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Abstract

This study presents genetic evidence that whale sharks, Rhincodon typus, are comprised
of at least two populations that rarely mix and is the first to document a population
expansion. Relatively high genetic structure is found when comparing sharks from the
Gulf of Mexico with sharks from the Indo-Pacific. If mixing occurs between the Indian
and Atlantic Oceans, it is not sufficient to counter genetic drift. This suggests whale
sharks are not all part of a single global metapopulation. The significant population
expansion we found was indicated by both microsatellite and mitochondrial DNA. The
expansion may have happened during the Holocene, when tropical species could
expand their range due to sea-level rise, eliminating dispersal barriers and increasing
plankton productivity. However, the historic trend of population increase may have
reversed recently. Declines in genetic diversity are found for 6 consecutive years at
Ningaloo Reef in Australia. The declines in genetic diversity being seen now in Austra-
lia may be due to commercial-scale harvesting of whale sharks and collision with boats
in past decades in other countries in the Indo-Pacific. The study findings have implica-
tions for models of population connectivity for whale sharks and advocate for contin-
ued focus on effective protection of the world’s largest fish at multiple spatial scales.
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Introduction

From science and conservation perspectives, three of
the largest sharks – whale (Rhincodon typus, Smith,

1828), great white (Carcharodon carcharias, Linnaeus,
1758) and tiger (Galeocerdo cuvier, P!eron & Lesueur,
1822) – create similar challenges for researchers and
managers. All of these sharks spend parts of their life
cycle in the open or deep oceans where they are diffi-
cult to observe and basic aspects of their biology such
as breeding and pupping locations are mostly unknown
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(Musick & Ellis 2005; Carrier et al. 2010). Conservation
of these sharks is made challenging because of their
slow growth, late maturation and resultant low rebound
potential, which make them highly vulnerable to over-
exploitation, and because they move across political
boundaries (Cort!es 2000; Musick & Ellis 2005; Baum &
Worm 2009). These issues are perhaps best exemplified
by whale sharks, the largest of the sharks and all extant
fish species.
Whale sharks form temporary aggregations of mostly

subadult juvenile males near tropical and subtropical
coastlines (Nelson 2004; Meekan et al. 2006; Riley et al.
2010; Rowat & Brooks 2012) that are most likely driven
by seasonal blooms in food (Martin 2006; Stevens 2007;
Rowat & Brooks 2012). The tendency to aggregate in
coastal waters and the approachability of whale sharks
makes them easy for fishers to catch and their size
and demand for their meat and fins has made them a
lucrative target for fisheries (Silas 1986; Norman 2004;
Rowat & Brooks 2012). At the peak of the Indian fish-
ery in 1998, over 1000 whale sharks were taken off the
Saurashtra coast alone (Pravin 2000). Asian nations
such as Taiwan have also been major consumers of
whale shark meat, with an estimated 271 sharks taken
in these waters in 1997 (Chen & Phipps 2002).
Although killing whale sharks commercially is now
banned in many countries (e.g. the Philippines, Thai-
land, Taiwan), fishers continue to try to meet demand
in China (Li et al. 2012). Whale sharks were added to
Appendix II of the Convention on International Trade
of Endangered Species (CITES) in 2002 (update in
Norman 2005). This listing occurred two years after
the International Union for the Conservation of Nature
(IUCN) categorized the species as ‘Vulnerable to
Extinction’ based on the probability that 20–50% of the
species would be lost over the next three generations
(Norman 2000).
Tagging and sighting data (see Sequiera et al. 2013 for

review) suggest that whale sharks from aggregation
sites within ocean basins are connected on at least
regional (100s–1000s km) scales. This is supported by
genetic evidence from two published studies that sam-
pled locations in three ocean basins (Indian, Pacific and
Atlantic). Both Castro et al. (2007) and Schmidt et al.
(2009) found some genetic differentiation of individuals
from the Caribbean with those from sites in the Indian
and Pacific Oceans. Modelling and genetic evidence
suggest broadscale connectivity among populations of
the Indo-Pacific with uncertainty as to the degree of
mixing between populations in the Atlantic and those
of the Indian and Pacific Oceans. Sequiera et al. (2013)
suggest that whale sharks have the capacity to form a
single global metapopulation, given the existing photo-
graphic, tagging and genetic evidence.

Although the strongest evidence for broadscale pat-
terns of connectivity of whale shark populations comes
from genetic analyses, the generality of the conclusions
of these studies is limited by sample sizes. Both Castro
et al. (2007) and Schmidt et al. (2009) sampled a total of
<70 sharks, and in these studies, more than ten individ-
uals were sampled in only four or less locations. Addi-
tionally, patterns were only analysed in either
microsatellite DNA or mtDNA (not both), and both
papers acknowledge that greater sampling is required
to test the interpreted patterns. Only one recent study
has attempted a demographic history analysis of whale
sharks (O’Brien et al. 2013). These authors suggested
that previous climatic events did not appear to have
affected population size. For this work, samples were
collected from a single location.
Here, we build on earlier work to provide a robust

and comprehensive picture of the genetics of whale
shark populations at the global scale. We analyse both
microsatellite (406 samples) and mtDNA (573 samples)
from as many as nine locations that include a minimum
of 10 samples (usually many more). Our locations
include the Red Sea and the Gulf of California, which
are included here in what we call the Indo-Pacific. We
use these data to test the hypothesis postulated by Se-
quiera et al. (2013) that whale sharks could form a sin-
gle global metapopulation. Further, we look for signals
of population expansions or reductions to explore the
demographic history of the whale shark on evolution-
ary timescales and more recently when these sharks
have been subject to fishing and collision with boats.

Materials and methods

Sample collection and laboratory procedures

DNA was obtained from skin samples collected from
free-swimming sharks and on rare occasion from dead
specimens (giving a total of 635 individuals). Additional
sequences were also taken from data deposited in Gen-
Bank by Castro et al. (2007) (68 individuals). Sampling
locations were as follows with sample sizes for micro-
satellite loci (ms) and mitochondrial DNA (mt): Red Sea
(ms 46; mt 26), Djibouti (ms 89; mt 79), Seychelles (ms
20; mt 31), Maldives (ms 0; mt 10), Mozambique (ms 26;
mt 51), Australia – Ningaloo Reef (ms 128; mt 157), Tai-
wan and the Philippines (ms 0; mt 57), Mexico – Gulf
of California (ms 47; mt 84) and Mexico – Isla Holbox
(ms 50; mt 80) (map in Fig. 1). Collection dates ranged
from 1992 to 2012 with >95% of samples collected
between 2003 and 2012. Two measures were taken to
avoid replicate sampling. First, care was taken in the
field not to sample the same individual twice, which
is easy with this species because individuals can be
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recognized using photo-identification techniques that
are well developed (e.g. Graham & Roberts 2007; Mar-
shall & Pierce 2012). Second, genetic markers were com-
pared to be sure no individual sample was included
more than once. There were a few cases in which the
same genotype was found in our body of samples, but
in all cases one was removed, and none of these cases
were for samples from different years at Ningaloo Reef
in Australia. The primers used to isolate part of the
mtDNA control region were WSCR1-F and WSCR2-R
from Castro et al. (2007). All fragments were amplified
following the polymerase chain reaction (PCR) protocol
as described in Williams et al. (2012).
Of the 14 microsatellite loci used by our study, we

developed eight with three sourced from each of
Schmidt et al. (2009) and Ram!ırez-Mac!ıas et al. (2009)
(Table S1, Supporting information). Details on the

multiplex used and the variable quantities of each
primer are also shown in Table S1. The mix and
PCR protocol used for microsatellites is described in
Vignaud et al. (2013).

Data analysis

Sizes of microsatellite alleles were read using GENEMAP-

PER version 3.7 software (Applied Biosystems, Foster
City, CA, USA). MICROCHECKER v2.2.3 (van Oosterhoot
et al. 2004) was used to check potential genotyping
errors on the microsatellite data, the presence of null
allele(s) and Hardy–Weinberg equilibrium. This led to
discarding five of the 19 microsatellite loci originally
selected by the study for analysis.
Fragments of mtDNA sequences were read using

GENEIOUS 6 (Biomatters, http://www.geneious.com/)
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Fig. 1 Scatterplot output from a discrimi-
nant analysis of principal components for
genetic signatures from microsatellite
DNA (n = 14) of whale shark individuals
(based on alpha-score of 26). Dots repre-
sent individuals from the seven locations
for which microsatellite DNA was avail-
able; inertia ellipses centre on the mean
for each location and include 67% of the
sampling points. Sampling locations are
as follows: RS – Red Sea; D – Djibouti; S
– Seychelles; Mz – Mozambique; N –
Ningaloo; GC – Gulf of California; Hx –
Isla Holbox. Only mtDNA was available
for Maldives (Ma) and Northwest Pacific
(NWP).
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and aligned using the ClustalX method followed by
manual corrections (Larkin et al. 2007). Two data sets
were produced: a raw and a modified data set where
gaps/insertions found were replaced with a one-muta-
tion step. Modifying the data avoided losing informa-
tion or generating misleading results driven solely by
different mutation rates for hypervariable regions (Aris-
Brosou & Excoffier 1996). All analyses were completed
using the modified data set unless noted.

Genetic diversity and structure

Indices of diversity were analysed using GENEPOP 4.2
(Rousset 2008) for microsatellites and DNASP v5.10.01
(Librado & Rozas 2009) for mtDNA. For microsatellites,
the rarefaction method was used in the software HP-
rare (Kalinowski 2005) to calculate the allelic richness as
this method accounts for differences in sample size.
AMOVA and pairwise FST (Weir & Cockerham 1984) val-
ues for microsatellites were calculated using ARLEQUIN

3.5 (Excoffier & Lischer 2010). The genotypic differentia-
tion test (G-based, Goudet et al. 1996) and associated
significance were computed using GENEPOP 4.2 software.
For the mtDNA control region, pairwise FST (Slatkin
1995) values were calculated using ARLEQUIN 3.5. Adege-
net (Jombart 2008) for R (R Development Core Team
2013) was used to perform discriminant analysis of
principal components (DAPC, Jombart et al. 2010) with
the number of principal components set to 26, following
alpha-score indication. For the DAPC plot, inertia ellip-
ses were generated encompassing the conventional
~67% of the cloud of points for each sampling location.
Ellipse centres are at the gravity centre of the cloud of
points for each sampling location.

Demographic history

Analyses of demographic history used mtDNA, except
where indicated, and were performed on all individuals
from the Indo-Pacific (Isla Holbox was excluded for rea-
sons presented in the results). Neutrality analysis Fs (Fu
1997), R2 (Ramos-Onsins & Rozas 2002) and D (Tajima
1989) and the associated P-values (using empirical dis-
tribution from coalescent simulations) were performed
using DNAsp v5.10.01. A population expansion is indi-
cated when Fs is a large negative value, when R2 is a
small positive value and when D is a small negative
value. Mismatch analysis was performed following the
method implemented in ARLEQUIN 3.5, which infers
ancestral and actual h values along with s and com-
putes sum of square deviations and associated P-values,
assuming a sudden population expansion. s can give
the timing of expansion (if found, noted T) as
s = T 9 2 9 l. Similarly, h can give the number of

genes (to be converted in effective number of individual
depending on marker used, noted Ng) as
h = 2 9 Ng 9 l (see Excoffier & Lischer 2011). Calculat-
ing the timing of expansions and effective population
sizes is thus highly dependent on the chosen mutation
rate (l). Mutation rates are unknown for whale sharks,
and those used in other studies come from very dis-
tantly related sharks and other species. No mutation
rate was selected here, and the reasoning behind and
implications of this decision are discussed.
Raw control region models were tested using JMODEL-

TEST2 (Guindon & Gascuel 2003; Darriba et al. 2012), and
mutation models were ranked using BIC values. The
Bayesian skyline plot (BSP), which infers historical pop-
ulation sizes, was then performed using BEAST2 (Ho &
Shapiro 2011; Bouckaert et al. 2013) and associated soft-
ware (Beauti and Tracer). For the BSP, a HKY model
was used, with a chain length of 20 000 000 iterations
with thinning every 20 000 iterations.
Demographic history was also explored using

the MIGRAINE software (http://kimura.univ-montp2.fr/
~rousset/Migraine.htm) and the newly developed
model of a single population with past variations in
population size (Leblois et al. in review) on both micro-
satellite and mtDNA data. To infer model parameters,
MIGRAINE uses the class of importance sampling algo-
rithms developed by de Iorio & Griffiths (2004a,b) and
de Iorio et al. (2005) and extended in Leblois et al. in
review. MIGRAINE was used to estimate ancestral h and
actual h values and D, which operates like s in the mis-
match analysis described earlier, except that past varia-
tion in population size is exponential and not discrete/
sudden. Like s, D is an indicator of population expan-
sions and reductions and can be used to calculate
expansion/reduction timing if a mutation rate is chosen.
Here, the formula to obtain the timing of the expansion
(if found) in generation is T = 2 9 D 9 Ng. Actual and
ancestral number of genes follows Ng = h/(2 9 l). A
benefit of using MIGRAINE is that it allows departure from
use of the strict stepwise mutation model (i.e. using a
generalized stepwise mutation model). Because MIGRAINE

is based on the infinitely many-site model (ISM) for
analysis of sequence data, two data sets were produced
for the mtDNA control region to fit this model. There
are two reasons that sequence data sets may not fit the
ISM: sites can show more than two nucleotidic states, or
pairwise comparisons of sites may not comply to the
four-gamete test (Hudson & Kaplan 1985). For one data
set, we systematically removed incompatible sites for all
individuals (resulting in 511-bp fragment; n = 493), and
for the second, we removed haplotypes with incompati-
ble sites (resulting in 608-bp fragment; n = 370). All
runs in MIGRAINE were made for microsatellites using
20 000 trees, 2400–5000 points and 3–10 iterations, and
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for mtDNA using 200 000 trees, 2400 points and 2–4
iterations.
Annual genetic diversity indices were calculated for

Ningaloo Reef (N), the only location where at least 10
individuals were sampled for 6 years in succession. The
indices were calculated using ARLEQUIN 3.5 for haplotype
diversity and h(Hom) on mtDNA; HP-Rare (Kalinowski
2005) was used again for allelic richness (Ne) on micro-
satellites.

Results

Genetic diversity and structure

All indices suggest high diversity of mtDNA with very
similar levels of diversity for all locations, but lower
diversity in samples from Isla Holbox (Table 1). Sample
sizes for microsatellites ranged from 20 (Seychelles) to
128 (Ningaloo) so allelic richness was considered to be
a good indicator of differences in genetic diversity
among the sampling locations, given that the rarefaction
method accounted for the large differences in N (Kali-
nowski 2005). Allelic richness ranged from 4.37 in the
Gulf of California to 4.82 in Djibouti with Isla Holbox
having the only value below 4 (3.95). Isla Holbox was
also the only location with a mean number of allele

over loci lower than 6.00 (5.71) and had the lowest
expected diversity at 0.60 (Table 1). Similar patterns
among localities were found in the 608-bp control
region fragment. Haplotype diversity (H) was above
0.90 at all locations, again with the exception of Isla
Holbox where H was 0.752. Nucleotide diversity and h
(Hom) results were also lowest at Isla Holbox (Table 1).
Very little genetic structure was detected by the

analyses for the sharks sampled from the Indo-Pacific.
Greater structure was seen for all comparisons associ-
ated with Isla Holbox. AMOVA percentages of variation
were 0.55% for microsatellites and 1.06% for mtDNA
among Indo-Pacific locations, but increased to 2.08 and
7.50% for microsatellites and mtDNA, respectively,
when samples from Isla Holbox were included in the
analysis. Similarly, pairwise FST values for comparisons
of microsatellite DNA between sampling locations were
≤0.13, with the exception of comparisons that included
Isla Holbox, which were all >0.2 excepting in the com-
parison with Mozambique. A test of genotypic differen-
tiation for microsatellite DNA produced highly
significant (<0.001) results only for comparisons of sam-
ples from locations that included Isla Holbox (Table 2);
the two exceptions include Djibouti which had pre-
served samples with lower-quality microsatellite DNA
(see **x in Table 2).

Table 1 Indices of genetic diversity for whale sharks from each sampling site for both microsatellites and mtDNA

Microsatellites

N
Mean number
of allele over loci

Expected
heterozygocity (He)

Observed
heterozygocity (Ho)

Allelic
richness (Ne)

Red Sea 46 7.28 0.65 0.67 4.60
Djibouti 89 9.14 0.65 0.50 4.82
Seychelles 20 6.00 0.66 0.67 4.57
Maldives — — — — —
Mozambique 26 6.64 0.64 0.67 4.52
Ningaloo 128 8.57 0.65 0.62 4.49
Northwest Pacific — — — — —
Gulf of California 47 7.14 0.63 0.62 4.37
Isla Holbox 50 5.71 0.60 0.58 3.95

mtDNA

N Number of Haplotypes (NH) Haplotype diversity (H) Nucleotide diversity (p) h(Hom) (SD)

Red Sea 26 12 0.923 0.01041 10.57 (4.38)
Djibouti 79 30 0.925 0.01069 10.95 (2.61)
Seychelles 31 18 0.948 0.01062 16.77 (8.87)
Maldives 10 9 0.978 0.01868 42.17 (108.92)
Mozambique 51 29 0.96 0.01360 22.31 (8.58)
Ningaloo 157 41 0.907 0.01300 14.03 (2.67)
Northwest Pacific 57 36 0.964 0.01323 24.80 (10.75)
Gulf of California 83 25 0.921 0.00991 10.48 (2.27)
Isla Holbox 80 15 0.752 0.00755 2.35 (0.51)
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Pairwise FST values for mtDNA between localities
produced similar results. Comparisons that included
Isla Holbox were also the only FST values for mtDNA
that were greater than 0.15 (Table 2). There were some
exceptions to the finding of genetic homogeneity across
the Indo-Pacific locations (see Table 2). Those that
include Maldives are not reliable because of the low
sample sizes there. The other two suggest that structure
is greatest in the Indo-Pacific for comparisons that
include Ningaloo Reef, Australia. However, these pair-
wise FST values were an order of magnitude lower in
all cases than for comparisons that included Isla Hol-
box.
Discriminant analysis of principal components

(DAPC) showed that none of the samples were tightly
grouped (Fig. 1). Ellipses encompassing ~67% of the
cloud of points for each sampling location all over-
lapped although samples from Isla Holbox were clearly
most different from the other locations.

Demographic history

As structured populations can produce discrepancies in
demographic history analyses (Chikhi et al. 2010; Weg-
mann & Excoffier 2010; Leblois et al. in review), Isla
Holbox was excluded and the demographic history
analyses were conducted on samples from the Indo-
Pacific only. A significant (P < 0.05) population expan-
sion was indicated by neutrality and by mismatch
analysis (P = 0.00241), as well as by visual interpreta-
tion of a Bayesian skyline plot based on the mtDNA
(Fig. 2). A significant expansion was also indicated by
MIGRAINE software, which used both microsatellite and
mtDNA (Table 3).
Values for the neutrality analysis were !94.17 for Fs,

0.0291 for R2 and !1.8765 for D, all of which indicate a
significant population expansion (n = 493 samples from
the Indo-Pacific of mtDNA). The mismatch analysis
produced an actual h of 14.9 and an ancestral h of 2.9
with a s value of 5.7. The large differences between
ancestral and actual h result in a large h ratio (e.g. 5.14),
which is also indicative of an expansion.
A Bayesian skyline plot (BSP, Fig. 2) showed effective

population size to be an order of magnitude higher at
present than in the past. The timing of this expansion
was unknown because we did not select a mutation
rate, but the small D values from the MIGRAINE analysis
suggest that the expansion was recent (few hundred
generations). In Fig. 2, the values from the coalescence
inference used to produce the plot were bounded by a
95% highest posterior density. The value at the lowest
boundary of the effective population size at present
was higher than the value at the highest boundary of
the population size prior to expansion, increasing confi-
dence that the expansion is real. Outputs from the
MIGRAINE software using microsatellite and mtDNA were
aligned with those of the mismatch analysis. Actual h

Table 2 Pairwise FST values for all sampling locations. Values for microsatellites (left) are one-locus estimates following standard
ANOVA (as in Weir & Cockerham 1984), and values for mtDNA (right) are based on the distance method. Significant (<0.05*)
and highly significant (<0.001**) results are shown in bold for a test of genotypic differentiation for microsatellite DNA and are for
P-values associated with the distance method for mtDNA. The significant results shown for comparisons that include Maldives and
Djibouti are probably driven by low sample sizes and the low quality of DNA in preserved samples, respectively

Red Sea Djibouti Seychelles Maldives Mozambique Ningaloo NW Pacific G California Isla Holbox

Red Sea !0.0124 !0.0154 0.1019* !0.0006 0.0049 !0.0068 !0.0013 0.2429**
Djibouti 0.011**x !0.0060 0.1086* !0.0050 0.0130* !0.0032 0.0028 0.2162**
Seychelles 0.0025 !0.0022 0.0912* !0.0102 0.0059 !0.0085 !0.0030 0.2269**
Maldives — — — 0.0735* 0.1216** 0.0724* 0.1019* 0.3506**
Mozambique 0.0091* 0.0080 !0.0031 — 0.0214* !0.0048 0.0040 0.1959**
Ningaloo 0.0038 0.0069**x !0.0032 — 0.0026 0.0113 0.0123* 0.2359**
NW Pacific — — — — — — 0.0028 0.1940**
G California 0.0015 0.0076* 0.0009 — !0.0024 0.0013* — 0.2532**
Isla Holbox 0.0303** 0.0367** 0.0253** — 0.0132** 0.0252** — 0.0253**

Po
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eµ)
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Fig. 2 Bayesian skyline plot of variation in effective population
size through time based on the control region of the mtDNA
for individuals (n = 493) from all sampling locations (see
Fig. 1), except Isla Holbox. Grey shade indicates the 95% high-
est posterior density.
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was larger than ancestral h for microsatellites and
mtDNA, and the h ratio confidence interval spaces were
similar and relatively large in all cases (Table 3).
For Ningaloo Reef, three indicators of genetic diver-

sity – haplotype diversity and h(Hom) for mtDNA and
allelic richness for microsatellites – decreased each year
from 2007 to 2012 (Table 4). Haplotype diversity
decreased from 1 in 2007 (and 0.922 in 2008) to 0.877 in
2012. h(Hom) decreased from 10.35 to 5.99 during the
same period. Allelic richness decreased from 4.52 in
2010 to 4.29 in 2012. These indicators decreasing
between 2007 and 2012 at Ningaloo Reef suggest that
there could be a recent reverse in the longer-term trend
of an expanding population indicated by all four of the
analyses of demographic history.

Discussion

Our global analyses of whale shark genetics, the largest
of its kind to date, suggest that whale sharks exist in
two distinct populations with minimal connectivity
between the Indo-Pacific and the Atlantic Ocean. This is
in contrast to the recent suggestion that there could be
a single global metapopulation of whale sharks (Sequi-
era et al. 2013). Our findings are consistent with the
suggestion made in Castro et al. (2007) and Schmidt
et al. (2009), the authors of which were uncertain of
their interpretation of their results because of low sam-
ple sizes. Microsatellite and mtDNA analyses also
found evidence of genetic structure in the Indo-Pacific,
where comparisons included either the Maldives or
Ningaloo Reef. For the former locality, the result is
probably attributable to sampling as Maldives had the
lowest sample size of any of our locations (n = 10,
mtDNA only). Further sampling at Maldives will help
assess connectivity between Maldives and other loca-

tions in the region. The significant pairwise FST values
found when comparing Ningaloo Reef with Mozam-
bique, Djibouti and the Gulf of California indicate that
mixing may be limited among sharks contributing juve-
niles to these aggregation areas.
However, it makes little phylogeographical sense for

some locations in the Indo-Pacific to have structure and
others to not. Movement among all locations in the
Indo-Pacific is within the known physical abilities of
whale sharks. There are no physical or environmental
barriers in the Indo-Pacific that compare to the southern
tip of Africa or South America, which extend into cool
temperate waters and restrict migration of many tropi-
cal species. Genetic structure analyses can be influenced
by factors such as the properties of the markers used,
departure from classical mutation models, selection,
population size and/or the presence of ghost popula-
tions (Slatkin 2005; Lowe & Allendorf 2010; Marko &
Hart 2011). Thus, the possibility remains that some level
of structure exists between Indo-Pacific aggregation
sites, and more comprehensive sampling, markers and
analytical techniques may reveal this. Most importantly,
pairwise FST values were an order of magnitude higher
for comparisons between Isla Holbox and locations in
the Indo-Pacific than for any of the comparisons of loca-
tions within the Indo-Pacific.
Analyses of teeth suggest that whale sharks first

appear in the fossil record at least 30 million years ago
(Bourdon, unpubl. data). Whale sharks probably formed
a single population in the past that was divided when
the Isthmus of Panama closed during the Pliocene
(Coates & Obando 1996; Haug & Keigwin 2004) as this
ended the pan-global connection of tropical seas across
what are now the Atlantic, Indian and Pacific Ocean
basins. There has been some connection of tropical fish
faunas of the Atlantic and Indo-Pacific since this time,

Table 3 Inferences on demographic history by the software MIGRAINE and from the mismatch analysis. Values are shown above the
full data range outputted in brackets. Ngene = h/2l; Tgeneration = 2 9 D9Ne for MIGRAINE and Tgeneration = s/2l for the mismatch
analysis

N Ancestral h Actual h D h ratio

Microsatellites
356 2.5 [0.0091–3.4] 7.5 [3.9–17.9] 0.0088 [0.000984–1.5] 3.03 [1.7–545]

mtDNA
Deleted problematic sites (511 bp left)
493 1.55 [0.000078–4.77] 56 [24.6–123] 0.0054 [0.00137–0.118] 36.21 [9.5–460 635]

Deleted problematic individuals (370 individuals left)
370 0.0227 [0.000085–4.2] 24.3 [14.0–46.2] 0.107 [0.0069–0.61] 1071 [5.9–472 553]

Mismatch analysis

N Ancestral h Actual h s h ratio
493 2.9 [0–2.41] 14.92 [9.67–67.73] 5.7 [3.95–11.28] 5.15 [?–28.1]
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presumably due to dispersal around the tip of southern
Africa (Bowen et al. 1997, 2001). These events are thought
to occur very infrequently, on scales of 105 to 106 years
(Roberts et al. 2004; Rocha et al. 2005; Bowen et al. 2006).
Dispersal is most likely in the warmer periods between
glacial epochs, which characterizes present day, with the
last glaciation ceasing around 11 700 years ago (Walker
et al. 2009). Tropical plankton have been found in sedi-
ment cores off southwestern Africa (Peeters et al. 2004),
and this is thought to indicate a temporary hiatus in the
Benguela upwelling system during interglacial warming
periods that resulted in a westward flow of warm water
around southern Africa (reviewed in Castro et al. 2007).
The hiatus in the Benguela upwelling may have facili-
tated movement between the two ocean basins of many
tropical fauna and is part of the basis for the suggestion
by Sequiera et al. (2013) that movements of whale sharks
between the Indian and Atlantic Oceans may be occur-
ring in the present day. Our data suggest that mixing
between the Indian and Atlantic was and is rare, or that
if migrations do occur they very rarely involve breeding
or pupping away from the natal oceans. The level of mix-
ing is clearly not sufficient to counter the effects of
genetic drift.
The exact number of migrants required to counter

drift is a contentious issue in molecular ecology and is
likely to vary among species (review in Waples & Gag-
giotti 2006). The minimum generation time of whale
sharks is estimated to be at least 25 years and poten-
tially more (Wintner 2000; Castro et al. 2007; Rowat &
Brooks 2012). Given this, only a few individuals dis-
persing between the Indian and Atlantic Oceans every
2–4 years and then breeding with resident populations
would be sufficient to create lower levels of genetic
structure than we recorded.
Both microsatellite and mtDNA analyses of demo-

graphic history of the Indo-Pacific population indicate a
population expansion. The expansion found is very
likely to be recent (few hundred generations) given the
small D values in the MIGRAINE analysis. The recent
expansion indicated potentially coincides with the early
Holocene (approximately 7000–11 000 years ago) and

the rise in sea levels that increased both suitable oceanic
surface for the whale shark and plankton productivity
(Marx & Uhen 2010). Estimating the exact timing of the
start of the expansion and the effective population sizes
associated with the ancestral and actual h values all
require selecting a mutation rate. We have not used a
mutation rate here for the following reasons. The muta-
tion rate for microsatellites applied to whale sharks in a
previous study was borrowed from only very distantly
related species, which were not con-familial (0.001
mutations/generation/locus; Schmidt et al. 2009). The
accuracy of this approach is questionable (Ho et al.
2011; Grant et al. 2012; Shapiro & Ho 2014). In another
previous whale shark study, a mutation rate is applied
to the analysis of mtDNA (Castro et al. 2007). These
authors use a mutation rate from very distant relatives
of whale sharks, and the authors of the original studies
that reported these rates claimed to be uncertain as to
the reliability of the rate estimates (Duncan et al. 2006;
Keeney & Heist 2006). Lastly, the hypervariability of
the whale shark’s control region probably means that
mutation rates are higher than the rates used previ-
ously. Irrespective of the debate about whether a rate
should be applied, selecting a rate would not alter the
magnitude of the difference between actual and ances-
tral h. Consequently, selecting a rate would not change
that our results indicate an expansion and, indeed, that
the actual effective whale shark population size is indi-
cated to be far greater than the ancestral effective popu-
lation size. Ongoing and future research will improve
the accuracy of estimated mutation rates that at present
remain controversial for many genes and species (Baer
et al. 2007; Ho et al. 2011; Grant et al. 2012; Shapiro &
Ho 2014).
The finding of a recent population expansion sug-

gests that the Indo-Pacific population has and can con-
tinue to grow under the current climatic conditions.
However, there are numerous reports showing that
whale sharks have been exploited over the last century,
sometimes heavily. For this reason, not finding a recent
bottleneck signal can be seen as surprising although
there is a slight trend down in the very recent past in

Table 4 Indices of genetic diversity for whale sharks sampled at Ningaloo Reef (see Fig. 1) from 2007 to 2012. Groups are shown in
the second h(Hom) row of 2007 + 2008, 2009 + 2010 and 2011 + 2012

2007 2008 2009 2010 2011 2012

mtDNA N 12 39 13 33 18 31
Haplotype diversity (H) 1 0.922 0.897 0.894 0.889 0.877
h(Hom) (se) — 10.35 (4.17) 7.47 (5.94) 7.17 (2.84) 6.77 (4.83) 5.99 (2.11)
h(Hom) (se) 13.41 (4.74) 7.85 (2.58) 6.56 (1.96)

Microsatellites N 34 24 60
Allelic richness (Ne) — — — 4.52 4.43 4.29
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the BSP in Fig. 2. Recent bottlenecks are known to
sometimes go undetected by demographic history infer-
ence due to variability in sampling and sampling time
(Heller et al. 2013). There is especially great potential
for this with whale sharks because of the long genera-
tion times of ~25 years. Aside from the recent down-
ward trend in the BSP for recent years, measures of
genetic diversity from Ningaloo Reef in Western Aus-
tralia suggest that the effective population contributing
individuals to Ningaloo may have declined in recent
decades. We documented decreases in genetic diversity
for five consecutive years with mtDNA (2007–2012) and
two consecutive years with microsatellites (2010–2012)
for individuals aggregating at Ningaloo. There are sev-
eral potential explanations for the declines in genetic
diversity at Ningaloo we document that do not relate to
the sharks being exploited. Breeding and pupping loca-
tions may change regularly, mating may be nonrandom,
and the sampling may not allow for realistic estimation
of diversity. These explanations are all plausible
although sampling follows a strict protocol, so sampling
issues are unlikely. The decline in diversity could also
possibly be due to fewer females breeding and/or less
females being available to breed when the individuals
sampled at the aggregation site were born (approxi-
mately 15–25 years ago). This time period coincides
with when whale sharks were heavily exploited
throughout India and Asia (Speed et al. 2008; WildLife-
Risk Report 2014). Whether the decline in diversity we
document is real is unknown, but it is curious that the
decline is seen for so many consecutive years. The suc-
cessive declines in genetic diversity documented are
small even over the 6-year period, but this represents
only ~20% of one generation for this species. The result
is certainly concerning enough to warrant further
research and adds circumstantial evidence to the grow-
ing body of evidence that whale sharks need to con-
tinue to be conserved at multiple spatial scales.
Holmberg et al. (2009) used capture–mark–recapture

to calculate changes in the abundance of whale sharks
at Ningaloo during years that include our study period.
These authors suggest that the abundance is either sta-
ble or slightly increasing and that median size is
decreasing. In contrast, others have suggested that both
mean size and abundance have been decreasing (Brad-
shaw et al. 2008; Meekan et al. unpublished data).
Abundance at the aggregation site and the population’s
genetic diversity can be independent; the former could
possibly be increasing, while the latter is declining (and
vice versa, or both could be stable). Essentially, the
strength of the link between abundance at the aggrega-
tion site and the population size (effective and total) for
whale sharks in the Indo-Pacific is tenuous and
unknown. It could be that the larger number of smaller

individuals being seen is a sign of recovery and that the
decline in genetic diversity we find is the signature or
mark left of the levels of exploitation common in past
decades, as we suggest is possible above.
In scope and scale, this is the largest study on the

genetics of whale sharks conducted to date. There are
three primary results and conclusions, each of which
informs critical future research. The first is that there
are high levels of genetic structure between whale
sharks in the Atlantic and Indo-Pacific Oceans, suggest-
ing mixing is not sufficient to counter genetic drift.
Only one aggregation site from the Atlantic is included
here so levels of mixing between sites within the Atlan-
tic are unknown as is the level of mixing between
aggregation sites in western Africa and those just east
of Africa such as Maldives. Such research is now possi-
ble and would create a more complete picture of whale
shark connectivity among and between ocean basins.
The second is finding a significant and likely recent
population expansion, the exact timing of which is
unknown. Actual and ancestral effective population
sizes can be calculated using the values published here
once mutation rates for whale sharks can be estimated
with greater confidence. The third is that despite find-
ing an expanding whale shark population, a very recent
bottleneck might have gone undetected as genetic
diversity at Ningaloo Reef in Australia has declined
during 5 consecutive recent years. The booming eco-
tourism industries at whale shark aggregation sites
around the world enable more frequent and consistent
sampling. In future years, genetic analyses can greatly
increase our still very limited understanding of whale
shark ecology and the status of what appears for now
to be at least two populations.
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