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and nucleotide diversities were relatively large (0.93 ± 0.01 
and 0.61 ± 0.32 %, respectively). Nucleotide diversity in 
Indo-Pacific sharks, however, was significantly lower and 
about half that in Atlantic sharks. Strong phylogeographic 
partitioning occurred between ocean basins. Furthermore, 
shallow but significant pairwise statistical differentiation 
occurred among most regional samples within the Indo-
Pacific, but not the western Atlantic. Overall, at least five 
mitochondrial DNA populations of silky sharks were iden-
tified globally. Despite historically large population sizes, 
silky sharks appear to be isolated on relatively small spatial 
scales, at least in the Indo-Pacific, indicating that conserva-
tion and management efforts will need to be exerted at rela-
tively small scales in a pelagic and highly vagile species.

Introduction

Widely distributed marine species are often composed 
of geographically localized, genetically differentiated 

Abstract Globally, sharks are under enormous pressure 
from fishing efforts. One such species is the silky shark, 
Carcharhinus falciformis, which occurs in all the Earth’s 
tropical oceans and is captured in large numbers in pelagic 
fisheries. Regionally, the silky shark is listed as Vulnerable 
to Near Threatened by the International Union for the Con-
servation of Nature due to high levels of direct and bycatch 
exploitation. Despite major conservation concerns about this 
species, little is known about its genetic status and level of 
demographic or evolutionary connectivity among its regional 
distributions. We report a genetic assessment of silky sharks 
sampled across a major portion of the species’ global range. 
We sequenced the complete mitochondrial DNA control 
region from 276 individuals taken from the western Atlantic 
and Indo-Pacific Oceans and the Red Sea. Overall, haplotype 
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populations despite presumed high levels of vagility (e.g., 
dolphins, Andrews et al. 2010; lobster, Chow et al. 2011; 
yellow tang, Eble et al. 2011; fiddler crab, Aoki and Wada 
2013). These distinct regional populations commonly are 
delineated by known dispersal barriers such as the East 
Pacific Barrier, the Isthmus of Panama (but see Marko 
2002) and the southern tip of Africa and South America 
(Briggs and Bowen 2012). Within these regions, however, 
populations are generally fairly well connected, commonly 
thought to be a consequence of highly dispersive plank-
tonic larval phases often influenced by oceanic current pat-
terns. Unlike most widely distributed marine fish and inver-
tebrate species, however, sharks do not possess planktonic 
life stages and their dispersal (which can lead to genetic 
connectivity) therefore occurs only by active movements 
of juveniles and adults. Despite this apparent limitation 
for long-distance dispersal via ocean currents, sharks often 
display widespread distributions, with many large species 
occurring globally.

Many shark species are heavily overfished regionally 
(Ferretti et al. 2008; Camhi et al. 2009; Ward-Paige et al. 
2010; Pérez-Jiménez 2014). As sharks tend to be slow 
growing and late to mature, overfishing can profoundly, 
negatively impact population persistence. When globally 
distributed species actually are comprised of local, isolated 
breeding groups, overfishing can lead to regional extirpa-
tion. Information on connectivity among breeding groups 
within shark species over their geographic range, therefore, 
is essential to inform management and conservation efforts, 
including tracking of the fin trade (Chapman et al. 2009; 
Shivji 2010).

Assaying the degree of population subdivision in sharks 
is often done by determining the levels and geographical 
distribution patterns of DNA variation. Most of the studies 
conducted thus far have detected a wide range of popula-
tion genetic differentiation, ranging from little subdivision 
globally to highly structured populations even within an 
ocean basin. Commonly, these studies reveal that popula-
tion structure in sharks broadly corresponds to the type of 
habitat favored by individual species. For example, sharks 
occupying mainly open-ocean habitats (i.e., beyond the 
continental shelf; pelagic) have thus far displayed either 
no differentiation (basking shark, Hoelzel et al. 2006) or 
population fragmentation detectable only over inter-ocean 
basin scales (shortfin mako shark, Schrey and Heist 2003; 
whale shark, Castro et al. 2007; Schmidt et al. 2009). In 
contrast, sharks with preferences for mostly coastal habitats 
or only occasionally found in pelagic waters, tend to show 
population structuring on much smaller, albeit variable, 
geographic scales (e.g., blacktip shark, Keeney et al. 2005; 
Keeney and Heist 2006; scalloped hammerhead shark, 
Duncan et al. 2006; Chapman et al. 2009; Nance et al. 
2011; lemon sharks, Schultz et al. 2008; gray nurse shark, 

Ahonen et al. 2009; sandbar shark, Portnoy et al. 2010; 
bull shark, Karl et al. 2011; Atlantic nurse shark, Karl et al. 
2012a; spinner shark, Geraghty et al. 2013; dusky shark, 
Geraghty et al. 2014; spot-tail shark, Giles et al. 2014). 
Complicating the a priori inference of shark population 
structure based on species habitat type, however, is the 
broad spectrum of habitat use, life histories and movement 
patterns displayed by even closely related species. Given 
the variable scale of population relationships detected in 
the published studies, it is clear that deriving a general pic-
ture of evolutionary dispersal history to explain the current 
widespread distribution of many large sharks will require 
assessing phylogeographic structure in more species (Giles 
et al. 2014). It is also likely that the detailed population 
structure information required for properly managing com-
mercially exploited sharks will require assessment by indi-
vidual species of interest.

The silky shark, Carcharhinus falciformis, is a circum-
globally distributed, tropical and subtropical species. It is 
essentially pelagic in habitat, with adults and older juve-
niles found in deep waters just off continental and insular 
shelves but also commonly in open-ocean waters (Bonfil 
2008; Bonfil et al. 2009). In contrast, silky shark new-
borns and early juveniles, at least in the western Atlan-
tic, are found in deeper waters on the continental shelf, 
suggesting geographically localized nursery grounds 
(Yokota and Lessa 2006; Bonfil 2008). To date, there is no 
evidence of female philopatry in silky sharks to nursery 
grounds.

As widely distributed, large-bodied sharks that utilize 
deep shelf and open-ocean habitats, it is thought that silky 
sharks are capable of long-distance movements. Indeed, 
two individuals have been documented to disperse long dis-
tances, with one traveling 1339 km along the western North 
Atlantic (Kohler and Turner 2001) and the other ~2200 km 
in the eastern Pacific (EP) (MigraMar 2011). The majority 
of the tagging data available for silky sharks, however, indi-
cate far shorter displacement distances (Kohler et al. 1998; 
Clarke et al. 2011).

The wide distribution and habitat preference of silky 
sharks exposes them to strong direct and bycatch fisheries 
pressure in international pelagic fisheries (Beerkircher et al. 
2004; Watson et al. 2008). Their fins constitute a major 
portion of the global fin trade (Clarke et al. 2006). Silky 
sharks are listed by the International Union for the Conser-
vation of Nature (IUCN) as Vulnerable in the eastern cen-
tral and southeast Pacific, northwest and west central Atlan-
tic, and Near Threatened in the southwest Atlantic, Indian 
and western central Pacific oceans (Bonfil et al. 2009). 
Furthermore, this species’ high vulnerability in ecological 
risk assessment studies has led the ICCAT (International 
Commission for the Conservation of Tuna) to mandate that 
silky sharks captured in the Atlantic by ICCAT contracting 
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nation fisheries be released whether dead or alive and that 
silky shark body parts not be retained or transshipped 
(ICCAT 2011).

Despite their highly exploited status and related popu-
lation viability concerns, there is still little information on 
genetic diversity and population structure of silky sharks 
to guide management and conservation of this gener-
ally poorly understood species (Bonfil 2008; Watson et al. 
2008). A recent study (Galván-Tirado et al. 2013) of silky 
sharks in the Pacific Ocean based on assessing a 732-base-
pair (bp) portion of the mitochondrial DNA (mt DNA) con-
trol region revealed a low level of population subdivision at 
fairly large geographic scales (i.e., eastern versus western 
Pacific locations). However, tempering these conclusions is 
that although the latter study included robust sample sizes 
from the eastern Pacific (EP), there were only two sample 
sites, both possessing limited sample sizes, assessed from 
the western Pacific. Our study reports the first genetic 
assessment of mitochondrial population structure and phy-
logeography of the silky shark from across major parts 
of its global range. Although our inferences are based on 
mitochondrial DNA sequences only, this single marker 
continues to provide a robust and informative first approach 
for phylogeographic studies in species of conservation con-
cern (Bowen et al. 2014).

Materials and methods

Samples and DNA sequencing

Silky shark fin clips or occasionally muscle sections were 
obtained from 276 animals caught in artisanal or commer-
cial fisheries from six, globally distributed regions (i.e., 
from local markets or directly from fishing vessels operat-
ing in these regions) (Fig. 1) and stored in 95 % ethanol. 
Genomic DNA was extracted from ~25 mg of tissue using 
the QIAGEN DNeasy kit (QIAGEN Inc, Valencia, CA, 

USA). Polymerase chain reaction (PCR) amplification of 
the entire mitochondrial control region (mtCR) was per-
formed using external primers CR-F6 (5′-AAGCGTCGAC-
CTTGTAAGTC-3′) and DAS-R2 (5′-GCTGAAACTTG-
CATGTGTAA-3′) that we designed based on conserved 
flanking regions from elasmobranch mitochondrial DNA 
sequences in GenBank. A species-specific, internal forward 
primer CRint455-F (5′-ACGGTTTGTGGTACATTAC-3′) 
was designed to sequence through the entire mtCR. The 
three primers yielded single-stranded coverage of ~60 % 
and double-stranded coverage of ~40 % of the ~1069 bp 
mtDNA control region. PCR amplifications (50 μl total 
volume) consisted of 50 µM of each dNTP, 10 pmol of each 
primer, 10–25 ng of extracted DNA, 1X PCR buffer and 1 
unit of HotStar Taq Plus DNA polymerase (QIAGEN Inc, 
Valencia, CA, USA). The PCR cycling profile consisted of 
15 min (min) at 95 °C, followed by 35 cycles at 94 °C for 
1 min, 50 °C for 1 min, 72 °C for 2 min and a final 5-min 
extension at 72 °C. Amplification specificity and efficiency 
were determined via visualization on a 1.2 % ethidium 
bromide-stained agarose gel, and amplicons were purified 
using the QIAquick PCR purification kit (QIAGEN Inc, 
Valencia, CA, USA) following the manufacturer’s protocol. 
Cycle sequencing was performed using the Applied Bio-
systems BigDye Terminator v3.1 kit (Life Technologies, 
Carlsbad, CA, USA), following manufacturer’s instruc-
tions. Resulting products were sequenced on an Applied 
Biosystems 3130 Genetic Analyzer and bases called using 
Applied Biosystems Sequencing Analysis Software version 
5.2.

Sequence and genealogical analyses

Sequences were aligned using geneious pro v. 3.5.6 software 
(Biomatters Ltd, Auckland, NZ) and edited manually. Owing 
to high sequence quality and minimal base ambiguity, the 
single-stranded portions of the mtCR were checked by man-
ual examination of each electropherogram and the few base 

Fig. 1  Global collection sites 
(triangle) for silky sharks (C. 
falciformis) and sample sizes 
analyzed. Sample regional 
group abbreviations as in 
Table 1. Square symbol shows 
sample sites for EP mitochon-
drial sequences obtained from 
Galván-Tirado et al. (2013)

Author's personal copy



 Mar Biol

1 3

uncertainties seen were resolved by re-amplification and re-
sequencing. The number of mtCR haplotypes was identified 
using FaBox 1.41 (Villesen 2007). Relationships between 
the haplotypes and concordance with geographic sampling 
locations were assessed by constructing an unrooted statisti-
cal parsimony network at the 95 % confidence interval crite-
rion using the software tcs v. 1.13 (Clement et al. 2000), and 
a median-joining (MJ) network (Bandelt et al. 1999) using 
the program PopART (http://popart.otago.ac.nz).

Genetic diversity and population structure

Haplotype (h) and nucleotide (π) diversities, and the num-
ber of polymorphic sites (S) were calculated using arlequin 
3.1 (Excoffier et al. 2005). An analysis of molecular variance 
(AMOVA; arlequin 3.1) was performed to estimate the over-
all extent of genetic subdivision. The extent of genetic differ-
entiation among sharks from the different sampling regions 
(regional groups) was assessed using two statistical meth-
ods that rely on different approaches to obtain a compara-
tive view: (1) pairwise estimates of ΦST using arlequin 3.1 
(Excoffier et al. 2005) with significance determined by 10,000 
data permutations and (2) Hudson’s (2000) nearest-neighbor 
statistic (SNN), a measure of how often the nearest neighbors 
in sequence space are from the same locality in geographic 
space. The SNN test estimates genetic differentiation among 
regional groups based on the number of sequence differences 
between haplotypes, and not just haplotype frequencies, and 
can be more powerful when the haplotype diversity is high 
(Hudson 2000). The SNN statistic was calculated in dnasp v5 
(Librado and Rozas 2009), and significance was estimated by 
1000 data permutations. Significance values were adjusted 
using the false discovery rate (FDR) method to accommodate 
multiple comparisons (Benjamini and Hochberg 1995).

Because our silky shark samples did not extend to the EP, 
and to obtain a broader geographic perspective on population 
structure for this species, we also reanalyzed all our shark 
samples by including all the mtCR sequences obtained by 
Galván-Tirado et al. (2013) from the EP (N = 242; Region 
code EPO, Table 1 in their paper). To use their sequences, 
we trimmed our full-length mtCR sequences to match the 
sequence length from their study. Variation in sequence 
length (732 bp in Galván-Tirado et al. (2013) vs. 734 bp in 
our study) was due to the presence of indels once the data-
sets were combined. All statistical analyses conducted on 
this combined, trimmed dataset were as described above.

Results

The full-length mtCR fragment in the 276 analyzed silky 
sharks was 1063–1069 base pairs, with a GC content of 
33.65 %. The sequences resolved 62 total haplotypes defined 

by 34 polymorphic sites (GenBank accession numbers 
KM267565–KM267626). The frequency of each haplotype 
in the various regional groups is shown in Supplementary 
Material Table S1. Fifty-three percent of the haplotypes were 
singletons. Global haplotype and nucleotide diversity were 
relatively high (h = 0.93 ± 0.01; π = 0.61 ± 0.32 %). The 
average haplotype and nucleotide diversity across samples 
was computed to compare these metrics to those determined 
from 15 other shark species for the mtCR (Karl et al. 2011; 
Whitney et al. 2012). The average silky shark haplotype and 
nucleotide diversities were 0.86 ± 0.04 and 0.28 ± 0.16 %, 
respectively. Although nearly equal numbers of haplotypes 
were observed in the western Atlantic and Indo-Pacific, 
the nucleotide diversities were significantly lower for silky 
sharks from the Indo-Pacific (Table 1; two-tailed t test, 
P = 0.003 with logit-transformed data).

Population structure

Full‑length mtCR dataset (without EP samples)

Globally, silky sharks were found (AMOVA) to be mark-
edly structured with a highly significant overall ΦST (0.49, 
P < 0.001). Pairwise comparisons among silky shark regional 
groups (ΦST; Table 2) showed strong genetic differentiation 
between the western Atlantic and Indo-Pacific sites. Within 
the Indo-Pacific, the regional groups were statistically dif-
ferentiated, with the exception of samples from the Line 
Islands and Red Sea. None of the three sites in the Atlantic, 
however, were statistically significantly different (P > 0.05). 
Hudson’s nearest-neighbor analysis (SNN) mirrored the ΦST 
analysis, demonstrating largely strong genetic differentiation 
among Indo-Pacific regional groups and genetic homogene-
ity among western Atlantic collections (Table 3).

Table 1  Sample regional groups (abbreviation in parentheses), num-
ber of samples (N), number of haplotypes (NH), number of polymor-
phic sites (S), haplotype diversity and standard deviation (h ± SD), 
and nucleotide diversity and standard deviation (π ± SD) for the silky 
shark (C. falciformis) full-length mitochondrial DNA control region

Region N NH S h ± SD π ± SD (%)

Regional groups

Red Sea (RS) 71 21 19 0.81 ± 0.04 0.23 ± 0.14

Andaman Sea (AS) 50 16 15 0.90 ± 0.02 0.20 ± 0.12

Line Islands (LI) 31 13 12 0.79 ± 0.07 0.16 ± 0.11

Brazil (BR) 39 17 20 0.90 ± 0.03 0.45 ± 0.25

Gulf of Mexico (GM) 42 21 22 0.92 ± 0.03 0.49 ± 0.27

Northwest Atlantic (NA) 43 21 20 0.94 ± 0.02 0.58 ± 0.31

Ocean Basin

Atlantic 124 36 26 0.93 ± 0.01 0.51 ± 0.27

Indo-Pacific 152 34 24 0.86 ± 0.02 0.20 ± 0.10

All regions combined 276 62 34 0.93 ± 0.01 0.61 ± 0.32
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Trimmed length mtCR dataset (including EP samples)

Analysis of this extended geographic sequence dataset pro-
vided generally the same population differentiation results. 
The AMOVA results again demonstrated silky sharks to 
be markedly structured globally with a highly significant 
overall ΦST (0.59, P < 0.001). Within the Indo-Pacific 
and among the Indo-Pacific and Atlantic Oceans sites, the 
regional groups were strongly differentiated (Supplemen-
tary Material Table S2). There was no statistical differentia-
tion (P > 0.05) among the three Atlantic sites. The eastern 
Pacific (EP) samples were significantly differentiated from 
all other global sampling sites, except the Line Islands. 
However, in contrast to the results from full-length mtCR 
sequences, the pairwise ΦST between the Andaman Sea and 
Line Island samples was not significant.

Pairwise Hudson’s nearest-neighbor analysis (SNN) again 
mirrored ΦST analysis, including significantly differen-
tiating the EP silky sharks from all other global sampling 
locations except the Line Islands (Supplementary Material 
Table S3).

Evolutionary relationships

The statistical parsimony network derived from the full-
length mtCR silky shark haplotypes revealed two highly 
distinct lineages separated by seven mutational steps and 

strong phylogeographic patterning (Fig. 2). Within each 
lineage, most haplotypes differed from their closest haplo-
type by a single mutational step. Several individuals sam-
pled in the Atlantic had haplotypes identical or very similar 
to haplotypes from individuals sampled in the Indo-Pacific. 
The median-joining network analysis provided the same 
overall phylogeographic patterning as the statistical parsi-
mony network analysis, with two highly distinct lineages 
and clustering of some Atlantic individual haplotypes in the 
Indo-Pacific clade (not shown).

The statistical parsimony network derived from the com-
bined, trimmed mtCR silky shark dataset revealed the same 
two highly distinct lineages separated by five mutational 
steps. The nine haplotypes observed in the EP samples 
grouped exclusively with the Indo-Pacific clade (Supple-
mentary Material Fig. S1).

Discussion

Genetic diversity

This work focuses mainly, except as noted, on results from 
the full-length mitochondrial dataset since it provides more 
sequence length for assessment. Overall (global-scale) 
mtCR genetic diversity of the silky sharks was high, with 
average haplotype diversity (0.86) the third highest relative 

Table 2  Pairwise ΦST values (below diagonal) for silky shark (C. falciformis) regional groups and corresponding P values (above diagonal) 
based on full-length mitochondrial DNA control region sequences

Regional group abbreviations are as in Table 1. Bold values are significant after adjustment using the false discovery rate method (α = 0.05)

Regional group RS AS LI BR GM NA

RS – 0.001 0.275 0.001 0.001 0.001

AS 0.056 – 0.019 0.001 0.001 0.001

LI 0.004 0.041 – 0.001 0.001 0.001

BR 0.683 0.660 0.674 – 0.505 0.092

GM 0.643 0.614 0.627 −0.008 – 0.321

NA 0.559 0.520 0.532 0.031 0.001 –

Table 3  Pairwise Hudson’s nearest-neighbor statistics (SNN; below diagonal) for silky shark (C. falciformis) regional groups and corresponding 
P values (above diagonal) based on full-length mitochondrial DNA control region sequences

Regional group abbreviations are as in Table 1. Bold values are significant after adjustment using the false discovery rate method (α = 0.05)

Regional group RS AS LI BR GM NA

RS – 0.001 0.076 0.001 0.001 0.001

AS 0.660 – 0.007 0.001 0.001 0.001

LI 0.613 0.595 – 0.001 0.001 0.001

BR 0.909 0.884 0.879 – 0.835 0.447

GM 0.873 0.848 0.823 0.460 – 0.678

NA 0.824 0.770 0.739 0.498 0.474 –
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to 15 other shark species studied to date (Benavides et al. 
2011; Karl et al. 2011; Whitney et al. 2012). The only 
sharks with higher mtCR haplotype diversity (Prionace 
glauca and Rhincodon typus) are both pelagic species with 
global distributions. The silky shark average nucleotide 
diversity was seventh highest compared to values estimated 
for the other shark species. Interestingly, four of the six 
species with higher nucleotide diversities also are primar-
ily oceanic in habitat (Karl et al. 2011). The silky shark 
genetic diversity findings, therefore, are consistent with 
the conclusion of Karl et al. (2011) that, in general, pelagic 
sharks that can move long distances may have greater 
genetic diversity than near-shore species. These findings 
also are consistent with the general principle that species 

with broad ecological niches, as is expected to be the case 
with silky sharks given their global distribution and con-
tinental shelf to pelagic habitat utilization, tend to have 
higher genetic diversities than species with narrow ecologi-
cal niches (Habel and Schmitt 2012).

The finding of overall high genetic diversity in silky 
sharks is, however, inconsistent with the substantial exploi-
tation this species encounters in global pelagic fisheries 
(Clarke et al. 2006, 2012; Cortés et al. 2008; Watson et al. 
2008). In general, large population reductions could result 
in a population bottleneck and concomitant loss of genetic 
diversity (Nei et al. 1975; Beebee and Rowe 2008). Indeed, 
reductions in genetic diversity related to overexploitation 
have been documented in diverse marine fishes (Pinsky 

Fig. 2  Statistical parsimony 
network with haplotypes con-
nected at the 95 % confidence 
interval. Colors represent 
geographic sampling locations 
(regional groups) of silky sharks 
(C. falciformis). Size of each 
circle is proportional to the fre-
quency of that haplotype. Small 
solid black circles represent 
hypothetical haplotypes not 
sampled in this study. Each con-
necting line between haplotypes 
represents one mutational step

Indo-Pacific 
Lineage 

Western 
Atlantic 
Lineage 
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and Palumbi 2014). Notably, such a situation has not so 
far been observed in any elasmobranch, possibly because 
their particular life histories make them less suscepti-
ble to anthropogenic-caused genetic bottlenecks (Chap-
man et al. 2011). Another possible explanation for the 
high genetic diversity in silky sharks in the face of reduc-
tions in population sizes is that bottlenecks caused by fish-
ery exploitation have occurred relatively recently (over the 
past 40–50 years) and there has been insufficient time for 
genetic drift to reduce genetic diversity in a relatively long-
lived species (13–20 years; Sánchez-de Ita et al. 2011; Nei 
et al. 1975). Alternatively, very large, pre-industrial fishing 
population sizes for silky sharks globally may have helped 
buffer the loss of genetic diversity from high fishery exploi-
tation. Regardless, the finding of high genetic diversity 
provides tempered optimism for the mitochondrial genetic 
health of silky sharks. An assessment of nuclear genetic 
diversity, however, is prudent to provide a comprehensive 
view of the overall genetic health of this species and to test 
for sex-specific dispersal patterns.

Population structure

The semi-pelagic habit of silky sharks makes the find-
ings of substantial matrilineal population structure across 
much of this shark’s global distribution, intriguing. The 
fact that silky sharks are routinely captured in both conti-
nental shelf and open-ocean fisheries argues for the ability 
of this species to move long distances and occupy diverse 
habitats, leading to an expectation of little population struc-
ture at least within ocean basins. The absence of popula-
tion structure across the western North and South Atlantic 
is consistent with this expectation. We were unable to gain 
access to silky shark samples from the eastern Atlantic, 
leaving a conspicuous gap in obtaining a holistic view of 
matrilineal population structure in the Atlantic. However, 
the few shark phylogeography studies that have include 
samples from the eastern Atlantic (scalloped hammerhead 
sharks, Duncan et al. 2006; blacktip sharks, Keeney and 
Heist 2006; lemon sharks, Schultz et al. 2008) have all 
indicated population subdivision across the Atlantic Ocean. 
Although these inferences were made from analyses of lim-
ited sample sizes, they leave open the distinct possibility 
that silky sharks may also be genetically structured across 
the Atlantic.

In contrast to the western Atlantic, the silky shark ΦST 
and SNN indicated shallow, statistically significant popula-
tion differentiation among most of the Indo-Pacific sites. 
The only exceptions both involve samples from the Line 
Islands, which are not statistically differentiated from the 
Red Sea and EP silky sharks. The absence of differentia-
tion between the Line Islands and Red Sea is unexpected 
due to the tremendous distance between these two sites 

(>20,000 km straight line distance) and the significant 
differentiation of both of these sites with the intervening 
Andaman Sea site. It should be noted, however, that the 
Line Islands represent the smallest sample size and lowest 
haplotype diversity (Table 1), and the absence of significant 
differences may be a statistical artifact or reflect a lack of 
power. This statistical artifact may also explain the absence 
of differentiation (based on the trimmed sequence dataset) 
between the Line Islands and EP sites which are separated 
by the East Pacific Barrier, a soft biogeographic break 
(Cowman and Bellwood 2013) for many marine species 
including the scalloped hammerhead and sicklefin lemon 
sharks (Duncan et al. 2006; Schultz et al. 2008). Although 
the possibility of long-distance matrilineal connectivity 
remains (i.e., the lack of silky shark differentiation between 
the Line Islands and Red Sea reflects the true state of 
nature), a statistical artifact/lack of statistical power is a 
more likely explanation. As a precautionary management 
view, therefore, silky sharks from all the Indo-Pacific sites 
examined should be considered differentiated from each 
other and to constitute discrete population sub-segments.

The Line Islands population was likely separated from 
the Red Sea and Andaman Sea populations during last gla-
cial maximum that exposed the Sunda Shelf approximately 
20,000 years ago (Siddall et al. 2003; Bailey 2009). The 
Red Sea also is a well-documented region with a very high, 
and likely underestimated, level of endemism (DiBattista 
et al. 2013) and likely was isolated from the Indian Ocean 
as well during the last glacial maximum because the shal-
low (~130 m) strait of the Bab al Mandab is the only con-
nection with the Indian Ocean. Our results are broadly sim-
ilar to the previous study (Galván-Tirado et al. 2013) with 
silky sharks showing population genetic differentiation, at 
least in the Pacific, over broad geographic areas. A caveat 
to our conclusions, however, is that they are based on a sin-
gle, maternally inherited locus. Even though there is popu-
lation subdivision in mtDNA, this does not mean that silky 
sharks from these locations are isolated from each other. 
If females exhibit natal site philopatry, there could still be 
substantial male-mediated gene flow among sites.

That silky sharks in the western Atlantic appear panmic-
tic is somewhat surprising. The major potential geographic 
barrier to gene flow for silky sharks in the western Atlan-
tic is the soft-barrier, freshwater outfall from the Amazon 
River separating the Caribbean and Brazilian eco-provinces 
(Rocha et al. 2005a; Briggs and Bowen 2013). Previous 
mtDNA studies of elasmobranchs in this region provide 
contrasting results. For the bull shark, Carcharhinus leucas, 
(Karl et al. 2011) and the lemon shark, Negaprion breviro‑
stris, (Feldheim et al. 2001; Schultz et al. 2008), there was 
marked subdivision between the Caribbean and Brazil in 
mtDNA, but little to none in nuclear microsatellite DNA. 
In both cases, the pattern was thought to be due to female 
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philopatry on a background of male-mediated gene flow. 
The strong separation between the Caribbean and Brazil 
was also seen in mtDNA of the blacktip shark, Carcharhi‑
nus limbatus, although no nuclear DNA data are avail-
able to differentiate male-mediated gene flow from female 
philopatry (Sodré et al. 2012). There was, however, clear 
population subdivision seen in both mtDNA and micros-
atellite loci in the sand tiger shark, also known as ragged-
tooth shark or gray nurse shark (Carcharias taurus, Ahonen 
et al. 2009). For the relatively sedentary nurse shark, 
Ginglymostoma cirratum, there was moderate subdivision 
between the northwestern Atlantic and Brazilian samples at 
microsatellite loci; however, the samples from Belize and 
coastal Brazil were not differentiated at mtDNA.

There are a variety of explanations for the lack of a clear 
pattern across these various species. The most likely expla-
nation is differences in the life histories (Karl et al. 2012b). 
Whether a species exhibits female (or male) philopatry 
will have a significant influence on the resulting population 
structuring and patterns seen in mtDNA versus nuclear loci. 
Other attributes such as habitat preference may also affect 
the pattern and degree of population subdivision. The bull 
and lemon sharks are likely capable migrating between the 
Caribbean and Brazil; however, female philopatry produces 
discordant patterns when assessing mitochondrial versus 
nuclear DNA. That the sand tiger and the nurse shark show 
population subdivision is likely because they are more 
strongly coastally associated species. The lack of popula-
tion subdivision in silky sharks in this region is probably 
due to their more pelagic existence accompanied by longer 
distance movements. Without accompanying nuclear DNA 
data (e.g., microsatellites), our inferences are necessarily 
limited. We can say, however, that the lack of population 
subdivision in the western Atlantic is consistent with the 
lack of female philopatry. If this is the common behavioral 
mode for silky sharks generally, then the population subdi-
vision seen in the Indo-Pacific Oceans would be due to true 
population isolation and not philopatry.

Evolutionary relationships and phylogeography

The statistical parsimony network identified two evolution-
arily divergent maternal lineages of silky sharks across their 
sampled global range. This finding supports a relatively 
long-term, historical separation of female silky sharks from 
the western Atlantic and Indo-Pacific. Evolutionary, mat-
rilineal separation between these two major ocean basins 
has also been observed in the congener sharks C. limbatus 
(blacktip;, Keeney and Heist 2006, Keeney et al. 2005), C. 
obscurus (dusky, Benavides et al. 2011) and C. plumbeus 
(sandbar, Portnoy et al. 2010) and the hammerhead shark 
(Sphyrna lewini, Duncan et al. 2006; Daly-Engel et al. 
2012), hinting that this type of evolutionary separation may 

be a common feature in the globally distributed, large-bod-
ied carcharhiniform sharks.

Of note is that several silky shark individuals sampled 
from the western Atlantic possessed haplotypes that were 
shared with or very closely related to individuals sampled 
in the Indo-Pacific (Fig. 2). Interestingly, clustering of 
these Atlantic animal haplotypes with the Indo-Pacific lin-
eage was entirely non-reciprocal. Further, the divergence 
between the Atlantic and Indo-Pacific groups (Fig. 2) is 
relatively large and suggests that the western Atlantic indi-
viduals with Pacific haplotypes are not likely due to incom-
plete lineage sorting. This suggests relatively recent (i.e., 
post-ocean basin divergence), unidirectional, secondary 
contact with dispersal likely from the Indian Ocean into the 
Atlantic probably around the tip of South Africa. The rea-
son for the unidirectionality is unclear, but may be related 
to the pattern of currents around the tip of South Africa. 
The cold Benguela Current flows northwards along the 
western coast of South Africa, causing upwelling, and is 
considered a barrier to Atlantic warm water species moving 
into the Indian Ocean. Countering this cold current is the 
southwestern flowing, warm Agulhas Current and together 
they define the Benguela (Atlantic Ocean) and Agulhas 
(Indian Ocean) provinces (Briggs and Bowen 2013). Eas-
ing of the Benguela Current and expansion of the Agulhas 
Current into the Atlantic has been posited to explain simi-
lar Indian to Atlantic Ocean movements of several species 
such as fish (Bowen et al. 2001, 2006; Rocha et al. 2005b; 
Reece et al. 2010), sea turtles (Roberts et al. 2004) and rays 
(Richards et al. 2009).

Conservation implications

Two findings from this study have direct conservation 
implications. The high overall mitochondrial genetic 
diversity in silky sharks suggests this species has not 
experienced a matrilineal genetic bottleneck, despite the 
heavy exploitation silky sharks encounter in pelagic fish-
eries worldwide. A related caveat, however, is the unex-
pected finding that silky sharks from the Indo-Pacific 
show lower genetic diversity, with nucleotide diversity 
about half that in the western Atlantic. An even lower 
level of mtCR genetic diversity in silky sharks from the 
Indo-Pacific (albeit mainly EP samples) was reported by 
Galván-Tirado et al. (2013), further highlighting the large 
diversity difference between ocean basins. A reason for 
this lower diversity could be much higher exploitation 
pressure on silky sharks in the Indo-Pacific. Regardless, 
this lower diversity suggests Indo-Pacific silky sharks, 
and especially populations from the central and EP, are 
at a higher risk of genetic diversity loss than western 
Atlantic sharks in the face of continued high exploitation 
pressure.
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The conservation of genetic diversity is now even more 
of a priority in the context of possibly large-scale climate 
changes and associated ocean ecosystem alterations. Our 
genetic assessment of silky sharks on a worldwide scale 
shows two clear evolutionary lineages exist between the 
western Atlantic and Indo-Pacific, indicating that manage-
ment of this species should occur on, at the very least, on 
a two mitochondrial-stock basis. The strong divergence 
between the two lineages suggests that the western Atlantic 
population will not effectively serve as a source of replen-
ishment by female immigrants should the Indo-Pacific line-
age become depleted from disproportionate overfishing. The 
low but statistically significant genetic differentiation within 
the Indo-Pacific also raises a cautionary note that connec-
tivity among these regional populations may be low enough 
to hinder effective replacement if any one of them becomes 
extirpated. We acknowledge, however, that if the lack of 
statistical differentiation seen across the vast distance sep-
arating the Red Sea and Line Islands is the true state of 
matrilineal connectivity, at least female immigration from 
other regions could potentially temper local reductions in 
population size. Within-ocean basin differentiation was also 
seen in a previous mitochondrial DNA study that recom-
mended managing silky sharks in the Pacific as two geneti-
cally differentiated stocks (Galván-Tirado et al. 2013). With 
the addition of the present data, at least five mitochondrial 
DNA populations of silky sharks can be identified glob-
ally. Further genetic studies that include more Indo-Pacific 
sampling sites and nuclear DNA markers are necessary to 
clarify the extent and magnitude of structure throughout the 
Indo-Pacific. In the interim, given widespread and growing 
concerns about their apparent declining trajectory globally, 
a precautionary strategy that treats and manages silky sharks 
from the western and EP Ocean, Indian Ocean, Red Sea and 
the western Atlantic Ocean as individual stocks (manage-
ment units) is advisable.
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