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Abstract

Large pelagic vertebrates pose special conservation challenges because their movements
generally exceed the boundaries of any single jurisdiction. To assess the population structure
of whale sharks (Rhincodon typus), we sequenced complete mitochondrial DNA control
regions from individuals collected across a global distribution. We observed 51 single site
polymorphisms and 8 regions with indels comprising 44 haplotypes in 70 individuals, with
high haplotype (h = 0.974 + 0.008) and nucleotide diversity (r = 0.011 + 0.006). The control
region has the largest length variation yet reported for an elasmobranch (1143-1332 bp).
Phylogenetic analyses reveal no geographical clustering of lineages and the most common
haplotype was distributed globally. The absence of population structure across the
Indian and Pacific basins indicates that oceanic expanses and land barriers in Southeast
Asia are not impediments to whale shark dispersal. We did, however, find significant
haplotype frequency differences (amova, ®g; = 0.107, P < 0.001) principally between the
Atlantic and Indo-Pacific populations. In contrast to other recent surveys of globally
distributed sharks, we find much less population subdivision and no evidence for cryptic
evolutionary partitions. Discovery of the mating and pupping areas of whale sharks is key
to further population genetic studies. The global pattern of shared haplotypes in whale
sharks provides a compelling argument for development of broad international approaches
for management and conservation of Earth’s largest fish.
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Introduction

The vastness of Earth’s oceans often conceals regional biolo-
gical processes particularly for pelagic and highly migratory
species. Many species of shark, billfish, and tuna mature
and forage far from shore. Some marine mammals and sea
turtles approach land to breed or rest, but spend most of
their lives beyond shoreline-based jurisdictions. Moreover,
large marine vertebrates often have complex migratory
behaviours that vary with age and sex (e.g. Brown et al. 1995;
Pardini et al. 2001; Bowen et al. 2005; Carlsson et al. 2007).
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Although the natural histories of many pelagic migrants
have been illuminated by genetic markers, little is known
about the biology and biogeography of the whale shark
(Rhincodon typus). Whale sharks appear to be widely distrib-
uted in tropical and warm temperate seas (30°N and 35°S)
except, perhaps, in the Mediterranean (Compagno 2001).
Most information about general distribution, however,
is either from seasonal sightings in scattered locations or
anecdotal observations (Colman 1997). Aggregations of
whale sharks have been routinely reported off Western
Australia; Belize; the Yucatan peninsula and Baja California,
Mexico; India; Djibouti; Taiwan; Japan; and the Philippines
(Colman 1997; Compagno 2001; Stewart & Wilson 2005).
Some aggregations occur year-round while others may be



5184 A. L. F. CASTRO ET AL.

km

=

0 2000
Fig.1 Geographical distribution and number of whale shark
specimens obtained for each geographical location.

associated with seasonal abundance of prey. Most known
aggregations are comprised predominantly of immature
sharks and segregation by size and sex may occur in some
areas (Colman 1997; Compagno 2001). Even though recent
studies have demonstrated the ability of this species to
migrate long distances (e.g. Eckert & Stewart 2001; Wilson
et al. 2006), it is not clear whether whale shark populations
are panmictic or composed of reproductively isolated sub-
populations. Recent evidence of cold-water tolerance when
diving (Wilson et al. 2006) indicates that low temperatures
and perhaps even subpolar waters may not be impediments
to whale shark movement. Here, we present a population
genetics survey of this widely distributed species using
mtDNA control region (CR) sequences. As whale shark
numbers appear to be declining in some regions (Stewart
& Wilson 2005; Theberge & Dearden 2006), these findings
have implications for global management and conservation.

Materials and methods

Sample collection and laboratory procedures

Skin samples from 70 whale sharks were collected by biopsy
punch on a pole spear for live animals, or direct sampling
of dead specimens, between 1992 and 2005 and were pre-
served in either salt-saturated dimethyl sulphoxide (DMSO)
solution or 95% ethanol and stored at room temperature.
Collections were made at Ningaloo Reef, Australia (N = 12);
Gulf of California, Mexico (8); Pamilacan Island, Philippines
(3); Hualien, Taiwan (9); KwaZulu-Natal, South Africa (5);
Buinjata, Mozambique (8); Mombasa, Kenya (5); Vattanu
Kandu, Maldives (1); Quintana Roo, Mexico (17); and Gulf
of Mexico, USA (2)(Fig. 1).

We extracted total genomic DNA using a phenol-
chloroform-isoamyl alcohol protocol (Sambrook ef al. 1989)
or 5% Chelex nonboiling protocol (Walsh et al. 1991). The
mitochondrial CR was amplified using primers developed
within the tRNAPro (WSCR1-F: 5-TTGGCTCCCAAAGCC-
AAGATTCTTC-3’) and tRNAPhe (WSCR1-R: 5-GCATG-

TATAATTTTGGTTACAA-3"). Because of the large size of
the CR (~1100-1325 nucleotides), two internal primers were
designed to facilitate sequencing of the whole region.
Primer WSCR2-R (5-CTTAATATTTATTGTTCCTGGTT-
TCAGCC-3") was paired with WSCR1-F, and primer
WSCR2-F (5-CTATAATTGATTTAAACTGACATTTG-3)
was paired with WSCR1-R producing two overlapping
fragments approximately 950 bp and 700 bp, respectively.
Amplification reactions were carried out in 50-uL volumes
consisting of 1x Promega buffer (Promega), 1.25 U of
IDProof DNA polymerase (ID Laboratories Inc.), 0.8 mm
dNTPs, 2 mm MgCl,, 0.5 um of each primer, 6.0 ug bovine
serum albumin, and 1-3 uL of template. Cycling conditions
for all primer pairs consisted of 95 °C 1 min, 3540 cycles of
95°C 455,58 °C 60 s, and 72 °C 90 s with a final extension
at72 °C for 7 min. Amplicons were purified with QIAquick
kit (QIAGEN) following the manufacturer’s instructions.
Both strands were sequenced using an ABI 3730XL Genetic
analyser (Applied Biosystems, Inc.).

Data analysis

Control region alignments were optimized in SEQUENCHER
4.1 (Gene Codes Corporation) and gaps were introduced to
maximize sequence similarity. Contiguous gaps were treated
as a single event by omitting all but one of the gapped
bases. Gaps were coded as transitions for distance-based
analyses. In the case of substitutions within gaps, variable
positions were retained and the gap was coded as a single
transition. The Akaike information criteria within MODELTEST
version 3.06 (Posada & Crandall 1998) was used to determine
the best-fit model of evolution. A statistical parsimony
network was constructed using Tcs 1.2.1 (Clement et al. 2000).

Summary statistics (haplotype frequencies, number
of polymorphic sites, number of transitions and trans-
versions, and nucleotide composition) were estimated
in ARLEQUIN 3.0 (Excoffier et al. 2005). Individuals were
binned into five groups defined by geographical region:
Quintana Roo, Mexico and Gulf of Mexico, USA in the
northwestern Atlantic Ocean (N =19); South Africa,
Mozambique, and Kenya in the western Indian Ocean (18);
Philippines and Taiwan in the northwestern Pacific Ocean
(12); Western Australia in the eastern Indian Ocean (12);
and the Gulf of California in the northeastern Pacific Ocean
(8). Genetic diversity within localities was measured as the
number of haplotypes, haplotype diversity (h), and nucle-
otide diversity (w) estimated with Nei’s corrected average
genetic divergence (Nei 1987) incorporating Tamura & Nei’s
(1993) model of sequence evolution with ARLEQUIN.

We used mismatch distributions for each sample to
distinguish between population growth models, especially
those invoking past exponential growth and historical
population stasis (Slatkin & Hudson 1991; Rogers &
Harpending 1992). Population parameters 1, 6, and 6,
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were obtained from ARLEQUIN, where 7 is the mutational
timescale, and 6, and 6, are the expected pairwise differ-
ences before and after a change in population size (growth
or contraction), respectively (Harpending 1994). The
mutational timescale is T =2ut, where ¢ is measured in
generations and | is the mutation rate per generation for
the entire sequence (U = mu, where m = number of nucle-
otides and u = mutation rate per nucleotide). The expected
pairwise differentiation is 6 = 2N, oM where N of is the effec-
tive female population size.

Population subdivision and structure were estimated
using an analysis of molecular variance (Amova, Excoffier
et al. 1992) and pairwise population ®g; significance test
(Cockerham & Weir 1993) as implemented in ARLEQUIN.
Significance of @y was determined via nonparametric
permutation (Excoffier et al. 1992) with 1000 data permuta-
tions. For AMovA analyses, we used the Tamura & Nei’s
(1993) model of sequence evolution. Population differenti-
ation also was tested using an exact test based on haplotype
frequencies (Raymond & Rousset 1995) in ARLEQUIN.

Results

The mitochondrial CR from a total of 70 individuals ranged
from 1143 to 1332 bp with a mean of 1236 bp (GenBank
Accession nos EU182401 to EU182444 (see Supplementary
material pending). Nearly all of this size variation was
due to indels composed of repeated sequence blocks
(Fig. 2). Interestingly, although we did not specifically test for
heteroplasmy, none was observed. Considering just the
repeat unit structure (i.e. ignoring site substitutions), there
were 11 different repeat motifs in the whale shark CR.
Repeated blocks ranged in size from 9 (block A) to 64 bp
(block E) long. All haplotypes had regions A, to D, E,, F,
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E,, and F; to ], (sequentially as indicated in Fig. 2) and this
was the motif for the smallest haplotype, H19 (see Supple-
mentary material). The largest haplotype, H10, had all the
common repeats, some less common ones, and was the
only haplotype to have block I1. Haplotypes H11 and H12
were similar to H19 except they possessed blocks E; and F,;
(totaling 103 bp) making H11 and H12 the second largest
haplotypes.

We also found substitutions among repeated blocks
within the same sequence. For example, repeat A, differed
from A, by a substitution of one nucleotide in haplotype
H23. Other examples included substitutions shared between
different haplotypes including block B, which was repeated
twice in nearly all haplotypes. For some haplotypes, these
were perfect repeats whereas there were single transitional
changes in others. Clearly, both larger indel changes and
smaller substitutional changes are common in the evolu-
tion of the whale shark CR.

To maximize sequence similarity among specimens,
the complete DNA sequence alignment required multiple
gaps of sizes ranging from 1 to 163 bp. There were 49 single
site substitutions (38 transitions and 11 transversions) and
eight gaps resolving 44 haplotypes. Five of the sequences
in the gapped regions were monomorphic, while the other
three each had substitutions. Overall, the haplotype diver-
sity (h), and nucleotide diversity (r) were relatively high
(h=0.90-1.0, m=0.007-0.016; Table1). Among the 44
observed haplotypes, only nine were observed in more than
a single shark (Table 2). Five of those haplotypes were
found in only a single geographical region (H4 and H6 in
the Atlantic Ocean, H5 and H7 in the western Indian
Ocean, and H9 in the northwest Pacific Ocean), with the
remainder being found in two or more locations. Except
for some of the Atlantic Ocean haplotypes, there appeared
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Fig. 3 Statistical parsimony network of haplotypes. All haplotypes
are separated by one mutation and solid black circles represent
hypothetical haplotypes not observed in this study. The size of the
circle is proportional to the frequency of that haplotype.

to be no phylogeographical clustering of haplotypes
(Fig. 3). There was statistically significant structure in
whale shark populations with overall ®g;=0.107
(P <0.001). The Atlantic Ocean population was signifi-
cantly different from all other populations (Table 3), although
small sample sizes temper this conclusion. Moreover,
an exact test of haplotype frequencies shows divergence
primarily between the Atlantic and Indian/Pacific Ocean
populations (with the exception of the northeast Pacific
Ocean; Table 3). There are two exceptions to the finding of
genetic homogeneity across the Indo-Pacific region both
involving the western Indian Ocean population. Neither of
those, however, makes phylogeographical sense and both
oppose the general trend of homogeneity. Hence, we consider
these findings to be the result of stochastic sampling error.

The observed haplotype mismatch distribution was not
significantly different from expectations under constant
population size (P = 0.90; Fig. 4). Haplotypes H10 (northeast
Pacific Ocean) and H42 and H43 (western Indian Ocean)
contributed to this conclusion being distinct from all other

Table 1 Location, number of individuals (N), number of
haplotypes (1), haplotype () and nucleotide (r) diversity estimates
and standard deviations observed in the CR of the whale shark
within five major ocean basins. Single individual from Maldives
not included

Geographical location N n h T
Atlantic 19 12 093+0.04 0.007 +0.002
Western Indian 18 14 095+0.04 0.005+0.003
Eastern Indian 12 9 091+0.08 0.004 + 0.002
Northwest Pacific 12 11  1.00+0.04 0.005=+0.003
Northeast Pacific 8 7 096+0.08 0.006+0.004
TOTAL 69 44 097+0.01 0.011 = 0.006
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Fig. 4 Haplotype mismatch distribution. Note that nearly all
comparisons with 11 or more differences between the sequences
involve haplotypes H10, H42, and H43. The line is the expected
frequency given a demographically stable population.

haplotypes by 8-18 substitutions (Fig. 4). There was no
clear geographical clustering, however, and several haplo-
types were shared among regions. Indeed, we detected
haplotypes H1 and H3 in every region except the northwest
Pacific Ocean.

The mutational timescale T = 2uf can be used to estimate
coalescence times for populations if generation time and
mutation rate () are available. Moreover, the initial and
current effective population sizes (N, and Nj) can be esti-
mated from the pairwise differences 6, and 0,, if a mutation
rate is available or estimated. Based on the observation of
an adolescent female with a vertebral age estimate of
20 years (Wintner 2000), we provisionally apply a genera-
tion estimate of 25 years. The control region clock for the
scalloped hammerhead, Sphyrna lewini, is 0.8% divergence
between lineages per million years (Duncan et al. 2006) and
is similar to a rate derived from control regions of lemon
sharks (Negaprion brevirostris; ]. Schultz, personal communica-
tion). In contrast, Keeney & Heist (2006) reported a rate of

© 2007 The Authors
Journal compilation © 2007 Blackwell Publishing Ltd



GENETIC STRUCTURE OF WHALE SHARKS 5187

Table2 Geographical distribution of
Geographical location haplotypes found in 70 whale sharks from
five major ocean basins

Western Eastern Northwest Northeast
Haplotype Atlantic Indian Indian Pacific Pacific Total

H1 3
H2 — -
H3 1
H4 4 - — - -
H5 - 4 - - -
Hé6 3 - — — —
H7 —
H8 1 - — 1
H9 - - - 2 -
H10 — - — . 1
H11 — - — — 1
1
1

—_
N

—_ =
[y
_ =N
N
¥

N
|
|
|

Hi12 - - — -

H13 - - - -

H14 — - — 1 —
H15 — - 1 — —
H16 1 - — - —
H17 - - 1

H18 — - 1

H19 — - 1 — —
H20 — - 1

H21 - - 1

H22 — 1 — . —
H23 — — — 1

H24 - - — 1 —
H25 - - - 1

H26 1

H27 1

H28 1 - — - —
H29 1

H30 1

H31 1

H32 — - — 1

H33 - - - 1

H34 — - — 1 —
H35 — — — 1

H36 -
H37 -
H38 —
H39 -
H40 -
H41 -
H42 —
H43 —
H44 -
TOTAL 19
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*One individual with H, was sampled in the Maldives but not listed by location in the table.

0.4% per million years for the control region in the blacktip data indicated coalescence times on the order of 1 600 000
shark (Carcharhinus limbatus). We provisionally applied 3200 000 years (Pliocene-Pleistocene boundary), with founding
both rates to whale sharks, with the caution that these effective population sizes of Ny, = 13 000-26 000 individuals,
three species are tens of millions of years divergent from and current effective population size Ny = 119 000-238 000
Rhincodon typus. When analysed across all samples, these individuals (Table 4).

© 2007 The Authors

Journal compilation © 2007 Blackwell Publishing Ltd



5188 A. L. F. CASTRO ET AL.

Table 3 Estimate of pairwise ®q; values

Western Eastern Northwest Northeast of whale sharks from five major ocean

Populations Atlantic Indian Indian Pacific Pacific basins using Tamura & Nei (1993)
genetic distances (below diagonal) and

Atlantic - 0.004 0.011 0.008 0.235 exact test significance values (above).
Western Indian 0.215* — 0.037 0.028 0.258 The q)ST values marked with * are
Eastern Indian 0.196* 0.072* — 0.173 0.768 significant (P = 0.05)
Northwest Pacific 0.163* 0.001 0.002 - 0.499
Northeast Pacific 0.208* 0.037 0.000 0.000 —

Table 4 Time to common ancestor (1), founding effective female
population size (from 6,), and current effective female population
size (from 6,) based on a coalescence approach

Divergence rate

0.8% per 0.4% per
Parameter million years million years
T 14.300 1 600 000 years 3200 000 years
0 3.011 13 000 26 000
0, 27.107 119 000 238 000
Discussion

Our global survey of whale sharks indicates unusual size
polymorphism in the CR, significant population structure
between the Atlantic and Indian-Pacific ocean basins, and
coalescence times on the order of 2-3 million years. Before
interpreting these results, we address two caveats:

1 Sample size is small and lapses in coverage include the
South Atlantic, Central Pacific, and South Pacific oceans.
Sample sizes clearly limit inferences and we temper our
conclusions accordingly. There are no directed oceanic
surveys for whale sharks, as there are for tuna, billfish,
and sea turtles, and the species occurs at low densities
even in regional aggregates. The sample size of 70 repre-
sents over a decade of effort and this study is the most
comprehensive genetic evaluation of this rare and
enigmatic species (see Ramirez-Macias et al. 2007 for an
analysis of whale sharks in the Gulf of California, Mexico).
The observation of shared haplotypes (e.g. H1-H3) across
the extremes of the geographical range is a robust find-
ing that will not change regardless of sample sizes.

2 Estimates of generation time and mutation rate are pro-
visional, and the latter is derived from distantly related
sharks. The corresponding estimates of coalescence times
and effective population sizes should be regarded as
general indicators. Shark mtDNA appears to evolve about
an order of magnitude slower than for bony fishes
(Martin et al. 1992), consistent with our clock estimates.
Consequently, corresponding estimates are useful in a
qualitative sense for determining whether, for example,
population histories coalesce at 105, 106, or 107 years. The

estimation of generation time is also somewhat con-
troversial. The generation time of 25 years was based
on the size—age relationship of a single immature female
(Wintner 2000). Hoelzel et al. (2006) used a generation
time of 16 years for the basking shark. If the generation
time for the whale shark is similar (i.e. shorter than we
estimate), our population estimates can be considered
conservative. Nonetheless, we suggest caution in accepting
genetically effective population sizes as being accurate
within no less than an order of magnitude.

Control region structure

The CR in whale sharks (1143-1332 bp) is larger than that
observed in most cartilaginous fishes. Amplification of the
CR in 52 elasmobranch species has indicated a length of
1030-1050 bp except for the barndoor skate (Dipturus
laevis), which is ~1200 bp (Stoner et al. 2003). Other sharks
have a shorter CR (spiny dogfish, Squalus acanthias, 1080 bp,
Rasmussen & Arnason 1999; starspotted smooth-hound,
Mustelus manazo, 1068 bp, Cao et al. 1998; horn shark,
Heterodontus francisi, 1068 bp, Arnason ef al. 2001; lesser
spotted dogfish, Scyliorhinus canicula, 1050 bp, Delarbre
etal. 1998), or one comparable in length (white shark,
Carcharodon carcharias, 1146 bp, Pardini et al. 2001) to the
smallest whale shark CR. Size variation in the CR of whale
sharks is also higher than that reported for other sharks
(Kitamura et al. 1996; Pardini et al. 2001; Keeney et al. 2005),
with a 189-bp difference between the largest and smallest
amplicon.

Variation in the size of the control region has been
reported for a substantial number of bony fishes (Lee et al.
1995; Brown et al. 1996; Bentzen et al. 1998; Hoarau et al.
2002). In bony fishes, the CR typically consists of tandem
repeats, as observed in the whale shark (Fig. 2). Our initial
attempts to polymerase chain reaction (PCR)-amplify the
CR of whale sharks using a variety of published shark
primers failed, probably because of the highly duplicated
nature of the CR. Because the rate and pattern of these
mutations are unknown, most studies have not used size
variants as population markers. Insertions and deletions of
repeat blocks may be relatively common, and homoplasy
(convergence on the same number of repeats) is likely to
confound any genealogical analysis.
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Genetic diversity and effective population size

Despite an apparent decline in whale sharks abundance
in some regions (e.g. Stewart & Wilson 2005; Theberge &
Dearden 2006; Bradshaw et al. 2007), there is still relatively
high genetic diversity in the species. Declining populations
are expected, however, to retain historic levels of genetic
diversity if the decline has occurred only recently (Roman
& Palumbi 2003; Bowen et al. 2007). In the only other global
surveys of shark CRs, the blacktip shark (Carcharhinus
limbatus), yielded h =0.843 +0.015 and 7 =0.004 = 0.002
(Keeney & Heist 2006), and the scalloped hammerhead
(Sphyrna lewini) had h = 0.800 + 0.020 and & = 0.013 + 0.007
(Duncan et al. 2006), compared to h=0.970 + 0.010 and
© = 0.011 + 0.006 for whale sharks. These values are typical
of abundant, geographically widespread shark species
(cf. Heist 1999; Heist 2004).

The extant population size of whale shark is unknown.
The nucleotide diversity values for blacktip sharks and
scalloped hammerheads correspond to N, of = 140 000
compared to our estimates of N, = 119 000-238 000 for whale
sharks. This is surprising given that blacktip sharks and
hammerheads are globally distributed, abundant, coastal
species, whereas the known dozen or so aggregates of whale
sharks typically consist of tens to a few hundred individuals
(Bradshaw et al. 2007). Two general processes might
contribute to the relatively high genetic diversity that we
have documented in whale sharks: (i) secondary contact
between divergent allopatric lineages, or (ii) large stable
populations. Except perhaps for haplotypes H10, H42, and
H43, the mtDNA phylogeny reveals no evidence of distinct
evolutionary lineages now in sympatry and the mismatch
distribution indicates a relatively large, stable population.

The large Nef of 119 000-238 000 females indicates that
the surface waters supporting transient feeding aggrega-
tions (nearly all of the living Rhincodon typus observations)
are not the sole, or perhaps even principal, habitat of adult
whale sharks. Recent telemetry studies demonstrate that
whale sharks occupy habitat far from shore and often in
relatively deep, cold water for transient periods (Wilson
et al. 2006). Although whale sharks are not known to possess
anatomical, physiological or behavioural adaptations to
conserve heat, the large body mass of adults may provide
sufficient thermal inertia to allow extended cold-water
exposure (Sims 2003; Wilson et al. 2006). Regardless of the
extent of geographical and vertical population move-
ments, it is clear that much of the habitat for this species
is still unknown, and population sizes may be considerably
larger than previously assumed.

Population structure

Our genetic studies indicate that whale shark aggregations
within ocean basins are substantially interconnected on an
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evolutionary timescale. Because a majority of our samples
were collected from seasonal feeding aggregations (seven
were from stranded or fishery-caught sharks), we cannot
determine whether this pattern is due to ocean-wide
interbreeding or to physical mixing in seasonal foraging
areas of sharks from different breeding populations. In
genetic studies of organisms with complex, multiphasic life
histories, conclusions regarding population subdivisions
are fundamentally influenced by the particular life-history
phase sampled (Bowen & Karl 2007). It is possible that
whale shark populations consist of discrete, differentiated
breeding units, which would not be detected in a survey
of feeding aggregates. Regardless, our finding of haplotype
sharing between ocean basins is consistent with the
potential for global migrations allowing for population
mixing over large distances. If this is the case, any breeding
population subdivision would likely be primarily based on
behavioural attributes. Clearly, more research on the basic
life history of whale sharks is needed before questions of
complex population structure in whale sharks can be
addressed.

Whale shark population structure is low, even against
the standards of large migratory fishes and whales. Bluefin
tuna (Thunnus thynnus) show subtle (&g = 0.013) but
significant population structure between the western Atlantic
Ocean (Gulf of Mexico) and the Mediterranean Sea, sep-
arated by ~11 000 km (Carlsson et al. 2007). The sailfish
Istiophorus platypterus also is divided among ocean basins
with significant population structure within the Pacific
Ocean (Graves & McDowell 2003). Blue marlin (Makaira
nigricans) are strongly divided among ocean basins
(®gr = 0.217, Buonaccorsi et al. 2001). Whales show similar
patterns of inter-ocean differentiation. Humpback (Megaptera
novaeangliae, Baker et al. 1994), minke (Balaenoptera acutorostrata,
van Pijlen et al. 1995), fin (Balaenoptera physalus, Bérubé et al.
1998), and Cuvier’s beaked (Ziphius cavirostris, Dalebout
et al. 2005) whales all have pronounced inter-ocean sub-
division and some population structure within ocean basins.
Barriers to movement within and between ocean basins
generally appear to be stronger for most whales and large
pelagic fishes than for whale sharks. These comparisons
indicate that pelagic expanses can be barriers to highly
mobile species, whereas the only apparent barriers to
whale sharks may be geological and thermal (see below).

Marine phylogeography

In recent years there has been renewed interest in the
biogeographical barrier between the Indian and Pacific
oceans, enhanced by substantially lower sea levels during
glacial maxima. While this barrier is consistent with
evolutionary separations in small marine invertebrates
(Barber et al. 2000), it is a less substantial, albeit still
significant, population barrier to marine fishes and sharks
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(Chenoweth & Hughes 2003; Duncan et al. 2006; Keeney &
Heist 2006; Craig et al. 2007). Whale shark dispersal ability
appears to be unimpeded by this intermittent barrier. It is
not clear why some species are affected more than others
by historical barriers across the Indo-Pacific region,
although habitat preference is likely a dominant influence
(Rocha et al. 2002) and pelagic species may disperse more
effectively than reef-associated organisms. Over evolutionary
time, whale shark migratory routes may be flexible enough
to accommodate newly submerged habitats or perhaps
connectivity can be quickly re-established after glacial
intervals of tens of thousands of years.

The last tropical connection between the Atlantic and
Indo-Pacific Oceans ended with the rise of the isthmus of
Panama, about 3.5 million years ago (Coates & Obando 1996).
In contemporary biogeography, the southern extensions
of Africa and South America are regarded as formidable
impediments to tropical connectivity. Faunas of the Atlantic
and Indo-Pacific oceans share connections on a scale shorter
than 3.5 million years, however, indicating dispersal around
southern Africa (Bowen et al. 1998, 2001). Such exchanges
are rare because of the cold Benguela Current along western
South Africa (Gibbons & Thibault-Botha 2002), and might
occur on a scale of 105106 years (Roberts et al. 2004; Rocha
et al. 2005; Bowen et al. 2006).

In a compilation of whale shark strandings and sightings
in South Africa, Beckley et al. (1997) confirmed the occur-
rence of whale sharks along the frigid Atlantic coast. To
explain the sporadic stranding in this area, they suggested
that sharks arriving from the Indian Ocean succumb to the
cold upwelling water and quickly perish. In contrast,
Wilson et al. (2006) demonstrated that whale sharks can
inhabit cold water, although perhaps not indefinitely.
Whale shark dives have recently been recorded to ~1400 m
(R.E. Hueter, J. Tyminski, C. Simpfendorfer, R. de la Parra,
M. Trigo Mendoza, unpublished. data). A deep, hour-long,
cold-water dive in the tropics can be offset with a return to
warm surface waters. In the Benguela upwelling system,
however, cold water extends to the surface and no such
relief is possible. Nonetheless, the sharing of haplotypes
between Atlantic, Indian, and Pacific Ocean locations
indicates a relatively recent connection via southern Africa.
Whale sharks could have moved between the Atlantic and
Indian oceans during a hiatus of Benguela upwelling that
occurred between Pleistocene glacial epochs (Chang et al.
1999; Flores et al. 1999). Immediately following each ice age
(100 000 to 400 000 years ago, but most recently 10 000 to
20 000 years ago), tropical plankton appears in sediment
cores off southwestern Africa, indicating an avenue of warm
water into the south Atlantic (Peeters et al. 2004). Contem-
porary movement is also possible. Warm-core gyres from
the Indian Ocean occasionally become entrained in the
northward moving Benguela Current, feeding into the
central Atlantic Ocean (Flores et al. 1999; Penven et al. 2001).

Warm core gyres originating from the North Atlantic Gulf
Stream are thought to be responsible for sightings of whale
sharks in cold temperate areas such as the Bay of Fundy
(44°15'N; Turnbull & Randell 2006). Regardless, historic or
ongoing gene flow is apparently limited as indicated by
the significant global ®g. = 0.107.

Conservation implications

This first worldwide genetic survey of whale sharks
indicates significant population structure on a global scale.
Management units for whale sharks may span over
8000 km in the Atlantic Ocean, and over 16 000 km in the
Indian-Pacific Ocean. Any management plan for whale
sharks must consider that feeding aggregations may draw
individuals from an ocean-wide population to a single
location. Unilateral management in any single political
jurisdiction will be inadequate for a highly mobile species
that travels through multiple political jurisdictions. Indeed,
tracking studies and our mtDNA data both indicate that
management plans for the Earth’s largest fish will, at a mini-
mum, require ocean-basin-wide cooperation and governance.
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