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Abstract

Large marine fishes typically have little population genetic structure. The exceptions are
associated with sedentary behaviour, disjunct distributions, or reproductive philopatry.
Scalloped hammerhead sharks (

 

Sphyrna lewini

 

) incorporate the contrasting traits of
oceanic habitat (usually associated with high dispersal) and possible fidelity to nursery
grounds (for reproductive females). To evaluate the expectations of these contrasting
behaviours, we examined the global genetic structure of 

 

S. lewini

 

 based on collections
(

 

n

 

 = 271 individuals) from 20 nursery areas. A 548-bp fragment of mitochondrial DNA
control region revealed 22 polymorphic sites, 24 haplotypes, and three lineages distin-
guished by 2.56–3.77% sequence divergence. Coalescence analyses based on a provisional
molecular clock indicate an origin in the Indo-West Pacific with late Pleistocene radiations
into the central Pacific (Hawaii) and eastern Pacific (Central America), as well as recent
interchange between oceans via southern Africa. Population subdivisions are strong
(overall ΦΦΦΦ

 

ST

 

 = 0.749, 

 

P

 

 < 0.0001 and among oceans ΦΦΦΦ

 

ST

 

 = 0.598, 

 

P

 

 < 0.0098). Genetic discon-
tinuity within oceans (ΦΦΦΦ

 

ST

 

 = 0.519, 

 

P

 

 < 0.0001) is primarily associated with oceanic barriers
(migration across oceans M ≈≈≈≈

 

 0), with much less structure along continental margins
(M > 10). We conclude that nursery populations linked by continuous coastline have high
connectivity, but that oceanic dispersal by females is rare. Although we cannot rule out
philopatry to natal nurseries, oceanic barriers appear to have a much stronger influence on
the genetic architecture of this species and may indicate a mechanism for recent evolu-
tionary radiations in the genus 

 

Sphyrna

 

.
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Introduction

 

Widely distributed marine fishes, including tunas, billfishes
and sharks, typically exhibit high dispersal and little
population structure across vast regions (Graves 1998;
Heist 2004). Exceptions to this pattern of high genetic
connectivity invariably involve species that are sedentary,
have disjunct distributions, or display some degree of

philopatry, such as anadromous fishes (e.g. salmon, Grant
& Waples 2000; Waples 

 

et al

 

. 2001). Recent studies indicate,
however, that some marine teleosts (bony fishes) and
some elasmobranchs (sharks, skates, and rays) may have
more population structure than expected given their
cosmopolitan distributions (Graves 1998; Hueter 

 

et al

 

.
2002; Heist 2004). Among sharks, significant genetic
structure for maternally inherited mitochondrial DNA
(mtDNA) is reported in most species surveyed to date (e.g.
gummy shark 

 

Mustelus antarcticus

 

, Gardner & Ward 1998;
great white shark 

 

Carcharodon carcharias

 

, Pardini 

 

et al

 

. 2001;
blacktip sharks 

 

Carcharhinus limbatus

 

, Keeney 

 

et al

 

. 2003,
2005; shortfin mako 

 

Isurus oxyrinchus

 

, Schrey & Heist 2003)
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and has been attributed, in part, to reproductive behaviour.
Unlike large oceanic teleosts, sharks lack pelagic larvae;
young are laid in demersal egg cases or born live, and
dispersal is accomplished exclusively by juvenile and
adult stages. Sharks do not exhibit parental care, but many
species use shallow, coastal nurseries that are geographically
distinct from adult feeding areas (Springer 1967; Lund
1990). This habitat partitioning may indicate philopatry,
which would explain the unexpected degree of popula-
tion structure found in sharks, including some widely
distributed, highly vagile species. Even if they are not loyal
to specific nurseries, reproduction in many species is
strongly affiliated with sheltered, coastal habitat.

The scalloped hammerhead shark (

 

Sphyrna lewini

 

) is
circumglobally distributed in tropical waters (Compagno
1984). This species, and perhaps all hammerhead sharks
(Sphyrnidae), have geomagnetic orientation and naviga-
tion abilities, possibly enhanced by their unique laterally
expanded head (Klimley 1993; Montgomery & Walker
2001; Kajiura & Holland 2002; Meyer 

 

et al

 

. 2005). Seasonal
aggregations of scalloped hammerheads at seamounts
(Klimley & Nelson 1981, 1984; Klimley & Butler 1988) and
the predictable appearance of adults in nursery grounds
(Clarke 1971; Snelson & Williams 1981; Compagno 1984;
Branstetter 1990; Castro 1993; Simpfendorfer & Milward
1993) suggest a capacity for philopatry. Recent genetic
evidence indicates that the nominal 

 

S. lewini

 

 may actually
comprise two species (Abercrombie 

 

et al

 

. 2005; Quattro

 

et al

 

. 2006), and there are currently seven described species
within the genus 

 

Sphyrna

 

. Four of the described species
are small and occupy coastal habitat with restricted
geographical range, including 

 

S. corona, S. media, S. tudes

 

and 

 

S. tiburo

 

. The last species includes two subspecies
separated by the Isthmus of Panama (Gilbert 1967;
Compagno 1984; Martin 1993). In contrast, 

 

S. lewini

 

, 

 

S.
mokarran

 

 and 

 

S. zygaena

 

 are larger, ocean-going, and more
widely distributed.

The global distribution of the larger hammerhead sharks
implies some level of 

 

trans

 

-oceanic dispersal. 

 

Sphyrna
lewini

 

 is abundant along continental margins and around
mid-oceanic islands in tropical waters (Compagno 1988),
but it may not be a truly oceanic species. Tagging data indi-
cate that long distance forays are rare (Kohler & Turner
2001). Moreover, the barriers to dispersal between tropical
oceans are substantial. The link between East Pacific and
West Atlantic oceans closed with the Isthmus of Panama
3.1–3.5 Ma (Coates & Obando 1996; Coates 

 

et al

 

. 2004), and
the Tethys link between the Indian and Atlantic oceans
closed 12–20 Ma (Ricou 1987). The distribution of 

 

S. lewini

 

across formidable barriers raises questions about the
cohesion of this species’ gene pool. Are geographically
disjunct populations linked by contemporary gene flow
or by historical dispersal events during different climatic
or biogeographical regimes?

Although recent dispersal events by fishes between the
Indian and Atlantic Oceans are rare (Rocha 

 

et al

 

. 2005), the
Agulhas current system occasionally projects warm water
masses westward around the horn of South Africa (Peeters

 

et al

 

. 2004), as indicated by tropical Indian Ocean biota that
appear at the oceanic island of St. Helena in the South
Atlantic (Lubbock 1980). The distribution of scalloped
hammerheads in every tropical ocean basin indicates
historical dispersal when corridors were available, but
it is also possible that geographically disjunct populations
are linked by continual gene flow. Insight into the genetic
architecture of 

 

Sphyrna lewini

 

 will advance our under-
standing of the evolution and speciation of large, mobile,
marine fishes and can inform conservation strategies that
may help protect vulnerable species.

Here, we present the results of a study of mitochondrial
DNA sequence variation in hammerhead sharks collected
from across the species’ range. The data indicate substan-
tial genetic variation, uncommon for such a large marine
predator, and marked population genetic structure indi-
cating restricted dispersal across deep ocean habitat. Rel-
atively minor genetic structure along continental margins
does not support the hypothesized philopatric behaviour
of breeding females.

 

Methods

 

Sample collection, DNA extraction and sequencing

 

Scalloped hammerhead specimens, consisting of fin, muscle,
or liver, were acquired by fishing or purchased from fish
markets during 1999–2004. Specimens were collected from
multiple locations in each of three ocean basins, including
(i) Pacific: Baja California, Pacific Panama, Hawaii, the
Philippines, Taiwan, and eastern Australia; (ii) Indian:
Thailand, Western Australia, Seychelles, and South Africa;
and (iii) Atlantic: Western Africa, Brazil, Atlantic Panama,
Gulf of Mexico, and East Coast USA (Fig. 1). Small tissue
samples (< 1 ml) from each specimen were preserved in
ethanol (> 85%) or a saturated salt buffer (Amos & Hoelzel
1991). When possible, specimens were collected from
juvenile sharks (fork length < 60 cm) within a nursery area
to avoid the confounding effect of sampling adults in
feeding areas where distinct breeding populations may
overlap (Bowen 

 

et al

 

. 2005). Samples from six other hammer-
head species (genus 

 

Sphyrna

 

) were included as outgroups
and to provide a relative comparison for interpreting
mtDNA diversity within 

 

S. lewini

 

.
Genomic DNA was isolated from 15 to 20 mg of tissue,

using a QIAGEN DNeasy Tissue kit (QIAGEN) as described
by the manufacturer. The mtDNA control region (CR) and
the phenylalanine tRNA were amplified (

 

∼

 

1200 bp total)
by polymerase chain reaction (PCR) using primers com-
plementary to sections of the proline tRNA (light strand
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primer: Pro-L 5

 

′

 

-AGGGRAAGGAGGGTCAAACT-3

 

′

 

)
and 12S rRNA (heavy strand primer: 282 H 5

 

′

 

-AAF-
GCTAFFACCAAACCT-3

 

′

 

, Keeney 

 

et al

 

. 2003, J. Patton,
unpublished). Each PCR consisted of 200 

 

µ

 

m

 

 of each
dNTP, 10

 

×

 

 

 

Taq

 

 reaction buffer (500 m

 

M

 

 KCl, 100 m

 

M

 

Tris-HCl (pH 9.0 at 25 

 

°

 

C) and 1% Triton X-100), 2 m

 

M

 

MgCl

 

2

 

, 0.25 

 

µ

 

M

 

 of each primer, 0.5 U 

 

Taq

 

 DNA polymerase,
and 50 ng DNA template in a volume of 50 (

 

µ

 

l). PCR
conditions were modified slightly from Keeney 

 

et al

 

.
(2003): 2-min denaturation at 92 

 

°

 

C, followed by 30 cycles
of 1 min at 95

 

°

 

, 1 min at 58

 

°

 

, 1 min at 72

 

°

 

, and finished with
6 min at 72

 

°

 

 for final extension. PCR products were either
purified using a QIAGEN QIAquick PCR Purification
kit, or were separated by electrophoresis on a 1% agarose
gel at 70 V for 90 min and excised with a QIAGEN
QIAquick Gel Extraction kit (QIAGEN).

To screen for variable positions within the control re-
gion (1086–1087 bp), 20 

 

S. lewini

 

 individuals were sequenced
using primers Pro-L and 282-H. The majority of the
parsimony-informative sites occurred within domain 1 of
the control region, and specimens with a common haplo-
type were sequenced only in the forward direction (using
primer Pro-L). A 548-bp segment of this sequence was used
for subsequent analyses. Haplotypes observed in one or
a few individuals were sequenced in the reverse direction
using primer SLcr-H (5

 

′

 

-ACATTCTCCATCCCCTTGTG-3

 

′

 

)
to confirm nucleotide assignments. Sequencing was con-
ducted on an automated sequencer using the dye-termination
method (Applied Biosystems).

 

Phylogenetic and phylogeographic analysis of sequences

 

Sequences were aligned with 

 

sequencher

 

 4.2 (Gene
Codes Inc.), and alignment results were confirmed by
eye. Sequences were grouped into haplotypes and
analysed in 

 

paup

 

 4.0 (Swofford 2003) for number of
polymorphic sites, transitions, transversions and nucleotide
composition. Gaps were treated as missing data. Haplotype
and nucleotide diversities were calculated with 

 

arlequin

 

3.0 (Excoffier 

 

et al

 

. 2005), which implements equations 8.4
and 10.5 of Nei (1987). Genetic diversity within and among
populations was estimated with an analysis of molecu-
lar variance (

 

amova

 

, Excoffier 

 

et al

 

. 1992; 

 

arlequin

 

 3.0,
Excoffier 

 

et al

 

. 2005). To eliminate a potentially con-
founding signal from migratory adult sharks, within and
among population variation was estimated separately for
juveniles and adults.

Haplotypes of 

 

Sphyrna lewini

 

 were aligned with sequences
from six outgroup hammerhead species (

 

n

 

 = 1 for 

 

S. corona,
S. media, S. tiburo

 

 and 

 

S. tudes

 

, 

 

n

 

 = 8 for 

 

S. mokarran

 

 and

 

n

 

 = 9 for 

 

S. zygaena

 

) using 

 

sequencher

 

 4.2 (Gene Codes
Inc.). The likelihood criteria in 

 

modeltest

 

 3.0 (Posada &
Crandall 1998) identified the HKY85 + G (

 

α

 

 = 0.6615) + I
model of sequence evolution as appropriate for 

 

S. lewini

 

.
This model of evolution was used in calculating a distance
matrix of haplotypes and in reconstructing maximum
likelihood trees in 

 

paup

 

 4.0 with 1000 bootstrap replicates,
heuristic search method and nearest neighbor interchange
branch swapping. Gene genealogies for 

 

S. lewini

 

 were

Fig. 1 Map with the range of Sphyrna lewini in yellow (adopted from Compagno 1988). Numbers indicate sample sizes from each location.
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estimated with statistical parsimony criteria in 

 

tcs

 

 1.13
(Templeton 

 

et al

 

. 1992; Clement 

 

et al

 

. 2000).

 

Molecular clock calibration

 

A control region molecular clock for 

 

S. lewini

 

 was estimated
from comparisons of West Atlantic and East Pacific 

 

S. lewini

 

.
These populations were probably isolated by formation
of the Isthmus of Panama, 3.1–3.5 Ma (Coates & Obando
1996; Coates 

 

et al

 

. 2004). Intrapopulation divergence of
mtDNA lineages prior to separation by the isthmus was
corrected by 

 

d

 

 corr = 

 

d

 

 – (

 

π

 

1

 

 + 

 

π

 

2

 

)/2 (see Cann 

 

et al

 

. 1987),
and the remaining divergence between the Atlantic and
Pacific populations was used to estimate a molecular
clock.

 

Population age and size

We tested for evidence of population expansion using Fu’s
F test in arlequin 3.0 (Fu 1996). The mismatch analysis in
arlequin 3.0 included a raggedness index to determine
goodness of fit to a unimodal distribution (Harpending
1994). Population size was calculated by θ = 2Nfµ, where
Nf is the effective female population size and µ is the
mutation rate per generation. Because of a dichotomy of
opinions on S. lewini growth rate, population size was
calculated for two-generation times: 5.7 and 16.7 years
(see Branstetter 1987; Chen et al. 1990; Liu & Chen 1999;
Anislado-Tolentio & Robinson-Mendoza 2001; Cortes 2004).
Population age was calculated by τ = 2tµ, where t is age in
generations.

Migration rate and population isolation

Adjacent pairs of populations with sample sizes > 7 were
analysed using mdiv, a Bayesian Markov chain Monte
Carlo method for the joint estimation of migration rate and
isolation time between populations on a pairwise basis
(Nielsen & Wakeley 2001). For each data set, we used the
finite sites model. Migration and population divergence
time were estimated for values from 0.02 to 10 in in-
crements of 0.02. The parameter value with the highest
probability was adopted as the best estimate, and upper
and lower credibility limits were within ±2 log(L) U from
the best estimate (where L is the likelihood function).
Samples from the Gulf of Mexico and eastern North
America were pooled when compared to the South African
sample.

To assess whether the direction of dispersal events could
be inferred based on the current distribution of haplo-
types, parsimony mapping of geographical location was
conducted using macclade 3.3 (Maddison & Maddison
1992). Nodes that were not resolved were considered hard
polytomies in the trees.

Results

Sequence characteristics and variation

Mitochondrial control region sequences were resolved
for 271 individuals of Sphyrna lewini, 21 individuals of
the other recognized hammerhead species, and seven
individuals of an undescribed, cryptic Atlantic lineage
most closely related to S. lewini (Abercrombie et al. 2006;
Quattro et al. 2005). Sequence divergence between
species ranged from 7.8% to 24.3%. The cryptic Atlantic
lineage differed from individuals of S. lewini (sensu stricto)
by 5.6–7.5%. Within S. lewini (sensu stricto), we uncovered
24 haplotypes defined by 22 polymorphic sites (Appendix
1). Haplotype diversity was high (h = 0.80 ± 0.020 SD,
Table 1) with maximum sequence divergence between
individuals at 3.8% (average d = 1.3%). We found a similar
level of variation in Sphyrna zygaena (h = 0.83 ± 0.127 SD,
n = 9) and Sphyrna mokarran (h = 0.64 ± 0.184 SD, n = 8), for
which we surveyed individuals from widely separated
localities.

Parsimony, maximum likelihood, and statistical parsi-
mony reconstructions yielded similar topologies (Figs 2
and 3). Several features of the maternal genealogy are note-
worthy. First, the inferred root of the tree was an ancestor
most similar to haplotypes sampled from southern Africa
(SL22) and the Indo-West Pacific (SL23 and SL24, Fig. 2).
Second, derived from these basal haplotypes (SL22–24)
were two divergent lineages with strong geographical
orientations. The first lineage includes the most common
haplotype (SL1) and is distributed from the eastern Pacific
to the Indian Ocean. The second lineage, which includes the
second most common haplotype (SL19), occurs in the
North Atlantic, South Atlantic, and the Indo-West Pacific.
Within the lineages, some of the relatively common haplo-
types are restricted to either the Pacific Ocean (e.g. SL2),
the Atlantic Ocean (e.g. SL15), or the Indo-West Pacific (e.g.
SL24, Fig. 3).

The genetic structure evident in the gene trees was
confirmed by an analysis of molecular variance (amova),
which revealed significant partitioning of genetic variation
among oceans and among locations. Genetic variation
was similarly structured in analyses of adults, juveniles,
and all individuals (Table 2). Estimates of divergence time
and migration rate between pairs of adjacent populations
revealed that the structure within oceans was primarily
due to genetic discontinuities across ocean basins (Table 3).
For all adjacent pairs of populations separated by deep
ocean, mdiv estimates of divergence time were always
significantly different from zero and the estimated
migration rate was low (M ≤ 1, Table 3). For example, the
number of migrants per generation between Hawaii
and the eastern Pacific was M = 0.34–0.42. Similarly
M = 0.02–0.06 between Western Australia and South
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Table 1 Sphyrna lewini population statistics: n, sample size; N, number of haplotypes; h, haplotype diversity; SD, standard deviation; π, nucleotide diversity; FS, Fu’s FS test; PFS, P value
of FS test; PU, P value of unimodal test; θ0, theta at time 0; θ1, theta at present time; τ, tau; and Pop age, present age of the population in years (*generation time = 5.7 years and **
= 16.7 years). Population age ranges (below corresponding population age estimates) are given for 95% confidence intervals of τ in populations with sufficient sample size and variance
for 1000 mismatch distribution replicates
 

 

Ocean Population n N h ± SD π ± SD FS PFS PU θ0 Nf0* Nf0** θ1 Nf1* Nf1** τ Pop age

Pacific Baja 44 2 0.51 ± 0.018 0.0009 ± 0.0009  1.9 0.79 0.01 0.00 0 0 710.0 11000000 3800000 0.8 73000
Pac Panama 8 4 0.75 ± 0.139 0.0019 ± 0.0016 −1.2 0.07 0.41 0.00 0 0 1930.0 31000000 1000000 1.2 110000
Hawaii 44 3 0.09 ± 0.059 0.0002 ± 0.0003 −2.9 0.00 0.80 0.09 1400 470 0.1 1600 550 3.0 280000 

45000–300000
Philippines 15 4 0.67 ± 0.099 0.0110 ± 0.0062  5.0 0.97 0.24 2.00 32000 10900 2.0 32000 11000 7.0 640000 

220000–1000000
Taiwan 20 4 0.70 ± 0.062 0.0073 ± 0.0042  4.4 0.96 0.22 0.00 0 0 490.0 7800000 2600000 1.0 740000 

330000–1500000
East Australia 32 7 0.66 ± 0.083 0.0057 ± 0.0034  1.1 0.73 0.67 1.50 24000 7900 2.1 35000 12000 0.5 44000 

0–640000
Indian Thailand 2 1 0.00 ± 0.000 0.0000 ± 0.0000 N/A

W Australia 26 6 0.68 ± 0.084 0.0095 ± 0.0053  3.8 0.94 0.62 0.02 260 90 2.1 3400 11000 7.0 640000 
230000–1000000

Seychelles 12 2 0.17 ± 0.134 0.0012 ± 0.0011  1.6 0.07 0.79 0.10 7800 2600 0.1 8100 27002 3.0 280000 
52000–280000

S Africa 25 5 0.42 ± 0.117 0.0046 ± 0.0029  1.5 0.84 0.54 0.56 9000 3000 0.6 9000 30005 3.0 280000 
43000–450000

Atlantic W Africa 6 2 0.33 ± 0.215 0.0006 ± 0.0008  0.0 0.24 0.89 0.00 0 0 9.3 150000 50000 0.5 43000
0–42000

Brazil 3 2 0.67 ± 0.314 0.0024 ± 0.0025  1.1 0.61
Atlantic Panama 2 2 1.00 ± 0.500 0.0037 ± 0.0045  0.7 0.39
Gulf of Mexico 16 1 0.00 ± 0.000 0.0000 ± 0.0000 N/A
East Coast USA 16 2 0.53 ± 0.055 0.0010 ± 0.0010  1.3 0.68 0.07 0.00 0 0 1100.0 18000000 6000000 0.8 75000

All Total 271 24 0.80 ± 0.020 0.0130 ± 0.0068  1.0 0.66 0.14 0.00 60 20 8.7 140000 47000 13.0 1200000 
400000–2600000
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Africa or the Seychelles. In contrast, for all pairs of adjacent
populations along contiguous continental margins, diver-
gence time was never significantly different from zero,
and estimated migration rates were large (M = 1.2–9.9).
Moreover, all the upper credibility limits were greater
than 10 (Table 3). Overall, mdiv analysis revealed strong
genetic discontinuities across deeper water coupled
with low differentiation along continuous continental
margins.

Because ancestral states were equivocal, parsimony
mapping of geography onto the haplotype tree provided
little insight into the direction of dispersal events over the
evolutionary period encompassed by haplotype diversity.
There were, however, two exceptions. First, a cluster of
western Indian Ocean haplotypes was nested within an
Atlantic lineage, suggesting a dispersal event from the
Atlantic to the Indian Ocean. Second, most of the Pacific
Ocean haplotypes coalesce in the Indo-West Pacific, sug-
gesting a potential centre of origin.

Molecular clock calibration

We estimated d = 0.028 for transisthmanian comparisons
of S. lewini (Atlantic n = 2, Pacific n = 7). When corrected
for the variance in populations prior to the closure of the
Panamanian Isthmus, d corr = 0.027. This corresponds to
0.8% divergence between lineages per million years. This
rate is similar to the value obtained from transisthmanian
comparisons of lemon sharks (Negaprion brevirostris,
J. Schultz, unpublished).

Fig. 2 Overview of genus Sphyrna based on
mitochondrial control region haplotypes
showing levels of divergence within and
between species. The topology is based on
maximum likelihood and numbers above
and below branches indicate bootstrap values
greater than 50% (1000 pseudo replicates)
from maximum likelihood and maximum
parsimony analyses, respectively. For S.
mokarran, S. zygaena and S. lewini the
number of individuals (for haplotypes with
more than one individual) is indicated in
parenthesis. For S. lewini, haplotype numbers
are indicated by SL# before terminal taxa
location (SL# corresponds to Appendix 1
and Fig. 3). Location abbreviations are as
follows: A, Atlantic; Aus, Australia; E, East;
HI, Hawai’i; P, Pacific; Phil, Philippines;
and W, West.

Fig. 3 Haplotype network for Sphyrna lewini constructed by
statistical parsimony in tcs 1.13 (Templeton et al. 1992; Clement
et al. 2000). Haplotypes are indicated by ovals, which are sized in
proportion to the number of individuals with that haplotype.
Haplotype number corresponds to Appendix 1 and Fig. 2. Ocean
basins are indicated by colours: Atlantic (red), Indian (yellow),
Pacific (blue), and shared Indian-Pacific (yellow fading to blue).
Each connecting line represents a single mutation. Black dots
represent hypothetical missing ancestors. Haplotypes are connected
only through ≤ 9 mutations, as indicated by the 95% connection
confidence interval determined for this data set in tcs 1.13.
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Population age and size

Three of the populations examined (Thailand, Brazil,
Atlantic Panama) had small sample sizes (n < 5) and were
not analysed for all population parameters. In the re-
maining populations, with the exception of Hawaii, Fu’s
FS test was not significant. The mismatch assumption of
a unimodal distribution (P > 0.05) was accepted for all
samples except the Baja population. Therefore, population
parameters should be evaluated with caution for the Baja
and Hawaii populations (Table 1). Estimates of female
effective population size ranged from 550 to 31 000 000.
The oldest population expansion estimate was for the
Indo-West Pacific (Taiwan; 740 000 years), and the young-
est estimates were for the eastern Atlantic (43 000 years),
eastern Australia (44 000 years), and eastern Pacific (73 000
years; Table 1).

Discussion

Most genetic analyses of cosmopolitan marine fishes reveal
a trend toward low levels of genetic structure across ocean

basins, high dispersal between populations, and shallow
population histories (see Grant & Bowen 1998; Waples
1998). Conversely, gene flow is lower among fishes with
disjunct distributions (Graves 1998). Scalloped hammerhead
sharks are widely distributed, but they are also dependent
on discrete coastal nursery areas, a factor that may promote
population structure (Keeney et al. 2003, 2005; Bowen et al.
2005). Therefore, we must consider the possibility that
these sharks are faithful to natal sites, a condition that
should result in peripatric populations. Our results indicate
that Sphyrna lewini has strong population structure on a
global scale and mtDNA lineages that appear to have been
isolated within ocean basins for hundreds of thousands of
years. However, nurseries connected by continuous shallow-
water habitat were not significantly different, indicating
low natal philopatry in this species.

Prior to interpreting these results, we address two caveats:

1 Our molecular clock is provisional. Knowlton & Weigt
(1998) demonstrated that species with different ecologies
experienced the severance of gene flow at different times
with respect to the closure of the Isthmus of Panama.

Table 2 Sphyrna lewini. amova: the proportion of haplotype variation attributed to differences within and among populations for all S.
lewini individuals, juveniles only and adults only. Values with a * are significant at P < 0.0001, values with ** are significant at P = 0.00098,
and values with *** are significant at P = 0.022
 

 

Comparison of S. lewini

All S. lewini (n = 271) S. lewini juveniles (207) S. lewini adults (n = 64) 

% variation ΦST % variation ΦST % variation ΦST

Among populations 74.9% 0.749* 74.6% 0.746* 77.2% 0.772*
Within populations 25.2% 25.4% 22.8%
Hierarchical 
Among oceans ΦCT 59.8% 0.598** 61.8% 0.618** 52.6% 0.526***
Among populations within oceans
Φsc 20.9% 0.519* 20.1% 0.525* 27.5% 0.579*
Within populations ΦST 19.3% 0.807* 18.2% 0.818* 20.0% 0.800*

 

 

Comparison T > 0 M Credibility limits Pairwise ΦST

Along continental margins
P. Panama-Baja No 1.4 0.06–> 10 0.002
Taiwan-Philippines No 2.5 0.26–> 10 0.100
Taiwan-E. Australia No 9.9 2.40–> 10 0.016
Philippines-E. Australia No 3.3 0.66–> 10 0.122*
E. Australia-W. Australia No 2.2 0.58–> 10 0.397*
S. Africa-Seychelles No 1.2 0.06–> 10 0.009
Across ocean basins
Hawaii-Baja Yes 0.34 0.00–2.5 0.448*
Hawaii-P. Panama Yes 0.42 0.04–2.4 0.629*
Hawaii-Taiwan Yes 0.60 0.16–1.5 0.330*
Hawaii-E. Australia Yes 1.20 0.20–8.3 0.171*
W. Australia-S. Africa Yes 0.06 0.00–0.38 0.991*
W. Australia-Seychelles Yes 0.02 0.00–0.24 0.736*
S. Africa-NW Atlantic Yes 0.08 0.00–0.56 0.573*

Table 3 Results from mdiv (Nielsen &
Wakeley 2001) analysis. T is the estimated
time of divergence between the two
populations; yes or no indicates whether
the two populations exhibited likelihood
values of T that were significantly different
from zero. M is the estimated number of
migrants per generation. Credibility limits
are lower and upper limits of M. Pairwise
ΦST values were estimated in arlequin 3.0
(Excoffier et al. 1992, 2005). Values with a *
are significant at P < 0.05
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While concordant divergence rate estimates across shark
species (S. lewini and Negaprion brevirostris) are reassur-
ing, our molecular clock estimate (0.8%/Myr between
lineages) is a first approximation. Furthermore, the gen-
eration time of S. lewini is controversial (see Branstetter
1987; Liu & Chen 1999; Cortes 2004). Since generation
time and mutation rate are primary parameters in coa-
lescence analyses, corresponding values for population
age and size should be regarded as qualitative indica-
tors, rather than precise estimates. For example, differ-
ences in coalescence time estimates for Baja California
(73 000 years) and Pacific Panama (110 000 years) may
not be meaningful, but we can say with some confidence
that both values are in the late Pleistocene, and probably
within the most recent glacial cycle, beginning approxi-
mately 120 000 years ago.

2 Abercrombie et al. (2005) and Quattro et al. (2006)
demonstrate a cryptic Atlantic species within S. lewini.
We have excluded this lineage from our population level
analysis under the assumption that it is a distinct taxon.
Including it would increase the level of structure but
would not affect our analysis of gene flow between
populations of S. lewini (sensu stricto).

Distinct genetic structure across ocean basins

The scalloped hammerhead shark has population subdivisions
between oceans as well as within ocean basins. Statistical
parsimony and population age calculations reveal a pattern of
genetic differentiation that includes some elements of the
stepping stone model of dispersal (Kimura & Weiss 1964).
Consistent with this analysis, mdiv shows little genetic
structure among populations connected by coastline. For
all pairwise population comparisons along continental
margins, estimates of divergence time included zero, and
the upper confidence limits for gene flow exceeded 10
individuals per generation (Table 3). In contrast, populations
separated by expanses of deep ocean exhibited strong
genetic differentiation. This pattern was evident whether
comparisons were between a mid-oceanic island population
(Hawaii) and continental coastal populations, or between
samples collected from the eastern and western margins of
ocean basins.

Tagging data indicate that scalloped hammerhead sharks
use offshore oceanic habitat, but do not regularly roam
across large distances. The median distance between mark
and recapture of adults along the eastern USA from a total
of 3278 tagged individuals at liberty from 0 to 9.6 years
(mean = 2.3 years) was less than 100 km (Kohler & Turner
2001). These sharks are most often encountered over contin-
ental or island shelves; it is unusual to capture a hammer-
head in the open ocean. However, there is a record of an
individual traversing 1600 km over deep water (Kohler &
Turner 2001), indicating that contemporary movement

across oceans, or at least between continental margins and
mid-oceanic islands, is possible. Therefore, tagging and
genetic data are concordant; individuals appear to disperse
readily across continuous habitat (continental shelves) and
rarely across open oceans.

Natal homing as a mechanism for population subdivision

A growing body of data indicates significant popula-
tion genetic differentiation in elasmobranchs, at least in
maternal lineages (Gardner & Ward 1998; Pardini et al.
2001; Keeney et al. 2003, 2005; Schrey & Heist 2003).
Philopatry may be an important component of elasmobranch
behaviour (Hueter 1998; Hueter et al. 2002). However,
because of the relatively low DNA mutation rate in
elasmobranchs (Martin et al. 1992; Martin 1993), the logistic
challenges in acquiring genetic samples, and the difficulty
in verifying philopatric behaviour through tagging
studies, natal homing in elasmobranchs has remained
largely untested.

The ΦST values for S. lewini were high for analyses of
neonate sharks in their nursery areas (ΦST = 0.525 for hier-
archical analysis of populations within oceans). However,
this comparison is driven largely by differences between
geographically distant nurseries. Keeney et al. (2003, 2005)
found a similar trend of isolation by distance among black-
tip sharks in the Gulf of Mexico and Atlantic Ocean. Over
spatial scales of 100–250 km they found little evidence of
population differentiation, but between South Carolina,
Florida, Texas, and Yucatan they found significant struc-
ture (ΦST as high as 0.886 between the western Atlantic and
the Yucatan). Although we cannot rule out a role for fidel-
ity by adult hammerheads when they encounter and
return to suitable nursery habitat (that is not necessarily
their place of birth), mtDNA evidence argues against
strong natal homing behaviour; scalloped hammerheads
appear to stray between proximal nursery areas. Indeed,
our genetic findings are consistent with anecdotal obser-
vations; scalloped hammerhead sharks use artificially
enlarged estuaries as nursery grounds in Hawaii (Kahului
Harbor, Maui; Hawaii Kai Marina, Ō’ahu; K. Duncan,
unpublished), where the recently enlarged nursery habi-
tats are 100–600 km from established nurseries. Thus, the
most extreme version of site fidelity (natal homing) is not
recorded in the maternal genetic architecture of S. lewini.

Phylogeography and species history

Coalescence analyses indicate that the oldest extant S. lewini
populations are in the central Indo-West Pacific region
(Australia and the Philippines). Based on genetic distances
and the relationships of haplotypes (Fig. 3), there were
several dispersal events from this region. The deepest
genetic divergences within the Indian and Pacific Oceans
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are d = 3.11% and d = 2.56%, respectively. On the other
hand, maximum divergences within the Atlantic Ocean
(d = 0.77%) and East Pacific (d = 0.88%) are markedly less.
Although no haplotypes are shared between the Atlantic
Ocean and the Indian or Pacific, haplotypes from the Indo-
West Pacific are separated from the Atlantic by as little
as 0.18%, indicating a late Pleistocene divergence. This
pattern is consistent with the centrifugal hypotheses for
species distributions, where the highest species diversity
(and genetic diversity) is in the core of the Indo-West
Pacific (Briggs 1999, 2000).

If S. lewini had a circumtropical distribution prior to the
closing of the Isthmus of Panama, we envision two possible
scenarios to explain the pattern of haplotype distribution
between the Atlantic and the Indo-West Pacific Oceans:
(i) The Atlantic populations (sensu stricto) were isolated
by the Isthmus closure, and the Indo-West Pacific
haplotypes most closely related to the Atlantic lineage
(sensu stricto) are the product of recent dispersal from the
Atlantic into the Indo-Pacific (gene flow west to east). (ii)
The cryptic Atlantic lineage (from Abercrombie et al. 2005
and Quattro et al. 2006) was isolated by the Isthmus clos-
ure, and the more closely related Atlantic populations are
the result of recent colonization of the Atlantic from the
Indo-Pacific (gene flow east to west). Both scenarios invoke
dispersal around southern Africa, possibly during warm
interglacials (see Peeters et al. 2004).

We support the west to east scenario for three reasons.
First, the cryptic Atlantic species is much more divergent
than the Atlantic-Pacific divergence in S. lewini (sensu
stricto); d = 6.5% vs. d = 2.7%. Transisthmanian divergence
based on the cryptic Atlantic lineage would generate a
mutation rate similar to that of mtDNA coding regions in
bony fishes (2%/Myr, Bowen et al. 2001), which we regard
as unrealistic given the slow mutation rates documented
for sharks (Martin et al. 1992; Martin 1993; J. Schultz,
unpublished). Second, the sequence divergence between
the closely related Indo-West Pacific and Atlantic haplo-
types (SL17–20, Fig. 2) is much too shallow for this separa-
tion to have been caused by the Isthmus closure (by any
molecular clock). Third, the Indo-Pacific members of this
lineage are clearly nested within a greater diversity of
Atlantic lineages in phylogenetic analyses. The hypothesis
of dispersal from the Atlantic to the Indo-Pacific is an
exception to the widely accepted transfer of organisms
from the Indian to the Atlantic (Edwards 1990; Bowen et al.
2001; Rocha et al. 2005). However, hammerhead sharks are
active swimmers from birth whereas the examples of east
to west dispersal involve passive larval transport — a crucial
distinction between the phylogeographic patterns of bony
fishes and elasmobranchs.

Like the eastern Atlantic, the tropical eastern Pacific is
regarded as an isolated biogeographical province (Briggs
1974, 2003). Within the eastern Pacific Ocean, we observed

five haplotypes (SL1–4, 7, Fig. 2). Two of these (SL1 and 2)
are shared with Hawaii, and the other three are distin-
guished from the common widespread haplotype by sin-
gle mutations. This indicates a population recently derived
from the Indo-West Pacific, concordant with coalescent
analysis (∼100 000 years ago, Table 1). Under this scenario
of recent dispersal, Hawaii and perhaps the archipelagos
of the South Pacific may be stepping-stones for coloniza-
tion into the eastern Pacific.

Populations within the Atlantic also have shallow
coalescence times, but in this case, coalescence occurs among
haplotypes at the terminus of a divergent lineage, indicat-
ing an Atlantic lineage with millions of years of isolation
from the Indo-West Pacific. Although tropical Atlantic
habitats do not suffer the drastic climate shifts character-
istic of the eastern Pacific (e.g. El Niño events), the genetic
architecture of S. lewini within the Atlantic is also probably
influenced by large scale environmental changes (e.g.
range contraction during glacial maxima). Moreover,
dependence on estuarine nursery areas and shallow bays
makes these sharks vulnerable to smaller scale ecological
shifts as well.

Comparison with other globally distributed marine 
animals

Analysis of two other globally distributed sharks, the shortfin
mako (Isurus oxyrinchus) and the soupfin (Galeorhinus
galeus), revealed markedly less population structure than
is evident in S. lewini (RFLP mtDNA, Heist et al. 1996;
Ward & Gardner 1997; microsatellites, Schrey & Heist
2003). This is not unexpected considering that both the
shortfin mako and the soupfin are more oceanic species
than S. lewini. However, the global pattern of genetic
diversity in these species was similar to what we dis-
covered for S. lewini: low diversity within the Atlantic Ocean
and significant differences in haplotype frequencies between
ocean basins.

Many large teleosts show ancient separations between
the Atlantic and Indo-Pacific Oceans (Graves 1998). For
example, mtDNA markers in the bigeye tuna (Thunnus
obesus) show a global pattern similar to (but shallower
than) what we observe in hammerheads. However, tuna
haplotypes detected in South Africa were also observed in
the northwestern Atlantic (Chow et al. 2000), a pattern
not evident for the hammerheads. This may be due to
habitat differences that influence the distribution of gen-
etic markers; tuna are predominantly oceanic, whereas
hammerheads are dependent on shallow water, near contin-
ental shelves or around oceanic islands for part of their life
history.

Perhaps a more appropriate comparison is with ceta-
ceans. Like hammerhead sharks, cetaceans are viviparous,
and dispersal is nektonic. A study of the widely distributed
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dusky dolphin (Lagenorhynchus obscurus) revealed high
dispersal along continental shelves but little transoceanic
gene flow (Cassens et al. 2005), a pattern similar to S. lewini.
Results from another widespread species, the bottlenose
dolphin (Tursiops spp.), revealed strong population genetic
differentiation between pelagic and nearshore popu-
lations, as well as between populations sampled along
continental margins (Natoli et al. 2004), indicating more
limited dispersal than in hammerheads. Such a difference
may reflect social behaviours influencing cetacean migra-
tion (Amos et al. 1993) which are not observed in sharks.
Taken together, these comparisons across taxa suggest that
hammerhead population structure is more similar to
patterns observed in cetaceans than to bony fishes.

Insight into speciation?

Since the rise of the Isthmus of Panama and the severing of
circumglobal tropical seas, the western Atlantic and
eastern Pacific are geological ages apart. High genetic
diversity of the Indo-West Pacific populations and low
genetic diversity in areas remote from the Indo-West
Pacific (the Atlantic and the eastern Pacific), coupled with
evidence for limited trans-oceanic gene flow, indicate that
speciation in hammerheads (and other tropical and
subtropical sharks) probably occurs by peripatric mechanisms
envisaged by Mayr (1954). The Indo-West Pacific is a
centre of diversity for tropical sharks (like S. lewini) and, for
widespread species, the distribution margins may be areas
where unique haplotypes emerge and increase to high
frequency in the absence of migration. Given sufficient
time, such isolation may result in speciation. Assuming the
Indo-West Pacific is the centre of origin for hammerheads,
this peripheral isolation model may explain the restricted
distribution of the four diminutive Sphyrna species in the
eastern Pacific and western Atlantic.

Novel lineages that emerged at the range margins may
also disperse back into the centre of the species’ distribu-
tion, a centripetal pattern documented for other groups of
tropical marine organisms (Briggs 2000, 2003; Meyer 2003).
Our mapping of geography onto a cladogram provided
evidence of this process in one case; haplotypes from the
western Indian Ocean (South Africa) are deeply nested
within the Atlantic lineage.

Conservation of shark populations

While individual nurseries may not be genetically dis-
tinct, they are nonetheless essential to population viability
(Branstetter 1990; see Bowen et al. 2005). Here we have
demonstrated strong population structure overall. In some
cases, populations are isolated and have a limited number
of nursery habitats (e.g. Hawaii). In other cases, there is
higher connectivity (i.e. along continental margins). However,

genetic connectivity among marine populations may not
be sufficient to rebuild depleted populations, and populations
connected by a few migrants per generation can still be
isolated in terms of biomass (Waples 1998). Furthermore,
recent evidence indicates that juvenile scalloped hammer-
head sharks reside within nursery habitats for extended
periods of time (at least one year post parturition, Duncan
& Holland 2006). Prudent management for scalloped hammer-
head sharks (and other sharks with similar nursery use behavi-
our) must therefore include not only population-specific
protection in the adult phase, but also access to regional
nurseries (see Bowen & Roman 2005). The overall strong
population structure in S. lewini indicates that regional
populations, if depleted, will not recover swiftly through
immigration, but slowly through reproduction. 
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Appendix I

Sphyrna lewini and cryptic Atlantic lineage. Polymorphic nucleotide positions for 24 haplotypes of S. lewini (n = 271) and one cryptic Atlantic haplotype (n = 7). Haplotype numbers,
location, and number of individuals with a given haplotype are listed in the left columns. The positions of polymorphic base pairs are listed across the top row. The nucleotide at each
position is given for haplotype 1. Only nucleotides different from haplotypes 1 are given for all other haplotypes. Nucleotides identical to haplotype 1 are indicated with periods (.) and
deletions are indicated with dashes (–). Complete haplotypes sequences are deposited in GenBank (Accession nos: DQ438148–DQ438172).

 

Haplotype number Location n

6 6 7 9 0 0 3 7 8 1 4 2 9 8 5 7 7 9 1 2 4 9 0 4 6 8 9 5 3 6 1 2 2 4 9 0 1 4 5 6 7 2 3 4
1 4 4 4 5 2 3 3 3 4 4 7 7 1 2 3 5 5 6 6 6 7 8 8 8 8 0 4 5 5 6 9 2 2 3 4 4 7 7 7 7 9 9 1

1 1 1 1 1 1 1 1 2 2 2 2 2 2 2 2 2 2 2 2 2 3 3 3 3 3 3 4 4 4 4 4 4 4 4 4 4 4 5

1 Indo-Pac 105 C T A T A A C T A T T A T A C A T G T C C T C A C A C A A C G A T A T A A C C T A T A C
2 Pacific 28 • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T
3 Pacific 1 • • • • • • • • • • C • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • •
4 Pacific 1 • • • • • • • • • • • • • • • • • • • • • • • • T T • • • • • • • • • • • • • • • • • •
5 Pacific 2 • • • • • • • • • • • • • • T • • • • • • • • • • • • • • • • • • • • • • • • • • • • •
6 Pacific 2 • • • • • • • • • C • • • • • • • • • • • • • • • • T • • • • • • • • • • • • • • • • •
7 Pacific 1 • • • • • • T • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • • T
8 Indo-Pac 4 • • • • • • • • • • • • • • • • • • • • • • • • • • T • • • • G • • • • • • • • • • • •
9 Indo-Pac 15 • • • • • • • • • • • • • • • • • • • • • • • • • • T • • • • • • • • • • • • • • • • •
10 Atlantic 1 • • • • • • A • • A • T • T T G C A – • • C T • • • • • • • • • C G • • • A • • G • • T
11 Atlantic 1 • • • • • • A • • A • T • T T G C A – • • C T • • • • • • • • • C G • • • • • • • • • T
12 Atlantic 2 • • • • • • A • • A • T • T • G C A – • • C T • • • • • • • • • C G • • • A • • G • • T
13 Atlantic 1 • • • • • • A • • A • T • T • G C A – • • C T • • • • • • • • • C G • • • A • • C • • •
14 Atlantic 5 • • • • • • A • • A • T • T • G C A – • • C T • • • • • • • • • C G • • • A • • T • • •
15 Atlantic 26 • • • • • • A • • A • T • T • G C A – • • C T • • • • • • • • • C G • • • • • • • • • T
16 Atlantic 7 • • • • • • A • • A • T • T • G C A – • • C T • • • • • • • • • C G • • • • • • • • • •
17 Indian 1 G • • • • • A • • A • • • T • G C A – • • C T • • • T • • • • • C G • • • A • • G • • •
18 Indian 1 • • • • • • A • • A • • • T • G C A – • • C T • • • T • • • • • C G • • • A • • G • • •
19 Indo-Pac 36 • • • • • • A • • A • • • T • G C A – • • C T • • • • • • • • • C G • • • • • • • • • •
20 Indian 1 • • • • • • A • • A • • • T • G C A – • • C T • • • T • • • • • C G • • • • • • • • • •
21 Indian 1 • • • • • • A • • A • • • • • G C A – • • C T • • • • • • • • • C G • • • • • • • • • •
22 Indian 3 • • • • • • • • • • • • • • • • • A • • • C • • • • T • • • • • C G • • • • • • • • • •
23 Indian 3 • • • • • • • • • • • • • • • • • A • • T C • • • • T • • • • • C G C G • • • • • C G •
24 Indo-Pac 23 • • • • • • • • • • • • • • • • • A • • T C • • • • T • • • • G C G C G • • • • • C G •
25 Cryptic Atlantic 7 • A T G T C • A T C • • C • T • • A C T • C T T • • • T G T A • C T C G G A T C T C G •
Total n 278


