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eDNA metabarcoding reveals a rich but threatened and declining
elasmobranch community in West Africa’s largest marine protected
area, the Banc d’Arguin
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Abstract

Elasmobranchs (sharks and rays) are the most threatened marine vertebrates, particularly in tropical and subtropical areas.
Their population status is often poorly understood due to insufficient information. Despite reportedly harbouring critical elas-
mobranch habitats, the Banc d’Arguin National Park (PNBA) in Mauritania lacks comprehensive and updated information on
the diversity of elasmobranch species in the area. We developed a baseline inventory based on morphological and molecular
identification and metabarcoding. DNA barcoding of tissue samples from elasmobranch processing sites and freshly sampled
specimens was used to build a genetic reference database of local elasmobranch species. The richness and diversity of species
in the PNBA were described via metabarcoding of seawater eDNA samples using an elasmobranch-specific assay and our
reference database. We detected 27 species, including 12 new species records for the PNBA. We further uncover potentially
undescribed species of Gymnura and Torpedo, while taxonomic corrections are noted for previously reported species. In
particular, the reportedly abundant Mustelus mustelus was absent from tissue and eDNA samples, while M. punctulatus was
detected instead. Taxa that have anecdotally become regionally extinct or rare (e.g., sawfishes, wedgefishes, lemon sharks)
were not detected, highlighting local species diversity shifts within the last few decades. Results show that 67.9% of elas-
mobranch species in the PNBA are threatened with extinction according to the [UCN Red List of Threatened Species. This
study emphasises the importance of taxonomic identification in support of species management and provides a baseline to
inform future studies and conservation measures to avoid further species losses.
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regulations is essential for elasmobranch conservation and
should be supported by understanding species diversity and
trends in abundance and distribution.

Baseline data on species diversity and abundance from
many global fisheries are often poor due to unreported land-
ings or unresolved taxonomy of reported catches (Burgess
et al. 2005; FAO 2014; Cashion et al. 2019). Accurate spe-
cies-specific data are important for effective conservation
and management of elasmobranchs (FAO 2014). Erroneous
species identifications can lead to biased data on size, matu-
rity, and abundance (Smart et al. 2016), directly affecting
fisheries management (Burgess et al. 2005). However, some
elasmobranch species can be difficult to distinguish mor-
phologically, even by trained observers (Tillett et al. 2012;
Smart et al. 2016).

In addition to accurate taxonomy, effective conservation
requires species distribution information. Traditional survey
methods such as Underwater Visual Census (UVC), Baited
Remote Underwater Visual Surveys (BRUVS), and fisheries-
independent surveys can be time, effort, and resource-inten-
sive and are often inefficient at detecting rare and elusive
species (Thomsen et al. 2012; Simpfendorfer et al. 2016;
Boussarie et al. 2018; Budd et al. 2021). In recent years,
environmental DNA (eDNA) metabarcoding has emerged as
a non-invasive and cost-efficient technique to infer species
composition. However, eDNA metabarcoding is strongly
influenced by the marker selected and by the completeness
of reference databases (Marques et al. 2021). While the COI
gene has been the standard barcoding marker for animals
(Hebert et al. 2003a, b), the 12S gene has shown higher
specificity with more taxa identified for certain taxonomic
groups (Collins et al. 2019; Zhang et al. 2020). The 12S
elasmobranch-specific primers (Miya et al. 2015) have been
generally effective at accurately reflecting species composi-
tion, in some cases more efficiently than traditional methods
(Yamamoto et al. 2017; Lafferty et al. 2021; Mariani et al.
2021).

Many threatened elasmobranch species occur in Maurita-
nia, where landings of sharks and rays are high (FAO 2023).
Mauritania constitutes a natural boundary for southern and
northern distribution limits of various species, leading to
unique assemblages of taxa from different biogeographic
affinities and supporting the presence of up to 115 species
of sharks, rays, and chimaeras (Last et al. 2016; Ebert et al.
2021). This is comparable with regions of high species rich-
ness such as Peru or Madagascar (Cornejo et al. 2015; Fricke
et al. 2018). Bordering the northern coast of Mauritania, the
National Park of the Banc d’Arguin (PNBA), West Africa’s
largest marine protected area (MPA), likely plays a vital
role as feeding and reproductive grounds for elasmobranchs
regionally (Valadou et al. 2006; Trégarot et al. 2018).

Following a surge of elasmobranch targeted fisheries in
West Africa in the 1980s, regional populations of sharks and
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rays were reported as overexploited by the end of the century
(Diop and Dossa 2011), including in the Banc d’Arguin. In
2000, a law was passed (Loi n° 2000.024) regulating small-
scale fisheries within the PNBA by giving exclusive fishing
rights to local fishers (Imraguen) based solely on subsistence
fishing, defined as keeping at least 50% of catches for local
consumption (Loi N°2000-025 du Code des Péches de Mau-
ritanie). Additionally, the PNBA administration and the local
fishing community jointly agreed on regulatory measures in
2003 that resulted in a moratorium on most targeted elasmo-
branch fishing within the PNBA (Ducrocq et al. 2004; FAO
2018). However, fishing pressure on elasmobranchs has con-
tinued to increase (Failler et al. 2009; Barham et al. 2011;
Trégarot et al. 2020) despite not being consumed locally
(Jabado, unpublished data), but rather due to the lucrative
nature of their products and insufficient local monitoring
and enforcement capacities (FAO 2018). Anecdotal evi-
dence suggests regional extinction for some species such as
sawfishes (Pristidae) (Leeney and Downing 2016) and the
endemic false shark ray, Rhynchorhina mauritaniensis (Kyne
et al. 2020), while others have become increasingly rare,
such as wedgefishes (Rhinidae) or lemon sharks (Negaprion
brevirostris) (Diop and Dossa 2011). Many other species
that are commonly landed in the PNBA (e.g., the scalloped
hammerhead, Sphyrna lewini or the blackchin guitarfish,
Glaucostegus cemiculus) face a high risk of extinction glob-
ally (Kyne and Jabado 2019; Rigby et al. 2019; Trégarot
et al. 2020). Therefore, obtaining updated, accurate infor-
mation on local elasmobranch diversity and distribution is
increasingly important to inform decision-makers and poli-
cymakers across the region.

This study describes the current elasmobranch species
diversity in the largest National Park of Atlantic Africa, the
PNBA. To achieve this, we (a) created a DNA barcode ref-
erence database of local elasmobranch species to cross-ref-
erence with eDNA samples and to validate and correct tax-
onomy based on morphological and genetic assessments; (b)
sampled seawater eDNA at different sites within the PNBA
and applied metabarcoding to estimate the elasmobranch
species present using the database produced in a); and (c)
contrasted species diversity previously reported or suspected
in the PNBA with our present estimate of species diversity
confirmed visually, through DNA barcoding, or detected in
eDNA samples.

Materials and methods
Sampling location
Mauritania is located in western, sub-Saharan Africa, bor-

dering the central-eastern Atlantic Ocean. The Parc National
du Banc d’Arguin (PNBA; Fig. 1) occupies over 180 km
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Fig. 1 Map of the African
continent highlighting Mauri-
tania (inset), and the northern A
Mauritania coastline showing
the PNBA area (polygon), main
cities (blue dots), sampling sites
(yellow stars) including two
villages where specimens were
sampled, and remaining villages
in the PNBA (black dots)
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of Mauritanian coastline, encompassing 12.000 km? split
between land and sea. The Banc d’Arguin is a large shallow
water bay composed mainly of intertidal sandbanks, mud-
flats, intricate channels, and several dispersed islands (Wolff
et al. 1993). It is fuelled by cold, nutrient-rich water from a
permanent upwelling zone in the north, which is the primary
driver of high regional productivity (Valdés and Gonzalez
2015). The PNBA is inhabited by the Imraguen indigenous
artisanal fisher community (Boulay 2013).

Sampling methods

To build a comprehensive reference DNA barcode data-
base of local elasmobranch species, a total of 217 tissue
samples were obtained, mostly from the national elasmo-
branch processing and trading sites Bountiya (n=159) and
Blaouakh (n=35) between October 2020 and April 2021
(Fig. 1). These sites were chosen because national elasmo-
branch landings from artisanal or industrial fisheries are
primarily transported and processed there, allowing access
to the largest selection of local species for genetic sampling.
Additional samples were collected opportunistically from
specimens landed at Iwik (n=17), an individual found dead
in Arkeiss, and live animals (n=35) caught during fisheries-
independent surveys in the PNBA. Tissue samples (1 cm?)
were taken from pelvic fins, to avoid sampling the same

specimen twice. In cases where pelvic fins were absent, any
available fin tissue from the right side of the body was col-
lected. Depending on the species abundance at sampling
(identified in situ based on morphology), three to five indi-
viduals were sampled per species. Samples were stored in
96% ethanol and kept at 4 °C upon arrival at the laboratory
until DNA extraction.

Photographic vouchers were retained for each sampled
individual to revise initial species identification using mor-
phological identification keys (Last et al. 2016; Ebert et al.
2021), except for samples 159-166 and 401-404 (Online
Resource 1). The former were freshly landed rays at Iwik
being prepared for transportation, and the latter were live
specimens released immediately after sampling, placing a
time constraint on the sampling process in both cases.

DNA barcoding

DNA barcoding was used in the molecular identification
of the specimens, and the resulting data was used to create
a local reference sequence database needed for the eDNA
metabarcoding of seawater samples. During both stages (i.e.,
DNA barcoding and eDNA metabarcoding), hygiene control
protocols were strictly enforced to prevent contamination
(i-e., lab working spaces and equipment were sterilised and
single-use filtered pipette tips were used).
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Genomic DNA (gDNA) was extracted from tissue sam-
ples using a NaCl protocol with a single ethanol wash-
ing step (Sambrook and Russell 2001). DNA quality was
assessed using 0.8% agarose gel electrophoresis stained
with Gelred (Biotium, Inc), and quantified in Nanodrop
1000 (ThermoFisher). The MiFish-E universal primer pair
(Miya et al. 2015) was used for PCR amplification of a small
region (~200 bp) of the 12S mitochondrial gene. Each PCR
reaction included 2X Colorless GoTaq Flexi Buffer, § mM
MgCl12, 320uM dNTP, 0.2 uM of each primer, 1.25 U GoTaq
G2 Flexi DNA polymerase (Promega), and 2 pl of gDNA
(1-5 ng/ul) on a 25 pl volume. PCR conditions consisted of
an initial 2-minute denaturation phase at 95 °C followed by
30 cycles of 30 s of denaturation at 95 °C, 30 s of annealing
at 55 °C and 1 min of extension at 72 °C with a final exten-
sion phase of 5 min at 72 °C. They were subsequently run on
a GeneAmp® PCR System 9700 Thermal Cycler (Applied
Biosystems). A subset of samples (n=76) with lower ampli-
fication success was re-extracted with a slightly amended
protocol to yield cleaner DNA by soaking them overnight
in autoclaved Milli-Q water to remove excess salts and add-
ing two additional ethanol and a final isopropanol washing
step. Final PCR products were bi-directionally sequenced
at CCMAR’s Sequencing Platform with an Applied Biosys-
tems 3130xl Genetic Analyzer, BigDye®Terminator V3.1
chemistry, and POP7 polymer.

Sequence ends were trimmed, and the quality of pair-
wise assembled sequences was assessed and checked for
consistency using Geneious Prime® 2021.1.1. Samples
were identified using the Basic Local Alignment Research
Tool (BLAST), comparing the newly generated sequences
to those deposited in GenBank (National Centre for Biotech-
nology Information - NCBI) based on similarity percent-
ages. Only matches above 98% were considered for species-
level identification, and sequences with matches below 98%
or where no reference sequence exists for a non-identified
species were noted and preliminarily identified based on
morphological assessments. In cases where a given sequence
had a similarity above 98% or 100% for multiple taxa, the hit
with the highest % similarity or the highest likelihood based
on morphology and distribution was kept, respectively.

To improve taxonomic resolution for unresolved species,
partial regions of mitochondrial COI (~ 650 bp) and NADH?2
(~ 1050 bp) genes were targeted for a subset of samples
(COI=95, NADH2 =23) using the universal primer pair
Fish-F1 & R1 or Fish-F2 & R2 for COI (Ward et al. 2005)
and the universal primer pair ILEM & ASNM (Naylor et al.
2012) and genus-specific primers for Mustelus spp. (Naylor
et al. 2005) for NADH2 (Online Resource 2).

A multiple alignment using default settings was per-
formed on the 12S sequences using the software package
MUSCLE (Edgar 2004). A neighbor-joining tree for all
sampled species was generated on MEGA11 (Kumar et al.
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2018) using the Kimura-2-Parameter (K2P) model (Kimura
1980) with pairwise deletion and 1,000 bootstrap replicates
for statistical support of the tree nodes. The rabbitfish, Chi-
maera monstrosa (NC_003136), was used as an outgroup to
root the tree. Mean within- and between-group (intergeneric)
distances with standard error estimates (1,000 bootstrap rep-
lications) were calculated using the same software and K2P
model.

eDNA sample collection and extraction

Environmental DNA samples (n=36) were collected from
13 locations (Fig. 2) during four expeditions between Feb-
ruary 2020 and April 2021 (Online Resource 3). Two sets
of samples (SW Cap St. Anne and Agadir) were collected
during an expedition on an oceanographic vessel (R/V
Amrigue). The 1 L Niskin bottles were released several
times at each site for flushing before retrieving the final three
sampling replicates. Samples were filtered using Sterivex™
Filter Units (Merck Millipore, 0.2 pm pore size) immediately
upon collection on board the vessel. The remaining eDNA
samples (n=30) were obtained from inshore waters near
villages or offshore waters within the PNBA using Polyethyl-
ene terephthalate (PET) plastic bottles during expeditions on
traditional, local sailboats. Except for those collected at SW
Cap St. Anne at 10—14 m depth, samples were collected just
below the surface, covering habitats with different depths
and vegetation profiles. These samples were filtered using
Sterivex™ Filter Units (Merck Millipore, 0.2 or 0.45 pm
pore size) within two to 48 h of sample collection. The final
filtered volume for all sampling replicates was 750 mL. The
filters were preserved either in Longmire buffer solution
(0.1 M Tris, 0.1 M EDTA, 10 mM NaCl, 0.5% (w/v) SDS)
(Longmire et al. 1997) or silica beads to prevent DNA deg-
radation and stored at -20 °C until eDNA extraction in the
lab. Each site was sampled in triplicate except for two sites
with duplicates (Online Resource 3). DNA extractions were
performed with the DNeasy® Blood & Tissue kit (Qiagen)
following a modified eDNA extraction protocol from Spens
et al. (2017). Extractions were electrophoresed on 0.8% aga-
rose gel and quantified on Nanodrop 1000 (ThermoFisher).
Extraction blanks and PCR blanks were performed and run
with the remaining samples to check for possible contamina-
tion during the laboratory processing.

Library preparation and sequencing

Library preparation and sequencing were conducted at
CIBIO. The MiFish-E (12S) primer set was used to amplify
eDNA metabarcoding markers. All 36 samples, four extrac-
tion blanks, and three PCR blanks (one per batch of PCR
replicates) were run on a parallel sequencing MiSeq plat-
form (Illumina, San Diego, CA, USA), following a modified
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Fig.2 Map displaying eDNA
sample collection points in A
the PNBA, detected species

diversity (or genus if species

not resolved) of sharks (a) and

rays (b) and read abundance

per sample site (square root in
transformed; circle size)
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protocol from Miya et al. (2015) (Online Resource 4). PCR
products from all sample replicates and blanks were cleaned
with Ampure beads 0.8x, quantified in Nanodrop, pooled
equimolar in a single library, and normalised to 15 nM. The
library concentration was estimated using Nanodrop 1000
Spectrophotometer v3.8.1 (Thermo Fisher Scientific Inc.)
and the quality was determined using Agilent TapeStation.
A quantitative PCR (qPCR) was performed to validate and
quantify the final library before sequencing on a single

Illumina MiSeq run using the MiSeq v2 250PE kit at a con-
centration of 12 pM with 25% of PhiX.

Bioinformatic and statistical analysis
Analysis of demultiplexed raw reads was performed with the
Anacapa Toolkit (Curd et al. 2019). A 12S genetic sequence

reference database was tailored to this study with the Cre-
ating Reference libraries Using eXisting tools (CRUX)

@ Springer



Conservation Genetics

module. The database was created from newly generated
barcodes for the species from this study and chondrichthyan
reference sequences deposited in NCBI, excluding unveri-
fied entries and Chimaera species. Lastly, these barcodes
were concatenated with a preexisting 12S database based on
the MiFish-U primer set (Miya et al. 2015) provided by the
Anacapa Toolkit. This step was included to avoid the incor-
rect assignment of amplified sequences. The final database
consisted of 38,127 sequences of which 1,370 were assigned
to Chondrichthyes, amounting to approximately 396 elasmo-
branch species. Lastly, the Quality Control and ASV parsing
modules were run on default settings with the custom-made
128 reference database following the protocol used by Curd
et al. (2019).

Only class Chondrichthyes was considered for analysis.
To limit the probability of including false positive results
from potential contamination, species represented by a single
sequence read across all 13 sample locations were excluded
from the analysis. All taxonomic assignments below species
level were excluded except for ASVs assigned to the genus
Mpyliobatis, since a single species in this genus is described
from the East Atlantic (the common eagle ray: Myliobatis
aquila), which has previously been recorded in PNBA land-
ings. Furthermore, species with distribution ranges that did
not include the eastern Atlantic were assumed to be errone-
ously assigned or to be the product of errors in amplification,
sequencing, or reference databases and were removed from
the final dataset. Five species had high read counts (> 20
reads) across two extraction blanks, suggesting some level of
contamination during the DNA extraction process of some
samples. In the complete dataset, over 90% of reads for the
whipray complex, Fontitrygon margarita/margaritella, and
the blue shark, Prionace glauca, stemmed from extraction
blanks. In comparison, 55%, 18%, and 0.6% of reads for the
spiny dogfish, Squalus acanthias, the common guitarfish,
Rhinobatos rhinobatos, and the milk shark, Rhizopriono-
don acutus, were found in extraction blanks, respectively.
To avoid including potential false positive species detections
and based on the lack of physical records of the species in
the PNBA, Prionace glauca and S. acanthias were excluded
from all analyses. The other three species were excluded
from the environmental samples corresponding to the con-
taminated extraction blanks. Still, they were retained in other
samples as accurate detections given their consistent reports
within the PNBA before (e.g., Barham et al. 2011) and dur-
ing the study period. PCR replicates (n =3 per sample)
with no or only a single read were discarded and reads from
the remaining PCR replicates and sample replicates were
summed up into a single unit per site (Online Resource 5).

Taxon diversity, community composition, and read abun-
dance were explored through a- and - biodiversity indices
using presence/absence data and read abundance data. Com-
munity composition across sites was described using species
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richness (S) and Shannon’s (H) diversity index to explore
possible differences within northern, central, and southern,
or near- and offshore communities within the PNBA. Differ-
ences between samples were assessed for significance using
a Kruskal-Wallis test for non-parametric datasets. Sample-
based species accumulation curves were created to evaluate
the completeness of sampling. All analyses were conducted
using the vegan v2.6-2 package on R Studio v2022.7.1.554
(RStudio Team 2022).

PNBA species list

To monitor the integrity of the reference database created
for the PNBA, a custom list of elasmobranch species either
recorded or suspected to occur in the PNBA was compiled
(Online Resource 6) using species identification books (Last
et al. 2016; Ebert et al. 2021), records from online open-
access databases such as the Global Biodiversity Information
Facility (GBIF, www.gbif.org) and the Ocean Biogeographic
Information System (OBIS, www.obis.org), peer-reviewed
and grey literature (Jager 1993; Ducrocq et al. 2004; Val-
adou et al. 2006; Diop and Dossa 2011; Séret and Naylor
2016; Araujo and Campredon 2018; Lemrabott 2023), and
reports from the Institut Mauritanien de Recherches Océ-
anographiques et de Péches (IMROP) (Barham et al. 2011).

Considering the shallow nature of the Banc d’Arguin
(0-30 m), only species with recorded distribution in Mau-
ritania, habitat preferences encompassing depths between 0
and 50 m, or whose presence was confirmed through per-
sonal observations in the PNBA, were included.

Results
DNA barcoding and species identification

A total of 217 tissue samples were collected and initially
identified to the lowest taxonomic category possible based
on morphological features (Online Resource 1). Although
morphology was instrumental in confirming the assignment
of species to genus or family levels, species-level identifi-
cation was compromised in several cases due to specimens
having undergone processing at the time of sampling, i.e.,
not presenting recognizable features such as dorsal or pec-
toral fins or coloration patterns due to drying.

All samples were amplified for 12S (sequence lengths
between 145 and 183 bp); however, 14 sequences were dis-
carded due to poor quality. None of the sequences that were
discarded belonged to putative species for which only a sin-
gle specimen was sampled; thus, it was not expected to have
affected the species’ representation in the final dataset. The
morphological identification of 23 specimens was corrected
at species and genus levels based on molecular identification.
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The final 12S dataset included 203 ASVs assigned to 26
confirmed species and two putative new species from 24 dif-
ferent genera, 16 families, and eight orders (Fig. 3). Twelve
shark species from 11 genera, nine families and four orders
and 16 ray species from 13 genera, seven families and four
orders were present. Of 39 and 10 samples amplified for COI
and NADH2, respectively, 32 COI sequences (606—655 bp)
and five NADH2 sequences (824-1339 bp) had sufficient
quality for molecular identification. Most taxa with avail-
able references were readily identified based on 1285 alone
(Table 1), with some exceptions presented below.

Sharks

The dusky shark, Carcharhinus obscurus, could not be
confidently distinguished from its congener C. galapagen-
sis with either marker, as 12S, COI and NADH2 sequences
all showed 100% pairwise similarity with both species.
Both species occur in Northwest Africa and can be chal-
lenging to distinguish morphologically and genetically at
the mitochondrial level (Corrigan et al. 2017). In the East

Fig.3 Neighbour-joining

Pacific, they are known to hybridise (Pazmifo et al. 2019),
making genetic identification more challenging using only
mitochondrial markers. Here, we consider only C. obscu-
rus since C. galapagensis has not previously been reported
from the PNBA. However, we note that further research is
required on this topic.

Based on recognized distribution ranges, the blacks-
potted smoothhound, Mustelus punctulatus, was first
presumed to be the common smoothhound, Mustelus
mustelus. Mustelus punctulatus is known to occur in the
Mediterranean and East Atlantic coastal regions north of
Western Sahara, while the presence of M. mustelus in the
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none of the 12S sequences generated from sampled speci-
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as M. punctulatus (99.7%) (Fig. 4d).
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j| Lamniformes

Paragaleus pectoralis (5)
Leptocharias smithii (8)
Galeocerdo cuvier (1)
Sphyrna zygaena (3)
73 Sphyrna lewini (3)
54 Mustelus punctulatus (4)

Carcharhinus obscurus (3)

82 Rhizoprionodon acutus (19)

Carcharhiniformes

Chimaera monstrosa (NC 003136) | outgroup
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Table 1 Elasmobranch species recorded within the study in Maurita-
nia including their global conservation status based on the [UCN Red
List of Threatened Species (IUCN 2022): LC — Least Concern, NT

cally Endangered, NE — Not Evaluated. Mitochondrial markers with
existing barcodes (YES/NO) or new barcodes from the present study
(PS) for all species, and corresponding accession numbers for 12S

- Near Threatened, VU — Vulnerable, EN — Endangered, CR — Criti-

(and COI where noted) in GenBank

Order Family Species IUCN status  Common name Mitochondrial mark-  Accession n°
ers
12S COI NADH2
Carcharhiniformes Carcharhinidae Carcharhinus EN Dusky shark YES YES YES 0OP454393
obscurus
Rhizoprionodon VU Milk shark YES YES YES 0OP454384
acutus
Galeocerdidae Galeocerdo cuvier NT Tiger shark YES YES YES 0OP454390
Triakidae Mustelus punctulatus VU Blackspotted PS YES YES 0OP454400
smoothhound
Hemigaleidae Paragaleus pecto- EN Atlantic weasel PS PS YES 0OP454397 (12S)
ralis shark OP440574 (COI)
Leptochariidae Leptocharias smithii VU Barbeled hound- PS NO YES 0OP454407
shark
Sphyrnidae Sphyrna lewini CR Scalloped hammer- YES YES YES 0OP454392
head
Sphyrna zygaena vuU Smooth hammer- YES YES YES 0P454394
head
Lamniformes Alopiidae Alopias superciliosus VU Bigeye thresher YES YES YES 0OP454388
Lamnidae Isurus oxyrinchus EN Shortfin mako YES YES YES 0OP454395
Orectolobiformes ~ Ginglymostomatidae Ginglymostoma cir- VU Atlantic nurse shark  YES YES YES 0OP454396
ratum
Hexanchiformes  Hexanchidae Heptranchias perlo  NT Sharpnose sevengill YES YES YES 0OP454387
shark
Rhinopristiformes Rhinobatidae Rhinobatos rhino- CR Common guitarfish PS  YES YES 0OP454410
batos
Zanobatus schoen- VU Striped panray PS YES YES 0P454402
leinii
Glaucostegidae Glaucostegus CR Blackchin guitarfish  YES YES YES OP454411
cemiculus
Myliobatiformes ~ Myliobatidae Aetomylaeus bovinus CR Duckbill eagle ray PS YES YES 0P454401
Rhinoptera margi- CR Lusitanian cownose PS  YES NO 0OP454391
nata ray
Gymnuridae Gymnura altavela EN Spiny butterfly ray YES YES YES 0OP454406
Gymnura sp. NE - PS PS - OP454399 (125)
OP440580 (COI)
Dasyatidae Dasyatis pastinaca VU Common stingray YES YES YES OP454389
Dasyatis marmorata NT Marbled stingray PS YES YES 0OP454398
Hypanus rudis CR Smalltooth stingray PS  YES YES OP454405
Taeniurops grabatus NT Round stingray PS YES YES 0OP454404
Pteroplatytrygon LC Pelagic stingray YES YES YES 0OP454386
violacea
Fontitrygon marga- VU /NT Daisy / Pearl PS PS YES 0OP454409 (12S)
rita / margaritella whipray 0OP440578 (COI)
Rajiformes Rajidae Raja parva NT African brown skate PS NO NO 0P454403
Raja undulata EN Undulate skate YES YES YES OP454408
Torpediniformes  Torpedinidae Torpedo sp. NE - PS - - 0OP454385
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Fig.4 Photographs of putative
new Gymnura a and Tor-
pedo b species, and species
with new geographic records,
Hypanus rudis ¢ and Mustelus
punctulatus d

Rays

Four specimens identified as Gymnura based on morphology
and genetic results had no taxon matches above 98% similar-
ity for 12S and COI (NADH2 amplification was unsuccess-
ful). The closest match on GenBank was the spiny butterfly
ray, G. altavela, with 93.9% and 91.5% similarity for 12S
and COlI, respectively. While taxon coverage for Gymnura
spp. is low for 125 (4 out of 12 described species), all known
species had COI reference sequences except for two (G.
tentaculata, described from the Indo-West Pacific, and G.
sereti, described from the Central East Atlantic, including
Mauritania). However, the unidentified Gymnura species
can be distinguished from G. sereti (Yokota and Carvalho
2017) based on conspicuous physical characters, i.e., the
presence of spiracular tentacles and a distinctly long tail
(£45% of disc width, visual estimation). Mean interspecific
distance for 12S is 7.75+1.36% and 15.3 +1.17% for COL.
Thus, evidence from morphological characteristics, genet-
ics, and geographical distribution, suggests that the species
is potentially new to science (Fig. 4a) and is referred to as
“Gymnura sp.”.

One Torpedo specimen caught during a beam trawl sur-
vey in the PNBA could not be morphologically identified at
the species level (Fig. 3b). While COI and NADH2 ampli-
fication was unsuccessful, 12S matched most closely with
T. marmorata (93.3%). Four out of ten known Torpedo spe-
cies fall into the studied geographical range (T. bauchotae,
T. mackayana, T. marmorata, T. torpedo; Last et al. 2016),
but global taxon coverage for the genus and 12S marker
includes only three species (7. marmorata, T. tokionis, and
T. sinuspersici). Average interspecific pairwise distances for

12S of these species (n =4 including unidentified species
from this study) is 6.37 + 1.41%. Coloration patterns of other
described species do not match our specimen. All evidence
indicates it is likely an undescribed species, henceforth
referred to as “Torpedo sp.” (Fig. 4b).

Specimens identified as the Lusitanian cownose ray, Rhi-
noptera marginata had 100% similarity with R. brasiliensis
and a close match with R. javanica (99.4%); however, R.
marginata had no 128 reference sequences available. COI
sequences from these specimens were a 99.9% match with
R. marginata, and between 98.9 and 99.4% match for R.
brasiliensis. Three and six out of eight known Rhinoptera
species had available reference sequences for 12S and COlI,
with mean interspecific genetic distances for 12S and COI of
2.2+0.71% and 5.02 +0.61%, respectively. The Rhinoptera
genus is relatively poorly known and taxonomic placement
based on genetics and morphology are often challenging
(Naylor et al. 2012), however, the species was tentatively
kept as R. marginata due to its currently accepted geographi-
cal distribution (East Atlantic) compared to R. brasiliensis
(West Atlantic) and R. javanica (Indo-West Pacific) (Last
et al. 2016).

The duckbill eagle ray, Aetomylaeus bovinus, formed two
distinct clusters each represented by a minimum of three
specimens (Fig. 3), with an intra-specific genetic distance of
0.49 £0.34%. The other two markers failed to amplify. We
did not detect noticeable morphological differences between
the sampled specimens, and all were identified as A. bovinus.

One taxonomic group that remains contested is the genus
Fontitrygon. Differences between the daisy whipray, F. mar-
garita, and the pearl whipray, F. margaritella, could not con-
fidently be resolved based on morphological characteristics
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or DNA barcoding of 12S and COI markers (NADH?2 ampli-
fication was unsuccessful). These specimens were thus
identified as part of the F. margarita/margaritella species
complex.

Elasmobranch species diversity in eDNA

A total of 2,657,521 raw reads were extracted from 36 physi-
cal samples as well as two PCR blanks and four extraction
blanks. After completing quality control protocols and
assigning taxonomy to filtered sequence reads, 1,709,284
reads were retained and appointed to one of 429,183 distinct
ASVs. Taxa from six eukaryotic taxonomic groups, includ-
ing Actinopterygii, Amphibian, Aves, Chondrichthyes,
Mammalia, and Petromyzontida were identified, with the
highest number of reads assigned to Actinopterygii (28.21%;
n=482,167). However, only elasmobranchs were consid-
ered for this study and accounted for 7.44% of total filtered
reads (n=127,249). After removing potential contamination
errors, singletons, and ASVs presumed to be erroneously
assigned to geographically improbable species, a total of 27
species were identified. These included 10 species of sharks
and 17 species of rays, including an unidentified Myliobatis
species (Fig. 2a, b). Elasmobranch taxa were recovered in
100% of the samples, with samples collectively displaying
an average species richness (S) of 15 (range 9-19). The most
diverse sites were West Tidra 1 and 2 (S=19 and 18, respec-
tively) as well as L’oeil (S =18).

Two species were present across all samples, namely G.
altavela and the striped panray, Zanobatus schoenleinii,
however, species composition varied across all samples with
no distinct patterns emerging across northern, central, and
southern regions or between near-shore or offshore sample
sites (Online Resource 7).

Based on habitat preferences and depth distribution
of regionally recorded species, 57 species were found to
potentially use the area (Online Resource 6). Previous catch
records from the PNBA have documented the presence of
at least 31 elasmobranch species (counting Raja sp. as one
taxonomic unit as noted in reports), although many may
presently be very rare or regionally extinct. Of these spe-
cies, 15 were detected in eDNA samples, while 12 species
are new (official) records, such as the lesser spotted dog-
fish, Scyliorhinus canicula, the smalltooth stingray Hypanus
rudis (Fig. 4c), and the pelagic stingray, Pteroplatytrygon
violacea. These were retained as true positives since S. can-
icula had previously been recorded (Jabado, unpubl. data)
and the latter two had been observed either at the Nouadhi-
bou processing site or in the PNBA (author, pers. observa-
tion). Large pelagic sharks such as the common thresher,
Alopias vulpinus, and the shortfin mako, Isurus oxyrinchus,
as well as species associated with deeper habitats such as
the sharpnose sevengill shark, Heptranchias perlo, had not
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been previously reported but were retained as true posi-
tives due to their widespread and highly migratory nature.
One of the most common species in the region, M. muste-
lus, was not detected. Instead, M. punctulatus was recorded
in 77% of samples. Sphyrna lewini and the smooth ham-
merhead, S. zygaena, were not detected in eDNA samples,
although their presence in the PNBA is well recorded. Six
previously reported species (whitespotted guitarfish, Rhino-
batos albomaculatus, spineback guitarfish, R. irvinei, Afri-
can wedgefish, Rhynchobatus luebberti, night shark, Car-
charhinus signatus, Séret’s butterfly ray, Gymnura sereti,
and Negaprion brevirostris) were missing a 12S reference
sequence at the time of analysis and could therefore not be
detected (Fig. 6).

Species accumulation curves are plotted to show elasmo-
branch diversity as a function of the number of eDNA sam-
ples taken inside the PNBA (Fig. 5). The curve flattens after
approximately eight samples when considering all species
combined, suggesting that a higher sampling effort would
likely not significantly increase the observed diversity.

Conservation status

Of 27 species positively identified from samples taken
inside the PNBA boundaries, seven species are Critically
Endangered (25%), assuming the presence of M. aquila
and including S. lewini, which despite not being detected in
eDNA samples was visually confirmed in the PNBA during
our sampling period. Six species are Endangered (22.2%)
and six, or seven if including F. margarita, are Vulnerable
(22.2% or 25.9%) according to the TUCN Red List (Fig. 6;
TUCN 2022). Species assessed as threatened with extinction

30

all species

25
1

B rays

Species Richness
15

10

= sharks

Sample Size

Fig.5 Sample-based species accumulation curve for all elasmo-
branch species in the PNBA, and for sharks and rays separately, with
shaded areas denoting confidence intervals
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Fig.6 Species reported in the literature to occur in the PNBA (left)
compared to species detected in eDNA samples not previously
reported from the area (right), as well as species both previously
reported and detected in eDNA samples (intersection). Species in
bold were verified visually during or after sampling period. Asterisks
denote species which are known to have occurred in the PNBA in the

in the PNBA therefore amount to 67.9% (including S.
lewini). Of the remaining species, four are Near Threatened
(14.8%), or five if including F. margaritella (18.5%), two are
Least Concern (7.4%), and two putative new species from
this study have not been evaluated.

Discussion

This study provides the first eDNA survey effort in Mau-
ritania and a first exhaustive regional barcoding effort
for elasmobranchs in West Africa. Results illustrate the
importance of molecular tools for uncovering overlooked
and cryptic diversity. We provide a database with new bar-
codes for almost half the species detected, which proved
instrumental in producing species-specific identifications
from metabarcoding. We also provide the first consolidated

Rhinoptera marginata

Aetomylaeus bovinus
Myliobatis aquila
Glaucostegus cemiculus|

Rhinobatos rhinobatos

(Carcharhinus obscurus )
Paragaleus pectoralis
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Leptocharias smithii
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Zanobatus schoenleinii
Dasyatis pastinaca
Dasyatis marmorata

Fontitrygon margarita /4
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Hypanus rudis

Isurus oxyrinchus ™

Alopias vulpinus

_ Raja undulata

Mustelus punctulatus

Heptranchias perlo

Raja parva

Taeniurops grabatus

Scyliorhinus canicula
Pteroplatytrygon violacea

Gymnura sp.
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past but with no published landing records a, species for which 12S
reference sequences were not available and could not be obtained b,
or species for which 128 reference sequences were obtained from pri-
vate databases (Séret, B., and Naylor, G., unpublished data) ¢. Spe-
cies are categorised according to their [IUCN Red List status

and fisheries-independent species checklist for the PNBA,
improving previous knowledge derived from catch and land-
ing reports (e.g., Ducrocq et al. 2004; Barham et al. 2011).

Species diversity and taxonomic changes

Relatively high species diversity is reported from the Banc
d’Arguin, with at least 27 elasmobranch species detected
in eDNA samples. This is more than double the number of
species detected through a similar metabarcoding study con-
ducted in the Bijagés Islands (Guinea-Bissau) with a higher
sampling effort (Leurs et al. 2023). Landings surveys in
The Gambia and Ghana detected 27 and 34 species, respec-
tively, with more extensive sampling and monitoring periods
(Moore et al. 2019; Seidu et al. 2022a). When adding recent,
verified IMROP observer records, pictures collected from
local fishers, and personal observations during the sampling
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period, at least three additional species can be added to the
PNBA species checklist (Sphyrna lewini, Galeocerdo cuvier,
and Carcharhinus leucas), increasing the number of species
to 30. Addressing data deficiencies on species diversity in
shallow coastal habitats is important, as the Banc d’Arguin
and the Bijagés Islands are both considered key sites for
elasmobranchs in West Africa (Ducrocq et al. 2004; Diop
and Dossa 2011).

Most species encountered were expected to be found in
the PNBA based on local fisheries catch and landings data
(Jager 1993; Barham et al. 2011; Trégarot et al. 2020) or the
known species range (Last et al. 2016; Ebert et al. 2021).
However, some exceptions exemplify the potential conse-
quences of taxonomic uncertainty and misidentifications to
species conservation. Notably, M. punctulatus was detected
instead of M. mustelus in eDNA samples. Similarly, Mus-
telus tissue samples collected during two different seasons
and sampling events were all identified as M. punctulatus,
although M. mustelus is reportedly commonly captured in
small-scale and industrial fisheries (Ducrocq et al. 2004;
Failler et al. 2006; Gascuel et al. 2007; Barham et al. 2011).
In Mauritania, M. mustelus reportedly moves to coastal areas
following decreasing sea temperatures during the cold sea-
son from January to May (Khallahi 2004). Yet, samples (i.e.,
tissue and eDNA samples) taken during and outside this sea-
son only detected M. punctulatus. Similarly, Guardone et al.
(2017) barcoded different species imported into Europe and
found that species labelled as M. mustelus originating from
Mauritania were, in fact, M. punctulatus. This raises the
urgent question of whether M. punctulatus, a species that is
morphologically similar and can be mistaken for M. muste-
lus (Marino et al. 2018; Ebert et al. 2021), is in fact predomi-
nant in the region and regularly misidentified, or whether
both species co-occur with other factors (e.g., sample size,
sampling area) driving the absence of M. mustelus from our
samples. Overall, findings suggest that M. punctulatus may
have a wider distribution in the Central-East Atlantic than
previously documented and that the distribution range of M.
mustelus along the western coast of Africa, where popula-
tion declines of up to 80% have been noted (Jabado et al.
2021a), may be narrower or more fragmented. This could
increase the conservation threat to M. punctulatus if con-
nectivity between isolated populations is limited and fishing
pressure is high (Boussarie et al. 2022). Considering that
M. mustelus (“tollo”) is one of two shark species that can
legally be targeted in the PNBA (FAO 2018), research needs
to be done to delimit Mustelus populations to determine the
sustainability of this fishery, especially as both species are
threatened and Mustelus species are some of the most landed
and traded sharks in Mauritania (Jabado, unpubl. data).

Some misidentifications were also noted in the Dasyati-
dae family, where Hypanus rudis represents a new species
record for the PNBA and Mauritania. The species is frequent
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in PNBA landings but may regularly be confused with its
congeners (Jabado et al. 2021b; author pers. observation).
However, stingrays (and skates) are also often reported in
aggregated taxonomic categories (i.e., Dasyatidae, Raja
spp.), likely masking the true species diversity within the
group (Failler et al. 2006; Barham et al. 2011). This is exem-
plified by the absence of other dasyatid rays like P. violacea
or T. grabatus in published records, or the absence of any
species-specific record of skates within the PNBA (Barham
et al. 2011). However, access to databases from the IMROP
is restricted and data collected are often not accessible.
Hypanus rudis has been assessed as Critically Endangered,
but its occurrence in the region warrants further research to
improve understanding of its actual distribution, which is
presently inferred from a few records between Cameroon
and Senegal (Moore et al. 2019; Petean et al. 2020; Jabado
et al. 2021b; Leurs et al. 2023).

Changes in reported species diversity also stem from
the discovery of potentially new species. Gymnura spe-
cies reported and traded as G. altavela in Mauritania, could
in fact be two separate species. Cryptic speciation of G.
altavela was also reported recently from both sides of the
Atlantic and the Mediterranean Sea, further supporting our
results (Vilasboa et al. 2022; Cady et al. 2023). Gymnura
species are some of the most abundantly traded rays in Mau-
ritania (Jabado, unpubl. data), and population declines of
42.5 and 54% have been estimated for Morocco and Sen-
egal, respectively, over the last few decades (Dulvy et al.
2021b). This raises concerns about the sustainability of their
exploitation in the PNBA, especially as the species may in
fact represent two separate management units. While the
actual regional abundance of G. altavela may have been
overestimated, the distribution of Gymnura sp. may extend
beyond Mauritania but would currently not be recorded,
warranting further genetic and morphological research to
determine the species distribution and abundance along its
range. Within the PNBA, where Gymnura spp. are report-
edly incidentally captured, over 90% of individuals are juve-
niles or subadults (Dulvy et al. 2021b), indicating the need to
implement bycatch reduction measures. While Torpedo sp.
is also proposed as a putative new species, electric rays are
not usually retained and are discarded in most local fisheries
(Imraguen fisher, pers. comm.). No voucher specimens could
be retained (but photos were taken) for specimens of Gym-
nura and Torpedo, and 128 databases lack sufficient species
representation within their respective genera. Therefore, fur-
ther biometric data collection on both species is essential to
confirm current findings.

Overall, evidence suggests that management of several
taxa is currently based on erroneous, inaccurate, or incom-
plete species data. This stresses the need to invest in capacity
building and training of local fisheries observers to improve
the quality and accuracy of collected data in field locations
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where other types of monitoring may be financially or logis-
tically restricted.

Extinctions and declines of large-bodied
elasmobranch species

Results also support accounts of the regional or local extinc-
tion or near-extinction of some large-bodied shark and ray
species, including sawfishes (Pristis spp.) (Robillard and
Séret 2006), wedgefishes (Rhynchobatus spp.) (Kyne et al.
2020; Jabado, unpubl. data), lemon sharks (Negaprion brevi-
rostris) (Diop and Dossa 2011), tiger sharks (Galeocerdo
cuvier) (Araujo and Campredon 2018), and the recently
described endemic false shark ray (Rhynchorhina maurit-
aniensis) (Séret and Naylor 2016). These were not sighted
at processing sites (except one tiger shark) or detected in
eDNA samples, neither at species nor genus levels. Although
some of these species lacked a corresponding reference
sequence, potentially leading to false negative results, ASVs
of such species (if present) would be expected to be assigned
to genus level represented by other congeners in the data-
base (e.g., Pristis, Rhynchobatus, Negaprion). Their appar-
ent absence is consistent with similar reports from other
West African countries, such as Ghana (Seidu et al. 2022b),
Senegal, The Gambia, and Guinea-Bissau (Diop and Dossa
2011), where these species have become increasingly rare or
locally extinct. Factors such as collected water volume, sam-
pling depth, strong tidal fluctuations, and seasonality (most
samples were collected just below the sea surface between
November and April) may have influenced detection rates of
rare, bottom-dwelling species, or migratory species (Hansen
et al. 2018; Bessey et al. 2020). Nevertheless, informal
reports from local fishers also point towards the absence
of these (reportedly) once abundant species in local waters.
The few larger shark species that still occur in the PNBA
such as C. obscurus and S. lewini, may also be at risk, as
catches throughout the region are becoming rarer (Diop
and Dossa 2011; Lemrabott 2023). Although the ecological
ramifications of these species losses and declines within the
Banc d’Arguin have not been explored, Lemrabott (2023)
suggested that the consistent overfishing and subsequent
decline of larger shark species, such as S. lewini, could have
instigated a trophic cascade affecting the abundance of their
prey (e.g., R. marginata) and bivalve species consumed by
the latter. The accelerated pace of local and regional popu-
lation declines and species extinctions, and their potential
ecological consequences warrants further research and the
development of more efficient conservation strategies.

Conservation status and threats

While globally an estimated one third of all chondrichthyan
species are considered threatened (Critically Endangered,

Endangered, or Vulnerable) according to the [UCN Red List
of Threatened Species (Dulvy et al. 2021a), over two thirds
(67.9%) of elasmobranch species detected in eDNA samples
in the PNBA are threatened with extinction (including S.
lewini). These numbers are alarming considering that over-
all elasmobranch landings do not appear to have decreased
since the introduction of the elasmobranch-specific fishing
ban in 2003 (Westlund et al. 2017; Trégarot et al. 2020).
Further, these landings mostly comprise threatened species
(e.g., G. cemiculus, R. marginata, R. acutus, A. bovinus, S.
lewini, and G. cirratum) (Barham et al. 2011; Lemrabott
2023). Ongoing exploitation of these species in the PNBA
is likely unsustainable and immediate action is required to
revise current management strategies. This is reflected in
the local disappearance of larger predatory sharks (Diop and
Dossa 2011) and the long-term change in size structure in
heavily exploited species such as S. lewini and G. cemiculus
(Walker et al. 2005; Barham et al. 2011; Lemrabott 2023).
Furthermore, the Banc d’Arguin is supposedly a reproduc-
tion area for several elasmobranch species (Valadou et al.
2006), including the Critically Endangered S. lewini (de la
Hoz Schilling, unpubl. data). and many species detected in
this survey are highly mobile and likely regularly move out-
side PNBA boundaries, where industrial fisheries occupy
large parts of the PNBA buffer zone, increasing fishing pres-
sure on them (Leurs et al. 2021).

eDNA-based monitoring in remote and isolated field
locations

Despite challenging field conditions, this study established
the usefulness of eDNA in detecting elasmobranch species in
remote and relatively unexplored locations such as the Banc
d’Arguin, with high confidence levels. Every species bar-
coded individually was retrieved in at least one eDNA sam-
ple, except for G. cuvier and Alopias superciliosus, although
A. vulpinus was detected. Records of certain pelagic and
highly mobile species not previously reported from the
PNBA (e.g., A. vulpinus, I. oxyrinchus, H. perlo) suggest
that these species may not be common there but may use
its waters opportunistically. However, some species whose
presence in the area is well established and verified, such as
Sphyrna lewini and S. zygaena, were not detected in eDNA
samples. This could be due to a seasonal and/or spatial fac-
tor, as S. lewini, for example, is thought to use the Banc
d’Arguin as a pupping ground between April-July at sites
not sampled during this study (de la Hoz Schilling, unpubl.
data). Although eDNA has been proven to be a useful tool
to record species richness and composition in remote loca-
tions that are difficult to monitor, results often do not concur
with visual surveys (Boussarie et al. 2018; Dunn et al. 2023;
Leurs et al. 2023). Nevertheless, most species reported from
catches in the PNBA in the last decade (considering likely
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misidentifications) were detected in eDNA samples (Lem-
rabott 2023) and species accumulation curves indicate that
an increased sampling effort would not yield significantly
more species diversity. Although this demonstrates the effi-
ciency of metabarcoding as a complementary monitoring
tool, some adjustments to the sampling design (i.e., sampled
area, seasonality, sampling depth, filtered sample volume)
could maximise the number of taxa detected (Bessey et al.
2020).

Recommendations for conservation actions
and priorities

This assessment of current regional diversity is a baseline for
future research on the distribution and abundance of sharks
and rays within the PNBA and Mauritania. However, con-
servation concerns discussed should be addressed swiftly,
requiring immediate action to mitigate further population
declines and local species extinctions, especially as most
detected species are of global conservation concern, and
lack data to assess threat levels to local populations. Current
management plans (i.e., blanket bans on all elasmobranch
species except for M. mustelus and L. smithii) and laws pro-
tecting elasmobranchs in the PNBA (Loi n°® 2000.024) by
allowing exclusively subsistence fishing (defined by Loi
N°2000-025 du Code des Péches de Mauritanie) are insuf-
ficiently enforced and have proven inefficient at significantly
reducing elasmobranch landings (FAO 2018), although these
are not consumed locally (Jabado, unpubl. data). While local
capacity building and bycatch reduction measures (e.g.,
training fishers on safe handling and release, reduced gillnet
soak times) may be useful in aiding elasmobranch conser-
vation, the profitability of elasmobranch fisheries and the
socio-economic susceptibility of the Imraguen fisher com-
munity are factors likely impeding compliance with existing
regulations (Westlund et al. 2017). Indeed, blanket bans on
elasmobranch fishing often encounter local resistance, lead-
ing to the development of illegal activities (e.g., Diop and
Dossa 2011; Carr et al. 2013; Vianna et al. 2016; Trégarot
et al. 2020). Therefore, and in addition to research gaps dis-
cussed above, viable options for elasmobranch conservation
in the PNBA may include spatio-temporal closures based
on the identification of species-specific reproductive areas,
incentivizing the release of juvenile or immature speci-
mens (Booth et al. 2023), supporting alternative livelihoods
options, and enforcing existing policies.

We provide a first list of elasmobranch species in the
PNBA confirmed through multiple approaches, however,
more work is necessary. Considering the dire conservation
status of most elasmobranch species occurring in the PNBA
and the continuing fishing pressure they are exposed to in
and outside this area, current monitoring and regulatory
strategies require immediate enforcement.

@ Springer
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