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Abstract Current taxonomy indicates a single global
species of the Great Barracuda (Sphyraena barracuda)
despite differences in color and behavior between Atlantic
and Pacific forms. To investigate these differences and
qualify the dispersal characteristics of this unique coastal—
pelagic teleost (bony fish), we conducted a global
phylogeographic survey of 246 specimens from thirteen
sampling locations using a 629-base pair fragment of
mtDNA cytochrome b. Data indicate high overall gene
flow in the Indo-Pacific over large distances (>16,500 km)
bridging several biogeographic barriers. The West Atlantic
population contains an mtDNA lineage that is divergent
from the Indo-Pacific (d = 1.9%), while the East Atlantic
(N = 23) has two mutations (d = 0.6%) apart from the
Indo-Pacific. While we cannot rule out distinct evolu-
tionary partitions among ocean basins based on behavior,
coloration, and near-monophyly between Atlantic and
Indo-Pacific subpopulations, more investigation is required
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before taxonomic status is revised. Overall, the pattern of
high global dispersal and connectivity in S. barracuda
more closely resembles those reported for large oceanic
predators than reef-associated teleosts.

Introduction

Reef-associated fishes predominately disperse during a
pelagic larval phase, prior to a sedentary juvenile/adult
stage with high-site fidelity to shallow reef habitat
(reviewed by Strathmann 1993). The prevalence of a
potentially dispersive larval stage in teleost (bony) reef
fishes was initially thought to ensure long-distance con-
nectivity (Weersing and Toonen 2009), but phylogeo-
graphic surveys sometimes reveal fine-scale barriers to
gene flow (e.g., gobies Elactinus spp., damselfish Poma-
centrus moluccensis, grouper Plectropomus leopardus, and
surgeonfish Zebrasoma flavescens; Taylor and Hellberg
2005; Drew and Barber 2009; Van Herwerden et al. 2009;
Eble et al. 2011b). Pelagic (oceanic) species, by compari-
son, have high vagility as adults (e.g., Carcharadon
carcharias, Acanthocybium solandri, and Sphyrna lewini,
Pardini et al. 2001; Theisen et al. 2008; Jorgensen et al.
2010; Daly-Engel et al. 2012). These mobile predators
exhibit low or no population structure across ocean basins
and often have species distributions that bridge substantial
biogeographic barriers.

The Great Barracuda, Sphyraena barracuda, is found in
all tropical and subtropical waters except the East Pacific
(Briggs 1960; Robertson et al. 2004). Despite its geo-
graphic ubiquity, notoriety among snorkelers, and com-
mercial importance, relatively little is known about this
species’ life history or evolution. The pelagic larval
period is unknown, as are most growth parameters and
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Fig. 1 Examples of Great Barracuda from the Caribbean (U.S. Virgin
Islands, above) and Central Pacific (Oahu, below). Note the greater
pigmentation in the caudal fin of the Pacific individual

phylogenetic relationships among the 18 members of the
genus Sphyraena. Juveniles rely on shallow sea grass and
mangrove habitat for shelter during the first year or more of
development (Faunce and Serafy 2008). At all life stages,
S. barracuda are lie-in-wait predators, feeding primarily on
a wide variety of fishes and occasionally on invertebrates,
especially cephalopods (de Sylva 1963; Randall 1967). As
large-bodied piscivores, adult S. barracuda are highly
prone to accumulating ciguatera toxin, though they remain
an important human resource in both commercial and
artisanal fisheries (Bienfang et al. 2008).

The contemporary range of S. barracuda, which spans
approximately 32,000 km and more than 4/5th of the

earth’s circumference, indicates that this putative species
has bridged nearly every major marine biogeographic
barrier in tropical oceans over the course of recent evolu-
tionary history. Aside from continental obstructions, these
barriers fall into two categories: distance barriers, like the
large span of open ocean that separates Hawaii from
the Eastern Tropical Pacific, and temperature barriers, like
the cold Benguela Current off southern Africa, which
restricts dispersal between the tropical Atlantic and Indian
Oceans. These biogeographic barriers have restricted gene
flow in the majority of reef fishes (Rocha et al. 2007; Gaither
et al. 2010), as well as some of the large predatory species
such as tunas, billfishes, and sharks (Graves and McDowell
2003; Duncan et al. 2006; Keeney and Heist 2006).

The near-circumglobal range of S. barracuda is rare for
a coastal reef fish (Briggs 1960), though single-species
status has not been verified using either morphology or
genetic techniques. Color differences between Indo-Pacific
(IP) and Caribbean specimens have been noted (J.E.R. pers.
obs.), though sample sizes did not allow for thorough
morphometric examination. Specifically, two large black
spots are often visible on the caudal fin of S. barracuda in
the Indo-Pacific, but not on fish in the West Atlantic
(Fig. 1). Furthermore, large individuals are often found
offshore in the Indo-Pacific, while the same size class tends
to remain in shallow waters in the Atlantic (Randall 2007).
In terms of dispersal, S. barracuda shows movement pat-
terns characteristic of both coastal reef fishes and pelagic
billfishes. Though it is primarily regarded as a reef-asso-
ciated predator, adult S. barracuda are commonly observed
in the open ocean and down to depths of 100 m (de Sylva
1968), and tagged juveniles have been documented moving
between Hawaiian Islands (NMFS unpubl. data). Pelagic
larval duration is unknown.

To determine the range-wide phylogeography of the
Great Barracuda, we collected 246 tissue specimens from

Fig. 2 Map showing the global range of Sphyraena barracuda
(shaded gray), sampling locations (CM Cameroon, SY Seychelles,
MD Maldives, CA Chagos Archipelago, WA West Australia, EA East
Australia, MA Mariana Islands, MI Marshall Islands, HI Hawaii, S
Society Islands, BA Bahamas, UV U.S. Virgin Islands, PA Panama),
and known marine biogeographic barriers from Rocha et al. 2007
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(MAB Mid-Atlantic Barrier, BB Benguela Barrier, OWB Old World
Barrier, IPB Indo-Pacific Barrier, EPB East Pacific Barrier, IPA
Isthmus of Panama, and AB Amazon Barrier). The question mark
refers to the unknown status of barracuda populations in the Tropical
East Pacific
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thirteen locations throughout the species range (Fig. 2) and
resolved 629 base pair of mtDNA cytochrome b. Our goals
were twofold: (1) To assess the single-species status of
Sphyraena barracuda and the possibility of cryptic evo-
lutionary partitions and (2) to determine whether the phy-
logeographic architecture of this fish more closely
resembles that of sedentary reef fishes or the more mobile
pelagic predators.

Methods

Great barracuda specimens were collected by fishing or
purchased from fish markets in thirteen coastal locations in
three ocean basins (Table 1; Fig. 2): (1) Pacific (Oahu
Hawaii, Guam in the Mariana Islands, Marshall Islands, the
Great Barrier Reef in East Australia, and Moorea in the
Society Islands); (2) Indian (Seychelles, Maldives, Diego
Garcia in the Chagos Archipelago, and Broome Western
Australia); and (3) Atlantic (San Blas Panama, Bimini
Bahamas, the U.S. Virgin Islands, and Cameroon). Because
the actual source of samples collected from fish markets
can be uncertain, in all cases where specimens were pur-
chased, special effort was made to ensure that they were
locally caught. Fin clips or muscle tissues (approximately
1 sz) were stored in 20% dimethylsulfoxide (DMSO)-
saturated salt buffer (Seutin et al. 1991) or 75% ethanol
(EtOH). DNA was extracted from tissue using a salting-out
protocol adapted from Sunnucks and Hales (1996). Speci-
mens stored in EtOH were squeezed with a dry paper towel
and dried in a speed vacuum for 30 min at 55°C before
extraction.

The polymerase chain reaction (PCR) was used
to amplify 629 bp of the cytochrome b region of the
mitochondrial genome using the primers 01H (5-GTGAC
TTGAAAAACCACCGTT-3') and 02L (5-AATAGGAAG
TATCATTCGGGT-3'; Taberlet et al. 1992; Song et al.
1998). PCRs consisted of 0.1 U Biolase Tag DNA poly-
merase (Bioline; Randolph, Massachusetts), 1x PCR buf-
fer, 1.0 mM each primer, 200 um each dNTP, and 2.0 mM
MgCl,. PCR amplification on a MyCycler (Bio-Rad;
Hercules, California) consisted of an initial denaturation at
95°C for 4 min, followed by 30 cycles of 1 min at 95°C,
30 s at 60°C, and 30 s at 72°C, followed by a final
extension at 72°C for 20 min. PCR products were cycle
sequenced using Big Dye chemistry on an ABI 3100
automated sequencer (Applied Biosystems, Foster City
CA) at the Hawaii Institute of Marine Biology EPSCoR
Sequencing Facility, aligned by eye, and edited using
SEQUENCHER 4.6 (Gene Codes Corporation, Ann Arbor MI).

ARLEQUIN 3.5 (Excoffier and Lischer 2010) was used to
generate nucleotide and haplotype diversities and estimate
divergence (®gt) for the nine sampling locations with

N > 5. Patterns of pairwise differentiation were used to
group sampling locations, and the magnitude of genetic
differentiation between locations was assessed in ARLEQUIN
with a hierarchical Analysis of Molecular Variance (AM-
OVA; 20,000 permutations) using the Tamura-Nei distance
method (Tamura and Nei 1993) with 20,000 permutations,
which partitions genetic variation within sampling loca-
tions, among locations within groups, and among groups.

MrBayes 3.1.2 (Huelsenbeck and Ronquist 2001; Ron-
quist and Huelsenbeck 2003) was used to construct a
Bayesian inference phylogenetic tree for S. barracuda and
the nine other Sphyraenid cytochrome b sequences avail-
able in GenBank. Analyses of Markov Chain Monte Carlo
(MCMC) chains were run for 10,000,000 generations while
sampling one tree per 100 generations. Convergence
between simultaneous runs was reached when the average
standard deviation of split frequencies fell below 0.01
(Ronquist et al. 2005). Overlay plots of the generation
versus parameter values for the runs were examined in the
program TrRACER 1.3 (Rambaut and Drummond 2003) to
assess stabilization and mixing of likelihood and parameter
values. Following a burn-in phase of 10,000 steps,
parameter values were averaged, and posterior clade
probabilities were calculated and the likelihood scores for
all the topologies averaged. Paur* 4.0b10 (Swofford 2000)
was used to construct a neighbor-joining tree with 10,000
bootstrap replicates, which was then visually compared
with the Bayesian tree.

Relationships between mitochondrial haplotypes are
described with a parsimony network constructed using TCS
1.21 (Fig. 3; Clement et al. 2000). Mismatch analysis was
performed in ARLEQUIN to test for demographic expansion
with current effective population size (N,) calculated from
the equation 0 = N.2ut, where 0 is estimated from the
mean number of segregating sites (0s), u is the estimated
annual fragment mutation rate, and ¢ is the estimated
generation time. Population ages in years were estimated
from the population age parameter tau (t), with © = 2,
where ¢ is the time since the most recent population bot-
tleneck. We provisionally applied a generation time of
8.8 years for S. barracuda based on age and growth
parameters for Sphyraenidae generated by Pauly (1978),
which includes S. barracuda. Because divergence esti-
mates for cytochrome b have been obtained for a number of
teleost fishes (though not for a Sphyraenid), we employed a
range of minimum and maximum mutation rates that
encompass those evolutionary rates that have been reported
for teleosts: 1% per 10° year within lineages (Bowen et al.
2001; Reece et al. 2010b) to 2.5% per 10° year (Lessios
2008). We tested for population expansion in ARLEQUIN by
calculating Fs (Fu 1997) and D (Tajima 1989), with pop-
ulation expansion being indicated by significant negative
values, and by comparing observed and expected mismatch
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distributions given a model of recent, sudden population
expansion (Rogers and Harpending 1992) in ARLEQUIN with
10,000 replicates.

Results

The TCS parsimony network (Fig. 3) shows 31 haplotypes
defined by 35 variable sites, the most common of which
(haOl) encompasses 110 individuals representing every
sampling site within the IP and nine of the ten fish from the
Bahamas that carried IP haplotypes. The tenth specimen

31

26

27

Fig. 3 Haplotype network for Sphyraena barracuda constructed by
statistical parsimony in TCS 1.21 (Clement et al. 2000) and arranged
by biogeographic region. Area of circles is proportional to the
abundance of the respective haplotype: the smallest circles represent

carried another IP haplotype (ha25), and together these
comprised approximately 1/5th of all the fish collected
from the Bahamas. Haplotype diversity was greatest in East
Australia in the IP, while nucleotide diversity was highest
in the Bahamas (Table 1).

The neighbor-joining tree constructed in Paup* (Swof-
ford 2000) and the Bayesian tree from Mr Bayes returned
similar topologies; we therefore present only the Bayesian
tree in Fig. 4. Both indicate two monophyletic lineages,
though Bayesian posterior probabilities are somewhat weak
(0.52 and 0.51, respectively): one exclusively composed of
fishes from the West Atlantic, and a second containing all

[ ] Indian

[ Pacific

Il Indo-Pacific

E West Atlantic
17 East Atlantic

one individual, while the largest represents 110 individuals. The
remaining circles are scaled accordingly. Small black dots indicate
missing haplotypes and shades indicate haplotype location (see key).
Haplotype numbers as in Fig. 4

Table 1 Genetic diversity by
sampling site

N number of individuals
sampled at each site, Nh number
of haplotypes per site,

h haplotype diversity, n
nucleotide diversity, and NC
Not Calculated

@ Springer

Region Sampling site Site abbrev. N Nh  h £+ SD n + SD
West Atlantic  San Blas, Panama PA 17 3 0.70 £ 0.049 0.0014 £ 0.0012
U.S.Virgin Islands uv 6 3 0.60 £+ 0.215 0.0014 £+ 0.0013
Bimini, Bahamas BA 52 8 0.77 £ 0.034  0.0060 + 0.0034
East Atlantic Cameroon CM 23 1 0.00 & 0.000  0.0000 £ 0.0000
Pacific Hawaii HI 43 6 0.66 £+ 0.061 0.0019 + 0.0014
Guam, Mariana Islands MA 26 6 0.52 £0.114 0.0027 £+ 0.0018
Moorea, Society Islands ~ SI 1 1 NC NC
Marshall Islands MI 4 1 NC NC
Great Barrier Reef, EA 6 4 0.80 £ 0.172  0.0027 £ 0.0020
East Australia
Indian Seychelles SY 52 9 0.27 £ 0.076  0.0008 4+ 0.0008
Maldives MD 1 NC NC
Diego Garcia, CA 3 1.00 + 0.272  0.0032 £ 0.0030
Chagos Archipelago
Broome, West Australia WA 11 6 0.62 £ 0.164 0.0031 £ 0.0021
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(a)

S. helleri (A# AB264367)

59/1.00

100/1.00

S. forsteri (A# AB264366)
Ha24: Seychelles (1)
~l~ Ha25: Marianas, W. Australia, Bahamas (4)
Ha23: Seychelles (1)
Ha02: W. Australia (1)
Ha08: E. Australia (1)
Ha13: Marianas, Hawaii, Seychelles (5)
~ Hal6: Hawaii (1)
- Hal5: Seychelles (1)
I Hal4: Hawaii (8)

Ha10: Marianas (1)
HaO05: Seychelles (1)
Ha09: E. Australia (1)
Ha06: Seychelles (1)
Ha07: Hawaii (8)
- Hal7: Cameroon (23)
Ha03: Marianas (1)
I- Ha04: Seychelles (2)
Hall: Chagos Archipelago (1)

65/0.52

I Hal2: Chagos Archipelago, Seychelles (2)
Hal9: E. Australia (1)

-l- Ha20: Marianas (2)

- Ha22: W. Australia (1)

I~ Ha2l:W. Australia (1)

L Hal8: Hawaii, W. Australia (1)

Ha30: Bahamas, Panama (19)

Ha26: Bahamas (1)

Ha31: Bahamas, Panama, USVI (28)

Ha28: Bahamas, USVI (5)

Ha29: Bahamas, Panama, USVI (11)

Ha27: Bahamas (1)

100/1.00

60/0.51

—| 52/1.00

S. viridensis (A# DQ198006)

S. sphyraena (A# DQ080264)

100/1.00

—— 10 changes

(b)

S. africana (A# AB264365)
S. japonica (A# AB264368)

Ha24: Seychelles (1)

Ha02: W. Australia (1)
[—————Ha08: E. Australia (1)

Ha01: Every Indo-Pacific site plus Bahamas (110)
Ha10: Marianas (1)

0.60 Ha05: Seychelles (1)

Ha09: E. Australia (1)

100/1.00

65/0.52

60/0.51

Ha06: Seychelles (1)
Ha07: Hawaii (8)

67/0.73 Ha04: Sey(helles )

——————Hall: Chagos Archipelago (1)

|——————Hal7: Cameroon (23)

:HalQ E. Australia (1)
63/0.87 Ha20: Marianas (2)

————Ha22: W. Australia (1)
Ha21: W. Australia (1)
Ha18: Hawaii, W. Australia (1)
Ha30: Bahamas, Panama (19)
Ha26: Bahamas (1)
Ha31: Bahamas, Panama, USVI (28)
Ha28: Bahamas, USVI (5)

0.56 Ha29: Bahamas, Panama, USVI (11)
Ha27: Bahamas (1)

HaO01: Every Indo-Pacific site plus Bahamas (110)

Ha25: Marianas, W. Australia, Bahamas (4)
63/0.93 I—Ha\23 Seychelles (1)

Hal3: Marianas, Hawaii, Seychelles (5)
—I ﬁHalﬁ: Hawaii (1)
Hal5: Seychelles (1)

0.82 I—Hal4: Hawail (8)

Hal2: Chagos Archipelago, Seychelles (2) —

— S. pinguis (A# AB264356)
4'@'1 S. iburiensis (A# AB264361)
S. obtusata (A# AB264338)

S. barracuda

— Indian
— Indo-Pacific and West Atlantic

Indo-Pacific

— East Atlantic

Indo-Pacific

West Atlantic

— Indian
— Indo-Pacific and West Atlantic

Indo-Pacific

— East Atlantic

Indo-Pacific

West Atlantic

Fig. 4 a Molecular phylogeny of cytochrome b sequences for all
Sphyraenid species for which sequences were available, constructed
using Bayesian inference in MrBayes. Harmonic mean likelihood =
—5,457.09. Numbers before slash denote bootstrap values from 10,000
replicates derived from a neighbor-joining tree with similar topography;

numbers after slash denote Pp values. Numbers in parentheses indicate
sample size for each haplotype. A# refers to GenBank Accession number.
b Detail of molecular phylogeny containing only sequences from
Sphyaena barracuda (GenBank accession #JQ088688-JQ088717). Boot-
strap and Pp values <50/0.50 are not shown
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Indo-Pacific (IP) fishes, and as an unsupported internal
node, all fishes from the East Atlantic (which comprised a
single haplotype with N = 23). The IP lineage was sepa-
rated from the West Atlantic clade by 1.1-1.9% sequence
divergence and from the East Atlantic node by 0.6%
(uncorrected distances generated in Paup*; Jukes-Cantor
and Kimura 2-parameter returned similar results). Since ten
individuals from the Caribbean contained an IP haplotype,
collecting records and specimens came under additional
scrutiny, and DNA from these specimens was re-isolated
and re-sequenced, with an identical result. It should be
noted that the specimens from Bimini, Bahamas were
locally field-caught, so this discrepancy cannot be
explained by collection from fish markets.

Pairwise ®gt (Table 2) for the nine sampling locations
with N > 5 showed significant structure between the IP and
either coast of the Atlantic Ocean. The East Atlantic
(Cameroon) was significantly differentiated from every
other site, both in the IP and the West Atlantic (Ogt =
0.705-1.000, P < 0.001). The three sampling locations in
the West Atlantic were all significantly differentiated from
every site in the IP (®gr = 0.498-0.968, P < 0.001).
Within the IP, little pairwise structure was found between
locations with the exception of the eastern and western ends
of the range. The Seychelles showed low but significant
divergences from three other IP locations (West Australia,
Mariana Islands, and Hawaii; (gt = 0.046-0.234), and
Hawaii showed stronger significant divergences from the
same locations (Seychelles, West Australia, and Mariana
Islands; (@st = 0.093-0.207). None of the other IP sites
showed significant differentiation. Direct sequencing
showed two fixed mutational differences separating the East
Atlantic from all other sampling sites, while five fixed
mutations differentiate the West Atlantic haplotypes from
both the IP and East Atlantic.

Analysis of Molecular Variance (AMOVA) was per-
formed both within and between the four major groupings

revealed by pairwise @gt: (1) Hawaii; (2) the rest of the IP
(Mariana Islands, Society Islands, Marshall Islands, East
Australia, West Australia, Maldives, Chagos Archipelago,
and the Seychelles); (3) West Atlantic (Bahamas, Panama,
and the U.S.Virgin Islands); and (4) East Atlantic (Cam-
eroon). Initial AMOVA groupings that separated out the
Seychelles from the rest of the IP were found to be non-
significant. Overall, structure across the global range of
S. barracuda was statistically significant (global ®gt =
0.709, P < 0.001). The nine IP sampling locations showed
low but significant structure when grouped together (within
group ®gc = 0.080, P = 0.011), though indications of
structure disappeared when Hawaii was removed (within
group ®gc = 0.039, P = 0.165). AMOVA and pairwise
tests for differentiation both reveal S. barracuda to be well
connected across the IP, the only exceptions being Hawaii
in the Central Pacific and (marginally) the Seychelles in the
West Indian Ocean (Table 2). There was no evidence of
differentiation among the three West Atlantic/Caribbean
sampling locations, though together these were found to be
significantly different from the IP (W. Atlantic vs. IP,
between group @gr = 0.793, P < 0.001;) and East Atlantic
(between group Pgr = 0.759, P < 0.001). Similarly, the
East Atlantic was differentiated from both the West
Atlantic and IP (®gt = 0.800, P < 0.001). Overall, AMOVA
indicated that 74.6% of the variance was partitioned among
groups (Oct = 0.746, P > 0.001) and 25.4% within groups
(Psc = 0.254, P > 0.001).

The same haplotype was observed in all 23 fish collected
from the East Atlantic, precluding tests for demographic
expansion and indicating a likely genetic bottleneck. Tests
for demographic expansion were run on the remaining
three populations delineated in the AMOVA (Table 3) with
no significant deviation between simulated and observed
mismatch distributions, suggesting recent population
expansion at all three locations. Fg and D were, however,
significantly negative in the IP only. Mismatch analyses

Table 2 Table of pairwise ®st comparisons between sampling locations with N > 5

PA VI BA CM HI MA EA SY WA

PA 0 0.069 0.072 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
VI 0.150 0 0.100 <0.001 <0.001 <0.001 0.002 <0.001 <0.001
BA 0.063 0.075 0 <0.001 <0.001 <0.001 <0.001 <0.001 <0.001
CM 0.959 0.983 0.705 0 <0.001 <0.001 <0.001 <0.001 <0.001
HI 0.888 0.893 0.686 0.826 0 0.001 0.074 <0.001 <0.001
MA 0.853 0.849 0.625 0.789 0.093 0 0.730 0.014 0.289
EA 0.883 0.876 0.580 0.918 0.110 —0.045 0 0.080 0.348
SY 0.935 0.945 0.734 0.910 0.122 0.046 0.099 0 0.003
WA 0.850 0.837 0.561 0.824 0.207 0.009 —0.019 0.234 0

Observed Ogt values are shown on the bottom, and P values are on the top. PA Panama, VI U.S. Virgin Islands, and BA Bahamas, CM Cameroon
(East Atlantic), HI Hawaii, MA Mariana Islands, EA East Australia, SY Seychelles, WA West Australia
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Table 3 Estimates of historical demography including theta-pi (0,), current estimated effective population size (N,), mismatch analyses (sum of
squared deviations, SSD), tau (1), time since last bottleneck (age in years), and tests for population expansion (Fu’s F and Tajima’s D)

AMOVA groupings 0, Ne SSD T Age Fg D
Indo-Pacific (without Hawaii) 1.027 3,712-9,277 0.018 2.75 87,440-218,601 —18.576* —2.216*
Hawaii alone 1.178 4,257-10,641 0.003 1.69 31,797-134,340 —0.713 —0.395
West Atlantic 3.054 11,037-27,588 0.048 1.72 54,690-136,725 1.887 —0.195

* statistically significant (P < 0.05)

indicate the age of the most recent population expansion to
be on the order of 87,000-219,000 years in the IP and
roughly half that in Hawaii (32,000-130,000 years) and the
W. Atlantic (55,000-137,000 years).

Discussion

Phylogeographic analyses across the nearly circumglobal
range of Sphyraena barracuda revealed four distinct pop-
ulations that align with major marine biogeographic
provinces (Briggs 1974b): (1) the Hawaiian Islands; (2)
Indo-Pacific (IP, Society Islands to the Seychelles); (3) the
West Atlantic/Caribbean (Bahamas, Panama, and the U.S.
Virgin Islands); and (4) the East Atlantic (Cameroon).
Parsimony and mismatch analyses indicate that the IP hosts
the oldest population, invoking an IP origin for contem-
porary S. barracuda populations with subsequent dispersal
eastward into the Central Pacific and westward into the
Atlantic.

The longitudinal distribution of S. barracuda traverses
more than 4/5th of the Earth’s surface and includes such
diverse habitats as estuaries, archipelagos, continental
shelves, and pelagic blue-water environments. Within this
range, there are several natural biogeographic barriers that
can inhibit connectivity (Fig. 2). Over evolutionary time,
these barriers have yielded a complex phylogeographic
landscape (Rocha et al. 2007). Concordant measures of
genetic distance in S. barracuda show both high connec-
tivity across thousands of kilometers as well as strong
population breaks between some biographic provinces.
Phylogeographic patterns indicate that, while well-defined
biogeographic barriers clearly present an obstacle to dis-
persal in S. barracuda, some barriers are more permeable
than others.

The most prominent obstacles to gene flow in S. barra-
cuda appear to be the East Pacific Barrier and the Mid-
Atlantic Barrier, both large stretches of open water that
obstruct gene flow in many marine species (Briggs 1974b).
The East Pacific Barrier (EPB), a 4000 km stretch of open
ocean separating the islands of the central Pacific (including
Hawaii and French Polynesia) from the Tropical East
Pacific, represents a substantial barrier to many reef fishes,

including S. barracuda (Briggs 1974a; Briggs 1974b).
Conversely, the Mid-Atlantic Barrier (MAB), which entails
the 3,000 km stretch of open ocean separating East and
West Atlantic (Briggs 1974b; Rocha et al. 2007), is
apparently more of a filter than an absolute barrier to
S. barracuda dispersal, because individuals carrying IP
haplotypes clearly had to cross the Atlantic recently to
account for the haplotype distribution in the Caribbean.
However, given the paucity of S. barracuda on the
Mid-Atlantic Ridge Islands (Edwards 1980) and the reci-
procal monophyly of East and West Atlantic popula-
tions (®st = 0.759, P < 0.001), this barrier is clearly
substantial. Bowen et al. (2006a) note that 8 of 15 trans-
Atlantic comparisons of reef fishes reveal cryptic evolu-
tionary (and possibly taxonomic) separations. The influence
of distance on gene flow in S. barracuda can also be seen in
comparisons between Hawaii and other locations within the
IP, with both pairwise comparisons and AMOVA clearly
revealing isolation of Hawaiian S. barracuda (between
group Ogt = 0.115, P = 0.011). Though some haplotypes
are shared across the IP (including Hawaii), the TCS net-
work and Bayesian tree show two types (ha07 and hal4)
that are private to Hawaii, further indicating limited gene
flow between these regions.

With the exception of Hawaii, IP sampling locations are
well connected across the 16,500 km of islands and open
ocean from the Society Islands in French Polynesia to the
Seychelles in the Indian Ocean, a pattern matched by few
other reef fishes (Horne et al. 2008; Reece et al. 2010a;
Eble et al. 2011a). In particular, this region encompasses
the Indo-Polynesian Province, a biogeographic region that
spans half the planet, from French Polynesia to the central
Indian Ocean (Briggs 1974b; Briggs and Bowen 2012). As
noted by Schultz et al. (2008), most of this vast province
can be traversed without crossing more than 800 km of
open water. Hence, the open ocean distance barriers that
are so effective elsewhere in the range of S. barracuda are
absent here. The isolation of Hawaii is well established in
both biogeography and phylogeography (Randall 1998;
Randall 2007; DiBattista et al. 2011).

The Indo-Pacific Barrier (IPB, Fig. 2), the shallow
continental shelf between the Pacific and Indian Oceans, is
a substantial obstacle to gene flow in both tropical

@ Springer



982

Mar Biol (2012) 159:975-985

invertebrates and fishes (Barber et al. 2006; Gaither et al.
2010, 2011). At glacial maxima, the IPB is exposed and
forms a nearly impenetrable land bridge between Pacific
and Indian Oceans (Briggs 1974b). Gaither et al. (2010)
noted that repeated cycles of shoaling and submersion of
the IPB has resulted in strong population-level or evolu-
tionary separations in the majority of reef fishes that
straddle this region. Though regarded as an obligate reef
species, S. barracuda shows no genetic structure across the
IPB, a trait it shares with numerous pelagic teleosts and
elasmobranchs (Chow and Ushiama 1995; Reeb et al.
2000; Keeney and Heist 2006; Castro et al. 2007; Theisen
et al. 2008).

The Benguela Barrier (BB), the cold-water upwelling of
the Benguela Current in southern Africa, appears to be
intermittently permeable to S. barracuda dispersal. This
barrier closed off a warm water connection between the
Indian and Atlantic Oceans about 2.5 million years ago
(Shannon 1985). However, the warm water corridor
resumes at the end of each glacial epoch, allowing tropical
faunal colonization from the Indian to Atlantic Ocean
(Peeters et al. 2004; Rocha et al. 2005; Bowen et al.
2006b), and rarely in the reverse direction (Bourjea et al.
2007). The fact that East and West Atlantic populations
originated independently from the IP, with close connec-
tions to specifically Indian Ocean haplotypes and no
intervening gene flow across the Atlantic, supports the
Agulhas current via the Benguela corridor as the most
likely mechanism for dispersal of Great Barracuda into the
Atlantic Ocean. Although colonization between the East
Pacific and Atlantic prior to shoaling of the Isthmus of
Panama has been demonstrated in some reef species
(Bowen et al. 2001; Muss et al. 2001; Lessios 2008;
Schultz et al. 2008), it is an unlikely explanation for
S. barracuda given the shallow IP-Atlantic divergences
(<1 MY) and lack of an East Pacific population.

Though precise colonization time cannot be pinpointed,
rough estimates based on percent sequence divergence and
coalescence analysis between Atlantic and IP clades are
contemporaneous with the period of Pleistocene cessations
(2,588,000-11,700 years before present) of the cold-water
Benguela upwelling. We hypothesize that an early
Benguelan cessation allowed warm water from the Indian
Ocean to carry S. barracuda adults, juveniles, or larvae first
to the West Atlantic coast of South America via the
Southern Equatorial Current, with subsequent northward
dispersal to the Caribbean (though we were unable to
acquire tissue samples from Brazil, a genetic survey of
Brazilian S. barracuda would be informative on this point).
A subsequent cessation event allowed dispersal along the
West African coast to the Gulf of Guinea, though elapsed
time has not been enough for the magnitude of molecular
evolutionary separation observed in the West Atlantic. The
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contemporary presence of IP haplotypes in the Caribbean is
likely a remnant of the last Pleistocene glaciation.

Given the responses of S. barracuda to these biogeo-
graphic barriers, does the genetic architecture of this spe-
cies resemble that of reef fishes or pelagic fishes? While the
genetic cohesion across the Indo-Polynesian Province is a
common pattern in reef fishes, most aspects of barracuda
phylogeography more closely resemble that of the tunas,
billfishes, and pelagic sharks. Particularly telling is the
relationship between Atlantic and IP barracuda popula-
tions. When reef fishes colonize the Atlantic, the observed
pattern indicates a single colonization event from the
Indian Ocean to the West Atlantic, followed by range
expansion and diversification (Rocha et al. 2005; Bowen
et al. 2006a). In contrast, the pelagic wanderers often show
evidence of multiple independent colonizations from
Indian to Atlantic Ocean, as indicated by two or more
divergent mtDNA lineages, with one confined to the
Atlantic and others widespread in the IP but also detected
in the Atlantic. This is usually interpreted as evidence for
long-term isolation of tropical Atlantic and IP faunas,
followed by an influx of IP individuals into Atlantic pop-
ulations, a conclusion that applies to many highly vagile
marine taxa such as swordfish (Xiphias gladius; Alvarado
Bremer et al. 1996), blue marlin (Makaira spp.; Graves and
McDowell 1995), sailfish (Istiophorus spp.; Graves and
McDowell 1995; Graves and McDowell 2003), bluefin tuna
(Thunnus thynnus; Alvarado Bremer et al. 2005), bigeye
tuna (Thunnus obesus; Durand et al. 2005), the white/
striped marlin complex (Tetrapturus spp.; Graves and
McDowell 2003), several sea turtles (Bowen and Karl
2007), scalloped hammerhead sharks (Sphyrna lewini;
Daly-Engel et al. 2012), and the short-finned pilot whale
(Globicephala macrorhynchus; Oremus et al. 2009).

How does intermittent dispersal between the Indian and
Atlantic oceans influence decisions about evolutionary
partitions and the taxonomy of S. barracuda? Most of the
West Atlantic/Caribbean population is differentiated from
the rest of S. barracuda by cytochrome b sequence diver-
gences of d = 1.1-1.9%, well within the range of sister
species in other fish genera (Johns and Avise 1998) but far
below the mtDNA differentiation that separates S. barra-
cuda from available congeners (Fig. 4). Based on mor-
phology, no definitive case exists for taxonomic
distinction, but de Sylva (1963, p. 28) wrote “Although
measurements for large fish are too scarce to draw any
critical conclusions, the preanal and snout lengths seem to
present real differences which are far removed from the
regression slope.” We therefore recognize the possibility
that IP and West Atlantic populations may merit taxonomic
revision, perhaps at the subspecific level. However, the
Caribbean individuals with IP haplotypes invoke the pos-
sibility that interbreeding may dissolve any taxonomic/
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evolutionary differences that now exist. Further investiga-
tions with nuclear loci and morphology are necessary to
determine whether or not West Atlantic and IP barracuda
are interbreeding and whether these two populations are
distinct evolutionary entities. Testing with nuclear markers
would also be beneficial for illuminating any potential sex
bias in the dispersal of adult S. barracuda and to help
clarify contemporary dispersal events.

In the interim, the pelagic fishes as well as the sea tur-
tles, shark, and marine mammal cited above are instructive.
In three cases, blue marlin (Makaira spp.), sailfish (Istio-
phorus spp.), and white/striped marlin (Tetrapturus spp.),
the Atlantic and IP populations were described as separate
species (Graves and McDowell 1995; Graves and McDo-
well 2003), but they share identical or closely related
mtDNA haplotypes (but see Nakamura 1985; Collette et al.
2006). Graves and McDowell (1995) conclude, on the basis
of these genetic results and broad overlap in morphological
and meristic characters, that the species-level distinctions
between ocean basins should be eliminated. Likewise, the
loggerhead sea turtle (Caretta caretta) previously was
assigned to IP and Atlantic species or subspecies, but these
designations were discarded after morphological and
mtDNA comparisons (Hughes 1974; Bowen et al. 1994).
We conclude that despite deep evolutionary breaks, the
Great Barracuda has shown sufficient dispersal ability to
maintain genetic and evolutionary cohesiveness across a
global range. Like the pelagic billfish and tunas and unlike
reef fishes, this species has demonstrated a dispersal
potential that may inhibit or retard regional isolation over
evolutionary timescales.
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