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Abstract. Data-Deficient (DD) species are currently under threat because of the paucity of
information regarding their abundance, distribution and biological traits. In this study we
analysed temporal trends and bioecological features of the DD shark, Squalus blainville.
Biological and fishery data were collected through two different scientific surveys spanning
1994-2018 and commercial hauls around Sardinia Island (central western Mediterranean)
from 2008 to 2018. The analysis of temporal trends based on abundance data revealed a
significant population decline over time. The late attainment of maturity and low fecundity of
S. blainville are suspected to have contributed to making it highly vulnerable to overfishing. No
bathymetric segregation by sex and size was found. However, the almost exclusive presence of
pregnant females southwest of Sardinia could be due to sexual spatial segregation. This is also
supported by histological findings showing longterm sperm storage to ensure the persistence
of the species when females and males are separated. The documented decline of this species,
its low reproductive potential and similarities in the depth distribution of immature and
mature individuals indicate the need for urgent protection plans for S. blainville in Sardinian
waters.

Additional keywords: histology, longnose spurdog, sexual spatial segregation, sperm storage.

Introduction

Chondrichthyans inhabiting the Mediterranean Sea are facing a significant decline in species
diversity because of increasing threats (e.g. overfishing, habitat degradation) and local
extinctions (Dulvy et al. 2016). This decline has raised awareness of the need to develop
conservation strategies, such as the implementation of fishery policies, the establishment of a
global network of marine protected areas and the protection of threatened or endangered
species (Awruch et al. 2008). Sharks are currently targeted by commercial, artisanal and
recreational fishery activities, and have consequently become susceptible to overfishing, which
has caused concern internationally (e.g. Musick 1999; Stevens et al. 2000; Baum et al. 2003).
Despite this worrisome development, no chondrichthyan-focussed management measures
have been effectively implemented (Dulvy et al. 2016). Research aimed at assessing the status
of species, especially those that are at risk, is essential for any conservation planning
(Simpfendorfer et al. 2011). It is particularly challenging to develop conservation and recovery
strategies for species that are rarely caught or reported in fisheries with limited scientific data



and reduced population sizes (Meyers et al. 2017). Understanding the distribution patterns and
life history traits (e.g. growth, reproduction) of a species can lead to effective conservation
measures (Franklin 2009; Colton and Swearer 2010; Brooks et al. 2011).

The longnose spurdog (Squalus blainville) is a demersal shark that resembles other squalid
species and has often been misidentified because of taxonomic difficulties (Ebert et al. 2009).
It has been reported (along with congeneric species) to occupy the continental shelves and
upper slopes (at depths of 16-440 m or greater; Ebert et al. 2013) of the eastern Atlantic and
the Mediterranean Sea. However, this species complex scenario requires immediate re-
evaluation of the true distribution of the species (Ebert et al. 2009). For this reason, the
International Union for Conservation of Nature (IUCN) has listed this shark as Data Deficient
(DD) globally (Ebert et al. 2009; Dulvy et al. 2016) until the species is re-examined and the
related taxonomic issues are resolved. The resolution of these issues and the quantification of
catch levels should be a priority (Ebert et al. 2009). In the Mediterranean Sea, the taxonomic
uncertainty surrounding the three species of the genus Squalus has only recently been
explored. The three species are Squalus acanthias (Linnaeus, 1758) and S. blainville (Risso,
1827), which are commonly found in the entire basin (Serena et al. 2009; Follesa et al. 2019a),
and S. megalops (Macleay, 1881), which has been reported in the south of Spain (Mun~oz-
Chapuli et al. 1984; Mun~o0z-Cha’puli and Ramos 1989) and in Tunisian waters (Marouani et al.
2012a). The identity and geographical range of these taxa have been confirmed only for S.
acanthias and S. blainville across the basin, whereas the existence of a fourth Squalus species
that cannot be ascribed to S. megalops should be investigated (Veri'ssimo et al. 2017). Recent
studies based on morphological drivers and molecular markers have confirmed the presence
of S. blainville in Maltese and Sardinian waters (Bonello et al. 2016; Bellodi et al. 2018), around
the Balearic Islands and in the Aegean, Ionian and Libyan seas (Kousteni et al. 2016).

S. blainville is a viviparous lecithotrophic shark (Cannizzaro et al. 1995; Sion et al. 2003;
Kousteni and Megalofonou 2011), which constitutes an important landing from bottom
trawlers, longlines and gill nets (Se’ret and Serena 2002; Marongiu et al. 2017). Despite its
relative economic importance (Ebert et al. 2009), few studies have focussed on its life history
traits. Information available for the Mediterranean Sea is related to the central (Capape” 1975;
Cannizzaro et al. 1995; Marouani et al. 2012b; Bonnici et al. 2018) and eastern (Sion et al. 2003;
Kousteni and Megalofonou 2011, 2015; Kousteni et al. 2017; Anastasopoulou et al. 2018) parts
of the basin, but it is scarce for the western part. Knowledge of the overall process of
reproduction would be useful for assessing the population status of this DD species (Corte’s
2002) and providing scientifically reliable advice for the implementation of conservation and
management strategies (Awruch et al. 2008, 2014). In addition, to better understand the
ecology and population dynamics of this species, it is useful to explore the complexity and
diversity of its reproductive biology by investigating the fate of spermatozoa in the female
reproductive tract, especially the microstructure and function of the oviducal gland related to
sperm storage (Storrie et al. 2008). Moreover, it is essential to identify the roles that habitats
and locations play in different stages of its reproductive cycle, such as spawning, birth, mating
and ovulation (Nemeth 2005; Ashe et al. 2010; Barnett et al. 2012). Taking the above into
consideration, the main aims of the present study were to: (1) investigate the population trend
of the longnose spurdog (S. blainville) in the Sardinian waters (central western Mediterranean)
through information pertaining to temporal abundance indices; (2) obtain information about
its reproduction by analysing parameters such as size at maturity, reproductive cycle and
fecundity and investigating the possibility of sperm storage in the oviducal gland; and (3)
identify the geographical distribution patterns of juveniles and adults.

Materials and methods
Sampling



Specimens of S. blainville were collected from the waters around Sardinia (Geographical Sub-
Area 11) in the framework of two different seasonal experimental trawl survey projects: (1)
the Mediterranean International Trawl Survey (MEDITS; 1994-present; Spedicato et al. 2019),
which covered the spring- summer period; and (2) the Gruppo Nazionale risorse Demersali
(GRUND; 1985-2008; Ex Regolamento CE 1543/2000 and 1639/2001), which covered the
autumn-winter period. These surveys were conducted according to a stratified random
sampling design based on five depth strata: 10-50, 51-100, 101-200, 201-500 and 501-800
m. The number of hauls was proportional to the area of each stratum, and the duration of hauls
was fixed at 30 min for depths ,200 m and at 60 min for depths .200 m in MEDITS; for the
GRUND project, the duration of the hauls was fixed at 60 min for all depth strata. From 2008
onwards, the total length (TL) of each individual was recorded in centimetres, and total mass
(TM) and gonad mass (GM) were recorded in grams. The maturity stage of each specimen was
determined by macroscopic evaluation of reproductive organ development following the scales
proposed for viviparous elasmobranchs (Follesa and Carbonara 2019; Follesa et al. 2019b;
Spedicato et al. 2019). According to these scales, females were classified into seven stages:
Stage 1, immature; Stage 2, developing; Stage 3a, capable of reproducing; Stage 3b, early
pregnancy; Stage 3¢, mid-pregnancy; Stage 3d, late pregnancy; Stage 4a, regressing; and Stage
4b, regenerating (see Fig. S1, available as Supplementary Material to this paper). Males were
classified into five stages: Stage 1, immature; Stage 2, developing; Stage 3a, capable of
reproducing; Stage 3b, actively spawning; and Stage 4, regressing (Fig. S2).

Temporal trends

After Bellodi et al. (2018) documented the exclusive presence of S. blainville among the three
species of the genus Squalus in Sardinian seas, we decided to re-evaluate the temporal
abundance of this shark previously reported by Marongiu et al. (2017). The density index (DI;
number of individuals km 2) and the biomass index (BI; kg km 2) were calculated using
MEDITS data for the period 1994-2018 and GRUND data for the period 1994-2008. Abundance
indices were calculated for the continental shelf (10-200 m), the slope (201-800 m) and the
overall depth range (10-800 m). The existence of a monotonic temporal trend for each depth
stratum was investigated usingi Spearman’s correlation test (Zar 1999).

Biological features

The data used to describe the biological features of the species (population structure, maturity,
reproductive seasonality, fecundity, histological analysis, sex segregation patterns and
geographical distribution) pertained to specimens collected between July 2008 and July 2018
at depths of 50-682 m (MEDITS and GRUND), along with data collected monthly from
commercial landings through the Data Collection Framework (European Union Regulation
199/2008).

Population structure

The sex ratio (SR; females : males) was estimated for the entire population. The significance of
deviation from the 1 : 1 null hypothesis was tested using the Chi-Square test. The Kolmogorov-
Smirnov (KS) two-sample test was used to investigate differences between the length
frequencies of the sexes. TL-TM relationships were calculated separately for each sex according
to the following power curve function:

T™ =a x TL?

where a is the intercept of the regression and b is the regression coefficient. Parameters a and
b were estimated by applying logarithmic transformation to the data (In-transformed data).
Student’s t-test was used to test the equality of the regression coefficient between males and
females (Zar 1999).

Maturity



The significance of differences between immature and mature individuals of both sexes was
tested using analysis of variance (ANOVA; multiple range test). The size at maturity, L50 (i.e.
the length at which 50% of individuals are mature), was estimated for males and females
separately by fitting maturity ogives to the proportion of mature to immature individuals
within 3-cm length classes using the binomial generalised linear model package in R (ver. 3.6.0,
R Foundation for Statistical Computing, Vienna, Austria) with the logistic link function
(International Council for the Exploration of the Sea 2008). A logistic curve was fitted to the
data, and L50 was calculated with the following equation:

P =100-+{1 + expla + (b x TL)]}

where P is the proportion of mature individuals of any length and a and b are the fitted
parameters, which can change during the life cycle (King 1995). L50, which is the length at
maturity, was calculated following Spare and Venema (1992) as:

Lso = —a—=b

In addition, a logistic curve was used to determine the length at maternity (LMAT), estimated
by taking into account only the proportion of pregnant females contributing to a new cohort
(Stages 3b-3d) to immature individuals.

Reproductive seasonality

Reproductive seasonality was investigated by analysing the seasonal changes in the percentage
of eachmaturity stage of females and males, as well as the gonadosomatic index (GSI), which
was calculated for mature specimens (Stages 3a-4b for females; Stages 3a-4 for males)
according to the following equation:

GSI = (Gz’\/[+ Tz‘W) x 100

The seasonal variability in the GSI was tested by ANOVA(multiple range test).

Fecundity and oocyte and embryo sizes

Ovarian fecundity was defined as the total number of yolked eggs, counted in both ovaries of
mature females (Stages 3a-4a). The ripe oocyte diameter was measured in millimetres using a
gauge. In females at mid- and late-term pregnancy (Stages 3c-3d), the number and TL of pups
were recorded. Moreover, the relationships between the TL of females and the number of ripe
oocytes, as well as between the TL of pregnant females and embryo size at late-term pregnancy,
were investigated with Spearman’s correlation test (Zar 1999).

Histological examination of the presence of spermatozoa in oviducal glands

The presence of spermatozoa in the oviducal glands of females was detected according to
previous histological studies (e.g. Pratt and Tanaka 1994; Smith et al. 2004; Porcu et al. 2014;
Marongiu etal. 2015). Subsamples of 10 oviducal glands belonging to mature females at various
stages (3a-4a) were fixed in 5% buffered formaldehyde (0.1 M; pH 7.4) for 24 h. The entire
oviducal glands were later dissected through the centre from the oviduct to the uterus,
providing pieces of tissue representing the sagittal plane. The tissue was subsequently
dehydrated in a series of ethanol concentrations (70-100%) and then embedded in synthetic
resin glycol methacrylate (GMA; Technovit 7100; Bio-Optica, Milan, Italy) and sectioned at 3.5
mm using a rotating microtome (2218 Historange; LKB, Bromma, Sweden). The histological
staining protocol proposed by Cerri and Sasso-Cerri (2003) for GMA-embedded tissue sections
was used. Sections were stained with combined periodic acid-Schiff (PAS) and Alcian blue (AB)
stain to identify the chemical nature of the secretions produced by the different glandular
zones. The PAS technique is useful for detecting glycogen, neutral sialomucins and various



glycoproteins (PAS. reaction, magenta stain). The AB technique highlights acid mucins, such as
sulfomucins and sialomucins (AB. reaction, blue stain). Subsequently, sections were quickly
dehydrated in graded ethanol (96-100%), cleared in Histolemon (Carlo Erba Reagents, Milan,
[taly) and mounted in resin (Eukitt, Bio- Optica, Milan, Italy). Selected sections were observed
and photographed using a Zeiss Primo Star optical microscope (Carl Zeiss, Oberkochen,
Germany) equipped with a digital camera (EOS 1100D; Canon, Taipei, Taiwan) at different
magnifications (40 , 100 and 400 ) and edited with Adobe Photoshop CS6
(http://www.adobe.com/products/photoshop.html).

Sex segregation patterns by length, depth, maturity stage and geographical distribution

The bathymetric distribution (50-700 m) of S. blainville by sex, length and maturity stage was
analysed. The SR (females : males) was examined at four depth strata where the presence of
the species was recorded (50-100, 101-200, 201-500 and 501-682 m, following the MEDITS
strata). The significance of deviation from the 1 : 1 null hypothesis was tested with the Chi-
Square test. Moreover, from each sampling site, data of immature (Stages 1-2) and mature
(Stages 3a-3d for females; Stages 3a-3b for males) specimens were used to create spatial
distribution maps with the open-source application QGIS (ver. 3.10.4, see https://qgis.org, 18
September 2019).

Ethics approval

Samples were collected from monitoring programs. All applicable international, national and
institutional guidelines for the care and use of organisms for the study were followed.

Results

Temporal trends

The analysis of temporal trends in abundance data revealed similar patterns in the two
scientific surveys (Fig. 1, 2). S. blainville was found to be more abundant on the slope (MEDITS:
mean standard deviation (s.d.) DI 19.8 25.8 individuals km 2 and BI 11.7 11.3 kg km 2;
GRUND: mean s.d. DI 20.0 16.3 individuals km 2 and BI 13.1 12.1 kg km 2) than on the
shelf (MEDITS: mean s.d. DI 3.5 5.7 individuals km 2 and BI 1.7 2.6 kg km 2; GRUND:
mean s.d. DI % 7.1 8.8 individuals km 2 and BI 3.6 3.8 kg km 2). The temporal trends
showed a significant decrease in number (Spearman test, P, 0.05) in the overall depth range
and on the slope from 1998 for GRUND and from 2001 for MEDITS. No significant trends were
observed on the shelf, probably due to the shark’s low abundance there.

Population structure

In all, 494 S. blainville specimens (255 females, 239 males; SR = 0.52,x2 =0.2, P. 0.05) were
measured. The frequency distribution by sex is shown in Fig. 3. Females (TL range 20.1-84
cm,mean s.d.47.53 16.59 cm) were found to grow to significantly larger sizes than males (TL
range 18-61.5 cm, mean s.d. 42.72 10.53 cm; KS two-sample test, P,0.05).The length-mass
relationship in females (TM = 0.0018 TL3.2271; r2= 0.98) differed significantly from that in
males (TM =0.002 TL3.1991; r2 =0.98; t-test, P, 0.005).

Maturity

Table 1 shows an increase in TL during the transition from immature (Stages 1 and 2) to mature
(Stage 3a) stages, whereas in the subsequent stages (3b—4a,p) the sizes remained stable.

This finding was verified by testing for statistically significant differences between immature
and mature individuals of both sexes (females: ANOVA multiple range test, F = 130.89, P, 0.005;
males: ANOVA multiple range test, F = 14040.02, P,0.005). The regenerating stage (4b) was not
observed in any female specimens during the sampling period. The estimated L50 for both
sexes and LMAT for pregnant females are given in Table 2. Females and males reached maturity
at 71.9 and 79.8% of their maximum observed lengths respectively. Pregnant females reached
maternity at 83.3% of their maximum observed TL.

Reproductive seasonality



Immature females (Stage 1) were predominant in all seasons, followed by developing females
(Stage 2; Fig. 4a). Capable of reproducing (Stage 3a) and pregnant (Stages 3b-3c) individuals
were caught in all seasons, with peaks in the spring and summer. Females bearing pups (Stage
3d) were sampled primarily in the summer and autumn. Regressing females (Stage 4a) were
observed in almost all seasons (Fig. 4a). Males showed a similar pattern, with immature and
mature (Stages 3a and 3b) specimens observed throughout the year (Fig. 4b). However, a great
proportion of active males (Stage 3b) was found in the spring and summer. Regressing
individuals (Stage 4) were rarely encountered. In general, the GSI of mature females (Fig. 5a)
confirmed the seasonal transitions between maturity stages, with increasing mean values from
spring to autumn (albeit no significant differences; ANOVAmultiple range test, F.1.21, P.0.05).
The GSI values of mature males (Fig. 5b) were quite similar in all seasons (ANOVA multiple
range test, F. 0.19, P. 0.05).

Fecundity and oocyte and embryo sizes

Ovarian fecundity ranged from 3 to 21 ripe oocytes in mature females (mean + s.d.11.2 5.4)
with a diameter range of 4-34.9 mm (mean + s.d.12.4+ 8.9 mm). A positive linear relationship
was found between the TL of females and the number of ripe oocytes (Spearman test, P, 0.05;
Fig. 6).

The number of embryos belonging to females at mid-term pregnancy (Stage 3c) ranged from 2
to 8 (mean + s.d. 4.4 + 2.3) and measured between 4.8 and 10.2 cm in length (mean + s.d.
7.4 + 1.9 cm). Near-term embryos (carried by Stage 3d females) ranged in number from 2 to 7
(mean+ s.d.4.3 + 1.5) and measured between 13.4 and 21.8 cm in length (mean =+ s.d. 16.5
+ 2.1 cm). No significant relationship was observed between the TL of pregnant females and
the size of near-term embryos (Spearman test, P . 0.05).

Histological examination of the presence of spermatozoa in oviducal glands

The oviducal glands of mature females exhibited the four typical zones: club, papillary, baffle
and terminal (Fig. 7a, b). The latter, in particular, showed secretory tubules with a mixture of
neutral and acid mucins (ABp and PASD affinity) and secretory ducts where the gland secretions
entered the lumen (Fig. 7b). Numerous sperm bundles, contained in an acid
mucopolysaccharide matrix (Fig. 7d), were detected inside the secretory tubules of the terminal
zone (Fig. 7c) in all females examined.

Sex segregation patterns by length, depth, maturity stage and geographical distribution

S. blainville specimens were primarily caught at depths of 150-450m(Fig. 8). Few immature
(Stage 1) individuals of either sex were found at 50m (Fig. 8). Two large males (TL.49 cm) with
immature gonads were found at depths of over 600 m (Fig. 8b). Mature (Stage 3a) and pregnant
(Stages 3b-3d) females were found primarily at depths of 150-350 m (Fig. 8a), along with
mature (Stage 3a) and active (Stage 3b) males (Fig. 8b). Regressing individuals (Stage 4ap4) of
either sex were rarely caught (Fig. 8). The SR analysis by depth stratum showed no significant
deviation from the expected ratio of 1 : 1 (Table 3). Four main geographical areas were
identified around the Sardinian coast for immature individuals (Fig. 9a). The highest density,
especially for females, was along the southern coast, decreasing from the north-west towards
the north-east area. Mature specimens occupied sites similar to those of immature specimens
(Fig. 9b). However, it is interesting to note distribution differences between pregnant females
(caught almost exclusively off the south-western coast of Sardinia) and active males (caught
primarily off the southern and northern coasts; Fig. 9b).

Discussion

This study provides valuable information on the abundance, geographical distribution and
reproductive features of the longnose spurdog S. blainville, thus improving our knowledge

of its status in the central western Mediterranean. Our analysis of temporal trends for this
species spanning 24 years highlighted a significant population decline, which can be attributed



to fishing pressure shifting towards deeper fishing grounds over the past two decades (Cau
2008). The shark’s morphological and reproductive features may have exacerbated this
phenomenon. Length-frequency distribution and length- weight relationship analyses
revealed sexual dimorphism, which is a common characteristic among sharks (e.g. Clarke et al.
2001, 2002). This finding is consistent with previous studies on the same species (Cannizzaro
et al. 1995; Sion et al. 2003; Kousteni and Megalofonou 2011, 2015; Anastasopoulou et al.
2018). The larger body size of S. blainville females is necessary to support the development of
large oocytes and embryo growth (e.g. Sims 2005; Kousteni and Megalofonou 2015). This also
explains the size difference at maturity between the two sexes, with females growing to a
greater L50 than males. This finding is in line with research in the eastern Mediterranean basin
and Tunisian waters (Sion et al. 2003; Kousteni and Megalofonou 2011; Marouani et al. 2012b;
Anastasopoulou et al. 2018). Males and females matured at 71.9 and 79.8% of their maximum
total sizes respectively, which is consistent with the range of 60-90% reported for other
elasmobranch species (e.g. Ebert et al. 2008; McPhie and Campana 2009; Porcu et al. 2015,
2020; Bellodi et al. 2017). The late attainment of maturity renders this species vulnerable to
overfishing. For the assessment of viviparous elasmobranch populations through demographic
analysis, the median body size at maternity (estimated in this study at 83.3% of maximum TL)
must be considered a relevant parameter, because only during gestation is the female
effectively recruited to the reproductive phase of life (Walker 2005a, 2005b; Montealegre-
Quijano et al. 2014).

Considering the late maturity, the female size-fecundity relationship and the selectivity of
fishing gears with respect to large specimens, overfishing can be considered the main cause of
the reduction in reproductive potential and the number of possible mating events per female
(e.g. Walker et al. 1998; Henderson and Casey 2001; Henderson et al. 2002). In addition, the
maximum litter number observed in the present study confirms the low fertility of the species
documented in other parts of the Mediterranean and in the Atlantic (Ebert et al. 2002; Kousteni
and Megalofonou 2011). Furthermore, because of potential reproductive failure during
gestation, the number of surviving pups could be considerably smaller than the number of
ovulated eggs in the uterus (Conrath 2005). However, the minimum litter number should be
interpreted with caution because a loss of near-term embryos in terminal pregnant
lecithotrophic species could occur during the fishing process (Montealegre-Quijano et al. 2014;
Porcu et al. 2014).

Knowledge of the reproductive cycle of S. blainville in the Mediterranean Sea is still lacking. The
results of the present study confirm continuous reproductive activity throughout the year
(Cannizzaro et al. 1995; Sion et al. 2003; Kousteni and Megalofonou 2011; Anastasopoulou et
al. 2018) with a pregnancy period between spring and autumn, as reported in the eastern
Mediterranean basin (Sion et al. 2003; Kousteni and Megalofonou 2011; Anastasopoulou et al.
2018). Moreover, the presence of fully enlarged oocytes in females at the capable of spawning,
pregnant and regressing stages could mean that these females can become gravid again soon
after parturition. This has also been observed in Greek waters (Kousteni and Megalofonou
2011) and in other sharks, such as Mustelus asterias (Capape” 1983) and S. acanthias (Bargione
et al. 2019). This pattern could explain the absence of regenerating females during the
reproductive cycle, unlike other sharks (with pelagic and demersal behaviours) in which
regressing ovaries have been observed during pregnancy with a subsequent regenerating
phase (Castro 2009; Porcu et al. 2014). Well-packaged sperm beams contained in acid
mucopolysaccharides inside the oviducal gland secretory tubules are a clear sign of long-term
storage, as observed in other shark species (e.g. Storrie et al. 2008; Moura et al. 2011; Porcu et
al. 2014). Sperm retention in mature and pregnant females, along with the hypothesis that
spermatozoa could be stored for up to 15 months (Pratt 1993), can explain the long gestation
period already known for the species (Cannizzaro et al. 1995). Sperm storage constitutes an



advantage for species survival, ensuring more efficient reproduction by preserving energy used
in the reproduction process and increasing the chances of successful fertilisation (e.g. Pratt
1993; Moura et al. 2011). This strategy could represent an evolutionary mechanismfor
increasing the chances of successful insemination in species for which mating may be difficult
because of sexual spatial segregation (Yano and Tanaka 1988; Girard and Du Buit 1999). The
two large males with immature gonads found at depths of over 600 m, detached from the rest
of the population, could be ‘omitted spawners’, a phenomenon observed in Atlantic waters
whereby potentially mature individuals are reproductively inactive, avoiding the spawning
process (International Council for the Exploration of the Sea 2018). In this regard, sperm
storage acts as a very beneficial mechanism for the survival of this species. However, further
studies are required to prove this hypothesis for S. blainville in the Mediterranean Sea.
Immature individuals showed a wider depth range than mature individuals. However, the
general pattern found in this study is a coexistence of juveniles and adults at the same depths,
as reported in previous studies (Cannizzaro et al. 1995; Sion et al. 2003; Anastasopoulou et al.
2018). The present study also found a neutral sex ratio, in line with Sion et al. (2003). By
contrast, Kousteni andMegalofonou (2011) and Anastasopoulou et al. (2018) found a
predominance of females and males respectively. These differences between areas could be due
to different environmental conditions and fishing pressures (Adams et al. 2000). However, a
clear sexual spatial segregation with a massive concentration of mature and pregnant females
was observed in the south-western waters of Sardinia. Females may migrate away from males
to more favourable habitats that provide energy-rich prey necessary for them to reach the
larger body size required to support large, well-developed embryos (Klimley 1987) and
optimal environmental conditions (e.g. warmer water) to increase their development rate
(Economakis and Lobel 1998; Finucci et al. 2018). This behaviour may also allow females to
avoid energetically expensive and potentially damaging multiple mating events and possible
injury caused by harassing and aggressive males (Pratt and Carrier 2001; Sims 2005).
Understanding the patterns of spatial distribution of this species is necessary for developing
effective management and conservation strategies for the protection of its essential habitats,
which play a key role in population processes such as spawning and recruitment (Planque et al.
2011; Colloca et al. 2015). In the future, it will be of great importance to conduct a study on the
nursery and spawning grounds of S. blainville in south-western Sardinian waters, such as the
study of Cau et al. (2017) on Scyliorhinus canicula. The documented decline and low
reproductive potential of this shark (late maternity, low fecundity, long reproductive cycle and
coexistence of juveniles and mature adults) call for the development of protection plans for
western Mediterranean populations of S. blainville and elasmobranchs in general. Detailed
information on the reproductive biology of S. blainville, in conjunction with other parameters
(e.g. age and growth, trophic level), should be used to formulate conservation strategies. For
the implementation of such important measures, we propose the identification and isolation of
nursery and mating areas during a specific time of year, as well as actions aimed at raising
fishers’ awareness and educating them in handling and releasing live animals to ensure the
survival of the species.
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Fig. 1. Temporal trends in the (a, ¢, ) density index and (b, d, f) mean biomass index by depth
stratum of Squalus blainville sampled in Sardinian waters between 1994 and 2018 from the
Mediterranean International Trawl Survey (MEDITS; n.3165). Depth strata were as follows: (a,

b) 10-800 m; (c, d) 10-200 m; (e, f) 201-800 m.
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Fig. 2. Temporal trends in the (a, ¢, ) density index and (b, d, f) mean biomass index by depth
stratum of Squalus blainville sampled in Sardinian waters between 1994 and 2008 from the
Gruppo Nazionale risorse Demersali (GRUND; n. 1813). Depth strata were as follows: (a, b) 10-
800 m; (¢, d) 10-200 m; (e, f) 201-800 m.
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Fig. 3. Length-frequency distribution of Squalus blainville females(n . 255) and males (n .
239).

Frequency (%)
o ©

'S

(8]

o



100 4 100 N

90 | o N

801 m Stage 4a 80 1

704 70
E 60 © Stage 3d E. 60 = Stage 4
3 50 ':’;9933§ 3 %0 ® Stage 3b
2 a0 Ge0e® 5 4 & Stage 3a

30 | D Stage 3a 20 o Stage 2

20 0 Stage 2 20 O Stage 1

104 0 Stage 1 10

04 0

Winter Spring Summer Autumn Winter Spring Summer Autumn

Fig. 4. Seasonal distribution of Squalus blainville (a) females and (b) males at each gonadal
stage during the sampling period. Stage 1, immature; Stage 2, developing; Stage 3a, capable of
reproducing; Stage 3b, early pregnancy or actively spawning; Stage 3c, mid-pregnancy; Stage
3d, late pregnancy; Stage 4a.4, regressing.
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Fig. 5. Seasonal evolution of the gonadosomatic index (GSI) of Squalus blainville (a) females
and (b) males. The boxes show the interquartile range, with the median value indicated by the
horizontal line and the ‘p’ sign indicating the mean; whiskers show the range. Individual
symbols show outliers.
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Fig. 6. Relationship between the total length (TL) of mature female (n = 15) and the number
of ripe oocytes.
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Fig. 7. Histological sections of Squalus blainville oviducal glands. (a) View of the club zone (CZ;
Alcian blue (AB) positive and periodic acid-Schiff (PAS) positive) with the typical club-shaped
lamellae (Lm) and the papillary zone (PZ; PAS.). Scale bar: 500 micron. (b) View of the baffle
zone (BZ; AB- and PAS-) and the terminal zone (TZ) characterised by AB. secretory tubules
(ST) and secretory ducts (SD). Scale bar: 500 micron. (c) Sperm bundles (SB) inside the ST.
Scale bar: 200 mm. (d) Details of an SB contained in an AB. matrix inside a ST. Scale bar: 50
micron.
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Fig. 8. Total length-depth relationship according to maturity stage of Squalus blainville (a)
females and (b) males. Stage 1, immature; Stage 2, developing; Stage 3a, capable of
reproducing; Stage 3b, early pregnancy or actively spawning; Stage 3c, mid-pregnancy; Stage
3d, late pregnancy; Stage 4a.4, regressing.
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Fig. 9. Geographical distribution of (a) immature and developing (Stages 1-2) Squalus
blainville females (F) and males (M) and (b) mature females (Stage 3a, capable of
reproducing; Stage 3b, early pregnancy; Stage 3¢, mid-pregnancy; Stage 3d, late pregnancy)
and males (Stage 3a, capable of reproducing; Stage 3b, actively spawning) sampled in
Sardinian waters between 2008 and 2018.



Table 1 Size distribution of S. blainville females and males by maturity stage. N° = number of
individuals, SD = standard deviation, TL = total length. Stage 1, immature; stage 2, developing;
stage 3a, capable of reproducing; stage 3b, early pregnancy / actively spawning; stage 3¢, mid
pregnancy; stage 3d, late pregnancy; stage 4a / 4, regressing.

Maturity stage Females TL (cm) Males TL (cm)

n Range Mean + s.d. n Range Mean +s.d.
Stage 1 171 20-60.4 379+89 153 18-51.6 36+6
Stage 2 20 38.5-66.7 543+87 15 46.4-55.5 49.1+2.5
Stage 3a 21 582-79.9 67.1+64 23 52.2-61.5 55.8+2.4
Stage 3b 16 68.1-84 753+4.1 45 50.2-61 56+3
Stage 3c 11 65.5-78.5 703+3.7 - - -
Stage 3d 6 66.6-81.6 73.7+5.1 - - -

Stage 4a-+4 10 593-83.4 723+7.5 3 50.5-58.6 54.1+4.1




Table 2 Length at maturity (L50) and length at maternity (LMAT) of S. blainville females and
males. MR = Maturity Range, SE = Standard Error.

Sex n Lso s.e. MR s.e.

Females 255 60.4 0.73 3.27 0.84

Males 239 49.1 0.50 2.69 0.57
Lygar

Females 255 70 1.31 9.97 1.84




Table 3 Sex ratio (SR) by depth strata expressed in meters (m) of S. blainville individuals. The
total number (TOT), females’ number (F), males’ number (M), chi square (x2) and p-value (P)
are given.

Depth (m) Total number Number of females Number of males SR X P-value
50-100 20 9 11 0.81 0 1
101-200 229 105 124 0.84 0.63 0.42
201-500 234 134 100 1.05 2.19 113

501-682 11 7 4 175 0.05 0.82




