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ABSTRACT

Context. Knowledge of sawshark reproductive biology is limited to general parameters such
as reproductive mode and litter size. The mating system is currently unknown. Aim. To test
for multiple paternity in the common (Pristiophorus cirratus) and southern (Pristiophorus
nudipinnis) sawshark and investigate the occurrence of hybridisation between these two species.
Methods. Pups from a single litter of each species and an adult P. nudipinnis displaying mismatches
in its morphology and mitochondrial DNA were genotyped with nuclear single-nucleotide
polymorphisms (SNPs). Multiple paternity was assessed using pairwise relatedness and sibship
analysis, and hybridisation was examined using three approaches (principal-component analysis,
admixture analysis and clustering with NewHybrids). Key results. Multiple paternity was detected
in both species, with two males siring the seven-pup litter in P. cirratus and two males siring the two-
pup litter in P. nudipinnis. Hybridisation between the two species was also confirmed, with the
mismatched adult identified as a first-generation hybrid. Conclusions. The mating system of
sawsharks involves polyandry, and hybridisation between the two co-occurring Australian species
is possible. Implications. These results provide new information on sawshark reproductive biology
and highlight the need for combined use of mitochondrial and nuclear markers in future genetic
studies involving these species.

Keywords: elasmobranch, genetics, hybrid, mating system, polyandry, pristiophorid, reproductive
biology, single nucleotide polymorphisms.

Introduction

The reproductive biology of cartilaginous fishes (chondrichthyans) is complex. Two general
modes of reproduction are observed in this group: oviparity (egg-laying) and viviparity
(live-bearing). However, there is much variation within these modes, including the length
of time that eggs are retained within the female, whether sperm can be stored, and the level
of maternal provisioning provided to the embryos during development (e.g. histotrophy,
oophagy, intrauterine cannibalism, placentotrophy; Wourms 1977; Awruch 2015; Nakaya
et al. 2020). Investigating the reproductive biology of this group is difficult, largely because
their habitat and depth ranges often prevent direct observations of breeding behaviour.
However, with the development of molecular techniques, it is now possible to gain new
insights into the reproductive biology of chondrichthyans (Portnoy and Heist 2012). For
example, molecular analysis has demonstrated the occurrence of parthenogenesis in
both captive and wild individuals in a range of species (Chapman et al. 2007; Fields
et al. 2015; Dudgeon et al. 2017; Feldheim et al. 2017).

Investigating the presence of multiple paternity is another area where molecular
techniques are valuable. Also known as genetic polyandry, multiple paternity refers to the
siring of a single litter by more than one male. Potential benefits of multiple paternity
include avoiding inbreeding or genetically incompatible mates, increased fecundity, and
creating genetically diverse offspring (Jennions and Petrie 2000; Neff and Pitcher 2005;
Slatyer et al. 2012). In elasmobranchs, multiple paternity has been documented in
both viviparous (Rossouw et al. 2016) and oviparous species (Chevolot et al. 2007;
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Griffiths et al. 2012; Hook et al. 2019) and appears to be
common within the group. Indeed, multiple paternity is
believed to be the ancestral condition of all elasmobranchs
(Lamarca et al. 2020).

However, this generalisation may not apply to all species.
Some elasmobranch species do not appear to exhibit multiple
paternity even if its occurrence is widespread within the
family. Within the family Carcharhinidae, for example,
11 of the 13 species examined thus far have been shown to
exhibit multiple paternity (Bester-van der Merwe et al.
2019; Lamarca et al. 2020; Nash et al. 2021; Armada-Tapia
et al. 2023), with the two exceptions being the tiger shark
[Galeocerdo cuvier (Holmes et al. 2018; Pirog et al. 2020)]
and Galapagos shark [Carcharhinus galapagensis (Daly-Engel
et al. 2006)]. However, analysis of C. galapagensis comes
with the caveat that only one litter was available for study
(Daly-Engel et al. 2006). Furthermore, not all orders have
been examined (Lamarca et al. 2020), with many groups such
as rays (Torres et al. 2022) and deep-sea sharks (Duchatelet
et al. 2020; Nehmens et al. 2020) being under-represented
in the literature or having yet to be investigated. Addressing
this knowledge gap in a wider variety of species will enable a
more complete understanding of the ubiquity of multiple
paternity among elasmobranchs.

Once the presence of multiple paternity has been
established, molecular techniques also allow the frequency
at which it occurs to be determined. When multiple litters
have been analysed, results indicate variation in the level of
multiple paternity within and among species. Some species
exhibit low levels of polyandry (<35%), with the majority
of litters being sired by a single male (genetic monogamy;
e.g. Chapman et al. 2004; Daly-Engel et al. 2010; Boomer
et al. 2013; Duchatelet et al. 2020), whereas in other species
singly sired litters are relatively rare (>85% of litters sired by
more than one male; e.g. Feldheim et al. 2004; Griffiths et al.
2012; Lyons et al. 2017). Furthermore, rates of multiple
paternity have been shown to differ within species among
years and geographic locations (Nosal et al. 2013; Chabot
and Haggin 2014; Barker et al. 2019b). Therefore, the use of
molecular tools to study multiple paternity can help uncover
complexities in the mating systems in different species of
elasmobranch.

Molecular tools can also provide insights into hybridisation
between species. Hybridisation refers to the creation of
viable offspring following the mating of two taxa and has
been estimated to occur in at least 25% and 10% of plant and
animal species, respectively (Mallet 2005). Although hybridi-
sation has long been recognised and is common among marine
and freshwater fishes (Scribner et al. 2001; Montanari et al.
2016), its discovery in chondrichthyans only occurred in
the last decade. In fishes, hybrid individuals often display
colour patterns or morphologies intermediate to the parental
species and are therefore relatively easy to identify (Montanari
et al. 2016; Tea et al. 2020). However, chondrichthyans
often have conserved morphology between species and this

makes the recognition of hybrids more difficult. It was only
through the examination of the nuclear DNA of common
(Carcharhinus limbatus) and Australian (Carcharhinus tilstoni)
blacktip sharks, coupled with mismatches in morphology and
mitochondrial DNA, that Morgan et al. (2012) provided the
first evidence of hybridisation in chondrichthyans. Since
then, molecular analysis has assisted in identifying hybridi-
sation in several other species of sharks and rays (Table 1),
and suggested the possibility of hybridisation in others,
such as sleeper sharks [Somniosus microcephalus and Somniosus
pacificus (Walter et al. 2017)], three species of shyshark
[Haploblepharus fuscus, Haploblepharus pictus and
Haploblepharus edwardsii (van Staden et al. 2020)] and
skates in the Mediterranean [Raja polystigma and Raja
montagui (Frodella et al. 2016)].

Sawsharks (family Pristiophoridae) are a distinctive group
of demersal sharks readily identified by their tapered saw-like
rostrum and pair of long barbels on the ventral surface of the
rostrum (Nevatte and Williamson 2020). The group currently
consists of 10 species that inhabit coastal to deep-water
marine environments on the continental shelves and slopes
throughout the world. Sawsharks have generally received
very little attention in the scientific literature and, as such,
much of the knowledge of their biology is limited (Ducatez
2019; Nevatte and Williamson 2020).

In Australia, two species of sawshark have overlapping
distributions. The common sawshark (Pristiophorus cirratus)
and southern sawshark (Pristiophorus nudipinnis) co-occur
in the waters of the southern half of Australia, from Western
Australia to southern New South Wales and Tasmania
(Last and Stevens 2009; Bartes and Braccini 2021), with
the distribution of P. cirratus extending up to southern
Queensland on Australia’s eastern coast (Last and Stevens
2009; Nevatte et al. 2019). The two species have overlapping
depth ranges (5->600 m; Raoult et al. 2020) and are frequent
by-catch in the commercial fisheries operating in the region
(Walker et al. 2005; Braccini et al. 2012; Raoult et al.
2020). Similarities in morphology often lead to the two
species being grouped together in fisheries records (Emery
et al. 2019; Raoult et al. 2020). Harvesting of P. cirratus
and P. nudipinnis is currently considered sustainable, with
relatively stable catch rates over the past two decades
(Raoult et al. 2020; Patterson et al. 2022), and both species
are listed on the IUCN Red List as Least Concern (Walker
2016, 2021). Many aspects of the biology of these species
remain poorly known, with detailed investigations having
occurred only in recent years. These include studies of age
and growth (Raoult et al. 2017; Burke et al. 2020b), trophic
ecology and possible feeding behaviour (Raoult et al. 2015;
Nevatte et al. 2017b; Burke and Williamson 2021), movement
and population structure (Burke et al. 2020a; Nevatte
et al. 2021), and sensory systems (Nevatte et al. 2017a;
Woueringer et al. 2021).

The reproductive biology of P. cirratus and P. nudipinnis is
another area where knowledge is limited. At present,
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Table I. Genetically confirmed reports of hybridisation (first- and second-generation or backcross) in sharks and rays.
Family Species | Species 2 Number of Number of individuals Reference
hybrids examined

Sharks

Carcharhinidae Australian blacktip shark Common blacktip shark 57 1714 Morgan et al. (2012)
(Carcharhinus tilstoni) (Carcharhinus limbatus)
Galapagos shark (Carcharhinus ~ Dusky shark (Carcharhinus 4 421 Pazmifio et al. (2019)
galapagensis) obscurus)

Pristiophoridae Common sawshark Southern sawshark | 82 This study
(Pristiophorus cirratus) (Pristiophorus nudipinnis)

Sphyrnidae Scalloped hammerhead Carolina hammerhead 25-27 554 Barker et al. (2019a)
(Sphyrna lewini) (Sphyrna gilberti)

Triakidae Common smoothhound Blackspotted smoothhound 2 5078 Marino et al. (2015)
(Mustelus mustelus) (Mustelus punctulatus)

Rays

Mobulidae Reef manta ray (Mobula Giant oceanic manta ray | 1€ Walter et al. (2014)
alfredi) (Mobula birostris)

Potamotrygonidae  Ocellate river stingray Largespot river stingray 4 64 Cruz et al. (2015)
(Potamotrygon motoro) (Potamotrygon falkneri)

Trygonorrhinidae  Eastern fiddler ray Southern fiddler ray 2 42 Donnellan et al. (2015)

(Trygonorrhina fasciata)

(Trygonorrhina dumerilii)

ATotal includes individuals used to assess concordance of morphology and diagnostic DNA markers (n = 69), individuals with a mismatch in morphology and

mitochondrial DNA (n = 42), and the additional specimens (n = 60).

BTotal refers to the number of embryos examined because the focus of this paper was the assessment of multiple paternity. No hybridisation was detected in the

sampled mothers (n = 32) or the additional adults used as a reference (n = 253).

CPaper reports only on a single individual. The genus name Mobula is used here rather than Manta as written in the paper, to reflect current taxonomic classification

(White et al. 2018).

information on reproductive biology is based on investi-
gations of specimens caught during fisheries research. As
with all sawsharks, P. cirratus and P. nudipinnis have been
identified as aplacental viviparous (ovoviviparous), with
a biennial reproductive cycle. Litter sizes can range from
3 to 22 pups for P. cirratus and from 7 to 14 pups for
P. nudipinnis, with a gestation period of at least 12-16 months
(Hudson et al. 2005; Walker and Hudson 2005; Last and
Stevens 2009). The mating system of sawsharks has not
been directly examined, but given the ubiquity of multiple
paternity in elasmobranchs, it is possible that these sharks
also exhibit this reproductive strategy. Incorporating infor-
mation about the mating system of harvested species is
important for developing appropriate management plans
(Rowe and Hutchings 2003). For example, knowledge of
whether a species exhibits monogamy or polyandry can be
included in demographic models to assess population
declines more accurately (Tsai et al. 2015; Liu et al. 2020).
Thus, determining the mating system of P. cirratus and
P. nudipinnis would provide information necessary for
accurate assessment of their resilience to current levels of
fishing pressure.

In this study, we provide a preliminary assessment of
multiple paternity in P. cirratus and P. nudipinnis by
genotyping pups from a single litter of each species with
nuclear single-nucleotide polymorphisms (SNPs). Although a
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small sample size, multiple paternity has been successfully
detected in other shark species where only one litter was
examined (Daly-Engel et al. 2006; Larson et al. 2011; Corrigan
et al. 2015). We also investigate the possibility of hybridisa-
tion between the two sawshark species by genotyping a
P. nudipinnis sample that is suspected to have been
misidentified. This sample was collected in north-eastern
Tasmania and identified in the field as P. nudipinnis.
However, sequencing of the mitochondrial DNA showed
that this individual possessed a mitochondrial haplotype
characteristic of P. cirratus (Nevatte et al. 2021).

Materials and methods

Samples and sequencing

Tissue samples (fin clips and muscle tissue stored in 70-90%
ethanol) for assessment of multiple paternity and hybridisa-
tion were sourced from previous studies. This included
samples of a pregnant P. cirratus caught off Wollongong,
New South Wales in 2014, and her eight pups (early to
mid-term embryos; Fig. 1a) (Nevatte et al. 2017a) and
samples of a pregnant P. nudipinnis caught off Kangaroo
Island, South Australia in 2017, and her two pups (mid-
to late-term embryos; Fig. 1b). The mother and pup
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Fig. I.

Developmental
(Pristiophorus  cirratus) and (b)
nudipinnis) pups examined in this study. For scale, a 30 cm ruler is
presented in (a) and a tape measure in centimetres (bottom half) is
presented in (b). Photo credits: Ryan Nevatte (a); Matt McMillan (b).

stages of the (a) common sawshark
southern sawshark (Pristiophorus

P. nudipinnis samples were donated by collaborating
researchers as part of a population genetics study on saw-
sharks (Nevatte et al. 2021). The potentially misidentified
P. nudipinnis sample was collected by the authors during
research trawling off north-eastern Tasmania in 2011 (Raoult
etal. 2015, 2017). Research trawling was conducted under an
ethics permit issued by the University of Tasmania (see Raoult
etal. (2015, 2017) for permit number). Ethics approval for the
other studies (Nevatte et al. 2017a, 2021) was not required
because the authors were not involved in the capture of the
sawsharks. Tissue samples were collected from deceased
sawsharks caught during routine commercial fishing
operations. These sawsharks were either purchased directly
from or donated by commercial fishers and fish cooperatives.

Subsamples of tissue (~20 mg) from the females, their
pups and the potentially misidentified individual were sent
to Diversity Arrays Technology Pty Ltd (DArT; Canberra,
ACT, Australia) for DNA extraction and SNP genotyping
with the DArTSeq™ protocol (Sansaloni et al. 2011; Kilian
et al. 2012; Cruz et al. 2013). These samples were included

in the genotyping assay performed on a set of P. cirratus
(n = 55) and P. nudipinnis (n = 26) samples sourced from
Nevatte et al. (2021) as part of a concurrent popula-
tion genetics study (R. J. Nevatte, M. R. Gillings and
J. E. Williamson, unpubl. data). All samples were processed
following the methodology described in Kilian et al. (2012)
and Melville et al. (2017) using the restriction enzymes Pstl
and Hpall.

The dataset received from DArT was imported into R
(https://www.r-project.org; R Core Team 2022) as a genlight
object by using the dartR package (ver. 1.9.9.1, https://cran.r-
project.org/web/packages/dartR; Gruber et al. 2018) for
further filtering and analysis. The RStudio interface (https://
posit.co/products/open-source/rstudio/; Posit Team 2023) was
used for data management and visualisation of graphical output.

Multiple paternity

For the assessment of multiple paternity, mothers and their
associated pups were filtered alongside the individuals of
their respective species. The dataset was first reduced to the
species of interest and then locus metrics were recalculated
using the gl.recalc.metrics function in dartR. The filtering
pipeline for both species then proceeded as follows:
(1) removal of monomorphic loci; (2) removal of loci of
<98% reproducibility; (3) retaining only one SNP per 69 bp
fragment to minimise linkage (selected with the ‘best’
option in the glfilter.secondaries function); (4) retaining
loci with a read depth between 5 and 50 (to prevent poorly
genotyped or paralogous sequences in the dataset);
(5) removal of loci with a call rate of <90%; (6) retaining
individuals with a call rate of >90% (and removing any
subsequent monomorphic loci); and (7) removal of loci
with a minor allele count of <3 [identified with the radiator
(ver. 1.2.2 R package, https://thierrygosselin.github.io/
radiator/; Gosselin 2020)].

An additional filtering step was implemented to identify and
remove loci deviating from expectations of Hardy—-Weinberg
equilibrium (HWE). All individuals were pooled together and
each locus was tested for HWE by using the R package pegas
(ver. 1.1, https://cran.r-project.org/web/packages/pegas;
Paradis 2010) with 1000 permutations. A Bonferroni
correction was then applied to the obtained P-values for
each locus by using the p.adjust function in R, and loci with
adjusted P-values of <0.05 were removed from the dataset.
Finally, loci with missing data were excluded from the
dataset, so that all individuals were represented by the same
number of loci. This resulted in a final dataset of 1720 and
493 loci for P. cirratus and P. nudipinnis, respectively.

The presence of multiple paternity in the litters of each
species was assessed using two methods: pairwise relatedness
and sibship analysis. Pairwise relatedness between the
mothers and pups was calculated using COANCESTRY (ver.
1.0.1.10, https://www.zsl.org/about-zsl/resources/software/
coancestry; Wang 2011). To determine which of the seven
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different estimators available in the program was most
suitable for our data, we simulated 300 dyads each for several
relationship categories, including unrelated (r = 0), parent—
offspring (r = 0.5), full-siblings (r = 0.5) and half-siblings
(r = 0.25), based on the allele frequencies of the final
filtered datasets for the two sawshark species. Allele fre-
quency information was extracted from the datasets by using
related (ver. 1.0, https://github.com/timothyfrasier/related;
Pew et al. 2015), an R implementation of COANCESTRY.
The simulation included a conservative 0.01 genotyping
error rate for each locus and no missing data or allelic
dropout. Pairwise relatedness was then calculated for the
simulated dyads with the seven estimators, with the default
value (100) for the number of reference individuals used
for the triadic likelihood estimator (TrioML). The best
relatedness estimator was identified based on both its
accuracy (closeness to the true value) and precision (variation
around the estimated values) as suggested by Attard et al.
(2018). This involved examining the Pearson’s correlation
coefficient calculated for each estimator by COANCESTRY
and using the simulated dyad data for each relationship
category to calculate means and standard deviations, and
to construct box plots to visually assess variance. The
two maximum-likelihood estimators, TrioML and dyadic
likelihood (DyadML), showed the highest correlation to the
true value and were the least variable across relationship
categories for both sawshark species (Supplementary material
Table S1 and Figs S1, S2). Thus, these estimators were selected
for the empirical analysis. Parameters for the empirical analysis
were the same as for the simulation (i.e. allele frequencies from
final filtered datasets, 0.01 genotyping error, no missing data or
allelic dropout, 100 reference individuals for TrioML), with the
genotyping error accounted for in the analysis. The genotype
input file containing all individuals was generated with
related, while any other required files were created following
the instructions in the COANCESTRY manual.

To determine the most likely number of sires for each
litter, a sibship analysis was performed using COLONY
(ver. 2.0.6.8, https://www.zsl.org/about-zsl/resources/software/
colony; Jones and Wang 2010). The program uses a full-
likelihood approach to infer relationships among offspring
(full siblings, half siblings or unrelated) and can reconstruct
the genotypes of potential parents. For the analyses, COLONY
assumes that the loci are in HWE and linkage equilibrium.
While the former had been accounted for with a previous
filtering step, it was not possible to guarantee complete
linkage equilibrium of the markers used here because of the
lack of a reference genome for any species of sawshark or
other closely related shark species. However, the algorithm
implemented in the program can accommodate some level
of linkage in the markers (Wang and Santure 2009) and
any tightly linked loci were removed during the filtering of
the dataset (i.e. only a single SNP was retained when more
than one SNP was present in a sequence fragment). Hence,
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we acknowledge that although there may be some linkage
among the markers, this should not affect the results.

The genotypes of the pups and their mothers were included
in the sibship analysis with COLONY, with this maternal
relationship being specified in the project file. Each species
was tested in separate analyses by using the following
parameters. Males and females were set to a polygamous
mating system, with no inbreeding and no clones present
among the offspring. Because sharks are diploid organisms
and dioecious (have distinct male and female individuals),
these options were also selected. The full-likelihood method
was chosen as the analysis method, with a medium likelihood
precision, medium run length and a total of five runs. The
starting random number seed for the first of these runs was
set to 1234. No sibship prior was applied, sibship scaling
was set to the default (yes) and allele frequencies were not
updated. Markers were set to codominant, with an allelic
dropout rate of 0 and a genotype error rate of 0.01 (as for
the COANCESTRY analysis). Because the accuracy of sibship
reconstruction in COLONY is not greatly affected by the geno-
type error rate (Ackerman et al. 2017), the error rate selected
for the analysis was based on previous studies examining
sibship in sharks (Barker et al. 2019b; Reid-Anderson et al.
2019). Allele frequencies were estimated during the analysis.

When determining full-sibling families, COLONY reports
two likelihood probabilities to indicate whether the families
may have been over- or under-split during the analysis: the
inclusion probability and exclusion probability. The inclusion
probability shows the probability that all individuals listed
in a full-sibling family are true full-siblings and no further
splitting into half-siblings is necessary, with a high value
indicating that the family is not under-split. The exclusion
probability shows the probability that all individuals
listed in the full-sibling family are full-siblings and no other
individuals should be considered as full-siblings to the
individuals in this group. The family is considered not over-
split with a high value for this metric. When these likelihood
probabilities are used in conjunction, they can show a
potential overestimation of the number of sires. For example,
a full-sibling family with a high inclusion probability and low
exclusion probability indicates that individuals assigned as
full-siblings are likely to be real, but the family may have
been over-split, and some individuals listed as half-siblings
to this family may actually be full-siblings. Thus, the number
of sires may be overestimated.

Finally, to assess the strength of the SNP markers in
identifying individuals, the probability of identity (probability
that two individuals possess an identical genotype) was
calculated in GenAlEx (ver. 6.503, https://biology-assets.
anu.edu.au/GenAlEx/Welcome.html; Peakall and Smouse
2006, 2012). Because of the presence of related individuals,
the more conservative probability of identity with siblings
(PISibs; Waits et al. 2001) was calculated for each species by
using the same datasets for the COLONY analyses (i.e. only
the genotypes of the mothers and her pups).
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Hybridisation

All P. cirratus (n = 56) and P. nudipinnis (n = 27) samples
(excluding the pups) were filtered together with the
potentially misidentified individual in dartR. After removing
the pups from the dataset and recalculating locus metrics, the
filtering pipeline consisted of the following steps: (1) removal
of loci with <99% reproducibility; (2) retaining only one
SNP per 69 bp fragment to minimise the inclusion of linked
loci (selected with the ‘best’ option by wusing the
gl.filter.secondaries function); (3) removal of loci with a
read depth of <5 and >50 (to prevent retaining poorly
genotyped loci or paralogous sequences); (4) removal of
loci with a call rate of <95%; (5) retaining individuals with
a call rate of >95%; (6) removing monomorphic loci; and
(7) retaining loci with a minor allele frequency of >5%.
These threshold values were selected following the inspec-
tion of the output provided by the report functions available
for each filtering criteria in dartR. A total of 4277 SNPs
remained post-filtering, with 82 individuals in the dataset
[P. cirratus (n = 54); P. nudipinnis (n = 27); misidentified
individual (n = 1)].

Following the initial filtering, a principal-component
analysis (PCA) was performed in dartR to visualise the
positioning of the potentially misidentified sample in relation
to the samples of the two sawshark species. Inspection of the
resulting plot (see Results) indicated that the potentially
misidentified individual could be a hybrid, and so further
analyses were conducted to further explore this hypothesis.

To identify SNPs that were fixed between the two sawshark
species, and therefore diagnostic for each species, a dataset
with the putative hybrid removed was created and Fgy
values for each locus were calculated with the gl.basic.stats
function in dartR. Loci that displayed Fsr values of 1 were
then selected as diagnostic markers for the sawsharks,
resulting in a total of 1348 SNPs (the majority of loci had
Fgr values of >0.9; 3039 of 4227). The dataset containing
the putative hybrid was then reduced to these SNPs. Finally,
this dataset was filtered further to remove SNPs that
contained missing data. Following this, a total of 759 SNPs
remained.

An admixture analysis was performed on the dataset of
759 SNPs, by using the R package LEA (ver. 3.0.0, https://
bioconductor.org/packages/release/bioc/html/LEA.html;
Frichot et al. 2014; Frichot and Francois 2015) to estimate the
admixture coefficients (Q) of the putative hybrid and the two
sawshark species. The number of ancestral populations (K) that
best explained the data was determined based on the
calculation and plotting of the cross-entropy criterion, with
100 repetitions for each tested value of K (range 1-10). The
cross-entropy plot showed a ‘knee’ at K = 2 (Fig. S3) and
was thus selected as the value of K for the analysis. This
value also made the most sense biologically because there were
two recognised species present in the dataset and the putative
hybrid had P. cirratus mitochondrial DNA. Bar plots of the best

run for this value of K (i.e. the run with the lowest cross-entropy
criterion) were then constructed to visualise admixture.

For a quantitative assessment of possible hybridisation, the
SNP data were also analysed with NewHybrids (ver. 1.1,
http://ib.berkeley.edu/labs/slatkin/eriq/software/software.
htm#NewHybs; Anderson and Thompson 2002). The program
utilises a Bayesian clustering algorithm to determine the
posterior probability of an individual belonging to several
different classes, including pure species, first- or second-
generation hybrid and backcross with one species. Because
of memory constraints, the program can only analyse approxi-
mately 200 loci; so, a random subset of 200 loci were selected
from the 759-SNP dataset by using the gl.subset.loci function
in dartR. This dataset was then exported from R as a
STRUCTURE file and converted into a NewHybrids file with
PGDSpider (ver. 2.1.1.5, http://cmpg.unibe.ch/software/
PGDSpider; Lischer and Excoffier 2012). The NewHybrids
analysis was run in parallel with EasyParallel (https://github.
com/hzz0024/EasyParallel; Zhao et al. 2020) and consisted
of five runs with Jeffreys-like priors, a burn-in period of 10 000
and 100 000 sweeps. Parental individuals were not specified a
priori. All five runs were inspected for consistency of results.

Results

Multiple paternity

Pairwise relatedness and sibship analysis showed the
presence of multiple paternity in both sawshark species. As
the relatedness estimates produced by COANCESTRY for
the TrioML and DyadML estimators were near identical for
both species, only the TrioML estimates are reported here.
For P. cirratus, one pup in the litter (Pup 3) failed to
produce a library during the SNP genotyping and thus only
seven pups were analysed for this species. Nevertheless,
pairwise relatedness showed that the seven-pup litter
consisted of both full-siblings (11 pairs; TrioML range:
0.4012-0.5902) and half-siblings (10 pairs; TrioML range:
0.2277-0.3404), with Pups 1 and 4 being half-siblings to
their litter mates (Fig. 2a). Pairwise estimates for the mother
and her pups were consistent with a parent-offspring
relationship (TrioML range: 0.4768-0.5378; Fig. 2a).
Sibship analysis with COLONY indicated that the litter was
sired by two males, thereby corresponding to two full-sibling
families. Both families had high inclusion and exclusion
probabilities (>0.99), with Father 1 siring two pups and
Father 2 siring five pups (paternal skew = 2:5) (Table 2).
The pups identified as half-siblings to the rest of their litter
mates (Pups 1 and 4) were consistent with the result obtained
with the pairwise-relatedness estimates. The calculated PISibs
for the dataset of 1720 loci was 1.4 x 107123,

For P. nudipinnis, pairwise relatedness in COANCESTRY
showed that the two pups in the litter were half-siblings
(TrioML estimate: 0.3028; Fig. 2b). A parent-offspring
relationship between the mother and the two pups was also
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(a) Pristiophorus cirratus
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(b) Pristiophorus nudipinnis
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Pup 2 0.4163 0.3028 . 0.3
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Fig. 2. Pairwise relatedness estimates (TrioML) between pups and their mothers for (a) common sawshark
(Pristiophorus cirratus) and (b) southern sawshark (Prisitophorus nudipinnis). Dark grey cells indicate non-applicable values.

Table 2. Results from the sibship analysis performed in COLONY
for the single litters of Pristiophorus cirratus and Pristiophorus nudipinnis.

Species Full-sibling family/  Prob Prob  Pups
inferred father (Inc.) (Exc.)

Pristiophorus Fl 1.0000 1.0000 Pup |; Pup 4

Cilguls F2 0.9995  0.9995 Pup 2; Pup 5;
Pup 6; Pup 7;
Pup 8

Pristiophorus Fl 1.0000 1.0000 Pup |

nudipinnis F2 10000 1.0000 Pup 2

The inclusion probability [Prob (Inc.)], exclusion probability [Prob (Exc.)] and
names of the pups for each full-sibling family are presented.

confirmed (Fig. 2b). The sibship analysis in COLONY
supported a half-sibling relationship between the pups with
two full-sibling families being constructed (Table 2). Thus,
the litter was sired by two males (paternal skew = 1:1). The
calculated PISibs for the dataset of 493 loci was 1.3 x 10733,

Hybridisation

Principal-component analysis suggested the presence of a
hybrid. The PCA plot (Fig. 3) showed a clear separation of
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the samples into two distinct genetic groups by the first
axis (PCA Axis 1), which explained 90.2% of the variation.
These two groups corresponded to the samples identified
as P. cirratus and P. nudipinnis. The suspected misidentified
sample was situated between these two groups (Fig. 3),
which is consistent with what would be expected for a
hybrid individual.

The admixture and NewHybrids analyses further
supported the hypothesis of a hybrid. The putative
hybrid had Q-values of 0.57 and 0.43 for the ancestral
populations representing P. nudipinnis and P. cirratus,
respectively, while all other individuals had Q-values of
0.99 for one of these populations (Fig. 4). Such admix-
ture proportions are indicative of a first-generation (F;)
hybrid. All five runs of NewHybrids provided identical
results, with the putative hybrid being assigned as an F;
hybrid with a posterior probability of 1. All samples of
P. cirratus and P. nudipinnis were also assigned as separate
parental species with posterior probabilities of 1. Thus,
the three analyses performed in this study indicate that
the sample previously identified as P. nudipinnis is an
F; hybrid.
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Fig. 3. Principal-component analysis based on 4277 SNPs to identify a possible hybrid between
two sawshark species. Each dot represents an individual sawshark.

4

1.0

Ancestry proportions
04
|

0.2

0.0

Pristiophorus cirratus Pristiophorus nudipinnis

Fig. 4. Plot of the admixture coefficients for each individual calculated in the LEA R package based
on 759 SNPs. Each bar represents an individual sawshark, with the colours (brown and grey)
corresponding to the respective species. The putative hybrid is indicated by the red arrow.

Discussion application of nuclear-derived SNPs, we provide the first
evidence of multiple paternity occurring in both
The results of this study deliver new insights into the  P. cirratus and P. nudipinnis and show that the two species
reproductive biology of Australian sawsharks. Through the  are capable of hybridisation.
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Multiple paternity

Detection of multiple paternity in this study indicates that the
mating strategies of P. cirratus and P. nudipinnis involve
polyandry. However, given that only a single litter was
analysed for each species, it is not possible to determine the
frequency of polyandry. For a more complete assessment of
the mating system of P. cirratus and P. nudipinnis, additional
sampling of pregnant females and their pups is required.
Given that rates of multiple paternity can differ among
populations (Chabot and Haggin 2014; Barker et al. 2019b),
examination of this in genetically differentiated sawshark
populations would also be prudent.

As stated previously, the one limitation of this study is
the analysis of only single litters for each species. This is
particularly an issue for P. nudipinnis, which had a litter
size (n = 2) much lower than the reported litter size for this
species (7-14 pups; Walker and Hudson 2005; Last and
Stevens 2009). This reduced sample size could be due to
the female aborting most of the litter following capture, with
only two pups remaining within the uterus when samples
were collected. Capture-induced parturition is common in
elasmobranchs (Adams et al. 2018) and has previously been
reported for sawsharks (Bass et al. 1975; Hudson et al. 2005;
Walker and Hudson 2005).

Although further research is required to understand
multiple paternity in sawsharks, some possible reasons
for its presence are discussed. As a reproductive strategy,
multiple paternity has been proposed to offer several benefits,
including the generation of genetically diverse offspring
with greater fitness, avoidance of inbreeding or genetically
incompatible mates, and increased fecundity (Jennions and
Petrie 2000; Neff and Pitcher 2005; Slatyer et al. 2012).
However, studies examining multiple paternity in sharks
have not found any evidence of these benefits (Feldheim
et al. 2004; DiBattista et al. 2008; Daly-Engel et al. 2010;
Boomer et al. 2013). For example, lemon sharks (Negaprion
brevirostris) from singly-sired and multiply-sired litters
show no difference in survival rates (DiBattista et al. 2008)
and fecundity does not increase with multiple matings in
smooth-hound sharks (Mustelus spp.) (Boomer et al. 2013;
Marino et al. 2015).

Instead, the prevailing hypothesis for the occurrence
of multiple paternity is convenience polyandry, whereby
females will accept additional or superfluous matings from
males if the costs of doing so are lower than the costs of
resisting mating attempts (Portnoy et al. 2007; DiBattista
et al. 2008; Lyons et al. 2021). Mating in elasmobranchs
can often cause harm to the female [e.g. bite wounds from
males (Pratt and Carrier 2001; Ritter and Amin 2019)] and
this may also be true for sawsharks. While their mating
behaviour has not been observed, the toothed rostrum used
by sawsharks for sensing, capturing, and manipulating
prey (Nevatte et al. 2017b; Burke and Williamson 2021;
Woueringer et al. 2021) could inflict injuries when copulating.
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Although obvious mating wounds have not been observed
on the two sawshark species assessed here, female and
male sawfishes [a group of rays that also possess a toothed
rostrum of similar function (Wueringer et al. 2012)] have
been found to bear wounds attributed to the rostrum as a
result of their mating habits (Papastamatiou et al. 2015;
Brame et al. 2019). Thus, accepting superfluous matings
from amorous males may be the least costly course of action
for sawsharks.

Although convenience polyandry may contribute to
multiple paternity, it should not be considered the sole
reason for its occurrence, as other biological factors may
also play a role (Lyons et al. 2021). For example, sperm
competition, whereby sperm from different males compete
for the fertilisation of the ova, is also likely to influence
polyandry (Schlegel et al. 2012), and is a known issue in
elasmobranchs (Fitzpatrick et al. 2012). Indeed, in male
sharks, the morphology of the sperm (flagella length) and
testes size have been shown to increase with an increasing
incidence of multiple paternity (Rowley et al. 2019a,
2019b). Sperm storage could also play a role as females
may exert post-copulatory control on the siring of their
litters through the storage and selection of sperm from
favoured males (Fitzpatrick et al. 2012). In species
that store sperm, this may also increase the amount of
sperm competition (Lyons et al. 2021). Although the ability
to store sperm has been recorded for many chondrichthyans
(Dutilloy and Dunn 2020), this has not been investigated in
sawsharks.

Another factor may be a combination of ovulation patterns
and embryonic diapause. In round stingrays (Urobatis halleri),
differences in the sizes of the embryos and their positioning
within the uterus suggest that females release their eggs in
a staggered manner (Lyons et al. 2017). This is
hypothesised to allow females to control the paternity of
their litters (Lyons et al. 2017). While it is unknown
whether female sawsharks release all their eggs at once or a
few at a time, a staggered ovulation pattern over the breeding
season could allow different males the opportunity to sire
pups within a single litter. In the sawshark litters examined
here, there does not appear to be any difference in the
developmental stage of the embryos (e.g. Fig. 1a), which
could indicate that females ovulate all their eggs at once.
However, it has been suggested that female P. cirratus and
P. nudipinnis are capable of embryonic diapause (Hudson
et al. 2005; Walker and Hudson 2005; Waltrick et al. 2012),
whereby the development of the embryo is suspended
temporarily after fertilisation. Embryonic diapause would
allow females to retain fertile eggs from multiple mating
events and could also mask the effects of a staggered ovulation
pattern. Embryos sired by different males or during different
mating events would develop simultaneously and therefore
have no discernible differences in size. Thus, the combination
of staggered ovulation and embryonic diapause could explain
the detection of multiple paternity in this study.
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The level of multiple paternity may also be influenced
by the rate at which potential mates are encountered
(the encounter-rate hypothesis) (Daly-Engel et al. 2010;
Nash et al. 2021). Breeding aggregations are likely to
increase the chances of encounters between mature males
and females and, therefore, lead to higher frequencies of
multiple paternity. The aggregative behaviour displayed by
the common smooth-hound (Mustelus mustelus) has been
attributed to its relatively high frequency of polyandry
(Rossouw et al. 2016), whereas the low frequency of multiple
paternity observed in the Hawaiian spurdog (Squalus
hawaiiensis), formerly the shortspine spurdog [Squalus
mitsukurii (Daly-Engel et al. 2018)], has been attributed to
its asynchronous reproductive cycle and absence of regular
mating aggregations (Daly-Engel et al. 2010). However, in
mating aggregations of finetooth sharks (Carcharhinus
isodon), which display both annual and biennial reproduction,
no significant difference in the rate of multiple paternity was
detected between sharks using either reproductive mode
(Nash et al. 2021). Sharks reproducing biennially were
expected to have a higher incidence of multiple paternity
because of the potential for more copulations over a single
reproductive event.

The numbers of males and females within these breeding
aggregations may also affect the frequency of polyandry.
For example, the overall frequency of multiple paternity is
low in leopard sharks (Triakis semifasciata) from La Jolla,
California, which form aggregations consisting predominantly
of females (Nosal et al. 2013). However, the frequency
of multiple paternity increased in the year in which there
was an increase in the number of males (Nosal et al. 2013).
Male-biased aggregations are thought to increase multiple-
paternity rates owing to the potential for mobbing behaviour
around females, although this may be species-specific. Rates
of multiple paternity in rig (Mustelus lenticulatus), a species
that displays heavily male-biased aggregations, are only
slightly higher than those in the closely related gummy shark
(Mustelus antarcticus), which is not known to form breeding
aggregations (42% M. lenticulatus; 31% M. antarcticus)
(Boomer et al. 2013).

Regarding sawsharks, it is unknown whether P. cirratus or
P. nudipinnis have mating grounds, but seasonal changes in
catch rates suggest that these sharks may migrate into
shallow waters for breeding in the austral autumn (Raoult
et al. 2020). It is also unknown whether there is a bias
towards one sex in these hypothesised breeding aggregations.
Identifying whether breeding aggregations occur, and
their composition, will be important for furthering our
understanding of multiple paternity in these species.

Hybridisation

Further information about the hybrid sawshark can be
gleaned from molecular and morphometric data obtained
during previous studies. For example, the mitochondrial

DNA data reveal the maternal species involved because of
the maternal inheritance of this marker. Because the hybrid
possessed P. cirratus mitochondrial DNA [haplotypes PC
Cyt-b 11 (GenBank Accession: MT376141) and PC ND5 7
(GenBank Accession: MT376162) identified in Nevatte et al.
(2021)], it is clear that it was the result of a mating
between a female P. cirratus and a male P. nudipinnis. The
morphometrics showed that the hybrid female had grown
to a total length (TL) of 1092 mm, a size consistent with
that of adult sawsharks of either species [P. cirratus max.
TL = 1490 mm; P. nudipinnis max. TL = 1240 mm (Last and
Stevens 2009)]. This indicates that hybrid offspring are
capable of surviving to adulthood in the wild. Furthermore,
examination of the reproductive organs suggested that the
hybrid had reached sexual maturity (max. ovarian follicle
diameter = 5 mm; females are considered mature by Walker
and Hudson (2005) if max. follicle diameter >3 mm).
However, it was not possible to determine whether this
female was fertile. The discovery of backcrossed individuals
or second-generation hybrids would be required to resolve
this question.

Detection of hybridisation in these sawsharks raises
questions regarding the rarity of such events and how/why
it may have occurred. Previous studies documenting hybridi-
sation in elasmobranchs have generally reported a small
number of hybrid individuals (1-4; Table 1), suggesting that
the phenomenon might be rare. However, in some species,
such as blacktip (Morgan et al. 2012) and hammerhead
(Barker et al. 2019q; Barker et al. 2021) sharks, hybridisation
appears to be quite extensive (Table 1). Given the number
of samples examined in this study, it is suggested that
hybridisation between P. cirratus and P. nudipinnis might
be rare (only one hybrid was detected in the sample of 82
individuals: ~1%). However, because this study is among
the first to examine the genetics of sawsharks in the region,
further sampling may reveal the presence of additional
hybrids. A possible hybrid sawshark may have been detected
in the DNA barcoding studies conducted by Ward et al.
(2005, 2008), where one P. nudipinnis sample possessed the
mitochondrial haplotype of P. cirratus. Misidentification or
mislabelling was suggested as the reason for this because
hybridisation had yet to be documented in sharks, but no
further investigation is possible because the sample was not
retained as a voucher specimen (Ward et al. 2008).

Several factors have been proposed as drivers of
hybridisation. The rarity of conspecifics is one such factor
(Wirtz 1999; Montanari et al. 2016) and is based on the
premise that matings between heterospecifics are more
likely to occur when the number of conspecifics in an area
is reduced. In particular, females of the rarer species are
thought to engage in interspecific matings more than males
(Wirtz 1999). Such unidirectional hybridisation has been
documented in hammerhead sharks, with the rarer Carolina
hammerhead (Sphyrna gilberti) often being the maternal
species when hybridising with the more common scalloped
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hammerhead [Sphyrna lewini; (Barker et al. 2019a)].
However, in this study, the opposite was found. Fisheries
data indicate that P. cirratus is more abundant than
P. nudipinnis across their overlapping depth range (Raoult
et al. 2020), and P. cirratus was detected as the maternal
species for the hybrid. Thus, it is more likely that a
general lack of conspecifics at the time of breeding may
have contributed to the hybridisation. However, further
research is needed to determine whether hybridisation is
unidirectional or bidirectional between the two sawshark
species.

Another factor proposed as a driver of hybridisation is
niche overlap, which includes an overlap in habitat use and
diet (Montanari et al. 2016). Although both species have
overlapping depth ranges and occupy the same types of
habitat, stable isotope analysis has shown that P. cirratus
and P. nudipinnis display resource partitioning in regions
where they co-occur (Raoult et al. 2015). Thus, overlap in diet
is unlikely to be a major driver of hybridisation between these
species. The breeding behaviour of either species is unknown.
As such, it is uncertain whether P. cirratus and P. nudipinnis
breed in the same areas or at similar times, although
changes in catch rates suggest seasonal movements of these
sharks (Raoult et al. 2020). The sharing of breeding habitat
could facilitate hybridisation events.

Conclusions

This study has shown that P. cirratus and P. nudipinnis
exhibit multiple paternity and that hybridisation between
the two species can result in viable hybrids that can survive
to reproductive maturity. While preliminary, the results
provide important new information on the reproductive
biology of the two sawshark species caught in Australian
commercial fisheries. Further research in this area, including
the collection of additional mother and pup samples and
identifying potential mating grounds, is required to better
understand the reproductive biology of P. cirratus and
P. nudipinnis. Also, the combined use of mitochondrial and
nuclear DNA markers in future molecular studies on these
sawsharks will be necessary to ensure that specimens are
correctly identified to species and any potential hybrids are
detected.

Supplementary material

Supplementary material is available online.

References

Ackerman MW, Hand BK, Waples RK, Luikart G, Waples RS, Steele CA,
Garner BA, McCane J, Campbell MR (2017) Effective number of
breeders from sibship reconstruction: empirical evaluations using

596

hatchery steelhead. Evolutionary Applications 10(2), 146-160.
doi:10.1111/eva.12433

Adams KR, Fetterplace LC, Davis AR, Taylor MD, Knott NA (2018) Sharks,
rays and abortion: the prevalence of capture-induced parturition in
elasmobranchs. Biological Conservation 217, 11-27. doi:10.1016/
j-biocon.2017.10.010

Anderson EC, Thompson EA (2002) A model-based method for identifying
species hybrids using multilocus genetic data. Genetics 160(3),
1217-1229. doi:10.1093/genetics/160.3.1217

Armada-Tapia S, Castillo-Geniz JL, Victoria-Cota N, Arce-Valdés LR,
Enriquez-Paredes LM (2023) First evidence of multiple paternity in
the blue shark (Prionace glauca). Journal of Fish Biology 102(2),
528-531. do0i:10.1111/jfb.15272

Attard CRM, Beheregaray LB, Moller LM (2018) Genotyping-by-
sequencing for estimating relatedness in nonmodel organisms:
avoiding the trap of precise bias. Molecular Ecology Resources 18(3),
381-390. doi:10.1111/1755-0998.12739

Awruch CA (2015) Reproduction strategies. In ‘Physiology of
elasmobranch fishes: structure and interaction with environment.
Vol. 34’. (Eds RE Shadwick, AP Farrell, CJ Brauner) pp. 255-310.
(Academic Press: London, UK)

Barker AM, Adams DH, Driggers WB, Frazier BS, Portnoy DS (2019a)
Hybridization between sympatric hammerhead sharks in the
western North Atlantic Ocean. Biology Letters 15(4), 20190004.
doi:10.1098/rsbl.2019.0004

Barker AM, Frazier BS, Gelsleichter J, Grubbs RD, Hollenbeck CM,
Portnoy DS (2019b) High rates of genetic polyandry in the blacknose
shark, Carcharhinus acronotus. Copeia 107 (3), 502-508. doi:10.1643/
cg-19-180

Barker AM, Frazier BS, Adams DH, Bedore CN, Belcher CN, Driggers WB,
Galloway AS, Gelsleichter J, Grubbs RD, Reyier EA, Portnoy DS (2021)
Distribution and relative abundance of scalloped (Sphyrna lewini) and
Carolina (S. gilberti) hammerheads in the western North Atlantic
Ocean. Fisheries Research 242, 106039. doi:10.1016/j.fishres.2021.
106039

Bartes S, Braccini M (2021) Potential expansion in the spatial distribution
of subtropical and temperate west Australian sharks. Journal of Fish
Biology 99(4), 1503-1506. doi:10.1111/jfb.14822

Bass AJ, D’Aubrey JD, Kistnasamy N (1975) Sharks of the east coast of
southern Africa. V. The families Hexanchidae, Chlamydoselachidae,
Heterodontidae, Pristiophoridae and Squatinidae. South African
Association for Marine Biological Research. Oceanographic
Research Institute Investigational Report, No. 43, pp. 1-50.

Bester-van der Merwe AE, Maduna SN, Hull KL, Bell J, Rossouw C,
Wintner SP (2019) Evidence for multiple paternity and confirmation
of an Indo-Pacific origin of blacktip shark Carcharhinus limbatus
occurring in South Africa. African Journal of Marine Science 41(3),
281-289. doi:10.2989,/1814232x.2019.1653991

Boomer JJ, Harcourt RG, Francis MP, Walker TI, Braccini JM, Stow AJ
(2013) Frequency of multiple paternity in gummy shark, Mustelus
antarcticus, and rig, Mustelus lenticulatus, and the implications of
mate encounter rate, postcopulatory influences, and reproductive
mode. Journal of Heredity 104(3), 371-379. doi:10.1093/jhered/
est010

Braccini M, Van Rijn J, Frick L (2012) High post-capture survival for
sharks, rays and chimaeras discarded in the main shark fishery of
Australia? PLoS ONE 7(2), e32547. doi:10.1371/journal.pone.
0032547

Brame AB, Wiley TR, Carlson JK, Fordham SV, Grubbs RD, Osborne J,
Scharer RM, Bethea DM, Poulakis GR (2019) Biology, ecology, and
status of the smalltooth sawfish Pristis pectinata in the USA.
Endangered Species Research 39, 9-23. doi:10.3354/esr00952

Burke PJ, Williamson JE (2021) Using cone beam CT-scans to reveal
headfirst ingestion and possible prey manipulation tactics in
sawsharks. Journal of Fish Biology 99(1), 271-274. doi:10.1111/jfb.
14692

Burke PJ, Mourier J, Gaston TF, Williamson JE (2020a) Novel use of
pop-up satellite archival telemetry in sawsharks: insights into
the movement of the common sawshark Pristiophorus cirratus
(Pristiophoridae). Animal Biotelemetry 8(1), 33. doi:10.1186/
$40317-020-00222-y

Burke PJ, Raoult V, Natanson LJ, Murphy TD, Peddemors V,
Williamson JE (2020b) Struggling with age: common sawsharks


https://doi.org/10.1071/MF22234
https://doi.org/10.1111/eva.12433
https://doi.org/10.1016/j.biocon.2017.10.010
https://doi.org/10.1016/j.biocon.2017.10.010
https://doi.org/10.1093/genetics/160.3.1217
https://doi.org/10.1111/jfb.15272
https://doi.org/10.1111/1755-0998.12739
https://doi.org/10.1098/rsbl.2019.0004
https://doi.org/10.1643/cg-19-180
https://doi.org/10.1643/cg-19-180
https://doi.org/10.1016/j.fishres.2021.106039
https://doi.org/10.1016/j.fishres.2021.106039
https://doi.org/10.1111/jfb.14822
https://doi.org/10.2989/1814232x.2019.1653991
https://doi.org/10.1093/jhered/est010
https://doi.org/10.1093/jhered/est010
https://doi.org/10.1371/journal.pone.0032547
https://doi.org/10.1371/journal.pone.0032547
https://doi.org/10.3354/esr00952
https://doi.org/10.1111/jfb.14692
https://doi.org/10.1111/jfb.14692
https://doi.org/10.1186/s40317-020-00222-y
https://doi.org/10.1186/s40317-020-00222-y

www.publish.csiro.au/mf

Marine and Freshwater Research

(Pristiophorus cirratus) defy age determination using a range of
traditional methods. Fisheries Research 231, 105706. doi:10.1016/
j-fishres.2020.105706

Chabot CL, Haggin BM (2014) Frequency of multiple paternity varies
between two populations of brown smoothhound shark, Mustelus
henlei. Marine Biology 161(4), 797-804. doi:10.1007/s00227-013-
2378-2

Chapman DD, Prodohl PA, Gelsleichter J, Manire CA, Shivji MS (2004)
Predominance of genetic monogamy by females in a hammerhead
shark, Sphyrna tiburo: implications for shark conservation. Molecular
Ecology 13(7), 1965-1974. d0i:10.1111/j.1365-294x.2004.02178.x

Chapman DD, Shivji MS, Louis E, Sommer J, Fletcher H, Prodohl PA
(2007) Virgin birth in a hammerhead shark. Biology Letters 3(4),
425-427. doi:10.1098/rsbl.2007.0189

Chevolot M, Ellis JR, Rijnsdorp AD, Stam WT, Olsen JL (2007) Multiple
paternity analysis in the thornback ray Raja clavata L. Journal of
Heredity 98(7), 712-715. d0i:10.1093/jhered/esm077

Corrigan S, Kacev D, Werry J (2015) A case of genetic polyandry in
the shortfin mako Isurus oxyrinchus. Journal of Fish Biology 87(3),
794-798. doi:10.1111/jfb.12743

Cruz VMV, Kilian A, Dierig DA (2013) Development of DArT marker
platforms and genetic diversity assessment of the US collection of
the new oilseed crop lesquerella and related species. PLoS ONE
8(5), e64062. doi:10.1371/journal.pone.0064062

Cruz VP, Vera M, Mendonca FF, Pardo BG, Martinez P, Oliveira C,
Foresti F (2015) First identification of interspecies hybridization
in the freshwater stingrays Potamotrygon motoro and P. falkneri
(Myliobatiformes, Potamotrygonidae). Conservation Genetics 16(1),
241-245. doi:10.1007/5s10592-014-0642-8

Daly-Engel TS, Grubbs RD, Holland KN, Toonen RJ, Bowen BW (2006)
Assessment of multiple paternity in single litters from three species
of carcharhinid sharks in Hawaii. Environmental Biology of Fishes
76(2), 419-424. doi:10.1007/s10641-006-9008-5

Daly-Engel TS, Grubbs RD, Feldheim KA, Bowen BW, Toonen RJ (2010) Is
multiple mating beneficial or unavoidable? Low multiple paternity
and genetic diversity in the shortspine spurdog Squalus mitsukurii.
Marine Ecology Progress Series 403, 255-267. doi:10.3354/meps08417

Daly-Engel TS, Koch A, Anderson JM, Cotton CF, Grubbs RD (2018)
Description of a new deep-water dogfish shark from Hawaii, with
comments on the Squalus mitsukurii species complex in the West
Pacific. ZooKeys 798, 135-157. doi:10.3897/zookeys.798.28375

DiBattista JD, Feldheim KA, Gruber SH, Hendry AP (2008) Are indirect
genetic benefits associated with polyandry? Testing predictions
in a natural population of lemon sharks. Molecular Ecology 17(3),
783-795. doi:10.1111/j.1365-294x.2007.03623.x

Donnellan SC, Foster R, Junge C, Huveneers C, Rogers P, Kilian A, Bertozzi
T (2015) Fiddling with the proof: the magpie fiddler ray is a colour
pattern variant of the common southern fiddler ray (Rhinobatidae:
Trygonorrhina). Zootaxa 3981(3), 367-384. doi:10.11646/zootaxa.
3981.3.3

Ducatez S (2019) Which sharks attract research? Analyses of the
distribution of research effort in sharks reveal significant non-
random knowledge biases. Reviews in Fish Biology and Fisheries
29(2), 355-367. doi:10.1007/s11160-019-09556-0

Duchatelet L, Oury N, Mallefet J, Magalon H (2020) In the intimacy
of the darkness: genetic polyandry in deep-sea luminescent lantern-
sharks Etmopterus spinax and Etmopterus molleri (Squaliformes,
Etmopteridae). Journal of Fish Biology 96(6), 1523-1529. d0i:10.1111/
jfb.14336

Dudgeon CL, Coulton L, Bone R, Ovenden JR, Thomas S (2017) Switch
from sexual to parthenogenetic reproduction in a zebra shark.
Scientific Reports 7(1), 40537. doi:10.1038/srep40537

Dutilloy A, Dunn MR (2020) Observations of sperm storage in some deep-
sea elasmobranchs. Deep Sea Research Part I: Oceanographic Research
Papers 166, 103405. do0i:10.1016/j.dsr.2020.103405

Emery TJ, Noriega R, Williams AJ, Larcombe J (2019) Measuring
congruence between electronic monitoring and logbook data in
Australian Commonwealth longline and gillnet fisheries. Ocean &
Coastal Management 168, 307-321. doi:10.1016/j.ocecoaman.2018.
11.003

Feldheim KA, Gruber SH, Ashley MV (2004) Reconstruction of parental
microsatellite genotypes reveals female polyandry and philopatry in

the lemon shark, Negaprion brevirostris. Evolution 58(10), 2332-2342.
doi:10.1111/j.0014-3820.2004.tb01607.x

Feldheim KA, Clews A, Henningsen A, Todorov L, McDermott C,
Meyers M, Bradley J, Pulver A, Anderson E, Marshall A (2017)
Multiple births by a captive swellshark Cephaloscyllium ventriosum
via facultative parthenogenesis. Journal of Fish Biology 90(3),
1047-1053. doi:10.1111/jfb.13202

Fields AT, Feldheim KA, Poulakis GR, Chapman DD (2015) Facultative
parthenogenesis in a critically endangered wild vertebrate. Current
Biology 25(11), R446-R447. d0i:10.1016/j.cub.2015.04.018

Fitzpatrick JL, Kempster RM, Daly-Engel TS, Collin SP, Evans JP
(2012) Assessing the potential for post-copulatory sexual selection
in elasmobranchs. Journal of Fish Biology 80(5), 1141-1158.
doi:10.1111/j.1095-8649.2012.03256.x

Frichot E, Francois O (2015) LEA: An R package for landscape and
ecological association studies. Methods in Ecology and Evolution 6(8),
925-929. doi:10.1111/2041-210x.12382

Frichot E, Mathieu F, Trouillon T, Bouchard G, Francois O (2014) Fast and
efficient estimation of individual ancestry coefficients. Genetics
196(4), 973-983. doi:10.1534/genetics.113.160572

Frodella N, Cannas R, Velona A, Carbonara P, Farrell ED, Fiorentino F,
Follesa MC, Garofalo G, Hemida F, Mancusi C, Stagioni M, Ungaro
N, Serena F, Tinti F, Cariani A (2016) Population connectivity and
phylogeography of the Mediterranean endemic skate Raja polystigma
and evidence of its hybridization with the parapatric sibling
R. montagui. Marine Ecology Progress Series 554, 99-113. doi:10.3354/
meps11799

Gosselin T (2020) radiator: RADseq Data Exploration, Manipulation and
Visualization using R. Available at https://thierrygosselin.github.io/
radiator/

Griffiths AM, Jacoby DMP, Casane D, McHugh M, Croft DP, Genner MJ,
Sims DW (2012) First analysis of multiple paternity in an oviparous
shark, the small-spotted catshark (Scyliorhinus canicula L.). Journal
of Heredity 103(2), 166-173. doi:10.1093/jhered/esr112

Gruber B, Unmack PJ, Berry OF, Georges A (2018) dartR: an R package to
facilitate analysis of SNP data generated from reduced representation
genome sequencing. Molecular Ecology Resources 18(3), 691-699.
doi:10.1111/1755-0998.12745

Holmes BJ, Pope LC, Williams SM, Tibbetts IR, Bennett MB, Ovenden JR
(2018) Lack of multiple paternity in the oceanodromous tiger shark
(Galeocerdo cuvier). Royal Society Open Science 5(1), 171385.
doi:10.1098/rs0s.171385

Hook SA, Musa SM, Ripley DM, Hibbitt J-D, Grunow B, Moritz T, Shiels
HA (2019) Twins! Microsatellite analysis of two embryos within one
egg case in oviparous elasmobranchs. PLoS ONE 14(12), e0224397.
doi:10.1371/journal.pone.0224397

Hudson RJ, Walker TI, Day RW (2005) Reproductive biology of common
sawshark (Pristiophorus cirratus) harvested off southern Australia,
Appendix 3c. In ‘Sawshark and elephant fish assessment and
bycatch evaluation in the Southern Shark Fishery’. FRDC Report
1999/103. (Eds TI Walker, RJ Hudson) pp. 1-26. (Primary
Industries Research Victoria: Queenscliff, Vic., Australia)

Jennions MD, Petrie M (2000) Why do females mate multiply? A review of
the genetic benefits. Biological Reviews 75(1), 21-64. doi:10.1111/
j.1469-185x.1999.tb00040.x

Jones OR, Wang J (2010) COLONY: a program for parentage and sibship
inference from multilocus genotype data. Molecular Ecology Resources
10(3), 551-555. doi:10.1111/j.1755-0998.2009.02787 .x

Kilian A, Wenzl P, Huttner E, Carling J, Xia L, Blois H, Caig V, Heller-
Uszynska K, Jaccoud D, Hopper C, Aschenbrenner-Kilian M, Evers
M, Peng K, Cayla C, Hok P, Uszynski G (2012) Diversity arrays
technology: a generic genome profiling technology on open
platforms. In ‘Data production and analysis in population genomics:
methods and protocols’. (Ed. F Pompanon, A Bonin) pp. 67-89.
(Humana Press: Totowa, NJ, USA)

Lamarca F, Carvalho PH, Vilasboa A, Netto-Ferreira AL, Vianna M (2020)
Is multiple paternity in elasmobranchs a plesiomorphic characteristic?
Environmental Biology of Fishes 103(12), 1463-1470. doi:10.1007/
s10641-020-01034-y

Larson S, Christiansen J, Griffing D, Ashe J, Lowry D, Andrews K (2011)
Relatedness and polyandry of sixgill sharks, Hexanchus griseus, in an
urban estuary. Conservation Genetics 12(3), 679-690. doi:10.1007/
$10592-010-0174-9

597


https://doi.org/10.1016/j.fishres.2020.105706
https://doi.org/10.1016/j.fishres.2020.105706
https://doi.org/10.1007/s00227-013-2378-2
https://doi.org/10.1007/s00227-013-2378-2
https://doi.org/10.1111/j.1365-294x.2004.02178.x
https://doi.org/10.1098/rsbl.2007.0189
https://doi.org/10.1093/jhered/esm077
https://doi.org/10.1111/jfb.12743
https://doi.org/10.1371/journal.pone.0064062
https://doi.org/10.1007/s10592-014-0642-8
https://doi.org/10.1007/s10641-006-9008-5
https://doi.org/10.3354/meps08417
https://doi.org/10.3897/zookeys.798.28375
https://doi.org/10.1111/j.1365-294x.2007.03623.x
https://doi.org/10.11646/zootaxa.3981.3.3
https://doi.org/10.11646/zootaxa.3981.3.3
https://doi.org/10.1007/s11160-019-09556-0
https://doi.org/10.1111/jfb.14336
https://doi.org/10.1111/jfb.14336
https://doi.org/10.1038/srep40537
https://doi.org/10.1016/j.dsr.2020.103405
https://doi.org/10.1016/j.ocecoaman.2018.11.003
https://doi.org/10.1016/j.ocecoaman.2018.11.003
https://doi.org/10.1111/j.0014-3820.2004.tb01607.x
https://doi.org/10.1111/jfb.13202
https://doi.org/10.1016/j.cub.2015.04.018
https://doi.org/10.1111/j.1095-8649.2012.03256.x
https://doi.org/10.1111/2041-210x.12382
https://doi.org/10.1534/genetics.113.160572
https://doi.org/10.3354/meps11799
https://doi.org/10.3354/meps11799
https://thierrygosselin.github.io/radiator/
https://thierrygosselin.github.io/radiator/
https://doi.org/10.1093/jhered/esr112
https://doi.org/10.1111/1755-0998.12745
https://doi.org/10.1098/rsos.171385
https://doi.org/10.1371/journal.pone.0224397
https://doi.org/10.1111/j.1469-185x.1999.tb00040.x
https://doi.org/10.1111/j.1469-185x.1999.tb00040.x
https://doi.org/10.1111/j.1755-0998.2009.02787.x
https://doi.org/10.1007/s10641-020-01034-y
https://doi.org/10.1007/s10641-020-01034-y
https://doi.org/10.1007/s10592-010-0174-9
https://doi.org/10.1007/s10592-010-0174-9
www.publish.csiro.au/mf

R. J. Nevatte et al.

Marine and Freshwater Research

Last PR, Stevens JD (2009) ‘Sharks and rays of Australia’, 2nd edn. (CSIRO
Publishing: Melbourne, Vic., Australia)

Lischer HEL, Excoffier L. (2012) PGDSpider: an automated data conversion
tool for connecting population genetics and genomics programs.
Bioinformatics 28(2), 298-299. doi:10.1093/bioinformatics/btr642

Liu SYV, Tsai W-P, Lee M, Chien H-W (2020) Accessing multiple paternity
in the shortfin mako shark (Isurus oxyrinchus). Zoological Studies 59,
e49. doi:10.6620/25.2020.59-49

Lyons K, Chabot CL, Mull CG, Paterson Holder CN, Lowe CG (2017) Who’s
My Daddy? Considerations for the influence of sexual selection on
multiple paternity in elasmobranch mating systems. Ecology and
Evolution 7(15), 5603-5612. doi:10.1002/ece3.3086

Lyons K, Kacev D, Mull CG (2021) An inconvenient tooth: evaluating
female choice in multiple paternity using an evolutionarily and
ecologically important vertebrate clade. Molecular Ecology 30(7),
1574-1593. doi:10.1111/mec.15844

Mallet J (2005) Hybridization as an invasion of the genome. Trends in
Ecology & Evolution 20(5), 229-237. do0i:10.1016/j.tree.2005.02.010

Marino IAM, Riginella E, Gristina M, Rasotto MB, Zane L, Mazzoldi C
(2015) Multiple paternity and hybridization in two smooth-hound
sharks. Scientific Reports 5(1), 12919. doi:10.1038/srep12919

Melville J, Haines ML, Boysen K, Hodkinson L, Kilian A, Smith Date KL,
Potvin DA, Parris KM (2017) Identifying hybridization and admixture
using SNPs: application of the DArTseq platform in phylogeographic
research on vertebrates. Royal Society Open Science 4(7), 161061.
doi:10.1098/1505.161061

Montanari SR, Hobbs J-PA, Pratchett MS, van Herwerden L (2016)
The importance of ecological and behavioural data in studies of
hybridisation among marine fishes. Reviews in Fish Biology and
Fisheries 26(2), 181-198. d0i:10.1007/s11160-016-9420-7

Morgan JAT, Harry AV, Welch DJ, Street R, White J, Geraghty PT,
Macbeth WG, Tobin A, Simpfendorfer CA, Ovenden JR (2012)
Detection of interspecies hybridisation in Chondrichthyes: hybrids
and hybrid offspring between Australian (Carcharhinus tilstoni) and
common (C. limbatus) blacktip shark found in an Australian fishery.
Conservation Genetics 13(2), 455-463. do0i:10.1007/s10592-011-
0298-6

Nakaya K, White WT, Ho H-C (2020) Discovery of a new mode of
oviparous reproduction in sharks and its evolutionary implications.
Scientific Reports 10(1), 12280. doi:10.1038/541598-020-68923-1

Nash CS, Darby PC, Frazier BS, Hendon JM, Higgs JM, Hoffmayer ER,
Daly-Engel TS (2021) Multiple paternity in two populations of
finetooth sharks (Carcharhinus isodon) with varying reproductive
periodicity. Ecology and Evolution 11(17), 11799-11807. doi:10.1002/
ece3.7948

Neff BD, Pitcher TE (2005) Genetic quality and sexual selection: an
integrated framework for good genes and compatible genes.
Molecular Ecology 14(1), 19-38. doi:10.1111/j.1365-294x.2004.
02395.x

Nehmens MC, Feldheim KA, Ebert DA (2020) Understanding what we
cannot see: a genetic approach to the mating system of the Southern
Lanternshark, Etmopterus granulosus. Marine Biology 167(9), 139.
doi:10.1007/s00227-020-03751-5

Nevatte RJ, Williamson JE (2020) The Sawshark Redemption: Current
knowledge and future directions for sawsharks (Pristiophoridae).
Fish and Fisheries 21(6), 1213-1237. doi:10.1111/faf.12500

Nevatte RJ, Williamson JE, Vella NGF, Raoult V, Wueringer BE (2017a)
Morphometry and microanatomy of the barbels of the common
sawshark Pristiophorus cirratus (Pristiophoridae): implications for
pristiophorid behaviour. Journal of Fish Biology 90(5), 1906-1925.
doi:10.1111/jfb.13275

Nevatte RJ, Wueringer BE, Jacob DE, Park JM, Williamson JE (2017b)
First insights into the function of the sawshark rostrum through
examination of rostral tooth microwear. Journal of Fish Biology
91(6), 1582-1602. doi:10.1111/jfb.13467

Nevatte RJ, Wueringer BE, Gillings MR, Williamson JE (2019) Genetic
and historical evidence of common sawsharks Pristiophorus cirratus
in the waters of southern Queensland. Journal of Fish Biology 95(5),
1342-1345. do0i:10.1111/jfb.14122

Nevatte RJ, Williamson JE, Wueringer BE, Gillings MR (2021) Contrasting
patterns of population structure in commercially fished sawsharks
from southern Australian waters. Reviews in Fish Biology and Fisheries
31(2), 359-379. doi:10.1007/s11160-021-09640-4

598

Nosal AP, Lewallen EA, Burton RS (2013) Multiple paternity in leopard
shark (Triakis semifasciata) litters sampled from a predominantly
female aggregation in La Jolla, California, USA. Journal of Experimental
Marine Biology and Ecology 446, 110-114. doi:10.1016/j.jembe.2013.
05.002

Papastamatiou YP, Dean Grubbs R, Imhoff JL, Gulak SJB, Carlson JK,
Burgess GH (2015) A subtropical embayment serves as essential
habitat for sub-adults and adults of the critically endangered
smalltooth sawfish. Global Ecology and Conservation 3, 764-775.
doi:10.1016/j.gecco0.2015.03.003

Paradis E (2010) pegas: an R package for population genetics with an
integrated-modular approach. Bioinformatics 26(3), 419-420.
doi:10.1093/bioinformatics/btp696

Patterson H, Bromhead D, Galeano D, Larcombe J, Timmiss T, Woodhams
J, Curtotti R (2022) Fishery Status Reports 2022. Australian Bureau of
Agricultural and Resource Economics and Sciences, Canberra, ACT,
Australia. doi:10.25814/gx9r-3n90

Pazmifio DA, van Herderden L, Simpfendorfer CA, Junge C, Donnellan SC,
Hoyos-Padilla EM, Duffy CAJ, Huveneers C, Gillanders BM, Butcher
PA, Maes GE (2019) Introgressive hybridisation between two
widespread sharks in the east Pacific region. Molecular Phylogenetics
and Evolution 136, 119-127. doi:10.1016/j.ympev.2019.04.013

Peakall R, Smouse PE (2006) GENALEX 6: genetic analysis in Excel.
Population genetic software for teaching and research. Molecular
Ecology Notes 6(1), 288-295. doi:10.1111/j.1471-8286.2005.01155.x

Peakall R, Smouse PE (2012) GenAlEx 6.5: genetic analysis in Excel.
Population genetic software for teaching and research: an update.
Bioinformatics 28(19), 2537-2539. doi:10.1093/bioinformatics/
bts460

Pew J, Muir PH, Wang J, Frasier TR (2015) related: an R package for
analysing pairwise relatedness from codominant molecular markers.
Molecular Ecology Resources 15(3), 557-561. doi:10.1111/1755-
0998.12323

Pirog A, Magalon H, Poirout T, Jaquemet S (2020) New insights into the
reproductive biology of the tiger shark Galeocerdo cuvier and no
detection of polyandry in Reunion Island, western Indian Ocean.
Marine and Freshwater Research 71(10), 1301-1312. doi:10.1071/
mf19244

Portnoy DS, Heist EJ (2012) Molecular markers: progress and prospects
for understanding reproductive ecology in elasmobranchs. Journal
of Fish Biology 80(5), 1120-1140. doi:10.1111/j.1095-8649.2011.
03206.x

Portnoy DS, Piercy AN, Musick JA, Burgess GH, Graves JE (2007) Genetic
polyandry and sexual conflict in the sandbar shark, Carcharhinus
plumbeus, in the western North Atlantic and Gulf of Mexico.
Molecular Ecology 16(1), 187-197. doi:10.1111/j.1365-294x.2006.
03138.x

Posit Team (2023) RStudio: Integrated Development Environment for
R. Posit Software, PBC, Boston, MA, USA. Available at http://www.
posit.co/

Pratt HL, Carrier JC (2001) A review of elasmobranch reproductive
behavior with a case study on the nurse shark, Ginglymostoma
cirratum. Environmental Biology of Fishes 60(1), 157-188. doi:10.1023/
a:1007656126281

R Core Team (2022) R: a language and environment for statistical
computing. Foundation for Statistical Computing, Vienna, Austria.
Available at https://www.R-project.org/

Raoult V, Gaston TF, Williamson JE (2015) Not all sawsharks are
equal: species of co-existing sawsharks show plasticity in trophic
consumption both within and between species. Canadian Journal of
Fisheries and Aquatic Sciences 72(11), 1769-1775. doi:10.1139/cjfas-
2015-0307

Raoult V, Peddemors V, Williamson JE (2017) Biology of angel sharks
(Squatina sp.) and sawsharks (Pristiophorus sp.) caught in south-
eastern Australian trawl fisheries and the New South Wales shark-
meshing (bather-protection) program. Marine and Freshwater Research
68(2), 207-212. doi:10.1071/mf15369

Raoult V, Peddemors V, Rowling K, Williamson JE (2020) Spatiotemporal
distributions of two sympatric sawsharks (Pristiophorus cirratus
and P. nudipinnis) in south-eastern Australian waters. Marine and
Freshwater Research 71(10), 1342-1354. do0i:10.1071/mf19277

Reid-Anderson S, Bilgmann K, Stow A (2019) Effective population size of
the critically endangered east Australian grey nurse shark Carcharias


https://doi.org/10.1093/bioinformatics/btr642
https://doi.org/10.6620/zs.2020.59-49
https://doi.org/10.1002/ece3.3086
https://doi.org/10.1111/mec.15844
https://doi.org/10.1016/j.tree.2005.02.010
https://doi.org/10.1038/srep12919
https://doi.org/10.1098/rsos.161061
https://doi.org/10.1007/s11160-016-9420-7
https://doi.org/10.1007/s10592-011-0298-6
https://doi.org/10.1007/s10592-011-0298-6
https://doi.org/10.1038/s41598-020-68923-1
https://doi.org/10.1002/ece3.7948
https://doi.org/10.1002/ece3.7948
https://doi.org/10.1111/j.1365-294x.2004.02395.x
https://doi.org/10.1111/j.1365-294x.2004.02395.x
https://doi.org/10.1007/s00227-020-03751-5
https://doi.org/10.1111/faf.12500
https://doi.org/10.1111/jfb.13275
https://doi.org/10.1111/jfb.13467
https://doi.org/10.1111/jfb.14122
https://doi.org/10.1007/s11160-021-09640-4
https://doi.org/10.1016/j.jembe.2013.05.002
https://doi.org/10.1016/j.jembe.2013.05.002
https://doi.org/10.1016/j.gecco.2015.03.003
https://doi.org/10.1093/bioinformatics/btp696
https://doi.org/10.25814/gx9r-3n90
https://doi.org/10.1016/j.ympev.2019.04.013
https://doi.org/10.1111/j.1471-8286.2005.01155.x
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1093/bioinformatics/bts460
https://doi.org/10.1111/1755-0998.12323
https://doi.org/10.1111/1755-0998.12323
https://doi.org/10.1071/mf19244
https://doi.org/10.1071/mf19244
https://doi.org/10.1111/j.1095-8649.2011.03206.x
https://doi.org/10.1111/j.1095-8649.2011.03206.x
https://doi.org/10.1111/j.1365-294x.2006.03138.x
https://doi.org/10.1111/j.1365-294x.2006.03138.x
http://www.posit.co/
http://www.posit.co/
https://doi.org/10.1023/a:1007656126281
https://doi.org/10.1023/a:1007656126281
https://www.R-project.org/
https://doi.org/10.1139/cjfas-2015-0307
https://doi.org/10.1139/cjfas-2015-0307
https://doi.org/10.1071/mf15369
https://doi.org/10.1071/mf19277

www.publish.csiro.au/mf

Marine and Freshwater Research

taurus. Marine Ecology Progress Series 610, 137-148. doi:10.3354/
meps12850

Ritter EK, Amin RW (2019) Mating scars among sharks: evidence of
coercive mating? Acta Ethologica 22(1), 9-16. doi:10.1007/s10211-
018-0301-z

Rossouw C, Wintner SP, Bester-Van Der Merwe AE (2016) Assessing
multiple paternity in three commercially exploited shark species:
Mustelus mustelus, Carcharhinus obscurus and Sphyrna lewini. Journal
of Fish Biology 89(2), 1125-1141. doi:10.1111/jfb.12996

Rowe S, Hutchings JA (2003) Mating systems and the conservation of
commercially exploited marine fish. Trends in Ecology & Evolution
18(11), 567-572. doi:10.1016/j.tree.2003.09.004

Rowley A, Locatello L, Kahrl A, Rego M, Boussard A, Garza-Gisholt E,
Kempster RM, Collin SP, Giacomello E, Follesa MC, Porcu C, Evans
JP, Hazin F, Garcia-Gonzalez F, Daly-Engel T, Mazzoldi C,
Fitzpatrick JL (2019a) Sexual selection and the evolution of
sperm morphology in sharks. Journal of Evolutionary Biology 32(10),
1027-1035. doi:10.1111/jeb.13501

Rowley AG, Daly-Engel TS, Fitzpatrick JL (2019b) Testes size increases
with sperm competition risk and intensity in bony fish and sharks.
Behavioral Ecology 30(2), 364-371. do0i:10.1093/beheco/ary174

Sansaloni C, Petroli C, Jaccoud D, Carling J, Detering F, Grattapaglia D,
Kilian A (2011) Diversity Arrays Technology (DArT) and next-
generation sequencing combined: genome-wide, high throughput,
highly informative genotyping for molecular breeding of Eucalyptus.
BMC Proceedings 5(Suppl 7), P54. doi:10.1186/1753-6561-5-s7-p54

Schlegel P, Havenhand JN, Gillings MR, Williamson JE (2012) Individual
variability in reproductive success determines winners and losers
under ocean acidification: a case study with sea urchins. PLoS ONE
7(12), e53118. doi:10.1371/journal.pone.0053118

Scribner KT, Page KS, Bartron ML (2001) Hybridization in freshwater
fishes: a review of case studies and cytonuclear methods of
biological inference. Reviews in Fish Biology and Fisheries 10(3),
293-323. d0i:10.1023/A:1016642723238

Slatyer RA, Mautz BS, Backwell PRY, Jennions MD (2012) Estimating
genetic benefits of polyandry from experimental studies: a meta-
analysis. Biological Reviews 87(1), 1-33. doi:10.1111/j.1469-185x.
2011.00182.x

Tea Y-K, Hobbs J-PA, Vitelli F, DiBattista JD, Ho SYW, Lo N (2020)
Angels in disguise: sympatric hybridization in the marine
angelfishes is widespread and occurs between deeply divergent
lineages. Proceedings of the Royal Society B: Biological Sciences
287(1932), 20201459. doi:10.1098/rspb.2020.1459

Torres Y, Charvet P, Faria VV, de Castro ALF (2022) Evidence of multiple
paternity for the endemic Xingu River stingray. Journal of Fish Biology
100(5), 1315-1318. doi:10.1111/jfb.15038

Tsai W-P, Liu K-M, Punt AE, Sun C-L (2015) Assessing the potential biases
of ignoring sexual dimorphism and mating mechanism in using a
single-sex demographic model: the shortfin mako shark as a case
study. ICES Journal of Marine Science 72(3), 793-803. d0i:10.1093/
icesjms/fsu210

van Staden M, Gledhill KS, Gennari E, McCord ME, Parkinson M, Watson
RGA, Rhode C, Bester-van der Merwe AE (2020) Microsatellite
development and detection of admixture among three sympatric
Haploblepharus species (Carcharhiniformes: Scyliorhinidae). Aquatic
Conservation: Marine and Freshwater Ecosystems 30(12), 2336-2350.
doi:10.1002/aqc.3406

Waits LP, Luikart G, Taberlet P (2001) Estimating the probability of
identity among genotypes in natural populations: cautions and
guidelines. Molecular Ecology 10(1), 249-256. doi:10.1046/j.1365-
294x.2001.01185.x

Walker TI (2016) Pristiophorus nudipinnis. In ‘The IUCN Red List of
Threatened Species 2016: e.T41846A68641142’. doi:10.2305/iucn.
uk.2016-1.rlts.t41846a68641142.en

Walker TI (2021) Pristiophorus cirratus (amended version of 2020
assessment). In ‘The IUCN Red List of Threatened Species 2021:
e.T39327A207778564’. doi:10.2305/iucn.uk.2021-3.rlts.t39327a20
7778564.en

Walker TI, Hudson RJ (2005) Reproductive biology of southern sawshark
(Pristiophorus nudipinnis) harvested off southern Australia, Appendix
3d. In ‘Sawshark and elephant fish assessment and bycatch evaluation
in the Southern Shark Fishery’. FRDC Report 1999/103. (Ed. TI
Walker, RJ Hudson) pp. 1-24. (Primary Industries Research
Victoria: Queenscliff, Vic., Australia)

Walker TI, Hudson RJ, Gason AS (2005) Catch evaluation of target, by-
product and by-catch species taken by gillnets and longlines in the
shark fishery of south-eastern Australia. Journal of Northwest Atlantic
Fishery Science 35, 505-530. d0i:10.2960/J.v35.m515

Walter RP, Kessel ST, Alhasan N, Fisk AT, Heath DD, Chekchak T, Klaus R,
Younis M, Hill G, Jones B, Braun CD, Berumen ML, DiBattista JD, Priest
MA, Hussey NE (2014) First record of living Manta alfredi x Manta
birostris hybrid. Marine Biodiversity 44(1), 1-2. doi:10.1007/
$§12526-013-0183-2

Walter RP, Roy D, Hussey NE, Stelbrink B, Kovacs KM, Lydersen C,
McMeans BC, Svavarsson J, Kessel ST, Biton Porsmoguer S,
Wildes S, Tribuzio CA, Campana SE, Petersen SD, Grubbs RD,
Heath DD, Hedges KJ, Fisk AT (2017) Origins of the Greenland shark
(Somniosus microcephalus): Impacts of ice-olation and introgression.
Ecology and Evolution 7(19), 8113-8125. doi:10.1002/ece3.3325

Waltrick D, Awruch C, Simpfendorfer C (2012) Embryonic diapause in the
elasmobranchs. Reviews in Fish Biology and Fisheries 22(4), 849-859.
doi:10.1007/s11160-012-9267-5

Wang J (2011) COANCESTRY: a program for simulating, estimating
and analysing relatedness and inbreeding coefficients. Molecular
Ecology Resources 11(1), 141-145. doi:10.1111/j.1755-0998.2010.
02885.x

Wang J, Santure AW (2009) Parentage and sibship inference
from multilocus genotype data under polygamy. Genetics 181(4),
1579-1594. doi:10.1534/genetics.108.100214

Ward RD, Zemlak TS, Innes BH, Last PR, Hebert PDN (2005) DNA
barcoding Australia’s fish species. Philosophical Transactions of
the Royal Society B: Biological Sciences 360(1462), 1847-1857.
doi:10.1098/rstb.2005.1716

Ward RD, Holmes BH, White WT, Last PR (2008) DNA barcoding
Australasian chondrichthyans: results and potential uses in conservation.
Marine and Freshwater Research 59(1), 57-71. doi:10.1071/mf07148

White WT, Corrigan S, Yang L, Henderson AC, Bazinet AL,
Swofford DL, Naylor GJP (2018) Phylogeny of the manta and
devilrays (Chondrichthyes: Mobulidae), with an updated taxonomic
arrangement for the family. Zoological Journal of the Linnean Society
182(1), 50-75. d0i:10.1093/zoolinnean/z1x018

Wirtz P (1999) Mother species—father species: unidirectional
hybridization in animals with female choice. Animal Behaviour
58(1), 1-12. doi:10.1006/anbe.1999.1144

Wourms JP (1977) Reproduction and development in chondrichthyan
fishes. American Zoologist 17(2), 379-410. doi:10.1093/icb/17.2.379

Woueringer BE, Squire L Jr., Kajiura SM, Hart NS, Collin SP (2012) The
function of the sawfish’s saw. Current Biology 22(5), R150-R151.
d0i:10.1016/j.cub.2012.01.055

Woueringer BE, Winther-Janson M, Raoult V, Guttridge TL (2021)
Anatomy of the mechanosensory lateral line canal system and
electrosensory ampullae of Lorenzini in two species of sawshark
(fam. Pristiophoridae). Journal of Fish Biology 98(1), 168-177.
doi:10.1111/jfb.14567

Zhao H, Beck B, Fuller A, Peatman E (2020) EasyParallel: A GUI platform
for parallelization of STRUCTURE and NEWHYBRIDS analyses. PLoS
ONE 15(4), €0232110. doi:10.1371/journal.pone.0232110

599


https://doi.org/10.3354/meps12850
https://doi.org/10.3354/meps12850
https://doi.org/10.1007/s10211-018-0301-z
https://doi.org/10.1007/s10211-018-0301-z
https://doi.org/10.1111/jfb.12996
https://doi.org/10.1016/j.tree.2003.09.004
https://doi.org/10.1111/jeb.13501
https://doi.org/10.1093/beheco/ary174
https://doi.org/10.1186/1753-6561-5-s7-p54
https://doi.org/10.1371/journal.pone.0053118
https://doi.org/10.1023/A:1016642723238
https://doi.org/10.1111/j.1469-185x.2011.00182.x
https://doi.org/10.1111/j.1469-185x.2011.00182.x
https://doi.org/10.1098/rspb.2020.1459
https://doi.org/10.1111/jfb.15038
https://doi.org/10.1093/icesjms/fsu210
https://doi.org/10.1093/icesjms/fsu210
https://doi.org/10.1002/aqc.3406
https://doi.org/10.1046/j.1365-294x.2001.01185.x
https://doi.org/10.1046/j.1365-294x.2001.01185.x
https://doi.org/10.2305/iucn.uk.2016-1.rlts.t41846a68641142.en
https://doi.org/10.2305/iucn.uk.2016-1.rlts.t41846a68641142.en
https://doi.org/10.2305/iucn.uk.2021-3.rlts.t39327a207778564.en
https://doi.org/10.2305/iucn.uk.2021-3.rlts.t39327a207778564.en
https://doi.org/10.2960/J.v35.m515
https://doi.org/10.1007/s12526-013-0183-2
https://doi.org/10.1007/s12526-013-0183-2
https://doi.org/10.1002/ece3.3325
https://doi.org/10.1007/s11160-012-9267-5
https://doi.org/10.1111/j.1755-0998.2010.02885.x
https://doi.org/10.1111/j.1755-0998.2010.02885.x
https://doi.org/10.1534/genetics.108.100214
https://doi.org/10.1098/rstb.2005.1716
https://doi.org/10.1071/mf07148
https://doi.org/10.1093/zoolinnean/zlx018
https://doi.org/10.1006/anbe.1999.1144
https://doi.org/10.1093/icb/17.2.379
https://doi.org/10.1016/j.cub.2012.01.055
https://doi.org/10.1111/jfb.14567
https://doi.org/10.1371/journal.pone.0232110
https://nudipinnis.In
www.publish.csiro.au/mf

R. J. Nevatte et al. Marine and Freshwater Research

Data availability. The data that support this study will be shared upon reasonable request to the corresponding author.
Conflicts of interest. The authors declare no conflicts of interest.

Declaration of funding. Funding for the SNP genotyping was provided by a Save Our Seas Foundation Keystone Grant (#2019/441) awarded to
J. E. Williamson, and the School of Natural Sciences at Macquarie University. R. J. Nevatte was supported by a Macquarie University Research Training
Program (MQRTP) scholarship while conducting this research.

Acknowledgements. The authors thank Vincent Raoult for supplying the morphometric data for the hybrid and Adam Stow for his advice on the analysis of
multiple paternity. We also thank Charlie Huveneers and Matt McMillan for the donation of the pregnant P. nudipinnis and her pups. We extend our thanks to the
two anonymous reviewers for their constructive comments on the manuscript.

Author affiliations
ASchool of Natural Sciences, Faculty of Science and Engineering, Macquarie University, Sydney, NSW 2109, Australia.

BARC Centre of Excellence in Synthetic Biology, Macquarie University, Sydney, NSW 2109, Australia.

600



	First evidence of multiple paternity and hybridisation in Australian sawsharks
	Introduction
	Materials and methods
	Samples and sequencing
	Multiple paternity
	Hybridisation

	Results
	Multiple paternity
	Hybridisation

	Discussion
	Multiple paternity
	Hybridisation

	Conclusions
	Supplementary material
	References




