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Abstract: Fisheries management requires the best scientific knowledge on the exploitation and con-
servation status of stocks. This is challenging for by-catch species, for which necessary data for their
assessment is more limited than for target ones. That is the case for the thornback ray, Raja clavata,
in the Balearic Islands (western Mediterranean), whose exploitation and conservation status are ad-
dressed here for the first time, in an integrative approach, by using innovative assessment methods
and genetic diversity analysis. The time series of fishing landings from 1964 and MEDITS trawl
survey data from 2004 were used to apply CMSY++ and Bayesian state-space Schaefer production
models. We also estimated the genetic diversity of the Cytochrome C Oxidase subunit I mitochon-
drial gene from 31 individuals collected during MEDITS surveys. The species showed overexploi-
tation with a current fishing mortality (F) below that producing maximum sustainable yield (Fmsy),
but with a current stock biomass (B) lower than Bmsy. Despite the fact that the exploitation status is
stable or even has improved in the last decades, the overexploitation period since the late 1970s
seems to have reduced levels of genetic diversity, below those of related species and other popula-
tions of R. clavata. This low genetic diversity may entail the loss of adaptive potential, making the
species more vulnerable to fishing and the current climate change.
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1. Introduction

During the last decades, the assessment and management of fisheries is progressively
changing from a single-species to an ecosystem approach [1]. Although the level of ex-
ploitation and status of most target stocks are periodically assessed, and used for the man-
agement of fisheries, the sustainability of marine ecosystems and fisheries also requires
avoiding the degradation of ecosystems, considering not only the fisheries target species,
but also the other components of the ecosystem, such as non-target species, non-commer-
cial species, vulnerable species, trophic webs and environmental conditions [2], among
others.

Elasmobranchs are a vulnerable group usually exploited by fisheries as a by-catch
[3], and consequently not a priority of stock assessments. Many species are top predators
playing an important role in marine ecosystems with top-down control [4], but despite
being a key group, there are large gaps in the knowledge of the exploitation and conser-
vation status of most of these species.
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The thornback ray (Raja clavata Linnaeus, 1758) is a batoid species belonging to the
Rajidae family. It is widely distributed throughout the Atlantic Ocean from Norway to
South Africa, the south-western Indian Ocean and the Mediterranean and the Black Sea
[5,6] and exploited in all these areas, especially in the Mediterranean [7]. This skate species
is mainly found in sandy-muddy bottoms, from the shallow continental shelf to the upper
slope [5,8].

Like most elasmobranchs, R. clavata is a vulnerable species, with a low-recovery ca-
pacity from overfishing and other anthropogenic impacts, due to its life-history traits [3].
It exhibits a k-selected strategy, with biological characteristics such as: (i) large body size,
up to almost 90 cm in length and around 4 kg, and slow growth with a long life span, up
to 12-15 years [9,10]; (ii) late sexual maturity, with sizes at first maturity reaching around
65-70 and 75-80 cm total length for males and females, respectively, when individuals are
approximately between 5 and 7 years old [9,11,12]; and (iii) low fecundity, with the high-
est estimations of annual production barely exceeding 200 eggs [13-15].

In the western Mediterranean, elasmobranchs have been overexploited since the
1970s [11]. In this area, R. clavata is the batoid species with the highest economic im-
portance, and it is commonly caught with bottom trawl, trammel nets and longlines (e.g.,
[10,16-18]). The species was assessed as “Near Threatened” by the International Union for
Conservation of Nature (IUCN) at both global and Mediterranean Sea levels [19]. In gen-
eral, most available studies on its abundance trend or assessments have shown a decline
or an overexploitation status in the Mediterranean populations. In the Gulf of Lions, the
species showed a continuous declining trend in landings since the middle eighties, con-
firmed by trawl surveys, also showing an important decrease in its distribution [20]. In
the Strait of Sicily, low abundances of R. clavata were reported, although with a recovering
trend since 1985 [21,22] and recently assessed as being in a healthy condition [22]. In the
Adriatic Sea, negative changes occurred since the late 1940s, including an important re-
duction in the distributional area and a significant decline in abundance [16]. In the Ligu-
rian Sea, northern Tyrrhenian Sea, Malta and southern Sicily, the species was assessed as
overfished [23].

In the Balearic Islands, R. clavata has shown an increasing trend in both density and
biomass recorded from trawl surveys during the last decades [11]. This last study ana-
lysed the recent trends of this species and other elasmobranchs, but without assessing
their exploitation status, due to the lack of enough data to apply stock assessment meth-
ods.

For by-catch species, age-based stock assessments are not commonly used due to a
lack of age data. Therefore, the status of stocks and their fisheries exploitation pattern can
be assessed using surplus production models, which require catch and effort data or an
index of biomass or relative abundance (e.g., catch per unit of effort) as input [24]. As
current fisheries management is based on fishing mortality and biomass reference points
that correspond to maximum sustainable yield (MSY), CMSY++ is a stock assessment
method that uses a surplus production model to estimate biological and fisheries-related
reference points within the MSY concept [24,25].

On the other hand, a more direct methodology has been recently proposed to assess
the conservation status of species [26]. Considering genetic diversity is the raw material
for natural selection, allowing species to adapt to new environmental conditions [27-33],
several authors developed a genetic approach based on the genetic diversity in the COI
(Cytochrome C Oxidase subunit I) mitochondrial gene, commonly known as “DNA bar-
code”. They demonstrated that the nucleotide diversity of this gene can be used as a proxy
for species’ conservation status by showing that declining species, categorized as threat-
ened by IUCN, have lower genetic diversity. The usefulness of this approach for the diag-
nosis of the conservation status of exploited teleost fish species has been validated more
recently [34]. This study has shown that genetic diversity in COI matches the expectations
and theoretical predictions, based on commercial importance, biological characteristics
and stock assessments of long-term exploited species.



Fishes 2023, 8, 117

3 of 14

The present work aims to diagnose the exploitation and conservation status of R.
clavata population in the Balearic Islands from innovative assessment methods allowing
for the use of the long time series of catches and relative biomass of this species in the
area, and genetic diversity analysis. To implement this last approach, we develop different
comparative genetic diversity benchmarks at three levels: populations, species within Raj-
iformes order and species within Elasmobranchii class. The relationship between exploi-
tation status and conservation is also discussed.

2. Materials and Methods
2.1. Stock Assessment for Exploitation Status

The open-source CMSY++ tool [25] is a data-limited method that from fishing catch
or landings data and scientific survey fisheries-independent data, combined with species
resilience (estimated based on previous assessments and available in FishBase [35]), esti-
mates the following fisheries reference points regarding stock status:

e  Relative biomass (B/Bwmsy): the ratio between the current biomass (B) and the biomass
that would provide the maximum sustainable yield (Bwmsy).

e  Exploitation rate (F/Fmsy): the ratio between the current fishing mortality (F), and the
fishing mortality associated with the Maximum Sustainable Yield (Fusy) [33].

CMSY++ combines information on the stock’s productivity and exploitation history
and can also account for gaps (or absence) in abundance information, which is its main
advantage with respect to other models [36]. When both fisheries catch (weight) and bio-
mass or abundance (weight or individuals per km?, respectively) indices from scientific
surveys are available, a Bayesian state-space Schaefer surplus production model (BSM
component) is used to produce refined stock status estimates for MSY, Fumsy, Busy, B/Bumsy
and F/Fwusy [36]. The method also estimates MSY, Fumsy, Busy, B/Bumsy and F/Fmsy based on
catch data only (CMSY component). Both components (CMSY and BSM) are presented in
the results but the BSM one is considered to produce more robust results.

A long-time series of landings data was obtained from Palma’s fish market sales bills
from 1964 to 2021. Catches from all ports of Mallorca are commercialised in this fish mar-
ket. In the sales bills, skates are not specified at the species level but as the commercial
category Rajada in which most of the Rajidae species are gathered. However, most of the
Rajidae species are discarded due to their low economic value and small size, making the
great majority of the Rajada category R. clavata. To determine the percentage that this spe-
cies represents within the Rajada category, we analysed the composition of this category
from the data collected by scientific observers on board the commercial fishing fleet of the
Balearic Islands during 22 years (2000-2021), which includes the weight of the different
Rajidae species in this commercial category (species belonging to genera Leucoraja spp.
and Raja spp.). The mean percentage represented by R. clavata during this period was used
to rebuild the whole time series of the landings of this species since 1964.

For the CMSY++ method, we used catch data (landings) and also estimations of R.
clavata standardised biomass data (from 2004) from the Balearic Islands. This data is an-
nually collected during the MEDITS scientific surveys (International bottom trawl survey
in the Mediterranean [37]) carried out in Mallorca and Menorca since 2001 [38]. These
surveys take place during spring and use the GOC-73 experimental bottom trawl to sam-
ple demersal communities and resources of the fishing exploited bottoms (for more spe-
cific information see [39]). Hauls are carried out during the daytime, with an effective
duration between 20 and 60 min, depending on the bathymetric stratum, at 2.5-3 knots of
mean speed. Horizontal and vertical openings of the net during the haul (18-22 and 2.5~
3.2 m, respectively) are recorded using SCANMAR or MARPORT systems. Using the hor-
izontal opening of the net and the covered distance, estimated from GPS, we calculated
the swept area by sampling station, which was finally used to standardise biomass data
(in tonne per km?). The sampling scheme followed a standardized protocol [40] approved
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by international authorities (EU/DG Mare, FAO/GFCM). If a live specimen of a rare spe-
cies or a species subject to conservation measures was caught, it was quickly sampled (4—
5 min) and returned to the sea unharmed, giving it a chance for survival, following the
recommendation GFCM/36/2012/3 (http://www.gfcmonline.org/decisions/) on fisheries
management measures for conservation of sharks and rays in the GFCM (General Fisher-
ies Commission for the Mediterranean) area.

2.2. Genetic Analyses for Conservation Status

A small piece (1 cm?) of pelvic fin tissue from R. clavata individuals was collected and
preserved in 96% ethanol during MEDITS surveys in 2021 and 2022 around Mallorca and
Menorca, between 60 and 420 m of depth (Figure 1). DNA was extracted with the DNeasy
Blood and Tissue Extraction kit (Qiagen, West Sussex, UK). Polymerase Chain Reaction
(PCR) was used to amplify the partial mitochondrial gen Cytochrome C Oxidase subunit
I (COL DNA barcode), with universal Fish primers FF2d/FR1d [41]. The PCR conditions
were 35 cycles of 2 min at 95 °C, 1 min at 94 °C, 1 min at 54 °C and 11 min at 72 °C. The
PCR products were purified using QIAquick® PCR Purification Kit (QUIAGEN) and sent
to sequence by the Sanger method to the laboratory of the MACROGEN company in Ma-
drid.
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Figure 1. Location of the Raja clavata samples that were genetically analysed. Isobaths: 50, 100, 200,
400 and 800 m.

Sequences were edited and aligned with the BioEdit 7.0.5.2 software [42]. These se-
quences were deposited in the GenBank database (http://www.ncbi.nlm.nih.gov/gen-
bank/, accessed on 11 November 2022) under the following IDs numbers: OP757665-
OP757692. Additionally, three COI sequences of R. clavata from the Balearic Islands were
added (GenBank IDs: KY949088, KY949091, KY949093 [43]).

In order to get insight into the conservation status of the of R. clavata in the Balearic
Islands according to its genetic diversity level [34], different comparative datasets were
built up using the bootstrapped mean and median values of the genetic diversity esti-
mates (nucleotide diversity, m = %Zi jX; xj7;;; where xi and x; are the frequencies of the
ith and jth sequences, 7t is the number of nucleotide differences per nucleotide site be-
tween the ith and jth sequences, and n is the number of sequences [44]) of different da-
tasets:
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1. R clavata populations (N=7): COI sequences data from different populations of R.
clavata from the Mediterranean Sea and the Atlantic Ocean were obtained from Gen-
Bank. Only populations with 20 or more sequences from different individuals were
kept (Supplementary Table S1).

2. Rajiformes species (N=42): this dataset was obtained by selecting the Rajiformes spe-
cies from the Elasmobranchii dataset, once it was prepared (see below).

3. Elasmobranchii species (N= 258): COI sequences from Elasmobranchii species with
more than 15 sequences were downloaded from BOLDSystem v4 [45]. Only se-
quences with associated complete species names were included (i.e., sequences with
abbreviations as sp. cf. var. in the species name were not considered). Sequences from
complete mitochondrial genome projects and duplicate sequences were not included
and IUPAC ambiguity codes were masked to N.

Sequences were grouped by population for R. clavata and by species for Rajiformes
and Elasmobranchii datasets, and then aligned using the Muscle v5 software [46]. After
alignments, sequences with less than 400 aligned sites and with indels not multiple of
three were eliminated. The resulting alignments were analyzed with DnaSP v6 [47], using
the function multi-files analysis. After DnaSP analysis, the percentages of polymorphic
sites were calculated as S/NetSites for each species dataset, where S is the number of pol-
ymorphic sites and NetSites is the number of sites with information in all individuals.
Alignments with percentages of polymorphic sites higher than 10% of NetSites were
checked and divergent sequences with more than 10% of polymorphic sites and at less
50% of these polymorphic sites in a frequency lower than 0.10 were eliminated. Finally,
alignments with less than 15 analyzed sequences were eliminated [34].

For Rajiformes and Elasmobranchii datasets, 95% Confidence Intervals (95%CI) of
the mean and median values of genetic diversity by datasets were obtained by bootstrap-
ping the genetic diversities estimates (1) by species (R=10,000) using the Boot function in
R with BCa method. For the population dataset, bootstrapping was performed for genetic
diversity estimates of 100 re-samplings of 30 individuals of the Mediterranean and global
(Mediterranean+Atlantic) populations without including Balearic Islands individuals. For
R. clavata populations, additional genetic statistics were estimated using DnaSP v6 soft-
ware [47]: number of haplotypes (N=), haplotype diversity (h = ﬁ (1 —Xipd); where pi
is the frequency of the ith haplotype and 7 is the number of sequences [44]), nucleotide
diversity () and Chi-Square test (gene flow and genetic differentiation analysis). Finally,
a haplotype network was created with the dataset including all sequences from the Med-
iterranean (also the ones from populations with less than 20 sequences) with the PopART
software, applying the TCS Network [48].

3. Results
3.1. Exploitation Status

The majority of the landed biomass, sold in the Rajada commercial category, corre-
sponded to R. clavata. The mean proportion represented by this species in the registers of
Rajada category during the last 22 years of samplings carried out by scientific observers
on board the commercial fishing fleet was estimated to be 83% (+1.19).

The results of the CMSY++ method for the R. clavata stock in the Balearic Islands
showed an MSY of 48.7 tonnes, which would be achieved at an Fumsy of 0.054 and a Bmsy of
829 tonnes. Although current fishing mortality is below Fusy (F/Fmsy= 0.887), the CMSY++
method showed that the current stock biomass is below Bwmsy (B/Bmsy = 0.766).

The exploitation rate showed an initial sharp increase from values around 0.3 to val-
ues around 1.5 during the first half of the 1980's decade (Figure 2). This increase was fol-
lowed by a sharp and brief decrease during the second half of this decade when F/Fumsy
values fell again below 1, and a subsequent increase until 2010, when the F/Fmsy value
reached its maximum, situated above 1.5. Since then, F has decreased until the current
exploitation rate, slightly below 1. The stock biomass follows more or less the inverse



Fishes 2023, 8, 117

6 of 14

trend to that of F/Fwmsy, with values decreasing from the first years of the time series until
the beginning of the present century, although this decrease is different depending on the
model applied. CMSY prediction shows a smoother decrease at the start of the time series
and stabilization since 2010, whereas BSM prediction shows a more abrupt decrease at the
beginning and stabilization since the early 2000s, and even a slight increase during the
most recent years. However, both models’” predictions show the stock biomass decreases
below Bwsy since the beginning of the 1980’s and it has not recovered yet (Figure 2).

Stock size Exploitation rate

1.0
1 |

Relative biomass B/k
00 02 04 0B 08

0.0

I I 1 1 I 1 ) | 1 1 1 1
1970 1990 2010 1970 1990 2010
Figure 2. Relative stock size B/k (proxy for B/Bmsy) and exploitation rate (F/Fwmsy) of Raja clavata in
the Balearic Islands between 1964 and 2021. Blue and red lines show the predictions estimated from
CMSY and the Bayesian state-space Schaefer surplus production (BSM) components of the CMSY++
method, respectively. The dots indicate the observed abundance data scaled by BSM. The horizontal
dashed lines represent Busy and Fusy and the dotted line in the stock size plot indicates 0.5Bwmsy.

According to the Kobe diagram of the results obtained with the CMSY++ method,
specifically with BSM since observed abundance data were available (Figure 3), the ex-
ploitation level of the studied stock increased through the time series which led to the
deterioration of stock biomass. Specifically, the stock went from a healthy stock size and
sustainable fishing pressure (green area) starting in 1964 and lasting for about 12 years, to
higher exploitation levels (orange and red areas) and eventually starting to recover from
low stock biomass, with reduced fishing pressure (yellow area, 65% probability) in 2021.
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Figure 3. KOBE phase plot obtained with the CMSY++ method, representing the time series of ex-
ploitation rate (F/Fmsy) and relative stock size (B/Bwmsy) of Raja clavata in the Balearic Islands during
the period 1964-2021. Colour code: red (top-left quadrant), F/Fmsy> 1 and B/Bmsy< 1 (experiencing
overfishing and overfished); orange (top-right quadrant), F/Fumsy > 1 and B/Bmsy> 1 (healthy stock
size about to be depleted by overfishing); yellow (bottom-left quadrant), F/Fmsy> 1 and B/Bmsy< 1
(reduced fishing pressure on stock recovering from low biomass level); green (bottom-right quad-
rant), F/Fmsy>1 and B/Bwmsy< 1 (sustainably exploited). CI: confidence intervals.

3.2. Conservation Status

A total of 537 base pairs (bp) for COI fragments were sequenced from the Balearic
Islands samples. A set of 193 sequences from different areas in the Mediterranean was
used: 31 sequences from the Balearic Islands (28 sequenced specifically in this work), 5
from the Iberian Peninsula, 17 from the Algerian coast, 26 from the Ligurian-Tyrrhenian
Sea, 56 from the Adriatic Sea, 20 from the Levantine Sea, 30 from Malta and 8 from the
Aegean Sea (see Supplementary Table S1).

A total of 13 haplotypes were identified in the Mediterranean (Figure 4). The main
haplotype is found in all the analysed areas of the Mediterranean Sea and the second main
haplotype is found in three areas: the Levantine Sea, Ligurian-Tyrrhenian Sea and Alge-
rian coasts. All the other haplotypes were found exclusively in one area (Figure 4). We
used a set of 163 sequences to create a comparative benchmark for Mediterranean R. clav-
ata nucleotide diversity (COI-m). The areas with less than 20 sequences that therefore were
removed were: the Algerian coasts, Aegean Sea and Iberian Peninsula. The number of
haplotypes and haplotype and nucleotide diversity of all the Mediterranean analysed ar-
eas, the Mediterranean Sea, the Atlantic Ocean and the global population can be found in
Table 1.

luE:s‘laq'(.:_des
,Q,——F/—M“. > 1 sample

= /__ ® Adriatic Sea

: Algeria

~ Levantine Sea

~ Ligurian-Thyrrhenian
~ Malta

e Aegean Sea

® Balearic Islands

© Iberian Peninsula

Figure 4. Haplotype network for the COI (Cytochrome C Oxidase subunit I) mitochondrial gene
fragment from Raja clavata in the Mediterranean Sea. Circles in the network are proportional to hap-
lotype frequencies and colours indicate the area where the samples are from. Perpendicular little
black lines indicate mutations.

Table 1. Genetic diversity estimates for the COI (Cytochrome C Oxidase subunit I) mitochondrial
gene fragment from Raja clavata for the different areas of the Mediterranean, including all of this
area as well as the Atlantic Ocean and worldwide populations. N: number of samples, Nu: number
of haplotypes, h: haplotype diversity and ri: nucleotide diversity; last two with their standard devi-
ations (SD).

Geographical Area N Nu h +SD m+SD
Balearic Islands 31 2 0.125 +0.077 0.0002 + 0.0004
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ngu“a“;g”hema“ 26 5 0.406 +0.116 0.0008 + 0.0008
Adriatic Sea 56 4 0.105 + 0.056 0.0003 + 0.0004
Levantine Sea 20 3 0.195 +0.115 0.0004 + 0.0005
Malta 30 2 0.067 = 0.061 0.0001 + 0.0003
Mediterranean Sea 163 11 0.164 +0.040 0.0003 +0.0005
Atlantic Ocean 31 3 0.471 £ 0.074 0.0038 + 0.0024
Worldwide 194 13 0.230 = 0.040 0.0011 + 0.0010

The results of genetic differentiation analysis (Chi-squared) between populations
from the considered areas in the Mediterranean showed no significant differences be-
tween the Balearic Islands and other areas in the Mediterranean nor between the other
areas, except between the Ligurian-Thyrrenian Sea and Adriatic Sea (Table 2).

Table 2. Results of the genetic differentiation analysis (Chi-squared) for the COI (Cytochrome C
Oxidase subunit I) mitochondrial gene fragment between populations of Raja clavata in the Medi-
terranean Sea. X Chi-squared estimates; p: p-values; *: statistical significance.

Balearic Is- Ligurian-Tyr- Levantine

lands rhenian Sea Adriatic Sea Sea Malta

Balearic Islands X2=9.286 X2=5.276 X2=4407 X2=2984
p=0.098 p=0.260 p=0.221 p=0225
Ligurian-Tyr-  X2=9.286 X2=14942  X2=4397 X2=8410
rhenian Sea p=0.098 p=0.037* p=0.494 p=0.135
Adriatic Sea X2=5.276 X2=14.942 X2=6.705 X2=3.482
p=0.260 p=0.037*% p=0.244 p=0.481
Levantine Sea X2=4.407 X2=4.397 X2=6.705 X2=3.723
p=0.221 p=0.493 p=0.244 p=0.293

X2=2984 X2=8.410 X2=3.482 X2=3.723

Malta
p=0.225 p=0.135 p=0.481 p=0.293

The levels of genetic diversity of the Balearic Islands population (Table 1) fell below
the low boundary of the 95%CI of all analysed datasets (Table 3). The Balearic Islands and
Malta showed the lowest nucleotide diversity values, while the Ligurian-Tyrrhenian Sea
presented the highest values (Table 1). Nucleotide diversity estimates were obtained for
258 species of Elasmobranchii (see Supplementary Table S2 for sequences IDs and Sup-
plementary Table S3 for estimations of the genetic diversity of these species), including 42
Rajidae species. These nucleotide diversity levels for every analysed Rajiformes species
are in all cases higher than the estimates estimated for R. clavata global population and the
population in the Balearic Islands (Figure 5).

Table 3. Mean and median values, with their 95% confidence intervals (CI), of genetic diversity
(nucleotide diversity) for the COI (Cytochrome C Oxidase subunit I) mitochondrial gene fragment
estimated for the Mediterranean and global (Atlantic-Mediterranean) populations of Raja clavata
and for Rajiformes and Elasmobranchii species.

Dataset Mean (95% CI) Median (95% CI)
Mediterranean 0.00034 (0.0003-0.0004) 0.00036 (0.0002-0.0004)
Global 0.0012 (0.0011-0.0013) 0.00115 (0.0010-0.0012)
Rajiformes 0.0040 (0.0032—-0.0069) 0.0030 (0.0022-0.0032)

Elasmobranchii 0.0070 (0.0054-0.0077) 0.0030 (0.0024-0.0033)
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Figure 5. Levels of genetic diversity for the COI fragment (Cytochrome C Oxidase subunit I) mito-
chondrial gene (COI m) of Rajiformes species (black dots), Raja clavata global population Atlantic-
Mediterranean (blue square) and Raja clavata in the Balearic Islands (red triangle). Species were or-
dered by their levels of COI 7; these were multiplied by 1000 for graphical purposes.

4. Discussion

Fisheries management involves a broad and complex set of tasks in order to achieve
levels of sustainability. Therefore, the best scientific knowledge on the exploitation and
conservation status of stocks is needed. In light of this requirement, fishery assessment
has incorporated new approaches, including genetics [34,49,50]. In the present study, we
use innovative assessment models (CMSY and BSM) and genetic methods (nucleotide di-
versity) to diagnose the exploitation and conservation status of the population of R. clavata
in the Balearic Islands.

Our results suggest that R. clavata is currently overexploited. However, its biomass
levels in recent years, although they are still unsustainable (i.e., below Bwmsy levels), seem
to be stabilizing according to CMSY results and even increasing according to the BSM
results. This finding agrees with previous publications studying the abundance and bio-
mass trends of elasmobranchs and this particular species in the Balearic Islands [11,17].
This stability trend has also been observed in demersal elasmobranchs off Sardinia, such
as Scyliorhinus canicula, Raja brachyura, Raja miraletus and also in R. clavata [51]

Moreover, the exploitation rate is currently below 1 (according to the BSM results) or
barely above 1 for CMSY results, revealing a different pattern of overexploitation than
that shown by the European hake (Merluccius merluccius) and the striped red mullet (Mul-
lus surmuletus), two of the main target species of the demersal fisheries, which have been
assessed in the Balearic Archipelago and are also distributed at similar depths than R.
clavata, with F/Fusy of 4.4 and 2, respectively [52]. Currently, the only target species in the
area showing values of fishing mortality (F) below Fusy is the Norway lobster (Nephrops
norvegicus), which is mainly distributed in the upper slope, between 300 and 500 m depth
[52], the bathymetric range less exploited by the trawling fleet of Mallorca and Menorca
[53]. Raja clavata has a wide bathymetric range in the Balearic Islands, from 47 to 420 m
depth, with an optimum around 220 m depth [54], hence presenting a large part of its



Fishes 2023, 8, 117

10 of 14

population in the less exploited bottoms of the area, a fact that could have allowed keep-
ing the exploitation level of this species relatively low compared to main target species of
the trawl fishery.

According to the framework for describing the stock status and providing manage-
ment advice in relation to reference points, established by the General Fisheries Commis-
sion for the Mediterranean (GFCM) [55], R. clavata population in the Balearic Islands, with
low fishing mortality, since B/Bmsy<1 and F/Fusy<1, is also in a status of overexploitation.
Based on these reference points and this scenario, the recommended management advice
by GFCM is to reduce F and/or implement a recovery plan [55].

Regarding the genetic diversity of the species, the Mediterranean areas with the low-
est values of nucleotide and haplotype diversity were the Adriatic Sea, Malta and the Bal-
earic Islands. By contrast, Ligurian and Tyrrhenian Seas showed the highest genetic di-
versity levels of the Mediterranean and some evidence of genetic differentiation. These
two areas have been described as important nursery areas for several elasmobranch spe-
cies [56]. This could explain the higher diversity values, since individuals from different
areas of the Mediterranean would be mating there.

All the Mediterranean areas analysed here shared the most frequent haplotype, sug-
gesting a unique population. This was also supported by the Chi-square test. This genetic
homogeneity of R. clavata in the Mediterranean has also been observed in previous works,
probably related to the narrowing in its distribution area and consequent isolation in re-
fugial areas at lower latitudes during the Last Glacial Maximum (20,000 years ago) [57,58].

The comparisons of the R. clavata nucleotide diversity (COI-r) in the Balearic Islands
against the comparative dataset, indicated significantly lower (<95%CI) genetic diversity
levels than expected for the species globally and within the Mediterranean Sea, and also
lower than the expected for Rajiformes and Elasmobranchii species. This was an unex-
pected result as this species is relatively common in the Mediterranean, being even the
most abundant species among batoids in some areas. Genetic diversity values in COl may
be influenced by historic changes in population sizes and species-specific traits [59]. As
the population declines, a decrease in the levels of genetic diversity is expected, with a
recovery time proportional to the generation time of the species [34]. Therefore, for species
with a long generation time, as is the case of R. clavata (9-12 years; [57]), the levels of COI-
nt could reflect not only historical past events, such as the glacial period, but also high
exploitation in the past decades. However, historical demographic analysis indicates that
thornback ray populations started to expand between 580,000 and 362,000 years ago, and
suggests that the Last Glacial Maximum (20,000 years ago) had mainly affected the distri-
bution of populations rather than population size [57]. Thus, the low genetic diversity
estimates for R. clavata in the Balearic Islands can be related with its high fishing exploita-
tion during the past decades, even though the fishing effort has decreased in recent years.
The effect of past overexploitation events is likely to drastically decrease the population
size of R. clavata, resulting in small populations which are more susceptible to suffer from
inbreeding and genetic drift and plausibly lead to a population bottleneck event [60]. This
event produces a decrease in the gene pool of the population, because many gene variants,
that were present in the original population, are lost [61]. Therefore, the remaining popu-
lation has a very low level of genetic diversity, as is the case for the Mediterranean popu-
lation of R. clavata.

The low genetic diversity of R. clavata makes this species especially vulnerable to
fishing exploitation, as well as to changes in the marine environment. The conservation of
genetic diversity within and among populations stems from the need to: (i) maintain the
adaptability of natural populations; (ii) minimize changes in life-history traits (e.g., age,
size at maturity, growth); and (iii) minimize changes in behaviour that influence dynamics
of fish populations [62]. Therefore, it is important to continue monitoring genetic diver-
sity, both spatially and temporally.
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Overall, the results of this study indicate an unfavourable scenario for the conserva-
tion of R. clavata. On the one hand, the assessment results suggest that R. clavata is cur-
rently overexploited. Although the biomass levels in recent years seem to be stabilising,
or even slightly recovering, according to CMSY or BSM components of the CMSY++
method, respectively, they are still under Bmsy, probably because of the slow growth and
late maturation of this species. On the other hand, the low genetic diversity of R. clavata
indicates that it is especially vulnerable to global change, requiring the adoption of urgent
measures to reduce the fishing pressure on its population both in the Balearic Islands and
throughout the Mediterranean. Despite the recent decrease in its exploitation rate and in-
crease in its stock size, the low genetic diversity of R. clavata in the Balearic Islands is con-
cerning and can be clearly related to the long period of overfishing that this species pop-
ulation experienced in the past decades. This high exploitation was also experienced by
other elasmobranchs that were abundant in the past in the Balearic Islands, such as Rhi-
nobatos spp., Squatina spp. and Pristis pristis [63-66], but that could not resist it and nowa-
days are considered critically endangered or locally extinct in the area [67,68].

In conclusion, R. clavata is still far from a biomass size compatible with MSY in the
Balearic Islands. The low genetic diversity this species shows in this area, and in the Med-
iterranean in general, makes it still very vulnerable to overexploitation, as the loss of ge-
netic diversity decreases the capacity of adaptive responses, making the species more vul-
nerable to environmental changes caused by the current global change. For this reason, it
is very important to assess the exploitation status of batoid species, prioritizing them in
fisheries monitoring and also including the conservation status assessment, because, as it
is shown in this study, although for R. clavata the exploitation rate has recently improved,
stock biomass and conservation status are not optimal yet, and may require longer times
to recover due to its biological characteristics.
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