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ABSTRACT: Wedgefishes (Rhinidae) are threatened by unsustainable fishing globally, and espe-
cially in the Southwest Indian Ocean (SWIO), due to their high-value fins in the shark trade. The
whitespotted wedgefish Rhynchobatus djiddensis and the bottlenose wedgefish R. australiae are
both classified as Critically Endangered on the IUCN Red List of Threatened Species, yet a lack of
species-specific knowledge and taxonomic uncertainty still exists within this genus. Genetic
approaches aid in taxonomic classification and identifying distinct populations for targeted con-
servation. Morphological specimen identification of samples (n = 189) collected across the SWIO
was confirmed based on the cytochrome oxidase ¢ subunit I (COI) and/or nicotinamide adenine
dehydrogenase subunit 2 (ND2) gene regions. The genetic diversity and population structure
within and between species and sampling locations were investigated using a dual marker
approach: (1) 2 concatenated mitochondrial gene regions, namely COI and the control region (n =
117), and (2) 9 nuclear microsatellite markers (n = 146). The overall genetic diversity was moderate,
with an indication that different evolutionary forces are at play on a mitochondrial versus nuclear
level. The 2 species were delineated based on both marker types, and for R. djiddensis, the sam-
pling locations of South Africa and Mozambique were genetically homogeneous. For R. australiae,
significant differentiation was found between sampling locations, with Madagascar and Tanzania
being genetically the most similar. This information provides critical insights into the distribution
range and population structure of the whitespotted wedgefish species complex that can support
the sustainable management of wedgefishes.
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1. INTRODUCTION

Delineating populations and understanding the
genetic connectivity of endangered and exploited
species are important for their conservation man-
agement (Kardos 2021). An estimated one-third of all
chondrichthyan species (sharks, rays, skates and chi-
maeras) have an increased extinction risk, with
wedgefishes (Rhinidae) and giant guitarfishes (Glau-
costegidae) considered the most at-risk marine fish
families (Kyne et al. 2020, Dulvy et al. 2021). More
specifically, 9 out of 10 species in the family Rhini-
dae were assessed as Critically Endangered by the
IUCN Red List of Threatened Species (IUCN 2022).
Fishing-induced mortality was identified as the pri-
mary threat, as wedgefishes are both targeted and
retained as bycatch. The incentive for fishermen to
target and retain bycaught individuals is driven by
the exportation of wedgefish fins to international
markets where they are considered the most valuable
and highest quality within the global shark trade,
fetching up to US$964 kg~! in Hong Kong Special
Administrative Region (Hau et al. 2018, Jabado
2019). Other wedgefish products, such as meat, are
primarily consumed locally while their skin is
increasingly used as leather (Dent & Clarke 2015,
Moore 2017). Wedgefish products can easily be mis-
identified and traded as shark products, and the
absence of trade data on rays hinders their detection
in the fin trade (Boon 2017). Most countries only
began tracking trade in ray products after 2012,
which poses further enforcement and monitoring
challenges (Dent & Clarke 2015). Despite a signifi-
cant increase in fishing pressure, declining catch
rates in trawl surveys and reductions in landings
have been reported at fishing ports across the Indo-
West Pacific (IWP) and Indian Ocean (Jabado 2018).
Furthermore, the susceptibility of wedgefishes to
overfishing is exacerbated by their K-selected life
history traits (e.g. slow-growing, late to mature, long
gestation) and coastal habitat destruction (Dulvy et
al. 2014, Kyne et al. 2020).

There is significant taxonomic uncertainty associ-
ated with the genus Rhynchobatus, as most species
are morphologically similar, and their patterns of
spots and blotches change with growth, making in-
field identification difficult (Kyne et al. 2020). Con-
sequently, biological data from wedgefish species
across the IWP have been largely synonymised under
a single species complex referred to as the white-
spotted wedgefish species complex, particularly prior
to the species' reclarification by Last et al. (2016). This
has led to a general lack of species-specific biological

and ecological information, which has hindered
species-level management and made enforcement of
regulations challenging. Given that wedgefishes are
landed primarily to supply global markets involved in
the trade of elasmobranchs, international trade regu-
lation is key to disincentivise harvest of local popula-
tions. In 2019, the family Rhinidae was listed on
Appendix II of the Convention on International Trade
in Endangered Species of Flora and Fauna (CITES),
which means Parties to the Convention should imple-
ment measures to ensure international trade in these
species is sustainable (Nakamura & Kuemlangan
2020, Pavitt et al. 2021). Furthermore, any continued
trade must be regulated and require species-level
landings as well as export data. Without species-level
data, implementation and enforcement of the man-
agement measures that are already in place remain
challenging. This is particularly evident in countries
of the Great South (developing nations primarily
located in Africa, Latin America and parts of Asia),
where illegal, unreported and unregulated fisheries
are extensive.

The Indo-Pacific is the centre of diversity for
wedgefishes, with only 2 species occurring in the
eastern Atlantic (Jabado 2019). In the Southwest
Indian Ocean (SWIO) region that covers 15000 km of
the coastline from Kenya to South Africa, these spe-
cies are predominantly caught as bycatch (with the
fins retained) in artisanal, recreational, small-scale
and commercial fisheries (Moore 2017, Kyne et al.
2020). Here, areas of high species richness often spa-
tially overlap with areas experiencing substantial
fishing pressure (Queiroz et al. 2019). Considering
the conservation status of wedgefishes, such hotspots
of overlap between the distribution of these species
and fishing pressure should be considered priorities
for management (Kyne et al. 2020). Overexploitation
in this region has led to declines in the whitespotted
wedgefish R. djiddensis in southern Mozambique and
in KwaZulu-Natal on the east coast of South Africa
(Daly et al. 2021), and in other wedgefish species in
the SWIO region (including Madagascar and Tanza-
nia), such as the bottlenose wedgefish R. australiae
(Kyne et al. 2020, Cliff & Daly 2022). R. djiddensis and
R. australiae have both been confirmed as present
within the SWIO region and are heavily impacted by
fisheries (Kyne et al. 2019a,b, 2020). SWIO Rhyncho-
batus spp. fisheries and regulations are summarised
in Table S1 in the Supplement at www.int-res.com/
articles/suppl/n053p409_supp.pdf.

Increased knowledge on the distribution range
and population structure of the whitespotted wedge-
fish species complex will improve species-specific
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data collection and fisheries monitoring (Giles et al.
2016, Kyne et al. 2020, Choo et al. 2021, Dulvy et al.
2021). Molecular methods provide some resolution
to misidentification issues and further assessment of
intraspecific genetic structure (Ward et al. 2008,
Naylor et al. 2012). Elasmobranch population studies
aim to elucidate the processes influencing genetic
differentiation to identify marine stocks, defined as
reproductively isolated biological units with signi-
ficant genetic divergence from other stocks (Oven-
den 1990). This leads to 2 concepts: evolutionary
significant units (ESUs) and management units.
ESUs represent historically isolated populations with
unique ancestry and a certain capacity to adapt
to specific environments (Moritz 1994, Funk et al.
2012), serving as long-term conservation units.
Management units are identified as populations
showing statistically significant differences in allele
frequencies at mitochondrial or nuclear loci (Moritz
1994), aiming for short-term conservation goals. In
this study, the detection of genetic divergence
between sampling locations would warrant their
consideration as distinct management units (Car-
valho & Hauser 1994).

The interplay between different marine barriers and
dispersal ecology, such as maximum depth of occur-
rence, maximum body size and habitat, influence
elasmobranch dispersal potential (Hirschfeld et al.
2021), which can lead to lower population connectiv-
ity than expected. Failing to detect population struc-
ture can result in overexploitation or localised extir-
pation (Hueter et al. 2004, Karl et al. 2011, Ovenden
2013). When species are unable to cross open-ocean
waters due to, for example, their inability to overcome
oceanic currents (Ovenden 2013) or withstand tem-
perature changes (Simpfendorfer & Heupel 2004), it
can result in fragmented populations with lower over-
all diversity. Thus, understanding how these pro-
cesses influence the underlying patterns of wedgefish
population structure across a clearly defined distribu-
tion range is critical for the identification of putative
management units.

The use of mitochondrial DNA (mtDNA), including
gene regions such as nicotinamide adenine dehy-
drogenase subunit 2 (ND2), cytochrome oxidase c
subunit I (COI) and the control region (CR), has been
popular in the study of molecular diversity in animals
and can be used for molecular specimen identifica-
tion (Ward et al. 2005, Chabot & Allen 2009, Naylor et
al. 2012, Pirog et al. 2019, Catalano et al. 2022, Suku-
maran et al. 2023). The maternal inheritance, lack of
recombination and faster mutation rate of mtDNA, as
compared to nuclear DNA, make it well-suited for

studying historical population dynamics. There is
some published information on the molecular identi-
fication of fresh and processed specimens based on
mtDNA in the context of wedgefish products in trade
(Giles et al. 2016, Aisyah et al. 2021, Choo et al. 2021).
These studies showed that R. ausiraliae can be ac-
curately differentiated from other Indo-Pacific spe-
cies using COI-barcoding (Aisyah et al. 2021, Choo et
al. 2021), as well as ND2 and CR (Giles et al. 2016).
Choo et al. (2021) found that wedgefishes, including
R. australiae, were commercially available in forms of
whole fish, fillet, fin, dried and cooked meats in Singa-
pore. Aisyah et al. (2021) identified R. australiae and
R. springeri from unidentified fins confiscated in
South Bangka, Indonesia. A few studies have further-
more demonstrated population genetic structure at
broader and more local scales. Simwanza & Rumisha
(2023) found that populations of R. australiae from the
Western Indian Ocean (WIO) are genetically distinct
from those in the Eastern Indian Ocean (EIO) and
Western Pacific (WP) based on COI sequences,
whereas Giles et al. (2016) described moderate
mtDNA differentiation in R. australiae across South-
east Asia and Australia based on the CR and/or ND2
gene regions. Tapilatu et al. (2023) also observed
moderate genetic divergence across east Indonesian
populations of R. australiae using data from COI
sequences. To our knowledge, there is presently no
research on the mitochondrial or nuclear population
structure of R. djiddensis, nor have any studies
employing microsatellite markers been conducted
for any wedgefish species. Nuclear microsatellite
markers have been instrumental in improving our
understanding of contemporary processes driving
elasmobranch distribution patterns based on species-
specific allele sizes and distinctive allele frequencies
at multiple loci (Feldheim et al. 2001, Keeney et al.
2005, Karl et al. 2011, Vignaud et al. 2013, Maduna et
al. 2017). Nuclear and mtDNA differ primarily in
mode of inheritance and effective population sizes,
thus their complementary use can enable more accu-
rate quantification of genetic diversity parameters
and investigation of population structure (Wright
1931, Ward 2000).

As such, this study aimed (1) to confirm the species-
level taxonomic identification of R. djiddensis and R.
australiae by performing molecular species identifi-
cation based on the ND2 and/or COI gene regions;
and (2) to assess the distribution of genetic variation
across SWIO populations of these 2 species, with a
focus on R. australiae, using a dual marker approach
comprising concatenated mitochondrial markers
(COI-CR) and 9 nuclear microsatellites.
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2. MATERIALS AND METHODS
2.1. Sampling and laboratory procedures

A total of 189 Rhynchobatus spp. samples, in the
form of fin-clips or muscle tissue, were obtained from
different locations across the SWIO region: Mozam-
bique (n = 8), South Africa— Durban (n = 43), South
Africa— Sodwana Bay (n = 10), Madagascar (n = 17),
Réunion Island (n = 16), Seychelles (n = 58) and Tan-
zania (n = 25). Additionally, Australia (n = 12) was
included through opportunistic sampling, despite it
being outside the SWIO region. The specimens were
initially morphologically identified based on criteria
from species identification guides (Jabado 2019 and
references therein) and then confirmed by molecular
species identification. R. djiddensis is generally char-
acterised by prominent black markings between the
eyes with a large number of white spots and a black
pectoral marking surrounded by 4 or more white
spots. R. australiae has a distinctive bottle-shaped
snout that is slightly constricted near the tip, 3 white
spots aligned over the pectoral marking (usually 2
spots below), a short line of well-demarcated white
spots on the mid dorsal surface and no spots on the
tail.

Genomic DNA was extracted using a standard
cetyltrimethylammonium bromide extraction proto-
col (Sambrook & Russell 2001). The purity and quan-
tity were assessed using a NanoDrop™ ND 2000
spectrophotometer (Thermo Fisher Scientific). The
ND2 gene region was PCR-amplified using the
primers ILEM and ASNM (Naylor et al. 2012), COI
using VF2_tl and FishR2_ tl (Ward et al. 2005) and CR
using GWF (Pardini et al. 2001) and CL2 (Tillett et al.
2012). PCRs were carried out in a SimpliAmp™ Ther-
mal Cycler in a 15 pl reaction volume. For ND2, the
reaction mixture consisted of 50 ng template DNA, 1x
PCR buffer, 200 pM of each dNTP, 0.33 puM of for-
ward and reverse primers (1 pmol pl™!), 2 mM of
MgCl, and 0.5 U ul~! of GoTag® DNA polymerase
(Promega). The thermocycling conditions were: 94°C
for 2 min; followed by 40 cycles of 94°C for 30 s, 53°C
for 30 s, 72°C for 90 s; and a final extension step at
72°C for 15 min. For COI and CR, the reaction mixture
included 50 ng of template DNA, 1x PCR buffer, 200
UM of each dNTP, 0.3 pM of forward and reverse
primers (1 pmol pl~!), 2.5 mM of MgCl, and 0.4 U pl~!
of GoTag®. The thermocycling conditions consisted
of an initial denaturing step at 94°C for 5 min; fol-
lowed by 35 cycles of 94°C for 30 s, either 54°C (COI)
or 56°C (CR) for 30 s, 72°C for 90 s; and a final exten-
sion step at 72°C for either 10 min (COI) or 5 min (CR).

The amplicons were sequenced with the appropriate
forward primer using standard Sanger sequencing
chemistry (BigDye® Terminator v.3.1 Cycle Sequen-
cing Kit, Life Technologies), whereafter capillary
electrophoresis was performed at the Central Analyt-
ical Facility (CAF) of Stellenbosch University, South
Africa. For the amplification of microsatellite
markers, 9 primer pairs previously developed in-
house for R. australiae by J. Rumbelow (unpubl. data,
Table S2) were used in 2 multiplex panels (M1 and
M2, Table 1) with fluorescently labelled forward
primers following the PCR conditions outlined in
Table S2. Amplified products were run on an ABI 3730
DNA Analyzer with the LIZ-500 internal size standard
(Applied Biosystems) by CAF, and Geneious® v.8.1.2
(Kearse et al. 2012) was used for binning and scoring
of microsatellite alleles.

2.2. Mitochondrial sequence data analyses
2.2.1. Molecular specimen identification

Newly generated ND2 (469 bp) and COI (559 bp)
sequences were manually curated in Geneious. Spe-
cimen identification of the samples was performed by
comparing sequences to the available DNA records
on the Barcode of Life Data System (BOLD) (Ratna-
singham & Hebert 2007) which accepts COI barcodes
and returns a species-level identification when pos-
sible. ND2 and COI sequences were also analysed
against records available on the National Center for
Biotechnology Information (NCBI) GenBank data-
base (Benson et al. 2013) using the Basic Local Align-
ment Search Tool (BLASTn) which is an algorithm and
program for comparing primary biological sequence
information. To establish a threshold for species-level
boundaries, the barcoding gap for the COI data set
was calculated using the ‘BarcodingR' package
(Zhang et al. 2017) for R v2022.07.1 (R Development
Core Team 20195), measured in K2P genetic distance.

2.2.2. Population genetic analyses

COI and CR sequences were manually curated and
aligned using MAFFT (Katoh & Standley 2013) with
the L-INS-i algorithm in Geneious. The trimmed
alignments were concatenated to compile the final
data sets which included a 559 bp fragment of COI
and a 472 bp fragment of CR (COI-CR).

Diversity indices, including number of haplotypes
(H), number of nucleotide changes (k), haplotype
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Table 1. Details of 9 microsatellite loci primer pairs used in this study, developed for the bottlenose wedgefish Rhynchobatus
australiae by J. Rumbelow (unpubl. data). Tx: annealing temperature; Panel: multiplex panel

Primer Primer sequence (5'- 3') Motif Ta Expected pro- Panel Dye
name (°Q) duct size (bp)

RWI2 . GATCGCACACATCTTCACAATC  (CCAls 59 a7 M2 FAM
RWmO R CCAGAGGTGGTGAACTGAATC  (GAGK 55 286 ML vie
Runi0 pldccGaGAnTaTTTGATGGGAAC  (CTTh 60 300 M2 VIO
Riynll R CGTTTCTTCCTCTCTGETACTG MG 5 34 M2 PET
RIS g CGCGAGTCACTCTTTCATTGS ST Mi NED
RIIIT g GCATGGGAGATTCGTCTG Che s Mi o FAM
RWnI9  pCGAAATGCAGGGATATGAACCG  (GGMs 55 242 M2 FaM
RO ATGACGGCANTGATCAC AT, 3 201 Mi o FaM
RWI2 g COTTTGCATCTTAGGCTITGAG G o0 403 M2 NED

(h) and nucleotide (x) diversities, were calculated
using DnaSP v.6 (Rozas et al. 2017). Subsequently,
unique haplotypes were identified for each species
in DnaSP, and the evolutionary relationships among
haplotypes were inferred and visualised by con-
structing a median-joining inference network as
implemented in PopART (Leigh & Bryant 20195).
Genetic divergence among sampling populations
was determined in Arlequin v3.5.1.2 (Excoffier &
Luscher 2010), by means of pairwise ®gr tests
(10000 permutations, p < 0.05). A hierarchical anal-
ysis of molecular variance (AMOVA) was performed
in Arlequin, with 10000 permutations to determine
statistical significance (p < 0.05). The null hypothe-
sis of genetic homogeneity among groups was
investigated using the R. australiae (R. australiae
sampling locations grouped into Australia versus
SWIO) and interspecific (R. australiae and R. djid-
densis grouped separately) data sets. A Benjamini-
Hochberg (B-H) test was performed to control for
the false discovery rate using the ‘p.adjust’ function
in R, and measures of genetic differentiation were
considered significant if p-values were <0.05 follow-
ing the B-H correction. Separate haplotype networks
were also constructed, and diversity indices were
calculated based on the individual COI and CR gene
regions to enable comparison with published
studies.

2.3. Microsatellite data analyses

Microsatellite genotypes were evaluated for stut-
tering, allelic dropout and the presence of null
alleles using Micro-Checker v2.2.3 (van Oosterhout
et al. 2004). GENEPOP ON THE WEB v4.2 (Rousset
2008) was used to test for linkage disequilibrium
(LD; 10000 iterations, 10000 dememorizations, 500
batches), and deviations from Hardy-Weinberg
Equilibrium (HWE) expectations were tested using
the 'pegas’ v1.1 package (Paradis 2010) for R. The
inbreeding coefficient of each marker (Fjs) was esti-
mated using the R package 'diveRsity’ v1.9.90 (Kee-
nan et al. 2013).

The R package '‘poppr' v2.9.3 (Kamvar et al. 2014)
was used to convert files for calculation of allelic rich-
ness (Ag), observed and expected heterozygosity (H,
and H,) with ‘'hierfstat' v0.5-11 (Goudet 2005) and
polymorphic information content (PIC) with 'polysat’
v1.7-7 (Clark & Jasieniuk 2011). To test for genetic
homogeneity across sampling sites for R. djiddensis
and R. australiae, pairwise Fsy (Weir & Cockerham
1984) and significance (9999 permutations, p < 0.05)
were calculated in Arlequin. The B-H method was
applied to adjust p-values of tests using the 'p.adjust’
function in R. An AMOVA was performed, as
described above, for both the R. australiae and inter-
specific data sets. The genetic clustering patterns



414 Endang Species Res 53: 409—427, 2024

were evaluated using 2 clustering methods: a multi-
variate discriminant analysis of principal compo-
nents (DAPC) and a Bayesian clustering model-based
method.

For the R. australiae data set, the DAPC was per-
formed utilising the R package ‘adegenet’ v2.1.8
(Jombart 2008). The K-means method was run for K
= 1-10 using the function 'find.clusters' to deter-
mine the number of groups that best describe the
data. Based on the Bayesian information criterion
(BIC) plotted as a function of K being inconclusive
(Fig. S1A), K was chosen based on prior grouping,
i.e. number of sampling locations for R. australiae
(K = 5). Before running the DAPC, the alpha score
was optimised (Fig. S1B), and cross-validation was
performed (Fig. S1C) to determine the optimal
number of principal components (PCs) to retain.
Due to low levels of differentiation, it may be pos-
sible that both methods overestimate the number of
PCs, hence the number of leading PC axes was
restricted to 4 (K — 1 biologically informative PC
axes that are expected for K effective populations;
Thia 2023) (Fig. S1D).

The Bayesian clustering analyses were imple-
mented in the program STRUCTURE v2.3.4 (Prit-
chard et al. 2000) assuming an admixture ancestry
model with correlated allelic frequencies for the R.
djiddensis and R. australiae data sets and independ-
ent allelic frequencies for the combined data set. For
the latter, data from R. djiddensis was included to
visualise the differences between the 2 species. Using
prior location information, the model was applied for
10 iterations across K = 5, K = 3 and K = 6 for the R.
australiae, R. djiddensis and combined data sets,
respectively, with each iteration consisting of 500 000
Markov chain Monte Carlo (MCMC) generations and
an initial burn-in phase of 50000 generations. The
best K-value was chosen based on 6 statistical tests
employed by the program STRUCTURESELECTOR
(Li & Liu 2018), namely Delta K, the corrected Evanno
statistic Ln Pr(X|K) (Evanno et al. 2005) and the 4 tests
of Puechmaille, i.e. MedMed K, MedMean K, Max-
Med K and MaxMean K (Puechmaille 2016). Assign-
ment plots were generated and visualised using
POPHELPER (Francis 2017).

Due to the relatively low number of alleles, simula-
tions were carried out using POWSIM v4.0 (Ryman &
Palm 2006) to determine the power of the markers to
detect low levels of population differentiation. Simu-
lations were carried out with 1000 replicates for an
effective population size of Ng = 1000, and the power
of the analysis was indicated by the proportion of
tests that were significant at p < 0.05.

3. RESULTS
3.1. Molecular specimen identification

From the barcoding gap analysis, the difference
between intra- and interspecific distances was found
to be 4.3%. Samples from southern Mozambique and
South Africa were identified as Rhynchobatus djid-
densis and those from Australia, Madagascar, Réun-
ion Island, Seychelles and Tanzania as R. australiae
(Fig. 1; Table S3). One sample from Mozambique was
confirmed to be R. australiae but was excluded from
most of the analyses, as a sample size of 1 is an insuf-
ficient representation of a putative population. All
generated sequences matched to sequence entries of
voucher specimens on GenBank.

3.2. Mitochondrial diversity and population
differentiation

A concatenated COI-CR data set of 1031 bp in
length was successfully generated for a total of 117
individuals (R. djiddensis n = 31, R. australiae n = 86)
(Fig. 1), revealing 74 polymorphic sites.

The haplotype network showed 3 main groups of
haplotypes (haplogroups) for the 8 sampling loca-
tions, with a single high-frequency haplotype per
group (H1 = 4.27%, H6 = 51.23% and H15 = 24.79%)
(Fig. 2). The first haplogroup (A) comprised all R.
djiddensis sampling locations (South Africa— Dur-
ban, South Africa— Sodwana Bay and Mozambique),
whereas the second (B) consisted of all R. australiae
sampling locations (Réunion Island, Madagascar,
Seychelles and Tanzania, i.e. SWIO) except for Aus-
tralia, which formed the third haplogroup (C), sep-
arated by several mutations (A to B =42, Ato C = 34
and B to C = 24). It should be noted that the individ-
ual from Mozambique identified as R. australiae is not
included here. No individuals of different species
were shared between haplogroups, with R. djiddensis
characterised by 3 private haplotypes and R. austral-
iae by 14 private haplotypes, of which 4 were specific
to the Australian individuals. R. australiae displayed
higher overall diversity (h = 0.506, & = 0.0066) than R.
djiddensis (h = 0.127, ® = 0.0001) (Table 2). The
degree of genetic diversity varied between sampling
locations, with the highest haplotype and nucleotide
diversity for R. djiddensis found in Mozambique (h =
0.286, T = 0.0003). For R. australiae, the lowest was in
Seychelles (h = 0.143, # = 0.0005) and the highest in
Australia (h = 0.643. © = 0.0017), with SWIO R. aus-
traliae (h = 0.402, m = 0.0024) also displaying lower
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Fig. 1. Sampling locations across the Indian Ocean region. Distribution ranges are indicated in black for Rhynchobatus djidden-

sis (RD) and dark blue for R. australiae (RA). M is the number of samples sequenced for mitochondrial gene regions and used

in analysis, and N is the number of samples genotyped for nuclear microsatellites. South Africa comprised Durban (M = 18,

N = 31) and Sodwana Bay (M = 6, N = 9). One sample from Mozambique was molecularly confirmed to be R. australiae but was
excluded from further analysis

diversity than Australia. The individual haplotype
networks and diversity estimates based on COI and
CR, separately, are shown in Table S4 and Fig. S2.

Significant interspecific differentiation between R.
djiddensis and R. australiae was evident (®sr > 0.9283,
p <0.001), and no statistically significant intraspecific
differentiation was observed for R. djiddensis (Pst <
0.0483, p > 0.324) (Table 3a). Regarding R. australiae,
high levels of intraspecific differentiation were ob-
served between sampling locations, particularly be-
tween Australia and all other locations (Pgr > 0.8820,
p < 0.001), whereas Réunion Island and Seychelles
seem to be genetically the most similar (®sr = 0, p =
0.999). The AMOVA showed significant divergence
among locations within groups (®sc = 0.323, p < 0.001)
and within locations (Pgr = 0.932, p < 0.001), but not
among groups, i.e. Australia and SWIO (&t =0.9,p =
0.198) (Table 4). It also supports genetic discontinuity
and restricted geneflow between R. djiddensis and
R. australiae (Pst = 0.8830, p < 0.001) (Table S95).

3.3. Nuclear diversity and population
differentiation

In total, 146 individuals were successfully geno-
typed for 9 species-specific microsatellite markers
(R. djiddensisn = 47 and R. australiae n = 99) (Fig. 1).

Using Micro-Checker, it was revealed that no geno-
types displayed stuttering, null alleles or large allelic
drop-out. Across all sampling populations, all loci
except Rhyn13 deviated from HWE (p < 0.05), and all
loci had negative Fis values. No significant LD was
observed except for locus pairs Rhyn9 and Rhyn10,
Rhyn2 and Rhyn20, and Rhyn13 and Rhyn27. This is
primarily attributed to the fixation of alleles at these
loci as well as a major sampling effect where observed
values deviate considerably from expected values.
Thus, all 9 loci were retained for downstream analy-
ses. Genetic diversity estimates were moderate and
consistent across all sampling populations, with R.
djiddensis (Ag = 2.346, PIC = 0.344, H, = 0.82) dis-
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Fig. 2. Median-joining haplotype network
based on concatenated mitochondrial se-
quence data (COI-CR) for all sampling loca-
H14

tions of Rhynchobatus djiddensis (South
Africa and Mozambique) and R. australiae
(Australia, Madagascar, Réunion Island,
Seychelles and Tanzania) with n = 117 and
79 polymorphic sites. Mutations separating
haplotypes are indicated as slashes. Size of
each circle is proportional to the number of
individuals carrying each haplotype, where
the largest haplotype (H6) represents 60
sequences. Circles separate R. djiddensis
(A), R. australiae (B) and R. australiae from
Australia (C) into 3 main haplogroups. The
individual from Mozambique identified as
R. australiae is not included here

playing slightly greater overall genetic diversity than
R. australiae (Agx = 2.196, PIC = 0.336, H, = 0.84)
(Table 2).

Pairwise Fgr estimates indicated genetic differentia-
tion between most sampling locations. Significant in-
terspecific differentiation was observed between R.

H2

H1

@ Australia

@ Madagascar
@ Réunion Island
O Seychelles
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@ Durban

© Sodwana Bay
@ Mozambique
(D R. djiddensis
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australiae and R. djiddensis (Fsy > 0.0953, p <0.001) as
well as within R. australiae (Fst > 0.0047, p < 0.024)
(Table 3b), although not between Australia, Tanzania
and Madagascar (Fsy = 0, p < 0.001). The AMOVA
corroborated this, with significant interspecific dif-
ferentiation between R. australiae and R. djiddensis
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Table 2. Genetic diversity indices for Rhynchobatus djiddensis and R. australiae based on (a) a 1031 bp concatenated alignment

of COI-CR and (b) 9 nuclear microsatellite markers; n: sample size; H: number of haplotypes; h: haplotype diversity; w: nucleo-

tide diversity; k: average number of nucleotide changes; PH: private haplotypes; Ag: allelic richness; PIC: polymorphic informa-

tion content; Ax: number of alleles; H,: observed heterozygosity; H.: expected heterozygosity; Fis: inbreeding coefficient;
SA: South Africa; SWIO: Southwest Indian Ocean

(a) Mitochondrial DNA

Sampling location n H h T k PH

R. djiddensis 31 3 0.127 0.0001 0.1290 3

SA — Durban 18 2 0.111 0.0001 0.1111 1

SA — Sodwana Bay 6 1 — — — 0
Mozambique 7 2 0.286 0.0003 0.2857 1

R. australiae 86 14 0.506 0.0066 6.7975 14

Australia 8 4 0.643 0.0017 1.7500 4
Madagascar 11 3 0.636 0.0042 4.3636 2

Réunion Island 6 1 - - - 0

Seychelles 41 4 0.143 0.0005 0.5366 3

Tanzania 20 5 0.632 0.0038 3.8947 4

SWIO R. australiae 78 10 0.402 0.0024 2.4589 10

Global 117 17 0.674 0.0192 19.7172 -

(b) Nuclear DNA

Sampling location n Ar PIC An H, H, Fis (95% CI)

R. djiddensis 47 2.346 0.344 2.56 0.82 0.48 —0.71 (—0.88 to —0.53)
SA — Durban 31 2.384 0.377 2.56 0.81 0.47 —0.71 (—0.84 to —0.50)
SA — Sodwana Bay 9 2.320 0.289 2.22 0.75 0.44 —0.71 (—0.86 to —0.43)
Mozambique 7 2.333 0.367 2.44 0.92 0.53 —0.78 (—0.85 to —0.60)
R. australiae 99 2.196 0.336 2.78 0.84 0.47 —0.79 (—0.93 to —0.58)
Australia 7 2.389 0.346 2.45 0.73 0.44 —0.62 (—0.81 to —0.40)
Madagascar 13 2.094 0.309 2.22 0.88 0.46 —0.93 (—0.98 to —0.895)
Réunion Island 15 2.365 0.354 2.22 0.88 0.52 —0.75 (—0.87 to —0.38)
Seychelles 41 2.106 0.337 2.33 0.82 0.44 —0.88 (—0.99 to —0.59)
Tanzania 23 2.027 0.344 2.00 0.86 0.45 —0.83 (—1.00 to —0.77)
SWIO R. australiae 92 2.148 0.334 2.56 0.85 0.47 —0.81 (—0.95 to —0.63)
Global 146 2.252 0.431 3.11 0.83 0.47 —0.78 (—0.85to —0.41)

Table 3. Genetic differentiation between 8 sampling locations of Rhynchobatus djiddensis (light grey) and R. australiae (dark

grey) based on (a) the concatenated alignment of COI-CR and (b) 9 nuclear microsatellites. ®sr and Fsr estimates below the

diagonal. SA: South Africa. *indicates statistical significance at an a level of 0.05; bold values indicate statistical significance
after Benjamini-Hochberg correction

Australia Madagascar Réunion Seychelles Tanzania SA— SA—  Mozambique
Island Durban Sodwana Bay
Australia 0
Madagascar 0.8820* 0
Réunion Island 0.9632* 0.3969* 0
Seychelles 0.9725* 0.6233* 0 0
Tanzania 0.8840* 0.0932 0.0930 0.2651* 0
SA —Durban 0.9846* 0.9595* 0.9980* 0.9895* 0.9501* 0
SA —Sodwana Bay  0.9736* 0.9318* 0.9999* 0.9877* 0.9283* 0.0000 0
Mozambique 0.9723* 0.9333* 0.9963* 0.9871* 0.9293* 0.0483 0.0000 0
Australia 0

Madagascar 0.0000 0

Réunion Island 0.0473* 0.0309* 0

Seychelles 0.0066* 0.0047* 0.0414* 0

Tanzania 0.0000 0.0000 0.0414* 0.0259* 0

SA — Durban 0.1371* 0.1571* 0.1893* 0.1861* 0.1718* 0

SA —Sodwana Bay  0.1513* 0.1742* 0.2069* 0.1918* 0.1949* 0.0000 0

Mozambique 0.0953* 0.1131* 0.1209* 0.1518* 0.1306* 0.0000 0.0000 0
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Table 4. Analysis of molecular variance (AMOVA) of Rhynchobatus djiddensis and R. australiae combined and R. australiae

sampling locations grouped into Southwest Indian Ocean (SWIO) and Australia based on the concatenated mitochondrial

alignment of COI-CR and 9 nuclear microsatellites. *indicates statistical significance at an o level of 0.05; bold values indicate
statistical significance after Benjamini-Hochberg correction

Hypothesis tested Source of variation Variation (%) Fixation index

Mitochondrial DNA

R. australiae Among groups 90 P = 0.900

(SWIO and Australia) Among locations within groups 3.23 Dy = 0.323*
‘Within locations 6.77 $gr = 0.932*

Nuclear DNA

R. australiae Among groups —1.29 Fer = —0.013

(SWIO and Australia) Among locations within groups 2.34 Fsc = 0.023*
‘Within locations 98.95 Fsr = 0.01*

(Fst = 0.1695, p < 0.001) (Table S5). For R. australiae,
there was significant differentiation among locations
within groups (Fsc = 0.023, p < 0.001) and within loca-
tions (Fsr = 0.01, p < 0.001), but not among groups
(Fer = 0, p = 0.780, Table 4). For both hypotheses
tested, most of the variation was contained within and

not between the populations. The multivariate DAPC
plot of the R. australiae sampling locations (K = 95)
showed very little clustering, with ellipses mostly
overlapping (Fig. 3). Réunion Island showed the least
amount of overlap with the rest, which corresponds to
the small but significant pairwise Fst values. The Bay-

PCA eigenvalues

@ Australia

® Madagascar

® Réunion Island
Seychelles

® Tanzania

)
DA eigenvalues

Fig. 3. Clustering patterns obtained from a discriminant analysis of principal components (DAPC) of Rhynchobatus australiae
sampling locations, withn = 99, K = 5 and 4 principal components
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Fig. 4. Bayesian clustering assignments for Rhynchobatus australiae (K = 2—4) inferred by STRUCTURE based on the corre-
lated allele frequency model, using 6 analytical methods to determine the most likely K: MedMed K, MedMean K, MaxMed K,
MaxMean K (Puechmaille 2016), LnP(K) and Delta K (Evanno et al. 2005)

esian clustering analysis suggested a varying number
of clusters in the R. australiae data set (K = 2—3) and
the inferred ancestry coefficients showed no differen-
tiation, which indicates high levels of gene flow be-
tween R. australiae sampling locations (Fig. 4). The
STRUCTURE assignment plot for R. djiddensis is
shown in the Supplementary material, demonstrating
genetic homogeneity in the metapopulation (Fig. S3).
A clear separation of species was evident; however, 1
R. australiae individual from Seychelles appears to
have shared ancestry with R. djiddensis (Fig. S4).

Lastly, POWSIM analysis based on the proportion
of significant chi-squared tests indicated a relatively
low probability (36.4 %) of detecting an Fsr value of as
low as 0.005 using the microsatellite data set.

4. DISCUSSION
4.1. Molecular taxonomy

The application of molecular markers proved to be
successful for the confirmation of morphological spe-
cimen identity within the whitespotted wedgefish
species complex in the SWIO region. The correct
identification of specimens at the species level is fun-
damental to effective management, as biological
parameters, and therefore vulnerabilities, can vary
widely, even between closely related taxa that are
similar in appearance and overlapping in distribution
(Moore 2017). If biological data from multiple species
are mistakenly treated as being representative of a
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single species, relevant estimates such as population
size may be falsely inflated, and the species' threat
level underestimated. This is particularly important
amongst Rhynchobatus species which exhibit wide
inter- and intraspecific variation in morphology and
colouration as well as a general lack of baseline life
history information (Moore 2017, Cliff & Daly 2022).
Whole mitochondrial genomes of R. djiddensis and R.
australiae from the SWIO were recently made avail-
able (Groeneveld et al. 2023), serving as another
molecular resource for comparing individual mito-
chondrial gene regions for species identification.
These authors also found that ND2 was the most vari-
able in terms of number of single nucleotide polymor-
phisms (SNPs), and Giles et al. (2016) showed that R.
australiae can be reliably differentiated from other
Indo-Pacific species using ND2 and a section of CR
short enough to amplify DNA from processed fins. In
our study, we employed ND2 in conjunction with
COI, which effectively distinguished between R. djid-
densis and R. australiae for initial molecular identifi-
cation. Since the barcoding gap for our data set was
estimated to be 4.3%, the standard ~98% sequence
similarity threshold was considered reliable species-
level identification (Barbuto et al. 2010).

Ideally, all sequences accessible in BOLD or Gen-
Bank should originate from vouchered specimens ini-
tially identified by taxonomic experts. However, due
to the lack of this expertise and the inherent nature of
public databases, erroneous entries of sequence data
are unavoidable (Meiklejohn et al. 2019). Mitochon-
drial identification of Rhynchobatus samples en-
counters challenges due to the lack of curated refer-
ence sequences, potentially compromising accurate
discrimination between different Rhynchobatus spe-
cies (Giles et al. 2016). Caution should be exercised in
using currently described mtDNA markers for spe-
cies-level identification of Rhynchobatus spp., and
additional whole mitogenome sequencing may be
required to resolve taxonomic uncertainties.

All subsequent analyses using COI-CR and 9 micro-
satellites, namely the mitochondrial haplotype net-
work, F-statistics, multivariate and Bayesian cluster-
ing analyses, consistently supported the delineation
of specimens into 2 distinct species, which was con-
gruent with their morphological identifications. One
R. australiae specimen from Seychelles displayed
ancestral genetic similarity to R. djiddensis in the
combined Bayesian analysis (Fig. S4). The presence
of individuals that display genetic characteristics
from a different species or a common ancestry could
indicate DNA introgression (e.g. Walter et al. 2017).
However, this individual resides in the R. australiae

clade under H6 in the haplotype network, while bar-
coding verified it as R. australiae, making introgres-
sion or misidentification unlikely. The most probable
explanation is that this observation is an artefact of
low marker polymorphism, where one unique allele
can influence the results significantly. Additionally,
when analysing the STRUCTURE results separately
(Fig. 4), this individual does not show divergent
ancestry from the other R. australiae samples.

4.2. Population structure

Our analyses suggest that the R. djiddensis popula-
tions sampled from South Africa (Durban and Sod-
wana Bay) and southern Mozambique are genetically
homogeneous. The lack of genetic differentiation
observed demonstrates that these 2 locations have a
high degree of population connectivity and gene
flow. Regarding R. australiae, the relatively high
levels of genetic differentiation based on the mtDNA
data set and the weak population structure based on
the microsatellite data set indicate varying levels of
genetic differentiation within R. australiae. Bayesian
analyses overall suggested a lack of population struc-
ture, while the F-statistics and multivariate analyses
demonstrated weak but significant differentiation.
This may indicate reduced connectivity between
some locations, as only those populations that are
found adjacent to one another reflect shared genetic
ancestry. The varying results obtained with the differ-
ent population analysis approaches were not unex-
pected, as these methods differ in sensitivity to small
sample sizes and subtle variation. Generally genetic
differentiation among marine populations is both
expected and observed to be low, thus it becomes
more difficult to discriminate a signal of heterogene-
ity from limited sampling or lack of variation in the
markers used (Ward 2000). The microsatellite
markers used in the current study are inherently of
low informativeness (global PIC = 0.431) and do not
have the power to detect subtle differences in allele
frequencies (power analysis = 36.4%), which must
therefore be considered when interpreting the find-
ings. There is a difference between evidence of pan-
mixia versus the absence of evidence of population
structure (i.e. lack of power) (Palm et al. 2009, Bailleul
et al. 2018). Failing to detect genetic structure can be
detrimental to a population. Thus, when taking all
results into account, i.e. the mtDNA estimates dem-
onstrating high differentiation and the nuclear DNA
showing some evidence of differentiation despite lack
of marker variability, we reject the hypothesis of
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genetic homogeneity among the R. australiace sam-
pling localities.

When different populations arise with limited con-
nectivity between them, often driven by habitat fea-
tures (Saitoh 2021), they can suffer a reduction in the
level of genetic diversity which can be associated with
range contraction and fragmentation of former distri-
butions (Kenchington 2003). Coastal elasmobranchs,
such as wedgefishes, are generally characterised by
lower levels of diversity compared to highly mobile
pelagic species that are capable of large-scale migra-
tion, enabling populations to remain connected across
ocean basins (Ovenden 2013). Both R. djiddensis and
R. australiae have tropical neritic habitats, thus the
separation of these territories by deep oceanic waters
and associated ocean currents, habitat discontinuities
or temperature gradients likely constitute physical
barriers to gene flow. This could explain the lower
level of differentiation observed between geographi-
cally proximate populations, such as R. djiddensis
from Mozambique and South Africa. Jordaan et al.
(2021) further suggested that larger, reproductively
active individuals move northwards to warmer waters
in neighbouring Mozambique for reproductive pur-
poses during winter in KwaZulu-Natal. This again
highlights the connectivity between these 2 localities
and the sensitivity of wedgefishes to temperature.

In contrast, R. australiae locations are more het-
erogeneous. Previous studies also reported genetic
differentiation among R. australiae populations from
the WIO, WP, Australia (Simwanza & Rumisha 2023)
and East Indonesia (Tapilatu et al. 2023), as well as
between Southeast Asia and Australia (Giles et al.
2016). We found that SWIO populations differ greatly
from Australia, but within the SWIO, there might be
more fine-scale population structure among Mada-
gascar, Réunion Island, Seychelles and Tanzania but
not between Madagascar and Tanzania (@t = 0.0932,
Fsr =0, p>0.128). The detection of population struc-
ture can imply that R. australiae may be susceptible to
regional adaptation and location-specific selection
pressures. Populations that occur at island locations
(Madagascar, Réunion Island and Seychelles), or
those that are geographically far apart (Australia and
SWIO), are exposed to varying environmental selec-
tion pressures. Over time, these populations may
develop genetic variations that increase their fitness
and survival within their local habitat (Gregory 2009).
The potential inability of the species to migrate across
vast ocean expanses may also contribute to the
genetic differentiation. While there is a general scar-
city of data regarding its migratory behaviours,
recent findings suggest episodic migration of R. aus-

traliae between Indonesia and Australia (Giles et al.
2016). Comparable migrations are likely happening
across the species' range, particularly among neigh-
bouring countries. Despite its high mobility, this spe-
cies is rarely found below depths of 60 m and is pre-
dominantly associated with coastal habitats (Last et
al. 2016); thus, deep-water barriers can impose con-
straints on its dispersal. From an evolutionary per-
spective, these factors influence the future trajectory
of these populations, as they will likely not interbreed
with other, more geographically distant R. australiae
populations. This can lead to the fixation of alleles,
ultimately driving divergence with restricted gene
flow between smaller subpopulations. While there is
a significant expanse of deep water between Mada-
gascar and Tanzania, similar to the distance between
Madagascar and Réunion Island, the genetic similar-
ity observed may be attributed to historical connec-
tivity, relatively recent colonisation events or similar
selective pressures and environmental conditions.

Multiple types of molecular markers and additional
samples from the SWIO are necessary to assist in
establishing the effects of drift, mutation, isolation by
distance and selection, and will enable better under-
standing of stock structure than any single genetic
approach (Ward 2000).

4.3. Mitochondrial and nuclear diversity

Regarding mitochondrial diversity, a high level of
haplotype diversity and low level of nucleotide diver-
sity were observed, with this pattern comparable to
other batoids (Li et al. 2015, Cruz et al. 2021). The R.
djiddensis populations from both South Africa and
Mozambique displayed notably low diversity, as did
the R. australiae population from Seychelles, despite
the latter having the largest sample size. These
regions might host higher-risk populations as intra-
specific genetic diversity is essential for long-term
population persistence (Hoffman et al. 2014). It can
also be indicative of restricted gene flow, which
results in fragmented populations and reduced ability
to adapt to changing environments (Chichorro et al.
2019). Isolated populations without substantial repro-
ductive connectivity cannot reverse declining abun-
dance through immigration and are therefore more
vulnerable than connected populations (Patterson et
al. 2022).

Despite consisting of multiple locations, our COI
diversity estimates for SWIO R. australiae (H= 2, h =
0.296, = = 0.0016) (Table S4) was slightly lower than
Australia (H = 2, h = 0.389, & = 0.00139). These esti-
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mates are higher than WIO R. australiae from Sim-
wanza & Rumisha (2023) (H = 2, h = 0.0778, n =
0.0004) but follow a similar trend where R. australiae
from the EIO and WP had much higher levels of
genetic diversity than the WIO populations. Our CR
diversity estimates for SWIO R. australiae (H = 11, h
= 0.384, r = 0.0029) are also much lower than R. aus-
traliae from Southeast Asia and Australia, Southeast
of Timor Passage (H = 22, h = 0.707, ® = 0.005) (Giles
et al. 2016). R. australiae populations from the WIO
region thus seem to be less diverse than other biogeo-
graphic regions. Additionally, all 3 haplotype net-
works (Fig. 2; Fig. S2) exhibited concordant relation-
ships among the haplotypes of R. australiae from the
above-mentioned studies, with slightly more muta-
tional steps. This demonstrates that WIO populations
differ from more Eastern populations (e.g. Australia).
We hypothesise that this difference is mainly driven
by substantial marine barriers preventing gene flow
(Hirschfeld et al. 2021), but could be caused by multi-
ple factors such as historical demography (Gubili et
al. 2014), colonisation history (Hellberg 2009), envi-
ronmental adaptation (Delaval et al. 2022) and eco-
logical interaction (Pyron & Burbrink 2010).
Furthermore, the low level of nuclear diversity was
not reflected in the mtDNA. The mito-nuclear discor-
dance might indicate that different evolutionary
forces are shaping the genetic variation at mitochon-
drial and nuclear loci. Nuclear DNA is bi-parentally
inherited and mtDNA is matrilineally inherited,
which makes mtDNA more susceptible to selection
and other demographic processes (Dudgeon et al.
2012). Sex-biased dispersal is one such possibility,
which can result in different gene frequencies be-
tween sexes within and among populations or sub-
populations (Prout 1981). Although evidence for sex-
biased dispersal in batoids has previously and
increasingly been reported (Roycroft et al. 2019),
including in species complexes, few studies have pro-
vided reliable evidence of this phenomenon (Flowers
et al. 2016, Phillips et al. 2021). A passive acoustic
telemetry study of Rhynchobatus spp. in a northern
Australian embayment (White et al. 2014) reported no
significant difference in philopatric behaviour (e.g.
seasonal residency and site fidelity) between sexes,
which may suggest that they are not philopatric to
specific nearshore areas but rather move between
them. However, the lack of correlation between Rhyn-
chobatus spp. size and residency may be a result of
the occurrence of 3 possible species, and the low
number of males (n = 2) compared to females (n = 18)
monitored may render the results of that study incon-
clusive. Thus, currently there is no research available

supporting sex-biased dispersal in the genus Rhyn-
chobatus.

In the current study, it is possible that the lack of
microsatellite marker polymorphism could have in-
fluenced our results; thus, the mitochondrial estimates
were considered to be more informative (Dudgeon et
al. 2012). Further research on possible mito-nuclear
discordance is needed, as elasmobranch reproductive
strategies such as philopatry (Chapman et al. 2004)
strongly determine spatial scale of management.
Combining data from full mitochondrial genomes and
a large number of nuclear markers (SNPs or micro-
satellites), employing a close-kin mark—recapture
framework and sex-chromosome markers, and the use
of collaborative sample-sharing platforms could ad-
dress the challenges posed by low polymorphism and
enhance our understanding of elasmobranch structur-
ing patterns (Phillips et al. 2021).

4.4. Management implications

The distribution ranges of R. djiddensis and R.
australiae have not been well defined due to confu-
sion with other members of the species complex. Both
species appear to have a disjunct distribution in the
WIO. R. djiddensis was described in the Red Sea off
Saudi Arabia and Yemen (Ebert et al. 2021), while R.
australiae was described off the Manning River
mouth, New South Wales, Australia. The current rec-
ognised distribution of R. djiddensis spans from the
Red Sea to the Arabian/Persian Gulf, and off southern
Mozambique and South Africa (Kyne et al. 2019a,
Ebert et al. 2021), whereas R. australiae is found from
Kenya to Mozambique, off Madagascar, and other
WIO islands (Kyne et al. 2019b). The results from the
present study confirm the distribution ranges for
these species based on molecular data. Such informa-
tion is important for fishery management and conser-
vation because the geographic distribution of marine
species is thought to affect extinction risk (Moore
2017). R. djiddensis was previously considered to be
widespread throughout the IWP (Kyne et al. 2020),
but this was likely based on the combined distribution
patterns of several closely related Rhynchobatus spe-
cies. Our samples from South Africa (Durban and
Sodwana Bay) and southern Mozambique were con-
firmed to be R. djiddensis, with no samples from else-
where in the SWIO identified as R. djiddensis. R. djid-
densis is also officially listed in the Fish List of
Réunion Island (Fricke et al. 2009), but these results,
taken together with those of Jaquemet et al. (2023),
indicate that R. australiae may be the only wedgefish
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present off Réunion. Environmental DNA (Mariani et
al. 2021) also supports the presence of only 1 species,
and historically, no 2 species of Rhynchobatus have
been recorded there. R. djiddensis thus seems to be
restricted to discrete pockets within the WIO, with
one pocket from South Africa to Mozambique and
another from Oman into the Arabian Gulf (Last et al.
2016, Kyne et al. 2020).

Given that no genetic differentiation was observed
in our R. djiddensis data set, South Africa and
Mozambique can be considered as a single manage-
ment unit. The frequency and extent of transboun-
dary movements between South Africa and neigh-
bouring Mozambique remains largely unknown, but
R. djiddensis appears to move northwards as water
temperatures cool with the onset of winter (Dunlop &
Mann 2013, Jordaan et al. 2021). Their movement pat-
terns in this area are therefore currently being inves-
tigated in greater detail using passive acoustic telem-
etry (R. Daly pers. comm.). R. djiddensis likely relies
on nearshore habitats for pupping and mating, like
the Inhambane Estuary in Mozambique (R. H. Ben-
nett pers. obs.), but the multiple-sector fishery in
Mozambique (and potentially other areas in the WIO)
remains a threat to the conservation of this species
(Daly et al. 2021). Because these sampling localities
are genetically mixing, the inshore marine protected
areas on the east coast of South Africa could provide
some protection for the species as a whole (Cliff &
Daly 2022). However, the potential fishery-induced
reduction in abundance of the species in the SWIO
(Kyne et al. 2020, Daly et al. 2021) should be closely
monitored; if it is confirmed that R. djiddensis uses
these specific nearshore habitats for reproduction or
as nursery areas, localised effects in Mozambique
could also have unfavourable consequences for the
South African population (Daly et al. 2021).

Species with smaller distribution ranges, like R.
djiddensis, are usually less resilient than others (Chi-
chorro et al. 2019), and this is reflected in the low
genetic diversity estimates. Thus, species with larger
habitat ranges have greater resilience against multi-
ple pressures due to greater dispersal ability (Chi-
chorro et al. 2019). By comparison, R. australiae is
widespread in the IWP from Mozambique through
the WIQO, the Arabian Sea, Southeast Asia, extending
north to Taiwan, south to Australia and east to the Sol-
omon Islands (Last et al. 2016, Kyne et al. 2019b). Our
results support the widespread distribution of R. aus-
traliae in the SWIO, which may provide an additional
buffer against extinction risk (Roberts & Hawkins
1999, Chichorro et al. 2019). In contrast, a recent
alternative view is that the need for coherent interna-

tional management often leads to failure of risk miti-
gation (Dulvy et al. 2014). If the species range is pre-
dominantly in one country, that country may make a
concerted effort towards improved conservation of
that species. If the range extends across multiple
countries, no specific country takes ownership of the
need to better manage the species. As such, the iden-
tification of appropriate management units for R. aus-
traliae is essential. Fishing pressure is considerably
lower in northern Australia compared to other
regions in the IWP, attributed to effective manage-
ment regimes (Kyne et al. 2020). Nonetheless, this
proportion of R. australiae's range is not considered
to be large enough to warrant a revision of their global
status of Critically Endangered (Kyne et al. 2020). The
lack of genetic connectivity further prevents other
locations from benefiting from Australia's successful
approach. Populations across the IWP should be man-
aged as 3 different genetic stocks: WIO, WP and Aus-
tralia (Simwanza & Rumisha 2023), and thus one dis-
tinct population such as Australia cannot replenish
another such as WIO. Our study corroborates that
Australia and WIO populations are genetically differ-
ent, but within the SWIO, we found that there might
be more fine-scale population structure. For this rea-
son, it will be more cautionary to consider all sam-
pling locations as separate managements units,
except for Madagascar and Tanzania. Management
efforts should be tailored to the needs of these iso-
lated populations, and collaboration across regions is
vital to conserve the meta-population of R. australiae.

Moreover, 1 specimen from Mozambique was mo-
lecularly identified as R. australiae. As R. djiddensis
and R. australiae are confirmed present in Mozam-
bique, this appears to be an important area of overlap
of the distribution ranges of the 2 species. However,
due to a lack of accurate location information on the
single R. australiae and 2 of the R. djiddensis samples,
limited conclusions can be drawn regarding the distri-
bution of these 2 species in this region and potential
genetic admixture. R. australiae has been observed at
Ponta Zavora (B. Q. Mann pers. obs.), suggesting that
this may be close to their southern distribution limit,
but further sampling, especially in northern and cen-
tral Mozambique, would provide considerably better
resolution on the sympatry of these species.

5. CONCLUDING REMARKS

Here we demonstrated that Rhynchobatus djidden-
sis and R. australiae are genetically distinguishable
based on a limited number of molecular markers.
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Their distribution patterns were refined by confirm-
ing that our samples from southern Mozambique and
South Africa are R. djiddensis, whereas those from
Australia, Réunion Island, Madagascar, Seychelles
and Tanzania are R. australiae. Preliminary popula-
tion genetic analyses revealed potential mito-nuclear
discordance and indicated some population differen-
tiation for R. australiae, while R. djiddensis was
homogeneous.

A combination of intensive fisheries, inadequate
fisheries management measures and poor law en-
forcement commonly makes species conservation
even more challenging in Great South countries
(Moore 2017), as is the case for R. djiddensis and R.
australiae in the SWIO region. Given their status as
Critically Endangered and escalating fishing pressure
globally, careful management of all populations
across their entire distribution is warranted to pre-
serve the genetic diversity of both species. However,
conservation priority should be given to the SWIO
region, especially the populations of R. djiddensis,
and to R. australiae from Seychelles. Nevertheless, a
cross-disciplinary approach using a combination of
more direct methods (such as movement studies
using telemetry or mark—recapture) and different
genetic techniques are necessary to thoroughly un-
derstand the species distribution and processes that
shape genetic composition and vulnerability, such as
philopatry. Both traditional morphological taxonomy
and molecular-based identification methods are
needed to fully resolve the whitespotted wedgefish
complex.
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