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ABSTRACT.—Despite broad spatial distributions in
the Atlantic, Pacific, and Indian oceans, relatively little
is known about spearfishes (family Istiophoridae, genus
Tetrapturus) due to their pelagic nature and relative scarcity.
The limited biological understanding of spearfishes includes
uncertain taxonomic relationships complicated by conserved
morphology, thus specific identification relies heavily on
geographic location of capture. Previous phylogenetic studies
incorporatingalimited number ofloci and few representatives
of each species have been unable to consistently resolve the
four currently recognized species comprising Tetrapturus.
In the present study, we surveyed 14 nuclear microsatellite
loci and the mitochondrial DNA control region across
relatively large numbers of samples per species to genetically
discriminate spearfish species. Molecular data resolved
roundscale spearfish (n = 89) (Tetrapturus georgii Lowe,
1841) and Mediterranean spearfish (n = 12) (Tetrapturus
belone Rafinesque, 1810) as genetically distinct groups.
Longbill spearfish (n = 79) (Tetrapturus pfluegeri Robins and
de Sylva, 1963) and shortbill spearfish (n = 29) (Tetrapturus
angustirostris Tanaka, 1915) were not consistently resolved.
A single individual collected in the western central Atlantic
Ocean off Brazil assigned to shortbill spearfish and likely
represents a vagrant. Additionally, a spearfish sampled
from the Indian Ocean off eastern South Africa was
morphologically identified as a longbill spearfish, and the
molecular profile of this specimen was consistent with the
morphological identification. Our study represents the most
extensive molecular evaluation of the spearfishes to date.
Results reported here underscore the substantial level of
genetic similarity between longbill and shortbill spearfishes,
and suggest high-resolution genomic methods may be
required to unambiguously resolve these species.
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Effective fisheries management and conservation require the ability to accurately
delineate species, as well as a thorough understanding of species’ geographic ranges.
Spearfishes are members of the family Istiophoridae (marlins, sailfish, and spear-
fishes) and comprise the genus Tetrapturus. These highly-migratory species dis-
play broad, continuous spatial distributions in temperate, sub-tropical, and tropical
waters of the Atlantic, Pacific, and Indian oceans (Nakamura 1985). Although the
spearfishes are cosmopolitan, they are the scarcest of the world’s istiophorids and
are primarily restricted to pelagic waters, resulting in a paucity of basic biological
information (Nakamura 1985, Collette et al. 2006), including limited knowledge con-
cerning the extent of the geographic range of each species. In addition, the species
status of some members of Tetrapturus has been questioned. A molecular investiga-
tion based on markers better able to resolve species separated by a low level of genetic
divergence, and inclusion of multiple exemplars per species, would advance the un-
derstanding of species comprising this genus.

Four species of Tetrapturus are currently recognized: the roundscale spearfish,
Tetrapturus georgii Lowe, 1841, longbill spearfish, Tetrapturus pfluegeri Robins and
de Sylva, 1963, Mediterranean spearfish, Tetrapturus belone Rafinesque, 1810, and
shortbill spearfish, Tetrapturus angustirostris Tanaka, 1915. These species can be
morphologically distinguished from other members of the Istiophoridae by a vent
positioned far anterior to the origin of the first anal fin (Nakamura 1985). Within
Tetrapturus, characters such as relative bill length, and dorsal and pectoral fin mor-
phology can be used to discriminate species (Nakamura 1985); however, using these
characters to identify species is challenging and, in practice, distinguishing charac-
ters are often removed when fish are processed at sea. As a result, spearfishes are gen-
erally identified based on the geographic location of capture. Specific identification is
further complicated in some areas such as the eastern North Atlantic Ocean, where
three species—T. georgii, T. pfluegeri, and T. belone—occur sympatrically (Robins
1974, Nakamura 1985).

The roundscale spearfish is distributed across the Atlantic Ocean, and ranges from
at least 37°4’N to 28°52°S in the western Atlantic Ocean (Bernard et al. 2013). The
species range in the eastern Atlantic Ocean is not well documented, but extends
from Portugal south to at least Madeira, and includes the Mediterranean Sea (Robins
1974). This species can be discriminated from other spearfishes by the height and
shape of the dorsal and anal fins, as well as a larger and deeper maximum body size
(Nakamura 1985). Although the roundscale spearfish was originally described from
a single specimen caught off the island of Madeira (Lowe 1840), the validity of this
species was only recently confirmed after over a century of confusion (Shivji et al.
2006). The uncertain species status of the roundscale spearfish largely resulted from
morphological similarities with the more commonly encountered white marlin,
Kajikia albida (Poey, 1860); however, these species can be most readily distinguished
by the more anterior vent placement characteristic of the genus Tetrapturus.

The longbill spearfish is distributed across the Atlantic Ocean from approxi-
mately 40°N to 35°S (Robins 1974, Nakamura 1985). Compared to shortbill and
Mediterranean spearfishes, longbill spearfish is primarily distinguished by a bill of
equal or greater length than that of the head, and by pectoral fins that are long and
wide (Nakamura 1985). Though a rare-event species Atlantic-wide, longbill spearfish
is more densely distributed in the western Atlantic Ocean (Nakamura 1985). The
longbill spearfish was recognized as a valid species in 1963, after it was confirmed
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that previously examined specimens from the western North Atlantic Ocean were
distinct from spearfish specimens described from the Mediterranean Sea (Robins
and de Sylva 1960, 1963).

Though limited biological information is available for the roundscale and longbill
spearfishes, even less is known about the Mediterranean and shortbill spearfishes.
The Mediterranean spearfish is regarded as spatially restricted to the Mediterranean
Sea and is reportedly most abundant off the coast of Italy (Nakamura 1985); however,
a few individuals have been reported from the Atlantic Ocean west of the Straits of
Gibraltar (Di Natale et al. 2005). The Mediterranean spearfish is morphologically
characterized by a short bill <18% of body length, and by short and narrow pecto-
ral fins (Nakamura 1985). The shortbill spearfish is the only member of Tetrapturus
reported to occur in the Pacific and Indian oceans. It is distributed throughout the
Pacific Ocean from approximately 40°N-35°S, and throughout the Indian Ocean
from approximately 20°N to 35°S—-45°S (Nakamura 1985). Though morphologically
similar to the Mediterranean spearfish, the shortbill spearfish is characterized by a
bill <15% of total body length and pectoral fins that are short and narrow (Nakamura
1985).

Understanding the taxonomic relationships and documenting the geographic
ranges of the spearfishes is complicated by species scarcity as well as morphological
and molecular similarities. Previous molecular studies based on a limited number
of loci have either been unable to resolve all members of Tetrapturus, failed to ac-
count for the range of diversity within species, or have not included all members of
the genus (Collette et al. 2006, Shivji et al. 2006, Hanner et al. 2011, Bernard et al.
2013, 2014, Santini and Sorenson 2013). The challenge of sampling large, pelagic,
rare-event species has also resulted in a lack of morphological voucher specimens
associated with samples analyzed in both morphological and molecular studies; very
few specimens are available in museum collections. In addition, the inability of pre-
vious genetic evaluations to consistently resolve the species currently comprising
Tetrapturus suggests highly variable molecular markers may be necessary for spe-
cies discrimination. Collectively, these factors have contributed to an inadequate un-
derstanding of the geographic distributions and genetic distinctiveness of currently
recognized species within the genus Tetrapturus.

In the present study, we surveyed genetic variation at 14 nuclear microsatellite loci
and at the mtDNA control region across sample collections representative of each
currently recognized Tetrapturus species. The number of individuals evaluated per
species in the present study is significantly greater than in previous studies that in-
cluded all known species of spearfishes, providing the first comparison of levels of
intra-and inter-specific diversity in Tetrapturus and enabling evaluation of whether
highly polymorphic loci are capable of discriminating spearfish species. In addition,
our inclusion of multiple sampling locations for some species facilitates an assess-
ment of the validity of the current geographic ranges of spearfishes.

METHODS AND MATERIALS

SAMPLE COLLECTION AND DNA IsoLATION.—Samples analyzed in the present
study were opportunistically collected during the period 2000-2016 and consisted of
muscle tissue from landed spearfishes or fin clips from spearfishes that were released
alive following capture. For roundscale spearfish, samples included collections from
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Table 1. Sample collections evaluated in this study. The number of individuals evaluated at the 14
microsatellite loci and/or mtDNA control region surveyed in the present study is shown.

Sample collection Microsatellites mtDNA
Roundscale spearfish (Tetrapturus georgii)

Maryland, USA 3 0

New Jersey, USA 30 10

Florida, USA 10 4

Brazil 46 2
Longbill spearfish (Tetrapturus pfluegeri)

Brazil 76 18
Shortbill spearfish (Tetrapturus angustirostris)

Hawaii, USA 22 28

Australia 7 9
Mediterranean spearfish (Tetrapturus belone)

Mediterranean Sea 12 10
Other

Richards Bay, South Africa (UNK_mLBS) 1 1

Brazil (SBS_Brazil) 1 1
Total 208 83

the western North Atlantic Ocean off New Jersey, Maryland, and Florida, USA, as
well as a collection from the western Central Atlantic off Brazil (Table 1). For longbill
spearfish, samples consisted of a collection from the western central Atlantic Ocean
off Brazil. Collections of shortbill spearfish included individuals sampled off Hawaii,
USA, and off the eastern coast of Australia. For Mediterranean spearfish, a single
collection obtained from locations throughout the Mediterranean Sea was analyzed.
In addition to the previously described sample collections, a spearfish of uncertain
species identification sampled from the Indian Ocean off Richards Bay, South Africa,
was included in cluster-based analyses aimed at species identification. The morphol-
ogy of this individual was consistent with that of a longbill spearfish and this individ-
ual is hereafter referred to as unknown morphologically identified longbill spearfish
(UNK_mLBS). All tissue samples were stored at room temperature in 95% ethanol
or a 10% dimethyl sulfoxide solution (Seutin et al. 1991) until DNA isolation. Total
genomic DNA was isolated from each sample using either Chelex 100 resin (Sigma
Aldrich; Walsh et al. 1991) or a DNeasy Blood & Tissue Kit (Qiagen).

MICROSATELLITE DATA GENERATION AND ANALYSES.—In total, 14 microsatellite
loci were surveyed across all samples in the present study (n = 208; Table 1). This in-
cluded nine previously published loci (Bernard et al. 2012) and five newly developed
loci (Online Table S1). Isolation and characterization of microsatellite loci developed
for our study were performed using samples of roundscale spearfish following meth-
odology described in McDowell et al. (2002) and Sorenson et al. (2011). All loci were
PCR amplified using a Taq PCR Core Kit (Qiagen) following the manufacturer’s pro-
tocol and forward primers modified at the 5" end with locus-specific tag sequences
and fluorescent dye labels. PCR amplification products were sized on an ABI 3130XL
Genetic Analyzer (Applied Biosystems, Inc.) and visualized using GeneMarker v2.6.0
software (SoftGenetics, LLC). Allele size calls were manually inspected for accuracy;,
and a subset of samples (15%) was genotyped twice across all loci to assess genotyp-
ing error.
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Microsatellite genotype data were evaluated for the presence of scoring errors and
null alleles using Micro-Checker v2.2 (Van Oosterhout et al. 2004). Genotype data
were also evaluated for conformance to the expectations of Hardy-Weinberg equi-
librium (HWE) and linkage equilibrium using Genepop v4.5 (Raymond and Rousset
1995). Expected heterozygosity was calculated in Genepop using Levene’s (1949)
correction for small sample sizes. Significance values were corrected for multiple
pairwise comparisons using a modified false discovery rate (Benjamini and Yekutieli
2001, Narum 2006). All Genepop analyses were performed using 100 batches and
10,000 iterations of each batch. The number of alleles observed per locus, as well as
rarefaction allelic richness and rarefaction private allelic richness, were determined
using HP-RARE (version from February 2, 2009; Kalinowski 2004, 2005); the mini-
mum observed sample size of 22 genes was used for rarefaction calculations.

To test whether species formed distinct genetic groups, clustering of the geno-
type data was evaluated using the Bayesian modeling-based algorithm implement-
ed in Structure v2.3.4 (Pritchard et al. 2000, Falush et al. 2007, Hubisz et al. 2009).
Structure simulations were performed using an admixture model of ancestry, no
location prior, and a burn-in of 100,000 followed by 1,000,000 Markov chain Monte
Carlo iterations. Scenarios with K equal to one through five were evaluated with 25
replicates of each K. Replicate simulations of each K scenario evaluated in Structure
were summarized using Clumpp v1.1.2 (Jakobsson and Rosenberg 2007) and result-
ing barplots were visualized using DISTRUCT vl.1 (Rosenberg 2004). Structure
analyses were performed with two data sets: one data set inclusive of sample col-
lections for all four currently recognized Tetrapturus species, and a second data set
with collections of roundscale spearfish excluded to improve resolution of genetic
clustering among the more shallowly differentiated species of Tetrapturus (Waples
and Gaggiotti 2006).

Multivariate analysis was used to explore diversity within and among sample col-
lections reflective of the four currently recognized species of Tetrapturus. Principal
component analysis (PCA) was performed using the R package ADEGENET v1.4-2
(Jombart 2008, Jombart et al. 2009). The scaleGen function of ADEGENET was used
to center allele frequencies and replace missing data with mean allele frequencies
for the PCA. The analysis was repeated using a data set with roundscale spearfish
excluded due to the high level of genetic divergence observed between this species
and all other species of Tetrapturus.

Genetic divergence based on the microsatellite data was assessed among all pairs
of individuals regardless of species, and between sample collections of the four
Tetrapturus species. The level of genetic divergence between all possible pairwise
comparisons of individuals was determined by calculating Goldstein’s distance (Sy)?
(Goldstein et al. 1995) and Cavalli-Sforza and Edwards’ chord distance (D _; Cavalli-
Sforza and Edwards 1967) in the program Microsatellite Analyzer v4.05 (Dieringer
and Schlotterer 2003). Resulting distance matrices were used to construct unrooted
neighbor joining trees using the R package APE v4.1 (Paradis et al. 2004) and re-
lationships were visualized in FigTree v1.4.3 (Rambaut 2009). Genetic divergence
was also evaluated among spearfish species by calculating F values in Arlequin
v3.5 (Excoffier and Lischer 2010), and D_ and (8y)* values in Microsatellite Analyzer.
While D and F, are based on the infinite alleles mutational model (Kimura and
Crow 1964), (8)* is based on the stepwise mutational model (Kimura and Ohta
1978) and may better represent the mutational dynamics of microsatellite markers
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(Goldstein et al. 1995, Takezaki and Nei 1996). Genetic divergence values were also
calculated between collections of shortbill spearfish sampled off eastern Australia
and off Hawaii to evaluate the presence of intraspecific population structure; these
analyses were also performed for collections of roundscale spearfish sampled off
Florida, Maryland, and New Jersey, USA, and off Brazil.

Deviations from mutation-drift equilibrium indicative of recent demographic ex-
pansion or contraction for each currently recognized Tetrapturus species were as-
sessed using BOTTLENECK v1.2.02 (Cornuet and Luikart 1996, Piry et al. 1999).
BOTTLENECK analyses were completed using default settings, including genera-
tion of allele frequency distributions and one- and two-tailed Wilcoxon signed rank
tests for heterozygosity deficiency or excess, except the number of iterations was
increased to 10,000. Because BOTTLENECK analyses were performed using data
generated from microsatellites, only results based on the stepwise and two-phase
mutational models were considered.

Genetic assignment tests were performed with the program GeneClass2 (Piry et
al. 2004) to determine the most likely species identification for every individual ana-
lyzed in the present study, including the unknown morphologically identified long-
bill spearfish sampled off eastern South Africa (UNK_mLBS). The probability of each
individual belonging to one of four reference populations comprised of sample col-
lections for each spearfish species was computed. GeneClass2 was also used to assess
the probability that sampled individuals were first generation migrants by computing
Bayesian likelihood ratios. Each individual’s estimated likelihood of belonging to the
species from which it was sampled was compared to the highest likelihood value over
all sampled species (L' =L_, _ /L__ ) based on multilocus microsatellite genotypes.
All GeneClass2 analyses were performed using the Bayesian computational criteria
of Rannala and Mountain (1997). Statistical significance was assessed by simulating
10,000 multilocus genotypes following Paetkau et al. (2004).

MTDNA DATA GENERATION AND ANALYSES.—An approximately 800-bp frag-
ment of the mtDNA control region was sequenced for a subset of individuals in-
clusive of each sample collection for each spearfish species (# = 83; Table 1). Due to
variable DNA quality among samples, individuals sequenced at the mtDNA control
region were not always the same individuals as those genotyped at the microsatel-
lite loci. PCR amplifications were performed using a Tag PCR Core Kit (Qiagen),
Pro-5 forward primer (Palumbi 1996), and an internal reverse primer (Graves and
McDowell 2006). Briefly, each 25 pl reaction contained 10x PCR Buffer, 200 uM of
each ANTP, 0.125 uM of each primer, 0.5 units of Taq polymerase, and 1 ul genomic
DNA. Amplifications were performed with an initial denaturation of 94 °C for 2 min
followed by 35 cycles of 94 °C for 1 min, 54 °C for 1 min, and 72 °C for 2 min, and a
final elongation step of 72 °C for 5 min. Amplification products were purified using a
QIAquick PCR Purification Kit (Qiagen) following the manufacturer’s protocol, and
quantified using a NanoDrop 2000 (Thermo Scientific). Purified PCR products were
sequenced in both directions using the Big Dye Terminator v3.1 Cycle Sequencing
Kit (Applied Biosystems, Inc.) with the original PCR amplification primers and 1/8
the recommended concentration of Big Dye. Sequence reactions were cleaned using
ethanol-sodium acetate and electrophoresed on an ABI 3130XL Genetic Analyzer
(Applied Biosystems, Inc). Base calls were analyzed using Sequencing Analysis v5.2
software (Applied Biosystems, Inc.). Forward and reverse sequences were used to
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construct consensus sequences in Sequencher v5.1 (Gene Codes Corporation).
Sequence data were aligned using the MUSCLE multiple sequence alignment algo-
rithm (Edgar 2004) implemented in MacVector v14.0.1 (MacVector, Inc.).

Summary statistics for the mtDNA control region sequence data including hap-
lotype and nucleotide diversities, the number of polymorphic sites, and the mean
number of pairwise differences were calculated using Arlequin. The evolutionary
model that best described the sequence data (Kimura 3-parameter with unequal base
frequencies, K3P; Kimura 1981) was identified using the model selection method im-
plemented in PAUP* v4.0 beta (Swofford 2002) and based on the corrected Akaike in-
formation criterion. Genetic divergence was evaluated between all possible pairwise
comparisons of the four currently recognized spearfish species by calculating @ val-
ues in Arlequin based on Tamura’s (1992) genetic distance, the model closest to K3P
implemented in Arlequin. To visualize genealogical relationships among individuals,
a median joining haplotype network was generated from the mtDNA sequence data
using the methods of Bandelt et al. (1999) implemented in PopArt v1.7 (Leigh and
Bryant 2015). Signatures of recent population expansion were evaluated by calculat-
ing Fu’s Fs (Fu 1997) in Arlequin and Ramos-Onsins and Rozas’ R2 (Ramos-Onsins
and Rozas 2000) in the R package pegas v0.10 (Paradis 2010). Statistical significance
of Fs and R, values was assessed using 10,000 bootstrap replicates.

REsuLTs

SUMMARY STATISTICS AND GENETIC DIVERSITY.—Multilocus microsatellite gen-
otypes were generated for 14 loci across 208 individuals, including 89 roundscale
spearfish, 76 longbill spearfish, 29 shortbill spearfish, 12 Mediterranean spearfish,
and the unknown morphologically identified longbill spearfish sampled off eastern
South Africa (UNK_mLBS; Table 1). The subset of samples that were analyzed twice
to assess error rates indicated that all loci were scored consistently. A number of loci
(roundscale spearfish: Tgel51, Tgel19; longbill spearfish: Tg35, Tge79, Tg90; shortbill
spearfish: Tge23, Tge79) were identified by Micro-Checker as having a general excess
of homozygotes and potentially harboring null alleles. One of these loci (Tgel51)
was out of HWE for roundscale spearfish, and two of these loci (Tg35, Tge79) plus
an additional locus (Tgel39) were out of HWE for longbill spearfish (Table 2). All
deviations were associated with heterozygote deficiencies, except for locus Tgel39,
for which neither statistical tests of heterozygote deficiency nor heterozygote excess
were significant. As no locus was out of HWE across all species, all loci were retained
for subsequent analyses. There was no evidence of linkage disequilibrium for any
pairs of loci. The total number of alleles observed across all species combined at each
locus ranged from four alleles at Tgl1 to 50 alleles at Tg90 (Table 2). Within species,
the average number of alleles observed at a locus ranged from four in Mediterranean
spearfish to 14 in roundscale spearfish. Allelic richness and private allelic richness
within species ranged from 3.45 to 7.94 and 0.22 to 2.83, respectively (Table 2). Both
allelic richness and private allelic richness were lowest in Mediterranean spearfish;
the highest values of allelic richness and private allelic richness were observed for
shortbill spearfish and roundscale spearfish, respectively.

A 795-bp alignment of a segment of the mtDNA control region was generated for
83 individuals comprising 16 roundscale spearfish, 18 longbill spearfish, 37 shortbill
spearfish, 10 Mediterranean spearfish, and UNK_mLBS (Table 1; GenBank accession
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Table 3. Diversity and neutrality test metrics for mtDNA control region sequence data. n = number
of individuals sequenced, n, = number of haplotypes, h = haplotype diversity, © = nucleotide
diversity, polymorphic sites = the number of observed polymorphic sites, PWD = mean number
of pairwise differences. Neutrality test metrics shown are Fu’s F (Fu, 1997) and Ramos-
Onsins and Rozas’ R, (Ramos-Onsins and Rozas 2000); P-values are shown in parentheses and
statistically significant values are bold. Final row in table refers to metrics calculated across all
samples regardless of species. RSS = roundscale spearfish (7etrapturus georgii), LBS = longbill
spearfish (Tetrapturus pfluegeri), SBS = shortbill spearfish (Tetrapturus angustirostris), MSF
= Mediterranean spearfish (Tetrapturus belone). Results displayed in this table were calculated
excluding UNK_mLBS and SBS_Brazil.

Polymorphic
n n, h T sites PWD Fy R,
RSS 16 16 1.00 0.024 96 18.53 -5.17 (0.014) 0.052 (0.000)
LBS 18 18 1.00  0.023 73 17.73 —6.68 (0.006) 0.076 (0.009)
SBS 37 32 0.99  0.023 96 17.44  —11.20 (0.003) 0.064 (0.055)
MSF 10 5 0.80  0.002 4 1.38 —1.47 (0.070) 0.168 (0.550)
All 81 71 0.99 0.071 251 55.01

numbers MG542875-MG542957). There were 251 polymorphic sites, 204 transi-
tions, and 48 transversions. Nucleotide composition was 34.74% A, 30.94% T, 19.48%
C, and 14.84% G. Overall, 71 unique haplotypes were identified in the sequence data,
and haplotype and nucleotide diversities across all individuals were 0.99 and 0.071,
respectively (Table 3). Within species, haplotype and nucleotide diversities were low-
estin Mediterranean spearfish (0.80 and 0.002, respectively); haplotype diversity was
highest in roundscale spearfish and longbill spearfish (1.00), and nucleotide diver-
sity was highest in roundscale spearfish (0.024). No haplotypes were shared among
species.

GENETIC DIVERGENCE.—Microsatellite F values associated with the pairwise
comparison of species ranged from 0.062 between longbill spearfish and shortbill
spearfish to 0.247 between roundscale spearfish and Mediterranean spearfish (Table
4). This pattern was also observed in the mtDNA sequence data, where @ values
were lowest for the pairwise comparison of longbill spearfish and shortbill spear-
fish (@ = 0.334), and greatest between roundscale spearfish and Mediterranean

Table 4. Results of pairwise divergence estimates among spearfishes. Metrics used to assess
divergence based on microsatellite data consisted of F (Wright 1951, Slatkin 1995), (du)?
(Goldstein et al. 1995), and chord distance (D; Cavalli-Sforza and Edwards, 1967). ®  was
used to quantify genetic divergence based on mtDNA sequence data. Permutation tests were used
to assess the statistical significance of F, and @ values; all pairwise comparisons based on
these metrics were statistically significant (P < 0.0001). RSS = roundscale spearfish (Tetrapturus
georgii), LBS = longbill spearfish (Tetrapturus pfluegeri), SBS = shortbill spearfish (Tetrapturus
angustirostris), MSF = Mediterranean spearfish (Zetrapturus belone). Results displayed in this
table were calculated without UNK_mLBS and SBS_Brazil.

F ©ny D )

RSS vs LBS 0.157T2 60.86 O.S(C)l O.SS7T7
RSS vs SBS 0.182 87.01 0.577 0.877
RSS vs MSF 0.247 71.08 0.639 0.921
LBS vs SBS 0.062 19.90 0.374 0.334
LBS vs MSF 0.150 20.38 0.445 0.372

SBS vs MSF 0.178 46.97 0.513 0.611
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Figure 1. Barplots generated from Structure results based on microsatellite genotype data. RSS =
roundscale spearfish, LBS = longbill spearfish, SBS = shortbill spearfish, MSF = Mediterranean
spearfish, solid triangle = UNK_mLBS and SBS_Brazil. Bases of solid black arrowheads demar-
cate the last two individuals in the barplot comprising UNK mLBS and SBS Brazil, sequen-
tially. Panel A: K = 4 barplot generated from dataset inclusive of all four Tetrapturus species.
Panel B: K = 3 barplot generated from dataset with roundscale spearfish excluded. Panel C:
Expanded view of UNK mLBS (1) and SBS Brazil (2) from the K = 4 analysis inclusive of all
Tetrapturus species.

spearfish (O = 0.921; Table 4). All pairwise comparisons of species based on F and
@, were highly significant (P < 0.0001).

A similar pattern of genetic divergence was also observed for values of (5)* and
D, calculated from the microsatellite genotype data. The lowest levels of genetic di-
vergence were observed between longbill spearfish and shortbill spearfish [(Sp)* =
19.90, D = 0.374; Table 4] and the higest levels of genetic divergence were observed
between roundscale spearfish and shortbill spearfish [()* = 87.01] and roundscale
spearfish and Mediterranean spearfish (D. = 0.639; Table 4). Intraspecific com-
parisons of geographically distant sample collections for shortbill spearfish and for
roundscale spearfish were non-significant (results not shown).

MICROSATELLITE CLUSTER ANALYSES.—Results from Structure using K = 4 dif-
ferentiated four distinct genetic groups coterminous with the four currently recog-
nized species of Tetrapturus (Fig. 1A). A low level of inferred mixed ancestry was
present within each genetic group, with the exception of longbill spearfish, which
primarily displayed shared ancestry with shortbill spearfish. Since roundscale spear-
fish was the most divergent species of Tetrapturus based on genetic distance metrics,
Structure analyses excluding roundscale spearfish were also performed (K = 3; Fig.
1B). This analysis revealed a greater level of admixture within longbill spearfish as
compared to results using the full data set. The genetic composition of UNK_mLBS
was consistent with other longbill spearfish individuals (Fig. 1). Interestingly, the ge-
netic composition of an individual sampled from the western central Atlantic Ocean
off Brazil was consistent with shortbill spearfish (Fig. 1). This individual was origi-
nally presumed to represent an Atlantic species of Tetrapturus; however, our results
suggest otherwise and this individual is hereafter referred to as SBS_Brazil. Based on
the Structure results, all diversity and divergence metrics were recalculated exclud-
ing SBS_Brazil and these are the results presented in Tables 2, 3, and 4. Inclusion of
this individual in diversity and divergence value calculations did not substantially
alter results (data not shown).

A two-dimensional plot of the first two principal component axes associated with
PCA of the microsatellite data produced three clusters of individuals (Fig. 2A). The
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Figure 2. Two dimensional PCA plots displaying principal component axes one and two. Points
are colored by species; eigen values associated with plotted principal components are shown in
insets. RSS = roundscale spearfish, LBS = longbill spearfish, SBS = shortbill spearfish, MSF =
Mediterranean spearfish, Other = UNK_mLBS (1) and SBS_Brazil (2). (A) Results from data
set inclusive of all four Tetrapturus species. (B) Results from data set with roundscale spearfish
excluded.
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Figure 3. Unrooted neighbor joining tree based on Cavalli-Sforza and Edwards (1967) chord dis-
tances calculated for all possible pairwise comparisons of individuals. Branches are colored by
species. RSS = roundscale spearfish, LBS = longbill spearfish, SBS = shortbill spearfish, MSF =
Mediterranean spearfish, Other = UNK_mLBS and SBS_Brazil.

clusters resolved on these axes correspond with sample collections of roundscale
spearfish, Mediterranean spearfish, and a third cluster comprising longbill spearfish
+ shortbill spearfish. UNK_mLBS is positioned intermediate to roundscale spearfish
and shortbill spearfish + longbill spearfish, while SBS_Brazil is positioned well with-
in the cluster comprising longbill spearfish + shortbill spearfish. Results from PCA
using the data set with roundscale spearfish excluded show longbill spearfish and
shortbill spearfish separated into two partially overlapping groups based on princi-
pal components one and two (Fig. 2B). In this analysis, UNK_mLBS and SBS_Brazil
were resolved well within shortbill spearfish + longbill spearfish. An unrooted neigh-
bor joining tree based on D_. genetic distances calculated for pairwise comparisons
of all individuals is presented in Figure 3. Roundscale spearfish form a distinct clade
with the exception of one individual (RSS43) that groups closely with SBS_Brazil.
Mediterranean spearfish form a single cluster; however, this cluster is placed within
a larger grouping also composed of longbill spearfish and shortbill spearfish indi-
viduals. A number of clades specific to longbill spearfish or shortbill spearfish were
resolved, but these species were not reliably discriminated. The individual sampled
off eastern South Africa, UNK_mLBS, was placed within a clade composed of both
longbill spearfish and shortbill spearfish.

MTDNA CLUSTER ANALYSES.—A median joining haplotype network generated
from the mtDNA control region sequence data revealed a high level of genetic dif-
ferentiation between roundscale spearfish and all other Tetrapturus species (74 fixed
differences; Fig. 4). Longbill spearfish and shortbill spearfish were not clearly re-
solved. Mediterranean spearfish cluster together within the network; however, hap-
lotypes from this species displayed limited diversity and are separated from longbill
spearfish by a single fixed mutational difference. UNK_mLBS was positioned among
other shortbill spearfish and longbill spearfish haplotypes in the network. The hap-
lotype for SBS_Brazil was placed in a portion of the network composed primarily of
longbill spearfish and adjacent to Mediterranean spearfish.
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Figure 4. Median joining haplotype network based on mtDNA control region sequence data.
Colored nodes represent observed haplotypes colored by species; black nodes represent inferred
ancestral nodes. Hatch marks along edges indicate the number of mutational differences between
nodes. RSS = roundscale spearfish, LBS = longbill spearfish, SBS = shortbill spearfish, MSF =
Mediterranean spearfish, Other = UNK_mLBS (1) and SBS_Brazil (2).

GENETIC ASSIGNMENT TEsTs.—The probability of assignment to each of the
four species of Tetrapturus for all individuals calculated using GeneClass2 (Online
Table S2) indicated that all roundscale spearfish individuals assigned to round-
scale spearfish (median assignment probability = 0.832), and probabilities of as-
signment to the other three species were insignificant (P < 0.05) for all individuals.
Mediterranean spearfish individuals displayed the highest probabilities of assign-
ment to Mediterranean spearfish (median = 0.739), but were not significantly exclud-
ed from longbill spearfish (median = 0.434) or shortbill spearfish (median = 0.086);
probabilities of assignment to roundscale spearfish were insignificant (P < 0.001).
Longbill spearfish individuals had insignificant probabilities of assignment to round-
scale spearfish and to Mediterranean spearfish (P < 0.01); probabilities of assignment
to shortbill spearfish were significant for most longbill spearfish individuals (87%
using a criteria of P > 0.01), but assignment to longbill spearfish was most probable
in all cases (0.149-0.998 (median = 0.828) for longbill spearfish vs 0.000—0.594 (me-
dian = 0.044) for shortbill spearfish). For shortbill spearfish, there were no individu-
als that displayed a significant probability of assignment to roundscale spearfish or
to Mediterranean spearfish. Probabilities of assignment to longbill spearfish were
significant for approximately 50% of shortbill spearfish individuals (2 > 0.01); how-
ever, the highest assignment probability for shortbill spearfish individuals were all
associated with assignment to shortbill spearfish [0.567-1.000 (median = 0.900) for
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assignment to shortbill spearfish vs 0.000-0.596 (median = 0.012) for assignment to
longbill spearfish].

Assignment probabilities were also calculated for the spearfish samples of uncer-
tain species identification using GeneClass2. Assignment probabilities for UNK_
mLBS were 0.000 for assignment to Mediterranean spearfish, 0.003 for assignment
to roundscale spearfish, 0.038 for assignment to shortbill spearfish, and 0.193 for
assignment to longbill spearfish (Online Table S2). For SBS_Brazil, the probability of
assignment to any of the four spearfishes was low, although the highest probability
was associated with assignment to shortbill spearfish (P = 0.046; Online Table S2).
Four individuals were identified as probable first-generation migrants based on the
results of Bayesian likelihood ratios also calculated using GeneClass2; two individu-
als captured off Brazil, including SBS_Brazil, were identified as migrant shortbill
spearfish. The individual sampled off Richards Bay, South Africa (UNK_mLBS) was
identified as a migrant longbill spearfish; a shortbill spearfish captured oftf Hawaii
was also identified as a first generation migrant longbill spearfish.

SpeEciEs DEMOGRAPHIC HisToRrRy.—Values calculated for Fu's Fs and Ramos-
Onsins and Rozas’ R, based on mtDNA sequence data were statistically significant
for roundscale spearfish and for longbill spearfish (Table 3). A statistically significant
value of Fs (Table 3) was also calculated for shortbill spearfish; however, R, was not
significant for this species (P = 0.055; Table 3). Values of Fs, and R, were not statisti-
cally significant for Mediterranean spearfish. Collectively, these results are consis-
tent with recent population expansions for roundscale spearfish, longbill spearfish,
and shortbill spearfish. There was no evidence to suggest recent reductions in ef-
fective population size for any Tetrapturus species, including results based on the
graphical evaluation of allele frequency distributions generated in BOTTLENECK
(results not shown).

DiscussioN

We used highly polymorphic microsatellite markers and the mtDNA control re-
gion to delineate species and evaluate geographic spatial distributions of the spear-
fishes. Compared to previous molecular studies, we assessed substantially larger
sample sizes per species, including sample collections representative of more than
one geographic location for some species, across more molecular markers with
greater power to resolve low levels of genetic differentiation. Overall, Bayesian mod-
el-based clustering methods and assignment tests based on multilocus microsatel-
lite data were consistent with the four currently recognized species of Tetrapturus.
However, longbill spearfish and shortbill spearfish individuals could not be unam-
biguously discriminated using assignment tests based on either microsatellite geno-
types or mtDNA sequences. Results of the present study demonstrate close genetic
relationships among the spearfishes and reveal a range of genetic divergences among
species and differences in levels of genetic diversity within species. Results also sug-
gest limited inter-oceanic exchange.

DISCRIMINATION OF SPECIES AND SPECIES RELATIONSHIPS.—Relationships
among Tetrapturus based on sequencing of the mtDNA control region in this study
generally agree with the relationships recovered by Collette et al. (2006). Roundscale
spearfish was the most divergent member of Tetrapturus, Mediterranean spearfish
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was most closely allied with longbill spearfish, and longbill spearfish and shortbill
spearfish were least divergent based on @ values (Table 4). Although longbill spear-
fish and shortbill spearfish did not share any control region haplotypes, some long-
bill spearfish haplotypes were more similar to shortbill spearfish haplotypes than to
other longbill spearfish haplotypes in the median joining network (Fig. 4). This could
be interpreted as evidence that longbill spearfish and shortbill spearfish are reflec-
tive of populations rather than distinct species. However, the level of divergence be-
tween longbill spearfish and shortbill spearfish observed in our study (@, = 0.334)
is an order of magnitude higher than the largest values calculated among geneti-
cally distinct populations of the confamilial striped marlin (Kajikia audax) based on
the same segment of the mtDNA control region (@, = 0.043 between collections of
striped marlin sampled off Manta, Ecuador and Port Stephens, Australia; McDowell
and Graves 2008). These results suggest that the level of divergence between longbill
and shortbill spearfishes is, in fact, consistent with their status as distinct species.
However, our finding using a rapidly evolving mtDNA region corroborates the con-
clusion of Hanner et al. (2011) that mtDNA is not sufficient for discrimination of
species within Tetrapturus.

Relationships among Tetrapturus based on microsatellite loci were concordant
with those using mtDNA control region sequences, and this pattern was consistent
across multiple pairwise divergence estimates representative of different underly-
ing mutation models (Table 4). Although Bayesian model-based clustering was
able to separate shortbill spearfish and longbill spearfish (Fig. 1), ancestry propor-
tions of individual longbill spearfish showed admixture with shortbill spearfish and
Mediterranean spearfish. Longbill and shortbill spearfishes were not recovered as
discrete groups using multivariate analysis (Fig. 2) or in a neighbor-joining tree based
on Cavalli-Sforza chord distances (Fig. 3). The probability of assignment to each of
the four species of Tetrapturus using the methods implemented in GeneClass2 indi-
cated that all roundscale spearfish could be unequivocally assigned based on 14 mi-
crosatellite loci. While longbill spearfish and shortbill spearfish always displayed the
highest probabilities of assignment to the correct species, assignment to the alter-
nate species could not be excluded in many cases. Mediterranean spearfish could not
be correctly assigned to species based on microsatellite data using allele frequency
based methods, likely due to the low number of samples representative of this spe-
cies; however, individuals comprising Mediterranean spearfish were well delineated
using PCA, Bayesian clustering, and in the unrooted neighbor joining tree (Figs. 1-3).

Microsatellite-based comparisons between longbill and shortbill spearfishes were
associated with the lowest calculated divergence values for all metrics (Table 4), but
F,, and ®_ comparisons between these species were significant (P < 0.0001). The
F,, value associated with the pairwise comparison of longbill spearfish and shortbill
spearfish (F = 0.062; Table 4) is nearly double the highest value calculated between
populations of striped marlin using a similar number of microsatellite loci (F,, =
0.0377 between collections of striped marlin sampled off eastern Australia and off
the Pacific coast of Mexico based on 12 microsatellite loci; Purcell and Edmands
2011).

The analysis of highly polymorphic molecular markers in this study considerably
improved the ability to resolve the spearfishes. Although a number of previous stud-
ies have utilized a molecular approach to delineate geographic distributions and ge-
netic relationships among Tetrapturus, a limited number of samples and loci were
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examined across species. Most previous studies have reported roundscale spear-
fish as most genetically divergent and thus sister to all other species of Tetrapturus
(Collette et al. 2006, Shivji et al. 2006, Hanner et al. 2011). However, Santini and
Sorenson (2013) reported longbill spearfish as sister to all other Tetrapturus, with
roundscale spearfish sister to shortbill spearfish + Mediterranean spearfish based
on the analysis of seven mitochondrial and three nuclear loci concatenated from
sequences that were publicly available in GenBank. Although Collette et al. (2006)
were able to resolve all four species of Tetrapturus using three mitochondrial and
one nuclear gene region, only two exemplars of each species were included in the
analysis. Hanner et al. (2011) analyzed cytochrome ¢ oxidase subunit I (COI) se-
quences from 124 spearfishes to test the utility of barcoding for identification of bill-
fishes, but were unable to separate shortbill spearfish vs. Mediterranean spearfish vs
longbill spearfish using either COI or the nuclear rhodopsin gene. Collectively, these
previous studies of taxonomic relationships within the spearfishes have used a vari-
ety of mitochondrial and nuclear markers, yet they have been unable to consistently
resolve all members of Tetrapturus. In addition, none of these studies included both
more than a few individuals of each species and the use of multiple independent loci.

The inability to consistently discriminate shortbill and longbill spearfishes in this
and previous studies is likely due to incomplete lineage sorting attributable to a spe-
ciation event that is recent as compared to the ancestral effective population size
(Pamilo and Nei 1988, Maddison 1997). Alternately, the inability to discriminate be-
tween longbill spearfish and shortbill spearfish could be attributed to introgression
(i.e., secondary gene flow between species; Petit and Excoffier 2009). These scenarios
are not mutually exclusive and speciation despite some level of intermittent gene
flow has been demonstrated in other organisms (Hey 2006, Nosil 2008). In the case
of speciation with ongoing gene flow, gene flow should preferentially occur among
neighboring groups while shared polymorphisms should be evenly distributed across
geographic space if incomplete lineage sorting is the cause of the observed pattern
(Petit and Excoffier 2009). However, because spearfish are rare event species, this
study did not have sufficient geographic coverage to distinguish between these alter-
natives. There are also many coalescent methods aimed at distinguishing incomplete
lineage sorting from speciation with ongoing gene flow; for example, isolation with
migration models (Wakeley and Hey 1998, Nielsen and Wakeley 2001, Hey 2010),
likelihood ratio tests (Yang 2010), and approximate Bayesian computation (Kuhner
2009, Sunnéker et al. 2013). These methods were not implemented in this study be-
cause analyses would be more relevant if a greater number of informative characters
could be included (e.g., incorporating genotyping-by-sequencing data). These alter-
nate scenarios may be further complicated by the presence of vagrants or by an in-
complete understanding of distributional ranges for these two species (see below).
Nonetheless, the difficulty discriminating among Tetrapturus species indicates that
the microsatellite markers used in the present study did not have sufficient power
to unambiguously classify all individuals, or to discriminate among alternate evolu-
tionary hypotheses.

IDENTIFICATION OF UNIDENTIFIED INDIVIDUALS AND RANGE UNCERTAINTIES.—
Results from genetic data analyzed in the present study are consistent with previous
reports of interoceanic spearfish vagrants. Bayesian model-based clustering based
on microsatellite genotypes grouped one individual (SBS_Brazil) sampled from
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the western Central Atlantic Ocean off Brazil and initially presumed to be longbill
spearfish based on capture location with shortbill spearfish, a species considered to
be confined to the Indo-Pacific (Fig. 1). These results were consistent for Bayesian
clustering using data sets inclusive (K = 4) and exclusive (K = 3) of roundscale spear-
fish. Assignment testing using the allele frequency based method implemented in
GeneClass2 could not conclusively assign this individual to any of the spearfishes
and probabilities were <0.05 for all species; however, likelihood ratio tests identi-
fied this individual as a migrant shortbill spearfish with high probability. Although
the mtDNA sequence of SBS_Brazil was consistent with longbill spearfish, our data
indicate that the mtDNA control region is not an adequate species discriminator for
the spearfishes. Taken together, the preponderance of evidence suggests that this
individual may indeed be a vagrant shortbill spearfish. Interestingly, Penrith (1964)
identified a shortbill spearfish from the eastern coast of South Africa based on mor-
phological characters, extending the known range for this species. Additionally, giv-
en the occurrence of both black marlin and striped marlin off the Cape of Good Hope
in late summer, Penrith concluded “that there is little reason” that shortbill spearfish
should not also appear off the Cape of Good Hope (Penrith 1964, Penrith and Cram
1974). Nakamura and Nakano (1978) later reported the capture of three shortbill
spearfish from the Atlantic Ocean. These specimens were taken off the western coast
of Africa between August 1974 and April 1975 during a longline survey by the Japan
Marine Fishery Resource Center. Based on these results, Nakamura and Nakano
(1978) concluded that the presence of shortbill spearfish in the South Atlantic Ocean
reflects stray individuals entering the Atlantic Ocean from around the Cape of Good
Hope. The putative shortbill spearfish identified in the present study was collected
off the coast of Brazil, and it is plausible that this species may not be uncommon
in this area given the capture location of the specimens in Nakamura and Nakano
(1978).

Although longbill and shortbill spearfishes differ in some subtle morphological
characters, such as bill length, these characters are often removed during shipboard
processing. Furthermore, use of bill length as a character can be problematic as bills
can be damaged. In 2009, Brazil prohibited the commercial sale of white marlin
(K. albida) and blue marlin (Makaira nigricans Lacépéde, 1802), and consequently
billfish began to be marketed headless to obscure species identification (Piva-Silva
and Amorim 2014). In addition, Tetrapturus are often collectively identified as a
group with white marlin in Brazilian landing records (Piva-Silva and Amorim 2014).
Practices such as these contribute to the lack of understanding regarding the geo-
graphic ranges of these rare-event species and emphasizes the need for markers ca-
pable of genetic species discrimination.

A second individual sampled during the course of our study suggests that longbill
spearfish are also capable of traversing the Cape of Good Hope. Recently, a recre-
ational angler (] Booysen, Richards Bay Ski Boat Club, Richards Bay, South Africa,
pers comm) captured a purported longbill spearfish in the Indian Ocean off Richards
Bay, South Africa, and a tissue sample was sent to our lab at the Virginia Institute of
Marine Science (UNK_mLBS). Although results from the control region sequence
generated for this individual were equivocal, this sample clustered with other long-
bill spearfish in the microsatellite-based Structure analysis (Fig. 1) and was assigned
to longbill spearfish and identified as a longbill spearfish migrant by GeneClass2.
This finding strengthens the suggestion that the Cape of Good Hope facilitates
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some degree of connectivity between spearfishes in the Indian and Atlantic oceans
(Penrith 1964, Penrith and Cram 1974), and emphasizes the importance of future
molecular and morphological study of spearfishes sampled from this region.

Two additional spearfishes, one sampled off Hawaii and identified as a migrant
longbill spearfish and one sampled off Brazil and identified as a migrant shortbill
spearfish were also identified as first generation migrants based on likelihood-ratio
tests. However, Structure analyses assigned both of these fish to the expected spe-
cies based on geographic location with little to no evidence of admixture. Given the
lack of concordance among different analyses for these two individuals, we did not
consider these fish to represent vagrants. However, use of an increased number of
molecular markers may be able to resolve this issue.

The uncertainty surrounding species distributional ranges is not unique to longbill
spearfish and shortbill spearfish. The range of roundscale spearfish is poorly under-
stood due to its resemblance to white marlin (K. albida; Bernard et al. 2013) and its
misclassification as longbill spearfish (Graves and McDowell 2012). Mediterranean
spearfish, although traditionally regarded as restricted to the Mediterranean Sea,
has been reported off the Straits of Gibraltar (Di Natale et al. 2005) and the all-tack-
le record Mediterranean spearfish was caught off Madeira Island, Portugal (IGFA
2015). Collectively, this information suggests that the distributional ranges for all
species of Tetrapturus require additional study.

PATTERNS OF INTRASPECIFIC GENETIC DIVERSITY AND DEMOGRAPHIC
History.—Mediterranean spearfish harbor reduced levels of genetic diversity com-
pared to all other spearfishes based on both marker classes. Average expected het-
erozygosity (gene diversity) and rarefaction allelic richness across microsatellite loci
were markedly lower in Mediterranean spearfish (Table 2). Although all microsatel-
lite markers used in the present study were developed for roundscale spearfish and
variability is expected to be higher in the focal species due to the criteria used to se-
lect loci (Ellegren et al. 1995), diversity estimates for longbill spearfish and shortbill
spearfish, the other two non-focal species, were equivalent to estimates for round-
scale spearfish. This pattern of diversity was also observed in the mtDNA control
region sequence data, which are not impacted by ascertainment bias. Nucleotide
diversity for Mediterranean spearfish was an order of magnitude lower than that
observed for other spearfishes; the lowest observed haplotype diversity was also as-
sociated with this species. Although sample sizes were smallest for Mediterranean
spearfish (n = 12), this result was not an artifact of small sample size; larger sample
sizes were analyzed for longbill spearfish (n = 76) and roundscale spearfish (1 = 89),
and control region sequences for these species were all unique. As allelic richness
is a known proxy for evolutionary potential (Caballero and Garcia-Dorado 2013),
Mediterranean spearfish may be of particular conservation concern, especially given
recent increases in fishing pressure (Di Natale et al. 2005, Castriota et al. 2008).

Tests of demographic history (Fu's F,, Ramos-Onsins and Rozas’ R,) were con-
sistent with population expansion for roundscale spearfish, longbill spearfish, and
shortbill spearfish. This is consistent with previous demographic analysis of round-
scale spearfish (Bernard et al. 2013) and other billfishes, including white marlin
(Bernard et al. 2013), swordfish, Xiphias gladius Linnaeus, 1758 (Alvarado Bremmer
et al. 2005), and sailfish, Istiophorus platypterus (Shaw, 1792) (Bagma 2006), as well
as other pelagic species including bluefin tuna, Thunnus thynnus (Linnaeus, 1758)
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(Carlsson et al. 2004), and Sierra mackerel, Scomberomorus sierra Jordan and Starks,
1895 (Lopez et al. 2010). The observed signal of expansion is consistent with an in-
crease in available habitat at the end of the Pleistocene.

CoNCLUDING REMARKS.—Reliance on the use of single exemplars, unvouchered
specimens, and a limited number of molecular markers (e.g., mtDNA) combined
with the rarity and morphological conservatism of spearfishes have collectively
hindered our understanding of these species. Results from assignment tests and
Bayesian model-based clustering methods based on microsatellite data generated
in the present study are consistent with the four currently recognized Tetrapturus
species. These results confirm that geographic location of capture is not a perfect
indicator of species identity for the spearfishes and also confirms the predictions and
observations of earlier works, which suggest that the Cape of Good Hope is not an
absolute biogeographic barrier for spearfishes. Although the genetic data presented
in the present study generally corroborate the findings of Collette et al. (2006), inclu-
sion of multiple individuals of longbill and shortbill spearfishes demonstrates that
these species are difficult to unequivocally discriminate, even using a relatively large
number of highly polymorphic loci. As vouchering specimens of large pelagic species
is often impractical, future genetic studies of Tetrapturus should incorporate mor-
phometrics and photographs for each genetic sample whenever possible, especially
where geographic ranges overlap. We acknowledge that the sample collections evalu-
ated in our study were limited in geographic scope. For example, longbill spearfish
were represented by a single collection of individuals sampled off Brazil, and a single
exemplar of shortbill spearfish from the Indian Ocean was available for analysis.
Future studies should include larger sample sizes encompassing the entire known
distributional ranges of these species to account for the impact of possible popula-
tion structure on the ability to discriminate species. In addition, future studies would
benefit from high throughput genetic approaches capable of surveying hundreds to
thousands of molecular makers across large numbers of individuals. In combination,
these approaches would allow discrimination of alternative evolutionary scenarios.
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