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Sharks constitute one of the most threatened clades (Selachimorpha) of all marine
fish, and substantial management efforts are required to help the recovery of their
populations worldwide. Despite its significant impact on population dynamics and
conservation, sharks’ reproductive and philopatric behavior has received little attention
in fisheries management. The scalloped hammerhead shark (Sphyrna lewini), an
endangered species listed on the IUCN’s Red List and on the CITES’ Appendix II,
is an apex predator that potentially exhibits female philopatry to mating grounds. We
reconstructed, for the first time in an open ocean species, the relationship among
166 juvenile individuals caught in a recently discovered aggregation of the Rewa Delta,
Fiji, and determined the sample population’s mating system using 6,437 SNPs. Using
two software packages, COLONY2 and SNP PEDIGREE, results revealed very high
consistency in the identification of full and half sib. Moreover, COLONY?2 allowed us
to identify an equal breeding sex ratio for each cohort analyzed for this population
(1.04:1; 1.02:1), as well as several cases of multiple paternity and numerous matings
of the same male with different females suggesting polygynandry for this species. These
findings reveal additional information about the complex life history of the scalloped
hammerhead shark.

Keywords: scalloped hammerhead shark, mating system, sex ratio, kinship analyses, COLONY2, PEDIGREE

INTRODUCTION

Sharks, rays and chimeras (Chondrichthyes) are the most threatened fishes in the world due to the
synergetic effects of overfishing, habitat destruction, pollution, climate change, slow growth, late
maturity, low fecundity, and long life span (Davidson et al., 2016). It is estimated that at least 25%
of shark and ray species are at high risk of extinction (Dulvy et al., 2014). Fishing mortality among
Chondrichthyes has increased 227% since the end of World War II (Davidson et al., 2016). For
sharks alone, the global human-induced mortality was estimated to be no less than 1.41 million
tons in 2010 (Worm et al., 2013). Thus, effective management measures are urgently required to
enforce sustainable harvest of sharks and rays.

While fisheries management is primarily concerned with estimating abundance in order to
establish sustainable yields, the collapse of a fish stock provides scientists with the opportunity
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to study the causes and mechanisms behind the inability to
predict the susceptibility to fishing of the overexploited species
and its subsequent incapacity to recover (Rowe and Hutchings,
2003). Incorporating knowledge about the mating behavior of
exploited species has been identified as an essential step to
increase the effectiveness of fisheries management (Rowe and
Hutchings, 2003) through improved understanding of associated
population dynamics and conservation (Rowe and Hutchings,
2003; Lowerre-Barbieri et al., 2016). However, mating behavior
has received little attention in fisheries management, probably
due to the difficulties associated with studying the reproductive
ecology of most large and commercially important marine fishes.

Determining key reproductive parameters such as mating
patterns (e.g., number of parents involved in a cohort) using
genetic markers in marine ecosystems has only been possible in
confined environments harboring small or resident populations.
For example, a recent study by Salles et al. (2016) presented the
first resolved genealogical family tree of a reef fish, the orange
clownfish (Amphiprion percula), by repeatedly genotyping, over
a period of 10 years, all individuals of a local deme in Kimbe
Island, Papua New-Guinea. Through their pedigree analysis, the
authors showed a recurrent longitudinal philopatry over five
generations and revealed the mating system of this iconic species.
However, direct observations of the reproductive behavior of
large marine predators such as sharks are inherently difficult
and rare (Feldheim et al, 2004). A study by Dibattista et al.
(2008) documented the family structure and reconstructed the
genotypes of the adult population of lemon sharks (Negaprion
brevirostris), but was again limited to a shallow and small
inner lagoon in the Florida Keys, United States. The study
also primarily used samples from neonates and juveniles. The
lagoon serves as a nursery ground for approximately 75-
100 juvenile lemon sharks in any one year and has been
monitored for at least eight years by sampling most neonates
every parturition season. The study revealed high levels of
polyandry and strong female site fidelity, with at least 43
females and 163 males contributing to the litters engendered
over 10 breeding seasons. Subsequently, Mourier et al. (2013)
reconstructed the genetic relationships among individuals and
determined the mating system of a naturally small island
population of 40 adult sicklefin lemon sharks (Negaprion
acutidens) in Moorea, French Polynesia. Results confirmed
philopatry and estimated an average reproductive cycle of 2-
year for most females, as well as fertilization by multiple
males in up to 78% of litters showing the prevalence of a
polyandrous mating system.

The scalloped hammerhead shark (SHS hereafter, Sphyrna
lewini) is an apex predator species that has a circumglobal
distribution in tropical and warm temperate latitudes over
neritic and adjacent deep oceanic waters (Daly-Engel et al,
2012). Juveniles and adults occupy different habitats. Juveniles
are demersal, gregarious, and primarily found in coastal
areas, estuaries, and embayments, while adults are mainly
solitary and inhabit pelagic waters. Viviparous mature females
produce 13-31 neonates of 42-55 cm total length per
litter after a gestation period of 9-10 months (Compagno,
1984). Current evidence from ecological, behavioral, and

genetic data suggests female philopatry to mating grounds
(Duncan and Holland, 2006; Daly-Engel et al., 2012). However,
this hypothesis remains to be confirmed.

The SHS was declared an endangered species by the
International Union for Conservation of Nature (IUCN) Red List
in 2007 (Baum et al., 2007), and is currently listed on Appendix
IT of the Convention on International Trade in Endangered
Species of Wild Fauna and Flora (CITES) (CITES, 2015). Several
SHS populations have been heavily exploited worldwide by both
inshore and offshore fisheries (Compagno, 1984). In Fiji waters,
an important aggregation of neonates and young-of-the-year was
recently reported in the Rewa Delta, on the island of Viti Levu
(Brown et al., 2016; Marie et al., 2017).

In this study, a subsample of the pups captured by Marie
et al. (2017) was genotyped to reconstruct the relationships
among 166 individuals and to determine the population’s mating
system. We were particularly interested in determining the
minimum number of breeders that have contributed to two
consecutive parturition seasons through kinship analyses. In
addition, we also were interested in determining the breeding
sex ratio and the effective population size (N.). While the
operational sex ratio (OSR), defined as the number of males
to females within a population that are available to mate,
is the common term used in behavioral ecology to study
mating systems, it is impossible to identify every available
mate in the open ocean. Therefore, we prefer to use the term
breeding sex ratio (BSR), which refers to successfully breeding
parents as a proxy of the OSR. This study constitutes a novel
attempt to reconstruct the kin relationships among neonates
and young-of-the-year captured in an estuarine environment
without any parental information and born from live-bearing
females that inhabit neritic and oceanic ecosystems, using the
multilocus genotypes of a large battery of single nucleotide
polymorphisms (SNPs).

MATERIALS AND METHODS

Sampling Procedures

The study focused on the Rewa Delta (178.55°E, 18.15°S,
Figure 1) on Viti Levu, Fiji. Sampling sites and field methods
are detailed in Marie et al. (2017). Sampling was carried
out using a stratified random design. In brief, after a pilot
study, several locations were identified as sites of interest for
long-term monitoring based on their accessibility, exposure
to wind and swells, and strength of currents, which allowed
for regular and consistently successful deployments. Surveys
were carried out at least three times a month from September
2014 to March 2016 (see Marie et al, 2017). Sampling was
conducted under a research permit provided by the Rewa
Provincial Council and the Department of Fisheries. All
handling procedures of live SHS specimens were approved
under the Animal Ethics Committee section of the USP
Research Committee, and performed in accordance with
relevant guidelines and regulations. For each individual shark,
the species was identified according to Last and Stevens
(1994), then measured, sexed, and aged according to the
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FIGURE 1 | Geographical location of sampling sites (A-G) in the Rewa Delta, Viti Levu, Fiji. The two maps were created using ArcGis, version 10.2
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umbilical scar status (Duncan and Holland, 2006). In addition,
two biopsy tissue samples (0.5 cm?) were taken from the
pelvic fins of each SHS and preserved in 95% ethanol
until DNA extraction.

Because the breeding season at this site occurs during the
austral summer, two different cohorts were included in the
analyses (2014 - 2015 and 2015 - 2016, identified hereafter
with the addition of the letters “A” and “B” presiding the
sample number, respectively; e.g., ASHS#000). All individuals
per parturition season were further grouped into cohorts based
on size and umbilical scar status. Due to financial constraints,
only a subsample of 166 SHS individuals out of the 1054
captures was genotyped and used for kinship analyses. In
order to estimate the minimum number of parents that have
contributed to each cohort within the given constraints, we
selected samples caught within a week of each other and
showing similar length (52.5 cm =+ 5.6) and scar healing
condition (mainly opened and semi-healed) as a method to
improve the chances of getting some individuals from the
same litter. This sampling strategy was chosen specifically
to estimate the levels of polyandry and polygyny in the
population, but it may bias estimates of breeding sex ratio.
To assess the impact of the sampling strategy, we estimated
the number of parents contributing to each cohort before
and after removing all but one individual per family group.
Likewise, for the estimates of effective population size, one
individual per family group was included in the dataset.
Supplementary Table 1 shows general information for each
individual used in this study (e.g., total length, umbilical
scar condition).

DArTseq™ Library Preparation and
Sequencing

DNA was extracted from a small portion of pelvic fin
(approximately 1 mm?) using a slightly modified version of
Aljanabi and Martinez (1997) salting out method. In brief, after
addition of the saline solution, the mixture was centrifuged for
30 min at 10,000 g. DNA precipitation and washing out of
the pellet were achieved by incubation at —20°C with 600 pnL
isopropanol for 30 min and with 500 wL 70% ethanol for
10 min, respectively. Both steps were centrifuged after incubation
at 10,000 g for 20 min. Diversity Arrays Technology Limited
processed the extracted DNA using the DArTseqTM technique
for reduced representation library construction, sequencing,
and genotyping. We followed previously developed and tested
complexity reduction protocols (Kilian et al., 2012). Genome
complexity reduction was achieved with a double restriction
digest using a PstI and Sphl methylation-sensitive restriction
enzyme combination. Libraries were sequenced on an Illumina
HiSeq 2500 platform. For initial assessment of read quality and
sequence representation, raw reads obtained were processed
using Illumina CASAVA v.1.8.2 software. Then, DArTtoolbox
was used to perform filtering and variant calling, and generate
final genotypes (Kilian et al., 2012).

SNP Filtering

Following the generation of genotype data from DArTseq, the
dataset was further filtered to retain only highly informative
SNPs. This was achieved by filtering out duplicate SNPs (23.4%
possessing identical Clone IDs), and retaining loci with a call rate
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of atleast 95%, read depth > 7x, and minor allele frequency > 5%.
We then searched for candidate loci under selection using
BayeScan v.2.1 (Foll and Gaggiotti, 2008; Foll, 2012) software
at a false discovery rate (FDR) = 0.1. The FDR is a statistical
confidence measure, which allows us to assess how statistically
true the results might be. Departure from Hardy-Weinberg
Equilibrium (HWE) was then assessed for each locus using the
software Arlequin v.3.5.2.2 (Schneider et al., 2000) using an
exact test with 10,000 steps in the Markov Chain method and
100,000 dememorizations. Test for linkage disequilibrium was
performed using the software PLINK v.1.07 (Chang et al., 2015).
To assess the robustness of the reconstructed relationships to
the number of SNPs used, a reduced data set was created using
the same filtering but only retaining loci with a call rate at or
greater than 98%.

Kinship Analyses

COLONY2v.2.0.6.2 (Jones and Wang, 2010) was used to estimate
sibship relationships as well as the most likely number of
involved parents among the 166 neonates and young-of-the-
year SHS. To perform this analysis, COLONY2 uses a maximum
likelihood approach to assign individuals to clusters based on
offspring relationship, categorized as full sibling, half sibling, or
unrelated. This approach produced clusters of full sibling pups
that share both parents, and half siblings that share at least
one parent with at least one other individual in the cluster.
To this end, we performed ten long runs to determine the
consistency of the analyses using the following parameters: the
full likelihood method, no updating of allele frequencies, weak
siblingship prior and very high precision assuming polygamy
of both sexes and outbreeding. In addition, as COLONY2 has
been shown to overestimate the putative number of siblings (Sefc
and Koblmuller, 2009), we also performed analyses using SNP
PEDIGREE, a variant of PEDIGREE 2.2 that can handle SNP
marker data. These additional analyses were performed in order
to corroborate the COLONY?2 results.

PEDIGREE 2.2 first uses the genetic marker information to
construct pairwise likelihood ratios of being full sib vs. being
unrelated for all individuals in the data set. These pairwise
likelihood ratios are then used to construct an overall sibship
partition score, which should be maximized under the true
partition. The space of possible partitions is explored by a
Markov Chain Monte Carlo (MCMC) algorithm (Smith et al,
2001; Herbinger et al.,, 2006). Full sib and half sib partitions
are constructed by imposing constraints during the MCMC run
on the observed microsatellite genotype patterns. Under this
scenario, each group could be derived from a cross of a single
male by a single female at all loci (full sib partition) or from a
cross between 1 parent and several parents of the other sex at all
loci (half sib partition) (Herbinger et al., 2006). SNP PEDIGREE
follows the same overall logic with the following change: with
bi-allelic markers such as SNPs, it is not possible to impose
constraints on genotype patterns to differentiate full sib partitions
from half sib partitions. Instead, the SNP marker information is
used to construct a matrix of pairwise likelihood ratios of being
full sib vs. being unrelated for all individuals in the data set, as
well as a matrix of pairwise likelihood ratios of being half sib

vs. being unrelated. The two different sets of pairwise likelihood
ratios are then used to build full sib and half sib partition scores,
which are maximized in separate MCMC runs. Finally, the full
sib partition is nested within the half sib partition to identify
which different full sib groups might be half sib to one another.
The SNP PEDIGREE analyses were run on the subset of SNPs
with a call rate of 98%. We also used the same set of SNPs
using COLONY?2 to validate robustness of results when reducing
the number of SNPs.

Effective Population Size

The effective population size (N.) was estimated using the full
likelihood method assuming random mating among samples in
COLONY?2, as well as using the linkage disequilibrium method
implemented in NeEstimator (version 2.0, Do et al., 2014). As
stated above, only unrelated individuals (n = 104) were included
in this analysis and only using the reduced dataset of SNPs.

RESULTS

SNP Filtering

A total of 69,164 SNPs were genotyped using DArTseq. This
number was reduced to 6,598 SNPs after quality filtering (call
rate > 95%, read depth > 7x, MAF > 5%). BayeScan did not
detect any loci as outliers. One hundred and fifty-one loci were
found to significantly deviate from HWE expectations under
random mating (P-value < 0.00001), and thus were removed
from the dataset. We also identified and deleted ten SNPs
(r* > 75%) in linkage disequilibrium. The final, putatively neutral
loci dataset contains 6,437 SNPs (large set).

The second filtering used more stringent quality thresholds
(call rate > 98%, read depth > 7, MAF > 5%). No outliers were
detected, while 13 loci were found to significantly deviate from
HWE expectations (P-value < 0.00001), and were removed from
the dataset. Two SNPs (r> > 97%) were identified in linkage
disequilibrium and also deleted from the database. The final
dataset contains 1,361 SNPs (reduced set).

Kinship Analyses

COLONY2 runs were performed with both the large dataset
(all 6,437 SNPs) and the reduced dataset (1,361 loci), while
SNP PEDIGREE only used the reduced dataset. COLONY2
results with the large and reduced SNP datasets were identical.
COLONY?2 identified 92 putative full siblings, distributed in 33
groups ranging in size from two to seven individuals (Table 1).
Out of the 72 remaining individuals, 37 had no relatives within
the cohort (named singletons hereafter). Thirty-five individuals
had no full siblings but did putatively have half-siblings. The
results from SNP PEDIGREE were nearly identical. There was
93% concordance on the identification of full siblings between
the two software programs (Table 1). Only seven individuals were
not assigned to the same full sib groups by both software. For
instance, individual ASHS#6 was assigned by SNP PEDIGREE as
a member of the full sib family #12, but as a half-sib associated
with the same group by COLONY2 (Table 1). In addition, three
cases occurred in which SNP PEDIGREE identified pairs as full
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TABLE 1 | Full sib assignments’ results obtained using COLONY2 and SNP PEDIGREE.

Full Sib Family # Member1 Member2 Member3 Member4 Member5 Member6 Member7
1 ASHS#19 ASHS#20 ASHS#22 ASHS#23 ASHS#24 ASHS#25 ASHS#35
2 ASHS#26 ASHS#29 ASHS#32 ASHS#33 ASHS#37 ASHS#49
3 ASHS#8 ASHS#10 ASHS#11 ASHS#12 ASHS#16 ASHS#34
4 ASHS#30 ASHS#39 ASHS#40 BSHS#41 ASHS#48

5 ASHS#91 ASHS#95 ASHS#96 ASHS#110

6 ASHS#13 ASHS#14 ASHS#15 ASHS#18

7 BSHS#120 BSHS#123 BSHS#126

8 ASHS#87 ASHS#90 BSHS#159

9 ASHS#31 ASHS#36 ASHS#38

10 ASHS#28 ASHS#42 ASHS#45

11 ASHS#44 ASHS#46 ASHS#50

12 ASHS#53 ASHS#59 ASHS#74 ASHS#6

13 ASHS#107 ASHS#108

14 BSHS#122 BSHS#127

15 BSHS#121 BSHS#128

16 BSHS#129 BSHS#130

17 BSHS#131 BSHS#132

18 BSHS#133 BSHS#136

19 BSHS#139 BSHS#142

20 BSHS#145 BSHS#149

21 BSHS#152 BSHS#157

22 ASHS#27 ASHS#43

23 ASHS#54 ASHS#55

24 ASHS#56 ASHS#64

25 ASHS#57 ASHS#58

26 ASHS#52 ASHS#73

27 ASHS#67 ASHS#79

28 ASHS#80 ASHS#101

29 ASHS#83 ASHS#109

30 ASHSH#78 ASHS#88

31 ASHS#89 ASHS#92

32 ASHS#70 ASHS#93

33 ASHS#94 BSHS#116

34 BSHS#125 BSHS#162

35 ASHS#5 ASHS#69

36 ASHS#84 ASHS#85

For each full siblingship family, the identification’s number of each SHS individual is provided. In bold are represented the SHS individuals assigned as such by SNP
PEDIGREE, but assigned as half sib by COLONY2. ASHS#1 to ASHS#50 were tagged in 2014, ASHS#51 to BSHS#132 in 2015, and BSHS#133 to BSHS#166 in 2016.

sib (families #34, #35 and #36), that COLONY2 independently
labeled as half sibs (Table 1).

Using COLONY?2, we were able to reconstruct the multilocus
genotypes of the hypothetical parents of each sampled individual,
which in turn allowed the identification of females that mated
with a single male and the cases of multiple paternity, as well
as the breeding sex ratio of this cohort (Table 2). To illustrate
the results of this analysis, we labeled the parents of one sex
with an asterisk (*) plus a number (referred to as “Father” by
COLONY2), and an asterisk plus a letter for the opposite sex
(referred to as “Mother” by COLONY2) (Table 2). Note that,
although COLONY2’s results showed the presence of multiple
paternity, we cannot differentiate with certainty the maternal or
paternal contribution, as none of the maker loci used can be
associated to sex chromosomes.

Agreement between COLONY2 and SNP PEDIGREE for
identifying half sib relationships was also very good but harder
to quantify, as both programs generate different types of half
sib solutions. COLONY2 can reconstruct clusters of individuals
who are related by common parents in complex patterns. For
example, individuals ASHS#60, BSHS#137 and BSHS#113 belong
to the same cluster 13 (Table 3), because ASHS#60 shares parent
*AR with BSHS#137, while BSHS#113 shares parent *62 with
BSHS#137. In contrast, SNP PEDIGREE generates a half sib
partition where every individual in the half sib group should
share at least one parent with every other member of the group.
In the example above, not all three individuals ended up in
the same SNP PEDIGREE half sib group because SHS#60 and
SHS#113 do not share any common parent. COLONY2 and SNP
PEDIGREE were in perfect agreement for 11 clusters (Cluster 4,
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TABLE 2 | Identification of the mother and the father of each SHS juvenile based on the reconstruction of the multilocus genotype of the two parents that contribute to

each juvenile analyzed.

OffspringlD FatherlD MotherIlD OffspringlD FatherlD MotheriD OffspringlD FatherlD MotherID
BSHS#152 *01 *A ASHS#34 *21 *T ASHS#1 *51 *AT
BSHS#157 *01 *A ASHS#8 *21 *T ASHS#70 *51 *AU
BSHS#164 *02 *B BSHS#118 *21 *AX ASHS#93 *51 *AU
ASHS#5 *02 *AX ASHS#101 *22 *U ASHS#21 *52 *AV
BSHS#158 *03 *C ASHS#80 *22 *U ASHS#61 *53 *AW
BSHS#165 *04 *D ASHSH#78 *23 *V ASHSH#77 *54 *AY
BSHS#159 *05 *E ASHS#88 *23 *V ASHS#86 *55 *AZ
ASHS#87 *05 *E ASHS#56 *24 *X BSHS#116 *56 *BA
ASHS#90 *05 *E ASHS#64 *24 *X ASHS#94 *56 *BA
BSHS#166 *06 *F BSHS#140 *24 *BV ASHS#62 *57 *BB
BSHS#160 *07 *G ASHS#72 *25 *Y BSHS#133 *58 *BC
BSHS#161 *08 *H ASHS#69 *25 *AX BSHS#136 *58 *BC
ASHS#26 *09 *W ASHS#4 *25 *BR ASHS#3 *58 *BO
ASHS#29 *09 *W ASHS#9 *26 *Z BSHS#144 *59 *BD
ASHS#32 *09 *W ASHS#81 *27 *AA BSHS#112 *60 *BF
ASHS#33 *09 *W ASHS#89 *28 *AB BSHS#120 *61 *BG
ASHSH#37 *09 *W ASHS#92 *28 *AB BSHS#123 *61 *BG
ASHS#49 *09 *W ASHS#97 *29 *AC BSHS#126 *61 *BG
BSHS#125 *09 *BG ASHS#17 *30 *AD BSHS#137 *62 *AR
BSHS#162 *09 *H ASHS#57 *31 *AE BSHS#113 *62 *BL
BSHS#163 *10 | ASHS#58 *31 *AE BSHS#145 *63 *BB
ASHS#7 11 *J BSHS#117 *31 *CA BSHS#149 *63 *BB
ASHS#67 *12 *K ASHS#65 *32 *AF BSHS#151 *63 *CD
ASHS#79 *12 *K ASHS#52 *33 *AG BSHS#153 *64 *BI
ASHS#110 *13 *L ASHSH#73 *33 *AG ASHS#2 *65 *BJ
ASHS#91 *13 *L ASHS#82 *34 *AH ASHS#104 *66 *BK
ASHS#95 *13 *L ASHS#98 *35 *Al BSHS#129 *67 *AJ
ASHS#96 *13 *L ASHS#28 *36 *B BSHS#130 *67 *AJ
ASHS#13 *14 *M ASHS#42 *36 *B BSHS#138 *68 *BM
ASHS#14 *14 *M ASHS#45 *36 *B BSHS#146 *69 *AU
ASHS#15 *14 *M BSHS#121 *36 *BH BSHS#154 *70 *BN
ASHS#18 *14 *M BSHS#128 *36 *BH ASHS#106 *71 *S
ASHS#19 *15 *N ASHS#44 *37 *AJ BSHS#114 *72 *AD
ASHS#20 *15 *N ASHS#46 *37 *AJ BSHS#122 *73 *AN
ASHS#22 *15 *N ASHS#50 *37 *AJ BSHS#127 *73 *AN
ASHS#23 *15 *N ASHS#103 *37 *BE BSHS#147 *74 *BP
ASHS#24 *15 *N ASHS#66 *38 *AK BSHS#155 *75 *BQ
ASHS#25 *15 *N ASHS#53 *39 *A ASHS#107 *76 *BS
ASHS#35 *15 *N ASHS#59 *39 *A ASHS#108 *76 *BS
ASHS#47 *16 *L ASHS#74 *39 *A BSHS#115 77 *BT
ASHS#31 *16 *O ASHS#109 *40 *AL BSHS#131 *78 *BU
ASHS#36 *16 *O ASHS#83 *40 *AL BSHS#132 *78 *BU
ASHS#38 *16 *O ASHS#99 *41 *AM BSHS#148 *79 *BW
ASHS#30 17 P ASHS#27 *42 *AN BSHS#124 *80 W
ASHS#39 *17 *P ASHS#43 *42 *AN BSHS#141 *81 *BY
ASHS#40 *17 *P ASHS#51 *43 *J ASHS#105 *82 *BZ
ASHS#41 17 P BSHS#139 *43 *B ASHS#6 *83 *A
ASHS#48 *17 P BSHS#142 *43 *B BSHS#150 *84 *CB
ASHS#54 *18 *Q ASHS#75 *44 *AO BSHS#134 *85 *CC
ASHS#55 *18 *Q ASHS#84 *45 *AP BSHS#143 *86 *CC
ASHS#63 *19 *R ASHS#100 *46 *AQ ASHS#102 *87 *CE
(Continued)
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TABLE 2 | Continued

OffspringlD FatherlD MotherID OffspringlD FatherlD MotherlD OffspringlD FatherlD MotherlD
ASHSH#71 *20 *S ASHS#60 *47 *AR BSHS#111 *88 *CF
ASHS#10 *21 *T ASHS#68 *48 *AS BSHS#119 *89 *CG
ASHS#11 *21 *T BSHS#156 *48 *BX BSHS#135 *90 *N
ASHS#12 *21 *T ASHS#76 *49 *AT

ASHS#16 *21 *T ASHS#85 *50 *AP

Rows highlighted in gray represented SHS juveniles engendered by the same father (with full sib group size > 1). Rows in red bold represents SHS juveniles engendered
by the same mothers (with full sib group size > 1). These are discussed in the text. Note that the software COLONY2 cannot differentiate with certainty the maternal and
paternal contribution; thus, the labeling of mother and father is arbitrarily given by the software and retained here for clarity but only reflects adults of opposite sexes.
ASHS#1 to ASHS#50 were tagged in 2014, ASHS#51 to BSHS#132 in 2015, and BSHS#133 to BSHS#166 in 2016. OID, OffspringID; FID, FatherlD; MID, MotherID.

5,8,9,10, 11, 12, 14, 15, 16, 17), which were pure half sib groups
(all individuals sharing at least one parent, Table 3). The other
COLONY?2 clusters (1, 2, 3, 6, 7, and 13) were complex groupings
originating from at least two male and two females parents. Not
surprisingly, SNP PEDIGREE split them, generally into two or
three half sib groupings, except for the large and very complex
cluster 1, which was split into seven subgroups (Table 3). The
only major discrepancy concerned individual ASHS#7, which was
placed by COLONY?2 in cluster 1 but was joined to a completely
unrelated full sib family by SNP PEDIGREE.

Irrespective of the putative sex of the breeder, COLONY2’s
reconstruction of parental multilocus genotypes identified many
instances where parents seemed to have had more than one
partner in producing the 166 offspring that were analyzed.
There were 13 instances where a “*number” parent had two
partners, and two instances with three partners; meanwhile,
there were 17 instances where a “*letter” parent had two
partners, and two instances with three partners (Table 3).
In most of these cases, the evidence of putative multiple
paternity and/or more than one mating of a male with up
to three females is based on a single offspring (Table 3). In
five cases, however, the evidence is based on a larger full sib
family size. In cluster 5, parent *A produced three and two
offspring with two members of the opposite sex (*39 and *1),
respectively. Similarly, in cluster 6, parent *AJ produced three
and two offspring respectively with *37 and *67; and in cluster
8, parent *AN produced two and two offspring respectively
with *42 and *73 (Table 3). In cluster 1, Parent *B produced
three and two offspring respectively with *36 and *43, while
parent *36 produced three and two offspring with *B and
*BH (Table 3).

A previous study documented seasonality of parturition from
October to March (Marie et al., 2017), and thus the breeding
ratio was estimated separately for the first cohort (ASHS#1 to
ASHS#110 sampled from October 2014 to March 2015) and the
second cohort (BSHS#111 to BSHS166, sampled from October
2015 to March 2016). COLONY?2 identified the contribution of
58 and 56 parents of opposite sexes during the 2014-2015 season,
and 43 and 42 in 2015-2016, suggesting an effectively equal
breeding sex ratio of 1.04 to 1 and 1.02 to 1, respectively (Table 2).

Effective Population Size
Using 1,361 SNPs from 104 unrelated individuals, estimates of the
effective population size yielded N, = 191 (CI 95%: 149,0 — 241)

and N, = 343,6 (CI 95%: 343,0 - 344,3) using COLONY2 and
NeEstimator, respectively.

DISCUSSION

Analyses using COLONY?2 revealed the presence of at least 33 full
sib families ranging in size from two to seven and 72 unrelated
individuals among 166 new born and young-of-the-year sharks.
It is noteworthy that the pups within each full sib family were
generally captured at the same date and location, as indicated by
their consecutive identification numbers. Physical and temporal
proximity support the expectation that these full siblings would
be littermates. Sampled individuals were organized into 87
clusters of between 1 and 21 individuals. Cluster relationships
ranged from singletons to isolated full- or half-sib families and
complex, interlinked full and half-sib groups (Table 3).

Although methods used by COLONY2 and SNP PEDIGREE
differ, results from both programs were highly consistent for
both full sib and half sib determination. For the results that were
not in perfect agreement, capture and ecological data can help
determine, in some cases, the most parsimonious assignment. For
instance, two pairs (ASHS#5 with ASHS#69; and BSHS#125 with
BSHS#162) were assigned as full siblings by SNP PEDIGREE but
as half siblings by COLONY2. Capture date, size, and status of the
umbilical scar are not similar enough to suggest being littermates,
therefore the COLONY?2 half sib assignment is much more likely.
In contrast, for individuals ASHS#84 and ASHS#85, capture
and ecological data do not offer additional insights. These two
individuals could well be full sibs as assigned by SNP PEDIGREE
or could be half sibs as identified by COLONY?2.

Interestingly, the individual ASHS#6 was identified as a
member of the full sibling family 12 by SNP PEDIGREE, but
was assigned as a half sib to the same group by COLONY?2.
This young-of-the-year was sampled in September 2014 (total
length of 74.0 cm; healed umbilical scar; Supplementary Table 1)
and the three others in February 2015 (each with total length
of 49 cm and with semi-healed umbilical scar; Supplementary
Table 1). It is therefore impossible that these are all littermates.
However, it is not impossible that they are all still full siblings.
The current data is insufficient to assess this claim. Mate fidelity
over different breeding seasons is undocumented. However, some
shark species are known to be able to store sperm (Pratt, 1993).
From another perspective, the minimum time between gestations
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TABLE 3 | Eighteen clusters of half sib and full sib identified by COLONY2 and agreement with SNP PEDIGREE half sib groups.

Cluster OffspringlD  FatherID  MotherlD Half sib group Cluster OffspringlD  FatherID  MotherlD Half sib group
(COLONY2) (SNP PEDIGREE) (COLONY2) (SNP PEDIGREE)
1 ASHS#10 *21 *T 49 6 ASHS#44 *37 *AJ 52
1 ASHS#11 *21 *T 49 6 ASHS#46 *37 *AJ 52
1 ASHS#12 *21 *T 49 6 ASHS#50 *37 *AJ 52
1 ASHS#16 *21 *T 49 6 BSHS#129 *67 *Ad 52
1 ASHS#34 *21 *T 49 6 BSHS#130 *67 *AJ 52
1 ASHS#8 *21 *T 49 6 ASHS#103 *37 *BE 79
1 BSHS#118 *21 *AX 49
1 ASHS#28 *36 *B 60 7 ASHS#1 *51 *AT 23
1 ASHS#42 *36 *B 60 7 ASHSH#76 *49 *AT 23
1 ASHS#45 *36 *B 60 7 ASHS#70 *51 *AU 32
1 BSHS#121 *36 *BH 60 7 ASHS#93 *51 *AU 32
1 BSHS#128 *36 *BH 60 7 BSHS#146 *69 *AU 32
1 BSHS#139 *43 “B 60
1 BSHS#142 *43 *B 60 8 ASHS#27 *42 *AN 8
1 ASHS#5 *02 *AX 19 8 ASHS#43 *42 *AN 8
1 ASHS#69 *25 *AX 19 8 BSHS#122 *73 *AN 8
1 ASHS#72 *25 *Y 20 8 BSHS#127 *73 *AN 8
1 ASHS#4 *25 *BR 20
1 BSHS#164 *02 *B 74 9 ASHS#62 *57 *BB 63
1 ASHS#51 *43 *J 7 9 BSHS#145 *63 *BB 63
1 ASHS#7 *11 *J 42 9 BSHS#149 *63 *BB 63
9 BSHS#151 *63 *CD 63
2 BSHS#161 *08 *H 72
2 BSHS#162 *09 *H 7 10 ASHS#56 *24 *X 58
2 ASHS#26 *09 *W 7 10 ASHS#64 *24 *X 58
2 ASHS#29 *09 W 7 10 BSHS#140 *24 *BV 58
2 ASHS#32 *09 *W 7
2 ASHS#33 *09 *W 7 11 ASHS#57 *31 *AE 48
2 ASHS#37 *09 W 7 11 ASHS#58 *31 *AE 48
2 ASHS#49 *09 *W 7 11 BSHS#117 *31 *CA 48
2 BSHS#125 *09 *BG 7
2 BSHS#124 *80 *W 7 12 BSHS#133 *58 *BC 54
2 BSHS#120 *61 *BG 51 12 BSHS#136 *58 *BC 54
2 BSHS#123 *61 *BG 51 12 ASHS#3 *58 *BO 54
2 BSHS#126 *61 *BG 51
13 ASHS#60 *47 *AR 13
3 ASHS#110 *13 *L 33 13 BSHS#137 *62 *AR 13
3 ASHS#91 *13 L 33 13 BSHS#113 *62 *BL 56
3 ASHS#95 *13 L 33
3 ASHS#96 *13 *L 33 14 ASHSH#71 *20 *S 41
3 ASHS#47 *16 L 10 14 ASHS#106 *71 *S 41
3 ASHS#31 *16 *O 10
3 ASHS#36 *16 *O 10 15 ASHS#17 *30 *AD 3
3 ASHS#38 *16 *O 10 15 BSHS#114 *72 *AD 3
4 ASHS#19 *15 *N 6 16 ASHS#84 *45 *AP 29
4 ASHS#20 *15 *N 6 16 ASHS#85 *50 *AP 29
4 ASHS#22 *15 *N 6
4 ASHS#23 *15 *N 6 17 ASHS#68 *48 *AS 18
4 ASHS#24 *15 *N 6 17 BSHS#156 *48 *BX 18
(Continued)
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TABLE 3 | Continued

Cluster OffspringlD  FatherID  MotherlD Half sib group Cluster OffspringlD  FatherID  MotheriD Half sib group
(COLONY2) (SNP PEDIGREE) (COLONY2) (SNP PEDIGREE)
4 ASHS#25 *15 *N 6

4 ASHS#35 *15 *N 18 BSHS#134 *85 *CC 55

4 BSHS#135 *90 *N 6 18 BSHS#143 *86 *CC 78

5 BSHS#152 *01 *A 12

5 BSHS#157 *01 *A 12

5 ASHS#53 *39 *A 12

5 ASHS#59 *39 *A 12

5 ASHS#74 *39 *A 12

5 ASHS#6 *83 *A 12

Rows highlighted in gray represented SHS juveniles engendered by the same father (with full sib group size > 1). Rows in red bold represents SHS juveniles engendered
by the same mothers (with full sib group size > 1). Note that the software COLONY2 cannot differentiate with certainty the maternal and paternal contribution; thus, the
labeling of mother and father is arbitrarily given by the software and retained here for clarity but only reflects adults of opposite sexes. ASHS#1 to ASHS#50 were tagged

in 2014, ASHS#51 to BSHS#132 in 2015, and BSHS#133 to BSHS#166 in 2016.

is known to be one year for other Carcharhiniformes such as bull
sharks, which have a similar gestation period (Compagno, 1984).
To the best of our knowledge, no study has documented gestation
time specifically for hammerhead sharks. Furthermore, based on
the estimated average monthly growth rate in this population
determined through recapture in a previous study (Marie et al.,
2017), the individual captured in 2014 is at least 1 year old
(i.e., born before October 2013). Therefore, it is possible that
the same female has two litters born at least 2 years apart but
captured at least 17 months asunder. However, to be confident
in this interesting observation, the probability that the same male
contributes to both litters would need to be confirmed by a robust
kinship assignment (i.e., both software concurrently identifying
full siblingship).

In theory, the approach followed by COLONY?2 is potentially
more precise than the one followed SNP PEDIGREE (and by
PEDIGREE 2.2), as the former maximizes the true full likelihood
of the proposed configuration, while the latter maximizes an
approximate partition score (Smith et al., 2001). However,
based on microsatellite data, COLONY2 and PEDIGREE 2.2
yielded very similar results in a study of endangered salmon
populations (Salmo salar), another species with complex mating
system (Herbinger et al., 2006; de Mestral et al, 2012). The
reconstructed half sib and full sib groups in these salmon studies
seemed to result from a mating system mostly characterized by
female polygamy and male monogamy, with a few instances of
polygamy from both sexes. This proposed mating system was
later confirmed using sex linked marker information (de Mestral
etal,, 2012). The present study demonstrates that COLONY2 and
SNP PEDIGREE also generate nearly identical results when using
SNP information.

Interestingly, COLONY2 generated the same solution with
the full set of 6,437 SNPs and the reduced set of 1,361 loci,
both of which agreed closely with SNP PEDIGREE results
generated using the reduced set. This indicates that it is probably
not necessary to use a very large SNP marker set to arrive
at reliable results, which also allows a decreased computation
time and associated genotyping cost. From these results, we

suggest that in studies where a large number of individuals
need to be genotyped, reliable results can be achieved with
reduced monetary investment in sequencing. Furthermore, this
study adds to the increasing literature on the effects of the
number of SNP loci on population genetics and kinship analyses
(e.g., Hauser et al, 2011; Willing et al, 2012; Mo et al,
2018). The empirical comparison of SNP analyses with full and
reduced datasets performed in this study shows that reliable
results can be obtained with a marker panel five times smaller
than initially obtained using less stringent filtering conditions
(95% call rate). While the need of approximately 1000 SNP
markers in population genetics has already been validated with
simulation studies (Willing et al., 2012), these results also
provide an empirical test for the effectiveness of a reduced SNP
panel in kinship assignments as previously shown in humans
(Mo et al., 2018).

The siblingship reconstruction achieved using COLONY2
and confirmed with SNP PEDIGREE allowed us to identify
many examples where putative fathers and putative mothers
appeared to have progeny with multiple partners. Polyandry in
Elasmobranchs has been documented in the majority of species
studied to date using litters collected from the uteri of pregnant
females captured on fishing boats (e.g., Daly-Engel et al., 2006;
Boomer et al., 2013; Pirog et al., 2016; Rossouw et al., 2016;
Green et al., 2017). However, the results of this study demonstrate
polygyny in hammerhead sharks for the first time. Indeed,
although the software COLONY2 cannot clearly differentiate
true maternal or paternal contribution, polygynandry can be
illustrated with the example of parent *B, which engendered
offspring with *36 and *43; and, in addition to *B, parent
*36 also engendered offspring with *BH. This result provides
unequivocal evidence that at least two females and two males,
engendered offspring with a minimum of two individuals of
the opposite sex (Table 3) demonstrating that the SHS is a
polygynandrous species. However, it should be noted that, in
each of the five credible instances of polygyny and polyandry,
the two full sib groups linked in a half sib relationship belonged
to different cohorts (e.g., parents *B and *36 and *BH and
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36*engendered offspring during the first and second parturition
period, respectively). This is the same pattern for each of the five
instances of polygyny and multiple paternity.

As suggested from studies that have sampled litters, the
low frequency of observed polygyny and multiple paternity in
this study could simply be attributed to the low number of
offspring analyzed here, leading to the identification of a few
large full sib groups (Table 1). Indeed, in studies using litters,
some authors suggested that the litter’s size, depending on the
sampling effort, influences the level of reported multiple paternity
results (Rossouw et al., 2016; Green et al., 2017). Most of
these cases were based on a single offspring attributed to an
additional partner.

In general, and especially in elasmobranch species, studying
BSR or OSR can be challenging given how little information
is available. For instance, the OSR reported from the resident
population of manta rays (Manta alfredi) off Maui, Hawaii,
which proposed 2.68 adult males per reproductively available
female, was revealed to be heavily skewed (Deakos, 2012).
The observation of an unequal OSR is thus common as it
partially depends on adult sex ratio, which exhibits important
variation in nature and causes implications that are not
fully understood (Székely et al, 2014). Because we found
an effectively equal BSR, we suggest that the OSR in this
population is unlikely to deviate substantially from evenness.
Furthermore, while both sexes may compete simultaneously
for mates, the bias in OSR determines which one becomes
the predominant competitor. Therefore, OSR is an important
ecological factor that determines the mating system of the
population with stronger levels of polygyny or polyandry
depending on which sex is in excess (Emlen and Oring, 1977).
Assuming our finding of an equal BSR is a good proxy of
the overall OSR, one need to ask why do we see a high
level of promiscuity? We suggest that the answer may lay in
the effective population size. We found a comparatively small
Ne for a migratory ocean dwelling species. It is possible that
both sexes are mating with multiple partners as an inbreeding
avoidance mechanism, rather than mate competition. It is well
documented that polygamy may maintain genetic variation
in a population, or increase effective population size (e.g.,
Sugg and Chesser, 1994).

In this study, the report of two sharks that mated with
the same individual and then went to the Rewa Delta
for parturition suggest the presence of at least one SHS
mating site in the region. While this result can also be
explained by sperm storage, we believe it is also pertinent
to suggest the presence of a mating site in the region
for the following reasons. First, Fiji as an oceanic island
is isolated from the other suitable nursery grounds and
provides adequate parturition areas given the number of
large estuaries present in its topography. Consequently, it
is possible that at least some of these females mate in
the region. Second, SHS are documented to migrate up to
1,671 km (Bessudo et al., 2011) and other recorded juvenile
aggregations are found at greater distances (e.g., Hawaiian
Islands). Third, a follow up study recently provided evidence
for the use of this parturition area by four genetically

differentiated populations. One of them is represented by
at least 80% of the samples while the other three are
underrepresented, suggesting the existence of a local population
(Marie et al., unpublished).

Numerous shark species have a complex life history, with
high mobility and broad spatial ranges. Chapman et al
(2015) proposed a scheme called “triangle migrations,”
which describes the spatial structure of coastal shark
populations based on movements of individuals between
nursery areas and habitats occupied by adults of different
sexes, which have a tendency to exhibit spatial segregation
most of the year. In this study, SHS juveniles come

from the Rewa Delta and while adult movements,
potential aggregations, and demographic and genetic
connectivity in the region are unknown, the genetic

differentiation uncovered in the above study suggest multiple
populations and probably mating sites in the Pacific.
This hypothesis, however, remains to be confirmed with
additional studies.

Based on the multilocus genotypes obtained from SHS
juveniles, we estimated the effective population size of a deme
that could be segregated from other such demes or might be
panmictic across the Pacific. The level of connectivity of this
juvenile aggregation across the South Pacific remains to be
determined. N, is a parameter positively correlated with the
ability of populations to persist in a changing environment
and to evolve (Frankham et al.,, 2014). The values calculated
in this study underscored possible reasons for concern. The
50/500 rule commonly used by conservation practitioners
(Jamieson and Allendorf, 2012), but revised to >100/1000 by
Frankham et al. (2014), shows that a minimum N, of 100 is
necessary to avoid immediate risk of extinction due to inbreeding
depression. Our results show a potentially high long-term risk
of extinction due to the loss of ecologically relevant genetic
diversity. However, as suggested by a previous study on SHS
in the Eastern Pacific (Nance et al., 2011), small N, could
also be associated with important evolutionary forces causing
population divergence, rather than just restricted gene flow
or inbreeding depression. Interestingly, the N, estimates of
the unrelated individuals collected in the Ba Estuary (Vierus
et al,, 2018), which belong to the same population of the
Rewa Delta (Marie et al., unpublished), were of the same order
of magnitude as current N, values. In the case of the Ba
Estuary samples, no subsampling was conducted to maximize
the chances to obtain littermates, as all samples collected were
genotyped, although some individuals were found to be siblings.
These results suggest that removing all but one individual
per family group produces unbiased estimates of the effective
population size despite sample pruning for studying mating
patterns in the Rewa Delta.
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