root mean square

error.
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localities in the Indo-Pacific and the Atlantic compared to compari-
sons within the Indo-Pacific, both in the current study and in Bernard
et al. (2016) and Holmes et al. (2017). Furthermore, the TCS haplotype
networks constructed by Bernard et al. (2016) with the mitochondrial
markers CR and COlI clearly showed that no haplotypes were shared
between the Indo-Pacific and the northwestern Atlantic, and only
one was shared between the Indo-Pacific and Brazil, suggesting a real

differentiation.

4.2 | Population connectivity within the Indo-
Pacific

Patterns of genetic differentiation within the Indo-Pacific were more
difficult to interpret. First, considering the 8-mast dataset, STRUCTURE
with the LOCPRIOR model identified two genetic clusters, one group-
ing individuals from the western Indian Ocean (i.e., ZAN, SEY, SAF,
and RUN) and the other, locations from the eastern Indian Ocean
(Australia) and from the Pacific (i.e., AUS1, AUS2, AUS3, AUS4, COR,
NCA, and HAW). However, Structure without the LOCPRIOR model
and DAPC did not partition the individuals into distinct clusters.
Considering the 27-msat dataset, none of the analyses performed
identified distinct clusters within the Indo-Pacific. Increasing the
number of markers has improved the resolution, highlighting the need
of sufficient number of microsatellite loci for population genetics
analyses (Meirmans, 2015; Putman & Carbone, 2014). Thus, it is likely
that the clustering pattern identified by Structure (LOCPRIOR model)
with the 8-msat dataset does not reflect a biological pattern, but in-
stead the microsatellite characteristics when used in low number.
Microsatellite differentiation estimates between population pairs
from the Indo-Pacific were dependent on the differentiation index

used (Fg; or D, ) and were not related to whether locations were

)
est!
connected by coastlines or separated by large oceanic expanses. If
we only take into account differentiation values significantly differ-

ent from zero for both indices (F¢; and D), genetic differentiation

)
est
was only highlighted for the 8-msat dataset and not particularly be-
tween very distant locations: South Africa and Reunion Island (not
identified with the 27-msat dataset despite similar numbers of indi-
viduals in both datasets), South Africa and Western Australia (AUS1)
or South Africa and the northeastern Australia (AUS3). When using
the 27-msat dataset, none of the population pairs were significantly
differentiated, supporting the hypothesis of one genetic cluster in
the Indo-Pacific. The same pattern was established by Bernard et al.
(2016), except for Hawaii that was significantly differentiated from
all other locations. This discrepancy concerning Hawaii could be due
to the lower sample size from eastern Australia (21 samples) used
by Bernard et al. (2016) to assess Fg; and D
analysis.

st and to the StrucTure

The TCS haplotype networks constructed in this study and the
one of Bernard et al. (2016), using either only the CR sequence or
the CR-COl-cytb sequence, showed shared haplotypes among all
locations sampled in the Indo-Pacific. Only three main haplotypes
were identified in both studies, separated from one another by one
mutation event. This confirms the absence of differentiation among
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locations from the Indo-Pacific. Some of the mitochondrial differenti-
ation estimates calculated for both datasets (CR or CR-COI-cytb) were
nevertheless significantly different from zero, which would point to
some level of genetic differentiation. Notably, it concerned individ-
uals from Reunion Island and South Africa, for which @ estimates
were significantly different from individuals from the Seychelles,
Australia, and New Caledonia. No significant estimates were cal-
culated between the individuals from Seychelles and those from
Australia or New Caledonia, locations separated by almost same dis-
tance between South Africa and Australia, which make these results
difficult to interpret. It is here useful to remember that @ are based
on haplotype frequencies and are highly dependent on sampling.

Thus, altogether, weak genetic differentiation was highlighted
between locations in the Indo-Pacific, both with microsatellite and
mitochondrial markers. Tiger sharks are known to cross large oce-
anic expanses (Ferreira etal., 2015; Hammerschlag etal., 2012;
Holmes et al., 2014; Werry et al., 2014), with records of transoceanic
migrations in both the Indian (Heithaus et al., 2007) and the Atlantic
Oceans (Afonso et al., 2017; Kohler et al., 1998; Kohler & Turner,
2001; Lea et al., 2015). These observations are thus in accordance
with the weak genetic differentiation highlighted in the Indo-Pacific
in this and previous studies.

4.3 | To be or not to be philopatric?

While the evidence remains scant, it is plausible that significant
mitochondrial differentiation occurs. From their mitochondrial dif-
ferentiation estimates, Bernard et al. (2016) inferred matrilineal
population structure within the Indo-Pacific, which they linked to
potential female site fidelity (i.e., philopatry) to reproductive areas,
probably pupping sites. Female philopatry to nurseries has been
hypothesized in many shark species, notably from discordances
between mitochondrial and nuclear differentiation estimates (Karl,
Castro, Lopez, Charvet, & Burgess, 2011; Pardini et al., 2001;
Portnoy et al., 2014; Tillett, Meekan, Field, Thorburn, & Ovenden,
2012), but these discordances may also result from other processes
(Prugnolle & de Meeus, 2002). Furthermore, the tiger shark seems
to inhabit pelagic waters more frequently than other species such
as the lemon shark Negaprion brevirostris, for which female philopa-
try to nurseries has been confirmed (Feldheim et al., 2013). The
tiger shark may thus be less constrained in their movements and
females may swim to various sites. It is noteworthy that no known
tiger shark nurseries have been identified in the Indo-Pacific, leav-
ing unanswered the hypothesis of female fidelity to coastal pup-
ping areas. The tiger shark is also one of the few species for which
multiple paternity (polyandry) has not been identified, although
only eight litters in total have been investigated (Holmes et al.,
2018; Pirog, Magalon, & Jaquemet, 2019). Yet, this behavior is hy-
pothesized to be linked to philopatry and more structured popula-
tions (Chapman, Prodohl, Gelsleichter, Manire, & Shivji, 2004), and
the predominance of monoandry in the tiger shark may be another
indication pointing to an absence of female philopatry to specific
nurseries. All considered further studies, notably identification
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of nurseries and genotyping of females and juveniles for several
years, as well as satellite tracking are needed to fully resolve the

occurrence or absence of female tiger shark fidelity to nurseries.

4.4 | Low genetic diversity and bottleneck

The tiger shark displays moderate genetic diversity with a very low
number of mitochondrial haplotypes and haplotype diversity for the
sequences studied compared to other shark species, such as the bull
shark Carcharhinus leucas (Pirog, Jaquemet, et al., 2019), the great
white shark Carcharodon carcharias (Pardini etal., 2001), the blue
shark Prionace glauca (Verissimo et al., 2017), the blacktip reef shark
Carcharhinus melanopterus (Vignaud et al., 2014), or the tope shark
Galeorhinus galeus (Chabot, 2015; Chabot & Allen, 2009). Furthermore,
using the same protocol on the same date from extraction to marker
testing for polymorphism, we characterized 20 microsatellite loci for
the bull shark (Pirog et al., 2015), and only eight for the tiger shark
(Pirog et al., 2016), which supports a lower genetic diversity in the lat-
ter species. Low genetic diversity has also been identified for another
pelagic species, the basking shark Cetorhinus maximus (Hoelzel, Shivji,
Magnussen, & Francis, 2006), for which only six haplotypes were
identified using the CR marker, over its entire distribution range. This
low genetic diversity was thought to be due to the occurrence of a
bottleneck during the Holocene (Hoelzel et al., 2006).

Here, the Bayesian analysis, which combined both nuclear and
mitochondrial information also provided evidence for the occur-
rence of a recent bottleneck experienced by the Indo-Pacific tiger
shark population, 2,000-3,000 years ago (during the Holocene).
Approximate Bayesian computation has been proven to be one
of the most accurate methods to detect recent demographic
changes, as evidenced by the study of a large marine mammal for
which historic fisheries data were available, the Antarctic fur seal
Arctocephalus gazella (Hoffman, Grant, Forcada, & Phillips, 2011).
Estimates of effective population sizes for the tiger shark remained
difficult to infer, but the ancestral size of this population was around
5,000 individuals (95% CI =[1,120, 9,710]) and the bottleneck re-
sulted in an effective population size as low as 111 individuals (95%
Cl =[43,369]). This bottleneck may well be responsible for the
low genetic diversity presented by the species. Decreases in ef-
fective population size within the Holocene have also been identi-
fied for several large marine species, notably sea turtles (Molfetti
et al., 2013), whales (Baker & Clapham, 2004), and elephant seals
(de Bruyn et al., 2009), and also for terrestrial megafauna (Brook &
Bowman, 2002). Notably, a similar signal to the one we identified
here for the tiger shark was also found in the scalloped hammer-
head shark Sphyrna lewini in its eastern Pacific range (Nance, Klimley,
Galvan-Magana, Martinez-Ortiz, & Marko, 2011). Factors responsi-
ble for these population declines during the Holocene remain diffi-
cult to identify. This period is characterized by a general warming
that likely induced population expansions of many marine species
(Marko et al., 2010; Uthicke & Benzie, 2003), yet it is unclear how
climate changes during this period may have led to population de-
creases of tropical and subtropical species. A widespread hypothesis

for extinctions during the Pleistocene-Holocene is the emergence
of diseases (Koutavas, Lynch-Stieglitz, Marchitto, & Sachs, 2002),
notably for corals and sea urchins (Aronson & Precht, 2001; Lessios,
1988). Nevertheless, little is known about diseases and their impacts
in sharks, despite an apparently robust immune system (Luer, Walsh,
& Bodine, 2004; Walsh et al., 2006). One could also evoke the large
volcanic eruptions that took place at this period. The ash layer with
the increase of aerosols in the atmosphere absorbed solar radia-
tion, leading to short-term cooling at regional to global scales, pro-
portional to the magnitude of the eruptive episode (Robock, 2000;
Sigl et al., 2015). The subsequent reduction in photosynthesis and
the change in species distribution may have led to modifications of
trophic networks, possibly impacting marine populations, notably
apex predators. It is also possible that prehistoric fisheries were re-
sponsible for initiating this decrease, which was then intensified by
modern fishing. Indeed, evidence of pelagic fishing was reported as
early as 42,000 years ago in the western Pacific (O'Connor, Ono, &
Clarkson, 2011). Other studies have provided evidence that prehis-
toric fishing may have impacted coastal ecosystems in parts of the
world (Cooke, 1992; Erlandson & Rick, 2010). Furthermore, the pres-
ence of elasmobranchs (sharks, rays, and skates) in prehistoric fish-
eries is difficult to prove as their cartilaginous skeleton was rarely
preserved in archeological sites (Rick, Erlandson, Glassow, & Moss,
2002). Thus, the impacts of prehistoric fishing on these populations
may be underestimated. Regardless of the possible causes of tiger
shark population decline in the Indo-Pacific, the extremely low ef-
fective population size estimated during the bottleneck (N, = 111)
is lower than the minimal estimate of 500 thought to be required
for a population to be able to adapt to environmental changes or
pressures (Frankham, Briscoe, & Ballou, 2010). While this tiger shark
population seems to have expanded since the bottleneck, we were
not able to estimate the current effective population size, and this
population may well be vulnerable in terms of genetic diversity. For
now, the tiger shark is classified as Near Threatened in the IUCN Red
List of threatened species (Simpfendorfer, 2009). Its conservation
status might need to be revised according to the results highlighted

in this and previous studies.

5 | CONCLUSION

The study presented here confirms the genetic connectivity of
tiger sharks within the western Indo-Pacific, using both microsat-
ellites and mitochondrial markers. While mitochondrial differen-
tiation estimates were slightly higher than those of microsatellite,
further analyses are needed to confirm whether differentiation
reflects female philopatry to specific nurseries. Individuals from
the Indo-Pacific form a discrete population. Management and
conservation programmes thus need to be designed at such scales
in order to maximize potential efficacy. Meanwhile, localized in-
tensive fishing may yet stand to impact the whole population.
Furthermore, the detection of low genetic diversity as well as a
recent bottleneck (in the Holocene), during which the effective
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population size of tiger sharks in this region may have dropped as
low as 111 individuals, points to a potentially resultant vulnerable
population. Further assessments of the health status of this popu-
lation as well as conservation plans are thus particularly needed to
conserve the tiger shark within the western Indo-Pacific. Its con-
servation status might need to be revised toward a higher vulner-
ability level, as the ability of tiger sharks to withstand high levels of

fishing pressure might be lower than previously thought.

ACKNOWLEDGMENTS

We acknowledge the Plateforme Gentyane of the Institut National
de la Recherche Agronomique (INRA, Clermont-Ferrand, France) for
guidance and technical support. AP was supported by a doctoral fel-
lowship from the region Reunion. VR received financial support by
the French Agropolis Fondation (Labex Agro E-SPACE project number
1504-004), the European Union (ERDF), and the “Conseil Régional de
La Réunion.” Samples in Zanzibar were collected as part of the BYCAM
project supported by the Western Indian Ocean Marine Science
Association (WIOMSA) (Grant Number MASMA/CP/2014/01).

CONFLICT OF INTEREST

None declared.

AUTHOR CONTRIBUTIONS

GC, EC, BJH, NEH, JEGN, AJT, PB, LV, and SJ provided samples. AP
and HM did lab work. AP, HM, and VR analyzed the data. All authors
contributed to the writing of the manuscript.HM and SJ designed
research.

DATA ACCESSIBILITY

Microsatellite
dryad.3161gp0

Mitochondrial sequences:
MK359166-MK359171 and MK582583-MK582596.

genotypes: Dryad https://doi.org/10.5061/

GenBank Accession Numbers:

ORCID

Agathe Pirog https://orcid.org/0000-0001-7994-1134

Héléne Magalon https://orcid.org/0000-0002-7061-955X

REFERENCES

Afonso, A. S., Garla, R. C., & Hazin, F. H. V. (2017). Tiger sharks can
connect equatorial habitats and fisheries across the Atlantic Ocean
basin. PLoS ONE, 12(9), e0184763. https://doi.org/10.1371/journal.
pone.0184763

Afonso, A.S., & Hazin, F. H. V. (2014). Post-release survival and behavior
and exposure to fisheries in juvenile tiger sharks, Galeocerdo cuvier,
from the South Atlantic. Journal of Experimental Marine Biology and
Ecology, 454, 55-62. https://doi.org/10.1016/j.jembe.2014.02.008

Fcology and Evolution o 5567
& WILEY-2¢

Aronson, R. B., & Precht, W. F. (2001). White-band disease and the
changing face of Caribbean coral reefs. In J. W. Porter (Ed.), The
ecology and etiology of newly emerging marine diseases (pp. 25-38).
Dordrecht, the Netherlands: Springer Netherlands. https://doi.
org/10.1007/978-94-017-3284-0_2

Baker, C. S., & Clapham, P. J. (2004). Modelling the past and future of
whales and whaling. Trends in Ecology & Evolution, 19(7), 365-371.
https://doi.org/10.1016/j.tree.2004.05.005

Baum, J. K., Myers, R. A, Kehler, D. G., Worm, B., Harley, S. J., & Doherty,
P. A. (2003). Collapse and conservation of shark populations in
the Northwest Atlantic. Science, 299(5605), 389-392. https://doi.
org/10.1126/science.1079777

Bernard, A.M.,, Feldheim, K. A., Heithaus, M. R., Wintner, S. P., Wetherbee,
B. M., & Shivji, M. S. (2016). Global population genetic dynamics of a
highly migratory, apex predator shark. Molecular Ecology, 25, 5312-
5329. https://doi.org/10.1111/mec.13845

Bernard, A. M., Feldheim, K. A., & Shivji, M. S. (2015). Isolation and
characterization of polymorphic microsatellite markers from a glob-
ally distributed marine apex predator, the tiger shark (Galeocerdo
cuvier). Conservation Genetics Resources, 7(2), 509-511. https://doi.
org/10.1007/s12686-014-0408-0

Branstetter, S., Musick, J. A., & Colvocoresses, J. A. (1987). A comparison
of the age and growth of the tiger shark, Galeocerdo cuvieri, from off
Virginia and from the Northwestern Gulf of Mexico. Fishery Bulletin,
85(2), 269-279.

Brook, B. W., & Bowman, D. M. J. S. (2002). Explaining the Pleistocene
megafaunal extinctions: Models, chronologies, and assumptions.
Proceedings of the National Academy of Sciences, 99(23), 14624-
14627. https://doi.org/10.1073/pnas.232126899

de Bruyn, M., Hall, B. L., Chauke, L. F., Baroni, C., Koch, P. L., & Hoelzel, A.
R. (2009). Rapid response of a marine mammal species to Holocene
climate and habitat change. PLoS Genetics, 5(7), e1000554. https://
doi.org/10.1371/journal.pgen.1000554

Burkholder, D. A., Heithaus, M. R., Fourqurean, J. W., Wirsing, A., & Dill,
L. M. (2013). Patterns of top-down control in a seagrass ecosystem:
Could a roving apex predator induce a behaviour-mediated trophic
cascade? Journal of Animal Ecology, 82(6), 1192-1202. https://doi.
org/10.1111/1365-2656.12097

Campana, S. E., & Ferretti, F. (2016). Sharks and other elasmobranchs.
In U. Nations (Ed.), The first global integrated marine assessment:
World Ocean Assessment | (pp. 781-788). Cambridge, UK: Cambridge
University Press. https://doi.org/10.1017/9781108186148.050

Chabot, C. L. (2015). Microsatellite loci confirm a lack of population con-
nectivity among globally distributed populations of the tope shark
Galeorhinus galeus (Triakidae). Journal of Fish Biology, 87(2), 371-385.
https://doi.org/10.1111/jfb.12727

Chabot, C. L., & Allen, L. G. (2009). Global population structure of the
tope (Galeorhinus galeus) inferred by mitochondrial control re-
gion sequence data. Molecular Ecology, 18(3), 545-552. https://doi.
org/10.1111/j.1365-294X.2008.04047.x

Chapman, D. D., Prodohl, P. A., Gelsleichter, J., Manire, C. A., & Shiviji,
M. S. (2004). Predominance of genetic monogamy by females
in a hammerhead shark, Sphyrna tiburo: Implications for shark
conservation. Molecular Ecology, 13(7), 1965-1974. https://doi.
org/10.1111/j.1365-294x.2004.02178.x

Clarke, S. C., McAllister, M. K., Milner-Gulland, E. J., Kirkwood, G.
P., Michielsens, C. G. J., Agnew, D. J, ... Shivji, M. S. (2006).
Global estimates of shark catches using trade records from com-
mercial markets. Ecology Letters, 9(10), 1115-1126. https://doi.
org/10.1111/j.1461-0248.2006.00968.x

Clement, M., Posada, D., & Crandall, K. A. (2000). TCS: A computer pro-
gram to estimate gene genealogies. Molecular Ecology, 9(10), 1657~
1659. https://doi.org/10.1046/j.1365-294x.2000.01020.x

Cliff, G., & Dudley, S. F. J. (1991). Sharks caught in the protective gill
nets off Natal, South Africa. 4. The bull shark Carcharhinus leucas


https://doi.org/10.5061/dryad.3161qp0
https://doi.org/10.5061/dryad.3161qp0
info:ddbj-embl-genbank/MK359166
info:ddbj-embl-genbank/MK359171
info:ddbj-embl-genbank/MK582583
info:ddbj-embl-genbank/MK582596
https://orcid.org/0000-0001-7994-1134
https://orcid.org/0000-0001-7994-1134
https://orcid.org/0000-0002-7061-955X
https://orcid.org/0000-0002-7061-955X
https://doi.org/10.1371/journal.pone.0184763
https://doi.org/10.1371/journal.pone.0184763
https://doi.org/10.1016/j.jembe.2014.02.008
https://doi.org/10.1007/978-94-017-3284-0_2
https://doi.org/10.1007/978-94-017-3284-0_2
https://doi.org/10.1016/j.tree.2004.05.005
https://doi.org/10.1126/science.1079777
https://doi.org/10.1126/science.1079777
https://doi.org/10.1111/mec.13845
https://doi.org/10.1007/s12686-014-0408-0
https://doi.org/10.1007/s12686-014-0408-0
https://doi.org/10.1073/pnas.232126899
https://doi.org/10.1371/journal.pgen.1000554
https://doi.org/10.1371/journal.pgen.1000554
https://doi.org/10.1111/1365-2656.12097
https://doi.org/10.1111/1365-2656.12097
https://doi.org/10.1017/9781108186148.050
https://doi.org/10.1111/jfb.12727
https://doi.org/10.1111/j.1365-294X.2008.04047.x
https://doi.org/10.1111/j.1365-294X.2008.04047.x
https://doi.org/10.1111/j.1365-294x.2004.02178.x
https://doi.org/10.1111/j.1365-294x.2004.02178.x
https://doi.org/10.1111/j.1461-0248.2006.00968.x
https://doi.org/10.1111/j.1461-0248.2006.00968.x
https://doi.org/10.1046/j.1365-294x.2000.01020.x

PIROG ET AL.

5568 WI LEY—ECOlOgy and Evolution

Open Access,

Valenciennes. South African Journal of Marine Science, 10(1), 253-270.
https://doi.org/10.2989/02577619109504636

Compagno, L. J. V. (1984). FAO species catalogue: Vol 4. Sharks of
the world: An annotated and illustrated catalogue of shark spe-
cies known to date. Part 2 - Carcharhiniformes. In: FAO Fisheries
Synopsis. Rome, Italy: FAO.

Compagno, L. J. V. (1990). Alternative life-history styles of cartilaginous
fishes in time and space. Environmental Biology of Fishes, 28, 33-75.
https://doi.org/10.1007/978-94-009-2065-1_3

Conrath, C. L., Musick, J. A., Carrier, J. C., & Heithaus, M. R. (2012).
Reproductive biology of elasmobranchs (2nd ed). In J. C. Carrier, J.
A. Musick, & M. R. Heithaus (Eds.), Biology of sharks and their relatives
(pp. 291-311). Boca Raton, FL: CRC Press, Taylor & Francis Group.

Cooke, R. (1992). Prehistoric nearshore and littoral fishing in the east-
ern Tropical Pacific: An ichthyological evaluation. Journal of World
Prehistory, 6(1), 1-49. https://doi.org/10.1007/bf00997584

Cornuet, J.-M., Pudlo, P., Veyssier, J., Dehne-Garcia, A., Gautier, M.,
Leblois, R., ... Estoup, A. (2014). DIYABC v2.0: A software to make
approximate Bayesian computation inferences about population
history using single nucleotide polymorphism, DNA sequence and
microsatellite data. Bioinformatics, 30(8), 1187-1189. https://doi.
org/10.1093/bioinformatics/btt763

Cornuet, J.-M., Santos, F., Beaumont, M. A., Robert, C. P, Marin, J.-M,,
Balding, D. J., ... Estoup, A. (2008). Inferring population history with
DIYABC: A user-friendly approach to approximate Bayesian compu-
tation. Bioinformatics, 24(23), 2713-2719. https://doi.org/10.1093/
bioinformatics/btn514

Cortés, E. (2002). Incorporating uncertainty into demographic
modeling: Application to shark populations and their conser-
vation. Conservation Biology, 16(4), 1048-1062. https://doi.
org/10.1046/j.1523-1739.2002.00423.x

Domingo, A., Coelho, R., Cortes, E., Garcia-Cortes, B., Mas, F., Mejuto,
J., ... Yokawa, K. (2016). Is the tiger shark Galeocerdo cuvier a coastal
species? Expanding its distribution range in the Atlantic Ocean using
at-sea observer data Journal of Fish Biology, 88(3), 1223-8. https://
doi.org/10.1111/jfb.12887

Drummond, A. J.,, Suchard, M. A, Xie, D., & Rambaut, A. (2012). Bayesian
phylogenetics with BEAUti and the BEAST 1.7. Molecular Biology
and Evolution, 29(8), 1969-1973. https://doi.org/10.1093/molbev/
mss075

Dudley, S. F. J. (1997). A comparison of the shark control programs of
New South Wales and Queensland (Australia) and KwaZulu-Natal
(South Africa). Ocean & Coastal Management, 34(1), 1-27. https://doi.
org/10.1016/50964-5691(96)00061-0

Dudley, S. F. J., & Simpfendorfer, C. A. (2006). Population status of 14
shark species caught in the protective gillnets off KwaZulu-Natal
beaches, South Africa, 1978-2003. Marine and Freshwater Research,
57(2), 225-240. https://doi.org/10.1071/mf05156

Erlandson, J. M., & Rick, T. C. (2010). Archaeology meets marine ecol-
ogy: The antiquity of maritime cultures and human impacts on ma-
rine fisheries and ecosystems. Annual Review of Marine Science, 2(1),
231-251. https://doi.org/10.1146/annurev.marine.010908.163749

Estoup, A., Lombaert, E., Marin, J.-M., Guillemaud, T., Pudlo, P., Robert, C.
P., & Cornuet, J.-M. (2012). Estimation of demo-genetic model proba-
bilities with approximate Bayesian Computation using linear discrim-
inant analysis on summary statistics. Molecular Ecology Resources,
12(5), 846-855. https://doi.org/10.1111/j.1755-0998.2012.03153.x

Evanno, G., Regnaut, S., & Goudet, J. (2005). Detecting the num-
ber of clusters of individuals using the software Structure: A sim-
ulation study. Molecular Ecology, 14(8), 2611-2620. https://doi.
org/10.1111/j.1365-294X.2005.02553.x

Excoffier, L., & Lischer, H. E. L. (2010). Arlequin suite ver 3.5: A new
series of programs to perform population genetics analyses under
Linux and Windows. Molecular Ecology Resources, 10(3), 564-567.
https://doi.org/10.1111/J.1755-0998.2010.02847.X

Falush, D., Stephens, M., & Pritchard, J. K. (2003). Inference of popula-
tion structure using multilocus genotype data: Linked loci and cor-
related allele frequencies. Genetics, 164(4), 1567-1587.

Feldheim, K. A., Gruber, S. H., Dibattista, J. D., Babcock, E. A., Kessel, S.
T., Hendry, A. P, ... Chapman, D. D. (2013). Two decades of genetic
profiling yields first evidence of natal philopatry and long-term fidel-
ity to parturition sites in sharks. Molecular Ecology, 23(1), 110-117.
https://doi.org/10.1111/mec.12583

Ferreira, L. C., Thums, M., Meeuwig, J. J., Vianna, G. M. S., Stevens, J.,
McAuley, R., & Meekan, M. G. (2015). Crossing latitudes—long-dis-
tance tracking of an apex predator. PLoS ONE, 10(2), e0116916.
https://doi.org/10.1371/journal.pone.0116916

Ferretti, F., Worm, B., Britten, G. L., Heithaus, M. R., & Lotze, H.
K. (2010). Patterns and ecosystem consequences of shark de-
clines in the ocean. Ecology Letters, 13(8), 1055-1071. https://doi.
org/10.1111/j.1461-0248.2010.01489.x

Fitzpatrick, R., Thums, M., Bell, I., Meekan, M. G,, Stevens, J. D., &
Barnett, A. (2012). A comparison of the seasonal movements of tiger
sharks and green turtles provides insight into their predator-prey re-
lationship. PLoS ONE, 7(12), e51927. https://doi.org/10.1371/journal.
pone.0051927

Frankham, R., Briscoe, D. A., & Ballou, J. D. (2010). Introduction to conser-
vation genetics, 2nd ed.. Cambridge, UK: Cambridge University Press.

Fu, Y.-X. (1997). Statistical tests of neutrality of mutations against pop-
ulation growth, hitchhiking and background selection. Genetics,
147(2), 915-925.

Gao, H., Bryc, K., & Bustamante, C. D. (2011). On identifying the optimal
number of population clusters via the deviance information criterion.
PL0S ONE, 6(6),€21014. https://doi.org/10.1371/journal. pone.0021014

Gélin, P., Postaire, B., Fauvelot, C., & Magalon, H. (2017). Reevaluating
species number, distribution and endemism of the coral genus
Pocillopora Lamarck, 1816 using species delimitation methods and
microsatellites. Molecular Phylogenetics and Evolution, 109, 430-446.
https://doi.org/10.1016/j.ympev.2017.01.018

Gerlach, G., Jueterbock, A., Kraemer, P., Deppermann, J., & Harmand,
P. (2010). Calculations of population differentiation based on Gg;
and D: Forget GST but not all of statistics!. Molecular Ecology, 19(18),
3845-3852. https://doi.org/10.1111/j.1365-294X.2010.04784.x

Goudet, J. (1995). FSTAT (Version 1.2): A computer program to calcu-
late F-statistics. Journal of Heredity, 86(6), 485-486. https://doi.
org/10.1093/oxfordjournals.jhered.a111627

Guindon, S., Dufayard, J.-F., Lefort, V., Anisimova, M., Hordijk, W., &
Gascuel, O. (2010). New algorithms and methods to estimate max-
imum-likelihood phylogenies: Assessing the performance of PhyML
3.0. Systematic Biology, 59(3), 307-321. https://doi.org/10.1093/
syshio/syq010

Hammerschlag, N., Gallagher, A. J., Wester, J.,Luo, J. G., &Ault, J. S.(2012).
Don't bite the hand that feeds: Assessing ecological impacts of pro-
visioning ecotourism on an apex marine predator. Functional Ecology,
26(3), 567-576. https://doi.org/10.1111/j.1365-2435.2012.01973.x

Heithaus, M. R. (2001). The biology of tiger sharks, Galeocerdo cuvier, in
Shark Bay, Western Australia: Sex ratio, size distribution, diet, and
seasonal changes in catch rates. Environmental Biology of Fishes, 61(1),
25-36. https://doi.org/10.1023/a:1011021210685

Heithaus, M. R., Frid, A., Wirsing, A. J., & Worm, B. (2008). Predicting
ecological consequences of marine top predator declines. Trends
in Ecology & Evolution, 23(4), 202-210. https://doi.org/10.1016/j.
tree.2008.01.003

Heithaus, M. R., Hamilton, I. M., Wirsing, A. J., & Dill, L. M. (2006).
Validation of a randomization procedure to assess animal hab-
itat preferences: Microhabitat use of tiger sharks in a seagrass
ecosystem. Journal of Animal Ecology, 75(3), 666-676. https://doi.
org/10.1111/J).1365-2656.2006.01087.X

Heithaus, M. R., Wirsing, A. J.,, Dill, L. M., & Heithaus, L. I. (2007).
Long-term movements of tiger sharks satellite-tagged in Shark Bay,


https://doi.org/10.2989/02577619109504636
https://doi.org/10.1007/978-94-009-2065-1_3
https://doi.org/10.1007/bf00997584
https://doi.org/10.1093/bioinformatics/btt763
https://doi.org/10.1093/bioinformatics/btt763
https://doi.org/10.1093/bioinformatics/btn514
https://doi.org/10.1093/bioinformatics/btn514
https://doi.org/10.1046/j.1523-1739.2002.00423.x
https://doi.org/10.1046/j.1523-1739.2002.00423.x
https://doi.org/10.1111/jfb.12887
https://doi.org/10.1111/jfb.12887
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1093/molbev/mss075
https://doi.org/10.1016/S0964-5691(96)00061-0
https://doi.org/10.1016/S0964-5691(96)00061-0
https://doi.org/10.1071/mf05156
https://doi.org/10.1146/annurev.marine.010908.163749
https://doi.org/10.1111/j.1755-0998.2012.03153.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/j.1365-294X.2005.02553.x
https://doi.org/10.1111/J.1755-0998.2010.02847.X
https://doi.org/10.1111/mec.12583
https://doi.org/10.1371/journal.pone.0116916
https://doi.org/10.1111/j.1461-0248.2010.01489.x
https://doi.org/10.1111/j.1461-0248.2010.01489.x
https://doi.org/10.1371/journal.pone.0051927
https://doi.org/10.1371/journal.pone.0051927
https://doi.org/10.1371/journal.pone.0021014
https://doi.org/10.1016/j.ympev.2017.01.018
https://doi.org/10.1111/j.1365-294X.2010.04784.x
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1093/oxfordjournals.jhered.a111627
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1093/sysbio/syq010
https://doi.org/10.1111/j.1365-2435.2012.01973.x
https://doi.org/10.1023/a:1011021210685
https://doi.org/10.1016/j.tree.2008.01.003
https://doi.org/10.1016/j.tree.2008.01.003
https://doi.org/10.1111/J.1365-2656.2006.01087.X
https://doi.org/10.1111/J.1365-2656.2006.01087.X

PIROG ET AL.

Western Australia. Marine Biology, 151(4), 1455-1461. https://doi.
org/10.1007/500227-006-0583-Y

Hoelzel, A. R., Shivji, M. S., Magnussen, J., & Francis, M. P. (2006).
Low worldwide genetic diversity in the basking shark (Cetorhinus
maximus). Biology Letters, 2(4), 639-642. https://doi.org/10.1098/
Rsbl.2006.0513

Hoffman, J. I., Grant, S. M., Forcada, J., & Phillips, C. D. (2011). Bayesian
inference of a historical bottleneck in a heavily exploited ma-
rine mammal. Molecular Ecology, 20(19), 3989-4008. https://doi.
org/10.1111/j.1365-294X.2011.05248.x

Holland, K. N., Wetherbee, B. M., Lowe, C. G., & Meyer, C. G. (1999).
Movements of tiger sharks (Galeocerdo cuvier) in coastal Hawaiian
waters. Marine Biology, 134(4), 665-673. https://doi.org/10.1007/
5002270050582

Holmes, B. J., Peddemors, V. M., Gutteridge, A. N., Geraghty, P. T., Chan,
R.W. K., Tibbetts, I. R., & Bennett, M. B. (2015). Age and growth of the
tiger shark Galeocerdo cuvier off the East coast of Australia. Journal of
Fish Biology, 87(2), 422-448. https://doi.org/10.1111/jfb.12732

Holmes, B. J., Pepperell, J. G, Griffiths, S. P., Jaine, F. R. A., Tibbetts, I.
R., & Bennett, M. B. (2014). Tiger shark (Galeocerdo cuvier) movement
patterns and habitat use determined by satellite tagging in Eastern
Australian waters. Marine Biology, 161(11), 2645-2658. https://doi.
org/10.1007/s00227-014-2536-1

Holmes, B. J., Pope, L. C., Williams, S. M., Tibbetts, I. R., Bennett, M. B.,
& Ovenden, J. R. (2018). Lack of multiple paternity in the oceanodro-
mous tiger shark (Galeocerdo cuvier). Royal Society Open Science, 5(1),
171385. https://doi.org/10.1098/rs0s.171385

Holmes, B. J., Sumpton, W. D., Mayer, D. G., Tibbetts, I. R., Neil, D. T,
& Bennett, M. B. (2012). Declining trends in annual catch rates
of the tiger shark (Galeocerdo cuvier) in Queensland, Australia.
Fisheries Research, 129-130, 38-45. https://doi.org/10.1016/j.
fishres.2012.06.00

Holmes, B. J., Williams, S. M., Otway, N. M., Nielsen, E. E., Maher, S. L.,
Bennett, M. B., & Ovenden, J. R. (2017). Population structure and
connectivity of tiger sharks (Galeocerdo cuvier) across the Indo-
Pacific Ocean basin. Royal Society Open Science, 4(7), 170309. https://
doi.org/10.1098/rs0s.170309

Hubisz, M. J,, Falush, D., Stephens, M., & Pritchard, J. K. (2009). Inferring
weak population structure with the assistance of sample group in-
formation. Molecular Ecology Resources, 9(5), 1322-1332. https://doi.
org/10.1111/j.1755-0998.2009.02591.x

Ivanova,N.V.,Zemlak,T.S.,Hanner,R.H.,&Hebert,P.D.N.(2007).Universal
primer cocktails for fish DNA barcoding. Molecular Ecology Notes,
7(4), 544-548. https://doi.org/10.1111/j.1471-8286.2007.01748.x

Jombart, T. (2008). Adegenet: A R package for the multivariate analysis
of genetic markers. Bioinformatics, 24(11), 1403-1405. https://doi.
org/10.1093/bioinformatics/btn129

Jombart, T., Devillard, S., & Balloux, F. (2010). Discriminant analysis of
principal components: A new method for the analysis of geneti-
cally structured populations. BMC Genetics, 11(1), 94. https://doi.
org/10.1186/1471-2156-11-94

Jost, L. (2008). G¢; and its relatives do not measure differen-
tiation. Molecular Ecology, 17(18), 4015-4026. https://doi.
org/10.1111/j.1365-294X.2008.03887.x

Kalinowski, S. T. (2005). HP-rare 1.0: A computer program for performing
rarefaction on measures of allelic richness. Molecular Ecology Notes,
5(1), 187-189. https://doi.org/10.1111/j.1471-8286.2004.00845.x

Karl,S. A., Castro,A.L.F., Lopez, J. A., Charvet, P, & Burgess, G. H. (2011).
Phylogeography and conservation of the bull shark (Carcharhinus
leucas) inferred from mitochondrial and microsatellite DNA.
Conservation Genetics, 12(2), 371-382. https://doi.org/10.1007/
$10592-010-0145-1

Katoh, K., Misawa, K., Kuma, K. I., & Miyata, T. (2002). MAFFT: A novel
method for rapid multiple sequence alignment based on fast Fourier

Fcology and Evolution o 5569
& WILEY- 2%

transform. Nucleic Acids Research, 30(14), 3059-3066. https://doi.
org/10.1093/nar/gkf436

Kearse, M., Moir, R., Wilson, A., Stones-Havas, S., Cheung, M., Sturrock,
S., ... Drummond, A. (2012). Geneious Basic: An integrated and ex-
tendable desktop software platform for the organization and analy-
sis of sequence data. Bioinformatics, 28(12), 1647-1649. https://doi.
org/10.1093/bioinformatics/bts199

Keeney, D. B., & Heist, E. J. (2003). Characterization of microsatellite loci
isolated from the blacktip shark and their utility in requiem and ham-
merhead sharks. Molecular Ecology Notes, 3(4), 501-504. https://doi.
org/10.1046/j.1471.2003.00492.x

Kneebone, J., Natanson, L. J., Andrews, A. H., & Howell, W. H. (2008).
Using bomb radiocarbon analyses to validate age and growth esti-
mates for the tiger shark, Galeocerdo cuvier, in the Western North
Atlantic. Marine Biology, 154(3), 423-434. https://doi.org/10.1007/
500227-008-0934-Y

Kohler, N. E., Casey, J. G., & Turner, P. A. (1998). NMFS cooperative shark
tagging program, 1962-93: An atlas of shark tag and recapture data.
Marine Fisheries Review, 60(2), 1-87.

Kohler, N. E., & Turner, P. A. (2001). Shark tagging: A review of conven-
tional methods and studies. Environmental Biology of Fishes, 60(1-3),
191-223. https://doi.org/10.1023/A:1007679303082

Kopelman, N. M., Mayzel, J., Jakobsson, M., Rosenberg, N. A., &
Mayrose, I. (2015). Clumpak: A program for identifying cluster-
ing modes and packaging population structure inferences across
K. Molecular Ecology Resources, 15(5), 1179-1191. https://doi.
org/10.1111/1755-0998.12387

Koskinen, M. T., Hirvonen, H., Landry, P.-A., & Primmer, C. R. (2004).
The benefits of increasing the number of microsatellites utilized
in genetic population studies: An empirical perspective. Hereditas,
141(1), 61-67. https://doi.org/10.1111/j.1601-5223.2004.
01804.x

Koutavas, A., Lynch-Stieglitz, J., Marchitto, T. M., & Sachs, J. P. (2002).
El Nifo-like pattern in ice age tropical Pacific sea surface tem-
perature. Science, 297(5579), 226-230. https://doi.org/10.1126/
science.1072376

Lanfear, R., Frandsen, P. B., Wright, A. M., Senfeld, T., & Calcott, B.
(2017). PartitionFinder 2: New methods for selecting partitioned
models of evolution for molecular and morphological phylogenetic
analyses. Molecular Biology and Evolution, 34(3), 772-773. https://doi.
org/10.1093/molbev/msw260

Lea, J. S. E., Wetherbee, B. M., Queiroz, N., Burnie, N., Aming, C., Sousa,
L. L., ... Shivji, M. S. (2015). Repeated, long-distance migrations by
a philopatric predator targeting highly contrasting ecosystems.
Scientific Reports, 5, 11202. https://doi.org/10.1038/srep11202

Leigh, J. W., & Bryant, D. (2015). POPART: Full-feature software for hap-
lotype network construction. Methods in Ecology and Evolution, 6(9),
1110-1116. https://doi.org/10.1111/2041-210X.12410

Lessios, H. A. (1988). Mass mortality of Diadema antillarum in the
Caribbean: What have we learned? Annual Review of Ecology and
Systematics, 19(1), 371-393. https://doi.org/10.1146/annurev.
€s5.19.110188.002103

Librado, P., & Rozas, J. (2009). DnaSP v5: A software for comprehensive
analysis of DNA polymorphism data. Bioinformatics, 25(11), 1451-
1452. https://doi.org/10.1093/Bioinformatics/Btp187

Lombaert, E., Guillemaud, T., Lundgren, J., Koch, R., Facon, B., Grez, A,
... Estoup, A. (2014). Complementarity of statistical treatments to re-
construct worldwide routes of invasion: The case of the Asian lady-
bird Harmonia axyridis. Molecular Ecology, 23(24), 5979-5997. https://
doi.org/10.1111/mec.12989

Lowe, C. G., Wetherbee, B. M., Crow, G. L., & Tester, A. L. (1996).
Ontogenetic dietary shifts and feeding behavior of the tiger shark,
Galeocerdo cuvier, Hawaiian waters. Environmental Biology of Fishes,
47(2), 203-211. https://doi.org/10.1007/Bf00005044


https://doi.org/10.1007/S00227-006-0583-Y
https://doi.org/10.1007/S00227-006-0583-Y
https://doi.org/10.1098/Rsbl.2006.0513
https://doi.org/10.1098/Rsbl.2006.0513
https://doi.org/10.1111/j.1365-294X.2011.05248.x
https://doi.org/10.1111/j.1365-294X.2011.05248.x
https://doi.org/10.1007/S002270050582
https://doi.org/10.1007/S002270050582
https://doi.org/10.1111/jfb.12732
https://doi.org/10.1007/s00227-014-2536-1
https://doi.org/10.1007/s00227-014-2536-1
https://doi.org/10.1098/rsos.171385
https://doi.org/10.1016/j.fishres.2012.06.00
https://doi.org/10.1016/j.fishres.2012.06.00
https://doi.org/10.1098/rsos.170309
https://doi.org/10.1098/rsos.170309
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1755-0998.2009.02591.x
https://doi.org/10.1111/j.1471-8286.2007.01748.x
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1093/bioinformatics/btn129
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1186/1471-2156-11-94
https://doi.org/10.1111/j.1365-294X.2008.03887.x
https://doi.org/10.1111/j.1365-294X.2008.03887.x
https://doi.org/10.1111/j.1471-8286.2004.00845.x
https://doi.org/10.1007/S10592-010-0145-1
https://doi.org/10.1007/S10592-010-0145-1
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/nar/gkf436
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1093/bioinformatics/bts199
https://doi.org/10.1046/j.1471.2003.00492.x
https://doi.org/10.1046/j.1471.2003.00492.x
https://doi.org/10.1007/S00227-008-0934-Y
https://doi.org/10.1007/S00227-008-0934-Y
https://doi.org/10.1023/A:1007679303082
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/1755-0998.12387
https://doi.org/10.1111/j.1601-5223.2004.01804.x
https://doi.org/10.1111/j.1601-5223.2004.01804.x
https://doi.org/10.1126/science.1072376
https://doi.org/10.1126/science.1072376
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1093/molbev/msw260
https://doi.org/10.1038/srep11202
https://doi.org/10.1111/2041-210X.12410
https://doi.org/10.1146/annurev.es.19.110188.002103
https://doi.org/10.1146/annurev.es.19.110188.002103
https://doi.org/10.1093/Bioinformatics/Btp187
https://doi.org/10.1111/mec.12989
https://doi.org/10.1111/mec.12989
https://doi.org/10.1007/Bf00005044

PIROG ET AL.

5570 WI LEY—ECOlOgy and Evolution

Open Access,

Lowe, C. G., Wetherbee, B. M., & Meyer, C. G. (2006). Using acoustic te-
lemetry monitoring techniques to quantify movement patterns and
site fidelity of sharks and giant trevally around French frigate shoals
and midway atoll. Atoll Research Bulletin, 543, 281-303.

Luer, C. A, Walsh, C. J., & Bodine, A. B. (2004). The immune system of
sharks, skates and rays. In J. C. Carrier, J. A. Musick, & M. R. Heithaus
(Eds.), Biology of sharks and their relatives (pp. 369-398). Boca Raton,
FL: CRC Marine Biology Series.

Marko, P. B., Hoffman, J. M., Emme, S. A., Mcgovern, T. M., Keever, C.C., &
Cox, N. L. (2010). The ‘Expansion-Contraction’ model of Pleistocene
biogeography: Rocky shores suffer a sea change? Molecular Ecology,
19(1), 146-169. https://doi.org/10.1111/j.1365-294X.2009.04417.x

Meirmans, P. G. (2015). Seven common mistakes in population genet-
ics and how to avoid them. Molecular Ecology, 24(13), 3223-3231.
https://doi.org/10.1111/mec.13243

Mendes, N. J., Cruz, V. P.,, Ashikaga, F. Y., Camargo, S. M., Oliveira, C.,
Piercy, A. N., ... Foresti, F. (2016). Microsatellite loci in the tiger shark
and cross-species amplification using pyrosequencing technology.
PeerJ, 4, e2205. https://doi.org/10.7717/peerj.2205

Meyer, C. G., Clark, T. B., Papastamatiou, Y. P., Whitney, N. M., &
Holland, K. N. (2009). Long-term movement patterns of tiger sharks
Galeocerdo cuvier in Hawaii. Marine Ecology Progress Series, 381, 223~
235. https://doi.org/10.3354/Meps07951

Meyer, C. G., Malley, J. M., Papastamatiou, Y. P.,, Dale, J. J., Hutchinson,
M. R., Anderson, J. M., ... Holland, K. N. (2014). Growth and maxi-
mum size of tiger sharks (Galeocerdo cuvier) in Hawaii. PLoS ONE, 9(1),
e84799. https://doi.org/10.1371/journal.pone.0084799.t001

Meyer, C. G., Papastamatiou, Y. P., & Holland, K. N. (2010). A multiple in-
strument approach to quantifying the movement patterns and habi-
tat use of tiger (Galeocerdo cuvier) and Galapagos sharks (Carcharhinus
galapagensis) at French Frigate Shoals, Hawaii. Marine Biology, 157(8),
1857-1868. https://doi.org/10.1007/S00227-010-1457-X

Molfetti, E., Torres Vilaga, S., Georges, J.-Y., Plot, V., Delcroix, E., Le
Scao, R., ... de Thoisy, B. (2013). Recent demographic history and
present fine-scale structure in the Northwest Atlantic leatherback
(Dermochelys coriacea) turtle population. PLoS ONE, 8(3), e58061.
https://doi.org/10.1371/journal.pone.0058061

Musick, J. A. (2010). Chondrichthyan reproduction. In K. S. Cole (Ed.),
Reproduction and sexuality in marine fishes (pp. 3-20). Berkeley and
Los Angeles, California, USA: University of California Press.

Musick, J. A., Burgess, G., Cailliet, G., Camhi, M., & Fordham, S. (2000).
Management of sharks and their relatives (Elasmobranchii).
Fisheries, 25(3), 9-13. https://doi.org/10.1577/1548-8446(2000)
025<0009:MOSATR>2.0.CO;2

Myers, R. A., Baum, J. K, Shepherd, T. D., Powers, S. P., & Peterson, C.
H. (2007). Cascading effects of the loss of apex predatory sharks
from a coastal ocean. Science, 315(5820), 1846-1850. https://doi.
org/10.1126/science.1138657

Myers, R. A., & Worm, B. (2005). Extinction, survival or recovery of
large predatory fishes. Philosophical Transactions of the Royal Society
B: Biological Sciences, 360(1453), 13-20. https://doi.org/10.1098/
rstb.2004.1573

Nance, H. A., Klimley, P., Galvan-Magana, F., Martinez-Ortiz, J., & Marko,
P. B. (2011). Demographic processes underlying subtle patterns of
population structure in the scalloped hammerhead shark, Sphyrna
lewini. Plos ONE, 6(7), e21459. https://doi.org/10.1371/journal.
pone.0021459

Naylor, G. J. P, Caira, J. N., Jensen, K., Rosana, K. A. M., White, W. T., &
Last, P. R. (2012). A DNA sequence-based approach to the identifi-
cation of shark and ray species and its implications for global elasmo-
branch diversity and parasitology. Bulletin of the American Museum of
Natural History, 367, 1-262. https://doi.org/10.1206/754.1

Naylor, G. J. P, Ryburn, J. A, Fedrigo, O., & Lopez, J. A. (2005).
Phylogenetic relationships among the major lineages of modern elas-
mobranchs. In W. C. Hamlett, & B. G. M. Jamieson (Eds.), Reproductive

biology and phylogeny of chondrichthyans (sharks, skates, stingrays and
chimaeras). Enfield, NH: Science Publishers.

O'Connor, S., Ono, R., & Clarkson, C. (2011). Pelagic fishing at 42,000
years before the present and the maritime skills of modern hu-
mans. Science, 334(6059), 1117-1121. https://doi.org/10.1126/
science.1207703

Papastamatiou, Y. P., Cartamil, D. P, Lowe, C. G., Meyer, C. G., Wetherbee,
B. M., & Holland, K. N. (2011). Scales of orientation, directed walks
and movement path structure in sharks. Journal of Animal Ecology,
80(4), 864-874. https://doi.org/10.1111/j.1365-2656.2011.01815.x

Papastamatiou, Y. P., Meyer, C. G., Carvalho, F., Dale, J. J., Hutchinson,
M. R, & Holland, K. N. (2013). Telemetry and random-walk models
reveal complex patterns of partial migration in a large marine preda-
tor. Ecology, 94(11), 2595-2606. https://doi.org/10.1890/12-2014.1

Pardini, A. T., Jones, C. S., Noble, L. R., Kreiser, B., Malcolm, H., Bruce,
B. D., ... Martin, A. P. (2001). Sex-biased dispersal of great white
sharks - In some respects, these sharks behave more like whales and
dolphins than other fish. Nature, 412(6843), 139-140. https://doi.
org/10.1038/35084125

Pirog,A.,Blaison,A.,Jaquemet,S.,Soria,M.,&Magalon,H.(2015).Isolation
and characterization of 20 microsatellite markers from Carcharhinus
leucas (bull shark) and cross-amplification in Galeocerdo cuvier
(tiger shark), Carcharhinus obscurus (dusky shark) and Carcharhinus
plumbeus (sandbar shark). Conservation Genetics Resources, 7(1), 121-
124. https://doi.org/10.1007/s12686-014-0308-3

Pirog, A., Jaquemet, S., Blaison, A., Soria, M., & Magalon, H. (2016).
Isolation and characterization of eight microsatellite loci from
Galeocerdo cuvier (tiger shark) and cross-amplification in Carcharhinus
leucas, Carcharhinus brevipinna, Carcharhinus plumbeus and Sphyrna
lewini. PeerJ, 4, e2041. https://doi.org/10.7717/peerj.2041

Pirog, A., Jaquemet, S., Ravigné, V., Rieux, A., Fontaine, M. C., ClIiff,
G., ... Magalon, H. (2019). Population structure, connectivity and
demographic history of an apex marine predator, the bull shark
Carcharhinus leucas. Ecology and Evolution, in revision.

Pirog, A., Magalon, H., & Jaquemet, S. (2019). First description of the
tiger shark Galeocerdo cuvier reproductive biology in Reunion Island,
Western Indian Ocean. Marine and Freshwater Research, in revision.

Polovina, J. J., & Lau, B. B. (1993). Temporal and spatial distribution of
catches of tiger sharks, Galeocerdo cuvier, in the pelagic longline fish-
ery around the Hawaiian Islands. Marine Fisheries Review, 55(3), 1-3.

Portnoy, D. S., Hollenbeck, C. M., Belcher, C. N., Driggers, W. B., Frazier,
B. S., Gelsleichter, J,, ... Gold, J. R. (2014). Contemporary population
structure and post-glacial genetic demography in a migratory ma-
rine species, the blacknose shark, Carcharhinus acronotus. Molecular
Ecology, 23(22), 5480-5495. https://doi.org/10.1111/mec.12954

Pritchard, J. K., Stephens, M., & Donnelly, P. (2000). Inference of pop-
ulation structure using multilocus genotype data. Genetics, 155(2),
945-959.

Prugnolle, F., & de Meeus, T. (2002). Inferring sex-biased dispersal from
population genetic tools: A review. Heredity, 88(3), 161-165. https://
doi.org/10.1038/sj.hdy.6800060

Putman, A. I., & Carbone, I. (2014). Challenges in analysis and interpre-
tation of microsatellite data for population genetic studies. Ecology
and Evolution, 4(22),4399-4428. https://doi.org/10.1002/ece3.1305

R Core Team. (2017). R: A language and environment for statistical com-
puting. Vienna, Austria: 3.4.1. R foundation of statistical computing.
https://www.R-project.org/

Rambaut, A., Suchard, M. A., Xie, D., & Drummond, A. J. (2014) Tracer.
http://beast.bio.ed.ac.uk/Tracer, 1.6

Ramos-Onsins, S. E., & Rozas, J. (2000). Statistical properties of new
neutrality tests against population growth. Molecular Biology and
Evolution, 19(12), 2092-2100. https://doi.org/10.1093/oxfordjour-
nals.molbev.a004034

Reid, D. D., & Krogh, M. (1992). Assessment of catches from protective
shark meshing off New South Wales beaches between 1950 and


https://doi.org/10.1111/j.1365-294X.2009.04417.x
https://doi.org/10.1111/mec.13243
https://doi.org/10.7717/peerj.2205
https://doi.org/10.3354/Meps07951
https://doi.org/10.1371/journal.pone.0084799.t001
https://doi.org/10.1007/S00227-010-1457-X
https://doi.org/10.1371/journal.pone.0058061
https://doi.org/10.1577/1548-8446(2000)025%3c0009:MOSATR%3e2.0.CO;2
https://doi.org/10.1577/1548-8446(2000)025%3c0009:MOSATR%3e2.0.CO;2
https://doi.org/10.1126/science.1138657
https://doi.org/10.1126/science.1138657
https://doi.org/10.1098/rstb.2004.1573
https://doi.org/10.1098/rstb.2004.1573
https://doi.org/10.1371/journal.pone.0021459
https://doi.org/10.1371/journal.pone.0021459
https://doi.org/10.1206/754.1
https://doi.org/10.1126/science.1207703
https://doi.org/10.1126/science.1207703
https://doi.org/10.1111/j.1365-2656.2011.01815.x
https://doi.org/10.1890/12-2014.1
https://doi.org/10.1038/35084125
https://doi.org/10.1038/35084125
https://doi.org/10.1007/s12686-014-0308-3
https://doi.org/10.7717/peerj.2041
https://doi.org/10.1111/mec.12954
https://doi.org/10.1038/sj.hdy.6800060
https://doi.org/10.1038/sj.hdy.6800060
https://doi.org/10.1002/ece3.1305
https://www.R-project.org/
http://beast.bio.ed.ac.uk/Tracer
https://doi.org/10.1093/oxfordjournals.molbev.a004034
https://doi.org/10.1093/oxfordjournals.molbev.a004034

PIROG ET AL.

1990. Marine and Freshwater Research, 43(1), 283-296. https://doi.
org/10.1071/MF9920283

Reid, D. D., Robbins, W. D., & Peddemors, V. M. (2011). Decadal trends in
shark catches and effort from the New South Wales, Australia, Shark
Meshing Program 1950-2010. Marine and Freshwater Research, 62(6),
676-693. https://doi.org/10.1071/MF10162

Rick, T. C., Erlandson, J. M., Glassow, M. A., & Moss, M. L. (2002).
Evaluating the economic significance of sharks, skates, and rays
(Elasmobranchs) in prehistoric economies. Journal of Archaeological
Science, 29(2), 111-122. https://doi.org/10.1006/jasc.2000.0637

Robock, A. (2000). Volcanic eruptions and climate. Reviews of Geophysics,
38(2), 191-219. https://doi.org/10.1029/1998RG0O00054

Sigl, M., Winstrup, M., McConnell, J. R., Welten, K. C., Plunkett, G.,
Ludlow, F., ... Woodruff, T. E. (2015). Timing and climate forcing of
volcanic eruptions for the past 2,500 years. Nature, 523, 54 3. https://
doi.org/10.1038/nature14565

Simpfendorfer, C. A. (1992). Biology of tiger sharks (Galeocerdo cuvier) caught
by the Queensland shark meshing program off Townsville, Australia.
Australian Journal of Marine and Freshwater Research, 43(1), 33-43.

Simpfendorfer, C. A. (2009) Galeocerdo cuvier. The IUCN Red List of
Threatened Species. Version 2015.1.

Slatkin, M. (1995). A measure of population subdivision based on micro-
satellite allele frequencies. Genetics, 139(1), 457-462.

Sulikowski, J. A., Wheeler, C. R., Gallagher, A. J., Prohaska, B. K., Langan,
J. A., & Hammerschlag, N. (2016). Seasonal and life-stage variation in
the reproductive ecology of a marine apex predator, the tiger shark
Galeocerdo cuvier, at a protected female-dominated site. Aquatic
Biology, 24(3), 175-184. https://doi.org/10.3354/ab00648

Sumpton, W. D., Taylor, S. M., Gribble, N. A., McPherson, G., & Ham,
T. (2011). Gear selectivity of large-mesh nets and drumlines used
to catch sharks in the Queensland Shark Control Program. African
Journal of Marine Science, 33(1), 37-43. https://doi.org/10.2989/181
4232X.2011.572335

Tajima, F. (1989). Statistical method for testing the neutral mutation hy-
pothesis by DNA polymorphism. Genetics, 123(3), 585-595.

Temple, A. J., Kiszka, J., Stead, S. M., Wambiji, N., Brito, A., Poonian, C. N.
S., ... Berggren, P. (2018). Marine megafauna interactions with small-
scale fisheries in the southwestern Indian Ocean: A review of status
and challenges for research and management. Reviews in Fish Biology
& Fisheries, 28(1), 89-115.

Tillett, B. J., Meekan, M. G,, Field, I. C., Thorburn, D. C., & Ovenden,
J. R. (2012). Evidence for reproductive philopatry in the bull shark
Carcharhinus leucas. Journal of Fish Biology, 80(6), 2140-2158. https://
doi.org/10.1111/j.1095-8649.2012.03228.x

Uthicke, S., & Benzie, J. A. H. (2003). Gene flow and population history in
high dispersal marine invertebrates: Mitochondrial DNA analysis of
Holothuria nobilis (Echinodermata: Holothuroidea) populations from
the Indo-Pacific. Molecular Ecology, 12(10), 2635-2648. https://doi.
org/10.1046/j.1365-294X.2003.01954.x

Van Oosterhout, C., Hutchinson, W. F., Wills, D. P. M., & Shipley, P.
(2004). MICRO-CHECKER: Software for identifying and correcting
genotyping errors in microsatellite data. Molecular Ecology Notes,
4(3), 535-538. https://doi.org/10.1111/j.1471-8286.2004.00684.x

Verissimo, A., Sampaio, i., McDowell, J. R., Alexandrino, P., Mucientes,
G. R., Queiroz, N., ... Noble, L. R. (2017). World without borders-ge-
netic population structure of a highly migratory marine predator, the
blue shark (Prionace glauca). Ecology and Evolution, 7(13), 4768-4781.
https://doi.org/10.1002/ece3.2987

Verity, R., & Nichols, R. A. (2016). Estimating the number of subpopu-
lations (K) in structured populations. Genetics, 203(4), 1827-1839.
https://doi.org/10.1534/genetics.115.180992

Vignaud, T. M., Mourier, J., Maynard, J. A., Leblois, R., Spaet, J. L. Y.,
Clua, E., ... Planes, S. (2014). Blacktip reef sharks, Carcharhinus

Fcology and Evolution o 5571
& WILEY- 27

melanopterus, have high genetic structure and varying demographic
histories in their Indo-Pacific range. Molecular Ecology, 23(21), 5193~
5207. https://doi.org/10.1111/mec.12936

Walsh, C. J,, Luer, C. A, Bodine, A. B., Smith, C. A, Cox, H. L., Noyes,
D. R., & Gasparetto, M. (2006). Elasmobranch immune cells as a
source of novel tumor cell inhibitors: Implications for public health.
Integrative and Comparative Biology, 46(6), 1072-1081. https://doi.
org/10.1093/icb/icl041

Wang, J. (2017). The computer program structure for assign-
ing individuals to populations: Easy to use but easier to mis-
use. Molecular Ecology Resources, 17(5), 981-990. https://doi.
org/10.1111/1755-0998.12650

Ward, P., & Myers, R. A. (2005). Shifts in open-ocean fish communities
coinciding with the commencement of commercial fishing. Ecology,
86(4), 835-847. https://doi.org/10.1890/03-0746

Weir, B. S., & Cockerham, C. C. (1984). Estimating F-statistics for the
analysis of population structure. Evolution, 38, 1358-1370. https://
doi.org/10.2307/2408641

Werry, J. M., Planes, S., Berumen, M. L., Lee, K. A, Braun, C. D., & Clua,
E. (2014). Reef-fidelity and migration of tiger sharks, Galeocerdo
cuvier, across the Coral sea. PLoS ONE, 9(1), e83249. https://doi.
org/10.1371/journal.pone.0083249

Wetherbee, B. M., Lowe, C. G., & Crow, G. L. (1994). A review of shark
control in Hawaii with recommendations for future research. Pacific
Science, 48(2), 95-115.

Wintner, S. P, & Dudley, S. F. J. (2000). Age and growth estimates for
the tiger shark, Galeocerdo cuvier, from the East coast of South
Africa. Marine and Freshwater Research, 51(1), 43-53. https://doi.
org/10.1071/MF99077

Wirsing, A. J., Heithaus, M. R., & Dill, L. M. (2006). Tiger shark
(Galeocerdo cuvier) abundance and growth in a subtropical em-
bayment: Evidence from 7 vyears of standardized fishing ef-
fort. Marine Biology, 149(4), 961-968. https://doi.org/10.1007/
S00227-006-0278-4

Wirsing, A. J., Heithaus, M. R., & Dill, L. M. (2007). Fear factor: Do
dugongs (Dugong dugon) trade food for safety from tiger sharks
(Galeocerdo cuvier)? Oecologia, 153(4), 1031-1040. https://doi.
org/10.1007/s00442-007-0802-3

Wong, E. H. K., Shivji, M. S., & Hanner, R. H. (2009). Identifying sharks
with DNA barcodes: Assessing the utility of a nucleotide diagnos-
tic approach. Molecular Ecology Resources, 9, 243-256. https://doi.
org/10.1111/J).1755-0998.2009.02653.X

Worm, B., Davis, B., Kettemer, L., Ward-Paige, C. A., Chapman, D.,
Heithaus, M. R, ... Gruber, S. H. (2013). Global catches, exploitation
rates, and rebuilding options for sharks. Marine Policy, 40, 194-204.
https://doi.org/10.1016/j.marpol.2012.12.034

SUPPORTING INFORMATION

Additional supporting information may be found online in the
Supporting Information section at the end of the article.

How to cite this article: Pirog A, Jaquemet S, Ravigné V, et al.
Genetic population structure and demography of an apex
predator, the tiger shark Galeocerdo cuvier. Ecol Evol.
2019;9:5551-5571. https://doi.org/10.1002/ece3.5111



https://doi.org/10.1071/MF9920283
https://doi.org/10.1071/MF9920283
https://doi.org/10.1071/MF10162
https://doi.org/10.1006/jasc.2000.0637
https://doi.org/10.1029/1998RG000054
https://doi.org/10.1038/nature14565
https://doi.org/10.1038/nature14565
https://doi.org/10.3354/ab00648
https://doi.org/10.2989/1814232X.2011.572335
https://doi.org/10.2989/1814232X.2011.572335
https://doi.org/10.1111/j.1095-8649.2012.03228.x
https://doi.org/10.1111/j.1095-8649.2012.03228.x
https://doi.org/10.1046/j.1365-294X.2003.01954.x
https://doi.org/10.1046/j.1365-294X.2003.01954.x
https://doi.org/10.1111/j.1471-8286.2004.00684.x
https://doi.org/10.1002/ece3.2987
https://doi.org/10.1534/genetics.115.180992
https://doi.org/10.1111/mec.12936
https://doi.org/10.1093/icb/icl041
https://doi.org/10.1093/icb/icl041
https://doi.org/10.1111/1755-0998.12650
https://doi.org/10.1111/1755-0998.12650
https://doi.org/10.1890/03-0746
https://doi.org/10.2307/2408641
https://doi.org/10.2307/2408641
https://doi.org/10.1371/journal.pone.0083249
https://doi.org/10.1371/journal.pone.0083249
https://doi.org/10.1071/MF99077
https://doi.org/10.1071/MF99077
https://doi.org/10.1007/S00227-006-0278-4
https://doi.org/10.1007/S00227-006-0278-4
https://doi.org/10.1007/s00442-007-0802-3
https://doi.org/10.1007/s00442-007-0802-3
https://doi.org/10.1111/J.1755-0998.2009.02653.X
https://doi.org/10.1111/J.1755-0998.2009.02653.X
https://doi.org/10.1016/j.marpol.2012.12.034
https://doi.org/10.1002/ece3.5111

