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Abstract

Despite being commonly recognized by the general public, knowledge about the biology and
life-history of electric rays is still scarce. Globally, according to the International Union for
Conservation of Nature, more of the 80% of the species belonging to the Torpedinidae family
are, indeed, classified as Data Deficient, so as, in most of the cases, no proper management
measures are available for the conservation of these species. For this reason, the main goal of
this study is to provide new information on life-history traits of three species inhabiting the
Mediterranean Sea. Age and growth were estimated through direct annuli count of 146 vertebral
centra sections of Torpedo marmorata. Females’ _growth pattern was found to be better
described by a S-shaped function (Gompertz Lo =622 mm TL; k= 0.15; IP = 2.75 years), while
males’ _by a logarithmic one (von Bertalanffy Loo = 485 mm TL; k = 0.14; t0 = -2.28). The oldest
female and male were aged 17 (560 mm TL) and 11 (432 mm TL), respectively. Females (L50 =
379 mm TL and A50 = 5.5 years) appeared to mature later than males (L50 = 272 mm TL and
A50 = 3.8 years), also attaining bigger sizes. Despite the observation of late-pregnant females
being found only in autumn and regressing ones in autumn and winter, the presence of juveniles
during the whole year may indicate a longer reproductive period. The stomach content analysis
identified . marmorata as a top predator (TROPH = 4.38) with a very narrow trophic niche (Bi =
0.22), extremely specialized in feeding on bony fishes. In addition, this work provides new and
updated information on T. torpedo and the rare Tetronarce nobiliana growth, reproductive
features and diet. Therefore, offering new essential data to assess the population conditions of
all Torpedinidae species that inhabit the Mediterranean Sea, will lead to effective conservation

plans.



1. Introduction Cartilaginous fish are commonly recognized as extremely evocative species in
most of the world cultures, principally due to their ecological role as top predators (Stevens et
al., 2000; Mulas et al., 2019). Stakeholders and local governments are trying to shift public
attention to these animals’ conservation status (Br autigam et al., 2015). Due to their k-
selected life-history, Elasmobranchs are particularly sensitive to habitat degradation, pollution
and changes in biological communities’ composition (e.g. alien species or biodiversity loss)
(Dulvy et al., 2014). Moreover, they are considered as by-catch for the majority of worldwide
industrial and artisanal fisheries, with low rates of post-release survival, an issue that
essentially led to a dramatic decline in many Elasmobranch stocks (White et al., 2012; Ellis et
al., 2017). Less common or poorly studied species may be even more sensitive to this threat
due to the lack of information required for their correct management (McKinney, 1999; Porcu et
al., 2020), thus pointing out the need for updated data on their biology (Dulvy et al., 2003). Many
species belonging to the Torpedinidae family are considered rare and consequently knowledge
on many aspects of their life history is stillincomplete or even lacking (Abdul Malak et al., 2011;
Tiralongo et al., 2019). The International Union for Conservation of Nature has classified the
82.4% of the species belonging to the Torpedinidae family as Data Deficient against an 11.8%
considered threatened (CriticallyLeast Concern (IUCN, 2020). In the Mediterranean Sea, three
torpedinids are commonly found: the Common Torpedo Ray Torpedo torpedo (L. 1758), the
Marbled Electric Ray T. marmorata Risso, 1810 and the Great Torpedo Ray Tetronarce nobiliana
(Bonaparte, 1835) (Marongiu et al., 2017; Follesa et al., 2019a) with the latter being considered
rare in the Basin with occasional captures (Bakiu and Troplini, 2018; Follesa et al., 2019a;
Tiralongo etal., 2019). Arecent study based on experimental trawl surveys in the Mediterranean
(Follesa et al., 2019a) showed that torpedinid species are distributed in the whole Basin with
higher densities for T. marmorata and T. torpedo in the westernmost areas, while T. nobiliana is
mainly caught in the Central-Eastern Basin, further confirming its rarity. Moreover, these
species exhibit different bathymetric distribution preference, with Common Torpedo Ray
occurring exclusively within the shelf (> 200 m) and Marbled Electric Ray and, as well as the
Great Torpedo Ray, showing a wider bathymetric distribution (28 to 450-650 m) with a clear
preference forthe shelf (Follesa et al., 2011; Marongiu et al., 2017). Currently, only a few studies
have been carried out on these species in the Mediterranean Sea. This is mainly due to the
scarcity of available data and to the difficulty in collecting a sample size large enough to

achieve statistically supported results. Moreover, their strong spatial segregation (sex based)



(Capap “e et al., 2000; Tiralongo et al., 2018) and their solitary habits (Bertrand et al., 2000)
could represent an additional difficulty in data collection. The only information on the Common
Torpedo Ray in the Western Mediterranean Basin regards its reproductive features and diet in
Sicily (Consalvo et al., 2007; Tiralongo et al., 2019), and North-Eastern Tunisia (El Kamel-
Moutalibi et al., 2013). Consalvo et al. (2007) updated the information on the reproduction of
the Marbled Torpedo Ray after the previous study by Azouz and Capap ‘e (1971). The only
information available on the Great Torpedo Ray biology in the Mediterranean Sea comes from
only three studies regarding morphometry, reproduction (Capap ‘e et al.,, 2006) and diet
(Bowman et al., 2000; Barria et al., 2015). The only study dealing with age and growth of these
speciesinthewhole Mediterranean Searefers to Duman and Bas ,usta (2013) and involves only
the Marbled Torpedo Ray in Turkish waters. The present study aims to fill the gaps in knowledge
onthe Torpedinidae family in the Mediterranean Sea, especially in the Central- Western region,
providing new information on the biology and life-history of each species inhabiting the
Sardinian coasts. Data like age-based population model or reproductive cycle and size at
maturity are, indeed, essential to any attempt to assess their natural population conditions
(Cort“es, 2002; Mabraga™na et al., 2015; Porcu et al., 2015). Given the high abundance of the
Marbled Electric Ray in Sardinian waters (Marongiu et al., 2017), this study investigates, the life-
history traits, diet, and growth pattern of this species for the first time in the Central-Western

Mediterranean Basin.

2. Materials and Methods

2.1. Sampling

Samples were collected from the waters around Sardinia (Central- Western Mediterranean
Sea, FAO GFCM Geographical subarea GSA 11) (Fig. 1) between 2008 and 2019 during the
international experimental trawl survey project MEDITS (MEDiterranean International Trawl
Survey, 102 hauls per year; Spedicato et al., 2019). In addition, samples were also collected
during biological sampling of commercial fishery (24 fishing trips per year for trawling, 50 for
trammel nets) (Data Collection Framework program, EU Reg. 199/2008) at depths between 20
and 800 m. The total length (TL, mm) and the total mass (TM, g) were recorded for each
individuals, together with sex. The sex-ratio (SR, females:males) was calculated and the
significance of its deviation from the 1:1 condition was tested as a null hypothesis through the

X2 test (p <0.001) (Zar, 1999).



2.2. Population structure

The Kolmogorov-Smirnov (KS) two-sample test was used to investigate differences between the
length-frequency distributions by sexes (Zar, 1999). In addition, a X2 test was performed after
blocking the length frequencies into bins. Total length-total mass relationships were
calculated separately for each sex according to the power curve function TM =a x TLb, 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).

2.3. Ageing structures extraction and processing

From the thoracic cavity of each sampled electric ray, a portion of the vertebral column was
extracted (6-8 centra). Each vertebral centrum was dissected from neural and haemal arches
using a scalpel. Then, in order to remove the eventual excess of soft tissues, following Goldman
(2005), centra were immersed in a 5% hypochlorite solution for 5-10 minutes depending to their
size. After a brief drying period, a digital image of each cleaned centrum was recorded through
a Pixelink microscope camera PL-A686C annexed to a stereomicroscope (Zeiss Stemi 2000-C).
The acquired images were employed to measure the vertebral radium (VR) with the software
tpsDig2 (Rohlf, 2005). The ANOVA test, in order to investigate possible differences in the VR-TL
relationship between sexes, was applied with the software Statgraphics Centurion XVI (95%
confidence level). Ageing process was carried out on vertebral centra sagittal sections. The
section final thickness of 0.5 mm (= _0.1 mm) allowed a better growth band visibility (Porcu et
al., 2020). Vertebral sections were obtained grinding the whole centra embedded in a bi-
component epoxy resin (Bio Optica, Technovit EPOX), grinding them using a polisher (ATM
Saphir 320) equipped with progressively thinner abrasive discs (320, 500 and 800 grit). Before
the age estimation process, from a sub-sample of 10 specimens equally distributed by sex and
size classes, three different centra per sample were selected and treated with Alizarine Red
(LaMarca, 1966) and Silver Nitrate (Stevens, 1975; Caillet et al., 1983) and compared to the
third centra kept unstained, in order to identify the staining method which allows the best band

visibility. Finally, each section was photographed. Accordingly to Campana (2014), each digital



image was converted to grey-scale and the contrast and sharpness increased using the

software Adobe Photoshop CS6, making the band counts and their interpretation more visible.

2.4. Age estimation, reading precision and growth modelling

Band counts were done for each specimen by two experienced readers independently and
without any prior knowledge of specimen gender or size. Both readers replicated the process
three times, as definitive band count was employed only the one obtained from those centra
with four out of six consistent readings and a maximum discrepancy of two years (Sulikowski
et al., 2003). All the other centra were discarded as not easily interpretable. Band counts
started form the first band pair easily recognizable after the Birth Mark (BM) defined by
Sulikowski et al. (2003) as the first clear mark corresponding to an angle change in the Corpus
Calcareum shape (Fig. 2). Moreover, to investigate the band deposition periodicity, the edge
type (translucent, T; or opaque, O) was recorded. To each electric ray was assigned an age
following the ageing scheme proposed for Elasmobranchs by Carbonara and Follesa (2019).
Considering their impact on the precision and reproducibility of the ageing process and
therefore on their reliability (Carbonara et al., 2018) the readers adopted the 1st of January as
the species birthdate in addition to all ageing criteria for the identification of the true winter
rings in accordance with Carbonara and Follesa (2019). The overall readings precision and
accuracy were evaluated by the Index of Average Percent Error (IAPE) (Beamish and Fournier,
1981) calculated as IAPE = N~ ¥ [R™* ¥(|X;; — X]-)X]-"l] 100, where N equals to the number
of samples aged, R represents the number of readings, Xijis the ith age determination of the jth
fish and Xj equals to the average age calculated for the jth fish. In addition the Coefficient of
Variation (%CV) (Chang, 1982) and the Percentage of Agreement (%A) were also calculated.
Finally, a Bias test, according to Eltink (2000), was performed to evaluate the bias degree
between readers. Only age-at-length data obtained from sections with 4 out of 6 consistent
readings and with a maximum age discrepancy of two years were employed for the growth
modelling (Sulikowski et al., 2003). Recent papers have often shown that alternative growth
models could provide a better fit to the age-length data (e.g., Neer and Thompson, 2005; Fisher
et al., 2013; Mejia-Falla et al., 2014). This has been proven to be true, especially for batoids that
may grow relatively quick in early life but continue to grow in weight after growth in length or
disc width has slowed considerably (Fisher et al., 2013). In consideration of above, four

different growth models were applied to the age-at-length data using the software Growth Il



(Henderson and Seaby, 2006), employing non-linear least squares procedure. Two of the
investigated growth models were: the von Bertalanffy equation with t0 formulation (VBGF-t0)
(von Bertalanffy, 1938) and von Bertalanffy equation with LO formulation (VBGF-L0) (Fabens,
1965). Alternatively, the other two models were chosen as they could describe better a two-
phase growth offering a sigmoid curve: the Gompertz (Winsor, 1932) and the Logistic (Richards,

1959) functions. The growth functions equations were: 3VBGF TL = Lo, (1 — e "¥(¢~t0)); 2VBGF

—k(t=1)

TL= Ly — (Lo — ﬁ)e[‘(kt)]; Gompertz TL = Lye° and TL = L, /1+ e k=D \where

L., represents the species theorical maximum length, & is the growth coefficient; t is the
observed age, t, is the hypothetical age of an individual with TL=0;  is ( L, — Lg) Loo_l; Lo is
the individual length at birth and finally / is the age at the curve inflection point. Each growth
model fitting level to the observed age data is usually evaluated through the Akaike’s
Information Criterion (AIC; Akaike, 1974; Haddor, 2001). However, given the relatively small
sample size in the present study, following Burnham and Anderson (2002), we preferred to
employ a second-order information criteria: the corrected Akaike’s Information Criterion (AlCc)
to assess model performance. In addition, the difference between each model value and the
lowest AlICc value observed was used to calculate the AAIC and finally AICc weights (Burnham
and Anderson, 2002; Chin et al., 2013). The best-performing models had the lowest AICc values
and highest AICc weights. These data were obtained in R (R Development Core Team 2012)
using the FSA, AICc modavg packages. In addition, in order to compensate the small sample
size characterizing some of the examined species, a back-calculation process were performed
as suggested in Smart et al. (2013). From each centrum, the radius (CR) (defined as the
distance, in a straight line, between the focus and the vertebral edge), and distance from the
focus to each translucent band and the birthmark were recorded using the same equipment
mentioned above. Those data were employed to compute the modified Frazer-Lee method

(Campana, 1990) with the following equation:

L Lo [(CR:~ CR) x (Lo~ Liw)
R (CR. — CRym)

where Liwas the estimated TL at band i, Lc the TL at the capture, CRc the centrum radius at the
capture, CRi the centrum radius at band i, Lbirth the length-at-birth, and CRbirth the centrum
radius at the birth mark. In consideration of the paucity of data on new-born T. torpedo recorded
in the present study, following the available literature (Abdel-Aziz, 1994; Capape et al., 2000;

Consalvo et al., 2007) we set 100 mm TL as Lbirth for this species. To the back-calculated age



length data, the same growth models mentioned above through the same software were
applied. Lastly, a lower (wL) and upper range (wU) of the species longevity were defined
following Barnett et al. (2013). The lower range was obtained as as w; = Ty (1 — TrarE ).
While the upper range was calculated as wy = Tpa(c + E) where Tmax is the maximum
observed age, E is the IAPE value calculated using exclusively the empirical data of the greatest
20% of the age classes observed and c is an arbitrary constant (¢ = 1.4) to account for the

probability that the absolute maximum age was not observed.

2.5. Reproductive features

The maturity stage of each specimen was determined following the scales proposed for
viviparous Elasmobranchs (Follesa and Carbonara, 2019; Follesa et al., 2019b). 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 3c, mid-
pregnancy; stage 3d, late pregnancy; stage 4a, regressing; and stage 4b, regenerating. Males
were classified into five ones (stage 1, immature; stage 2, developing; stage 3a, capable of
reproducing; stage 3b, actively spawning; and stage 4, regressing). The percentage of each
maturity stage was investigated seasonally. Size at first maturity, for both sexes, was
considered as the size (TL) of the smallest mature specimens found for each species. The
length at which 50% of the individuals are mature (L50) and the maturity range (MR = L75-L25)
were estimated by sex, by fitting maturity ogives to the proportion of mature individuals within
20 mm length classes using a binomial generalized linear model (GLM, R Core Team, 2017) with
a logistic link (ICES, 2008). A logistic curve was fitted to the data, and L50 was calculated with
the following equation: p =100{1+exp [a+bTL]}", 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, was calculated following Sparre and Venema (1992) as L50 = (-a/b). Finally, the
same model was fitted to compare maturity and age data, calculating in this way the age at
which 50% of individuals are sexually mature (A50) according to the equation: p =
100{1+exp[a+bAge]}-1.

Ovarian fecundity, estimated for T. marmorata and T. nobiliana, was defined as the totalnumber
of yolked eggs, counted in both ovaries of mature females (Stages 3a). The ripe oocyte diameter
was measured in millimetres using a gauge. In females at late-term pregnancy (Stages 3d), the

number and TL of pups were recorded.



2.6. Diet

A total of 107 T. marmorata, 42 T. torpedo, and 17 T. nobiliana were used to characterize their
diet through stomach content analysis. From all specimens, stomachs were dissected and
stored in a 5% formaldehyde solution. Contents were analysed and then classified to the
lowest taxonomic level possible, dried on tissue paper and weighed. In order to verify the
sample size sufficiency, a cumulative prey curve (Ferry and Cailliet, 1996) was built through
EstimateS 8.2 (Colwell, 2009; http:/purl.oclc.org/estimates/). The slope of the linear regression
(b) through the last five subsamples was used following Brown et al. (2012), where b < _0.05
signified an acceptable prey curve levelling off for diet characterization. The Vacuity Coefficient
(%CV) was computed following Hyslop (1980) as the percentage of empty stomachs with
respect to the total number. The percentage Prey Specific Index of Relative Importance was

calculated to assess the contribution of each prey item to the diet according to the formula:

[%FOi * (%PNi + %PWi)]
2

%PSIRI = where %FOQOi is the percent Frequency of Occurrence of an item

in all stomach samples; %PNi and PWi are the prey specific abundances in terms of number
and weight (Brown et al., 2012). The Levins’ _index (Bi) was calculated following Levins (1968)

1

to assess the trophic niche breadth as: B; = (—) * (%) where n is the number of prey
n—1 ijij

categories; pij is the proportion of the preyjin the diet of the speciesi. The trophic level (TROPH)
was defined according to Pauly and Christensen (1995) as: TROPH =1 + Z?zlpij * TROPH;
where TROPHj was estimated following Pauly et al. (2000) and represents the fractional trophic

level of the preyj.

3. Results

3.1. Sample composition

Atotal of 155 T. marmorata (78 females and 77 males; SR=1.18, x2=0.36, P> 0.05) were caught
at depths between 21 m and 400 m (Fig. 1). The overall frequency distribution by sex is shown
in Fig. 3a. Females (TL range = 116-560 mm, mean + SD =_296.43 + 143.16 mm) were found to
reach significantly larger sizes than males (TL range = 108 — 432 mm, mean * SD = 248.16 *
95.00 mm; KS two-sample test P <0.05). More specifically, no significant differences have been
observed in size classes <420 mm TL where both sexes were found, while beyond this size, only

females have been found. The length-mass relationship in females (TM = 3E-05 x TL2.9290; r2



= 0.99) differed significantly from that in males (TM = 4E-05 x TL2.9290; r2 = 0.99); t-test P <
0.005). T. torpedo sample, caught at depths between 21 m and 68 m (Fig. 1), was composed by
44 individuals (20 females and 24 males). Sizes of females (TL range = 130 - 437 mm) and males
(TLrange =123 - 437 mm) were equally distributed (KS test = 0.60553, P > 0.05) (Fig. 3b) in each
size class observed (x2, P >0.05). The rarer Great Torpedo Ray (N =19, 11 females and 8 males;
Fig. 3c), caught at depths between 200 m and 600 m, showed females larger than males
(females TL range =: 242 - 1015 mm; males TL range = 242-592 mm) with no statistical

differences among sexes (KS test = 0.5869, P > 0.05) in each size class analysed (x2, P > 0.05).

3.2. Age estimation reading precision and growth modelling

3.2.1. Torpedo marmorata

Vertebral centra of 146 T. marmorata (65 females and 77 males) were available for ageing
purpose. A linear relationship between TL and VR in the Marbled Torpedo Ray was found both
forfemales (b =0.2659; a=0.0852; r2=0.9714) and males (b =0.1328; a = 0.0724; r2=0.9604).
Significant statistical differences were pointed out between the obtained regression lines by
the ANOVA test (F-ratio = 1006.56; P < 0.001; r2 = 0.9707). None of the considered staining
methods seemed capable of providing a clear increase in bands visibility with respect to the
observation of the unstained sample. For this reason, the entire age estimation process was
carried out exclusively on unstained centra. The achieved overall values of IAPE (5.36%), CV
(6.59%) and PA (86.6%) testified a high level of reading precision and reproducibility. Moreover,
no signs of bias between readers were detected (Bias test, z=-1.784). In Fig. 4 the Age Bias plot
and the CV% and %A are reported for each modal age. This result led to discard only 7 (4.21%)
out of the total number of the analysed centra due to their reading variability (not being
identified with the same age at least 4 times out of 6). The age-length data from the remaining
139 specimens, 75 males (TL ranging between 108 and 432 mm) and estimated age between 0
and 11 years, and 64 females (116-560 mm TL) and estimated age between 0 and 17 years, were
then employed for the growth modelling. The lowest AICc values and the highest AlICc weight
allowed to identify the VBGF-t0 and secondarily the VBGF-LO as the models which achieved
the highest likelihood level to the observed age-length data, resulting the most precise in
defining the growth of both males and combined sexes. The growth pattern of females
appeared to be better explained by the Gompertz function (Table 1, Fig. 5a, b). Besides, all the

investigated models attributed to males a higher growth rate, with respect to females. The edge



analysis carried out on the entire sample showed a very clear deposition pattern of the annual
growth bands (Fig. 6). The opaque band seemed to begin its formation in May with a peak in
July, while the translucent band appeared to rise its occurrence between October and April,
thus validating the annual band deposition pattern for this species. The IAPE values of the
greatest 20% of the age classes employed for the estimation of the species longevitywas 3.72%
and 2.76% for females was estimated between 23.8 years (wu) and 15.9 years (wl), while for
the males the longevity upper range (wu) was assessed as 15.4 years and the lower (wl) as 10.6

years.

3.2.2. Torpedo torpedo and Tetronarce nobiliana

The Common Torpedo Ray’s vertebral sections were easy to interpret even if unstained. In fact,
none of the investigated staining methods showed high bands visibility with respect to the not
treated centra. The analysed specimens reported a maximum age of 10 years for both sexes
(female 437 mm TL, male 426 mm TL). Table 1 shows the results of growth MMI computed on
both directly observed and back-calculated age-at-length data of T. torpedo. The obtained AlCc
values and the AICc weight suggested the Gompertz growth function as the most precise for
the description of this species growth pattern. Comparing the observed and back-calculated
growth curves (Fig. 5¢, d) only small differences can be detected. Results from back-calculated
VBGF-LO are not reported because not biologically reasonable. For the Great Torpedo Ray, the
silver nitrate staining provided the best band visibility, while the observation of unstained centra
offered poor results. In contrast with the Common Torpedo Ray, Great Torpedo rays’ _females
seemed to attain bigger sizes than males. The biggest female was 1015 mm in TL, while no
males beyond 592 mm in TL were found (Table S1). Moreover, females also attained older ages
(17-18 y-1) than males (with the maximum estimated age of 8-9 y-1). The small sample size of
the Great Torpedo Ray, in addition to its size composition that included only few large

individuals, did not allow to go beyond a methods description and age/length table (Table S1).

3.3. Vertebrae analysis of unhatched embryos

On November 14th 2014 a gravid female of . marmorata was caught in a commercial haul in
South-Western Sardinian seas (Fig. 7a). The specimens were carrying a total of 8 (5 in the right
uterus and 3 in the left) fully developed embryos with yolk sack completely absorbed in the

thoracic cavity (Fig. 7b, c). More details are reported in Table 2. From each embryo, vertebral



centra were extracted and processed, none of the obtained centra showed any signs of
birthmark (Fig. 7d). The observed fully developed embryos TLs (Table 2) were in line with LO
values predicted by all the computed growth models (VBGF-L0 LO =135 mm; VBGF-t0 LO =137

mm; Gompertz LO = 136 mm; Logistic LO = 140 mm).

3.4. Maturity

3.4.1. Torpedo marmorata

Fig. 8 shows an increase in TL during the transition from immature (stage 1: 116-323 mm TL,
177.53 + 55.13; stage 2: 350-398 mm TL, 374.0 + 33.943) to mature (stage 3a: 342-557 mm TL,
444.05 + 62.09) stages, while in the subsequent stages (3d — _4a/4), the sizes remained stable.
This finding was confirmed by the statistically significant differences between immature and
mature individuals of both sexes (females: ANOVA multiple range test F-ratio = 102.81, P <
0.005; males: ANOVA multiple range test F-ratio = 116.39, P < 0.005). The regenerating stage

(4b) was not observed in any female specimens during the sampling period.

3.5. Reproductive period

3.5.1. Torpedo marmorata

Immature and developing females (stage 1, 2) were predominant in all seasons, followed by
capable of reproducing ones (stage 3a) mainly observed in autumn (Fig. 9a). The only pregnant
individual (late pregnancy, stages 3d) was caught in autumn, while regressing females (stage
4a) were observed in autumn and winter (Fig. 9a). Males showed a similar pattern, with
immature and mature (stages 3a and 3b) specimens observed throughout the year (Fig. 9b).
Regressing individuals (stage 4) were rarely encountered.

Despite the presence of a late pregnant female in autumn, juveniles of both sexes (TL 100-200
mm) were observed in all seasons with higher percentage in winter and summer (Fig. S2)
suggesting a longer gestation period. The estimated L50 for both sexes is shown in Fig. 10.
Accordingto the maturity criteria herein defined, the smallest mature female and male Marbled
Electric Ray had a TL of 342 and 230 mm, respectively. Macroscopic L50 and the maturity range
were 379.4 mmTL (S.E. =12.9) and 44.64 mm TL (S.E. = 17.59) for females and 272.2 mm TL (S.
E.=11.48) and 46.03 (S.E. =11.72) for males (Fig. 10a). However, itis important to note that the
only pregnant individual caught measured 519 mm (TL), well above the L50 estimated for

mature females. Females and males reached maturity at 67.75% and 63.0% of their maximum



observed lengths, respectively. Males and females attained an A50, calculated on growth
curve, of 3.8 and 5.5y, respectively (Fig. 10b). Ovarian fecundity, estimated in females from 342
to 488 mm in TL), ranged from 7 to 20 ripe oocytes in mature individuals (mean * s.d. 13.43 =
4.54) with a diameter range of 3.9-46.9 mm (mean £s.d. 14.1 £+ 9.4 mm). Even if the ripe oocytes
in the right ovaries (mean, 7.9) were outnumbered from the left ones (mean, 5.1), no statistical
differences were found (x2 = 2.013, df = 1, P < 0.05). The female in late-term pregnancy (Stage
3d) was carrying 8 embryos (Fig. 7). They measured between 123.4 and 130.6 cm (mean + _s.d.

128.8+_2.3cm).

3.5.2. Torpedo torpedo and Tetronarce nobiliana

Immature males (stage 1 and 2: 123-298 mm TL) and females (stage 1 and 2: 130-273 mm TL)
of T. torpedo were found in all seasons, while capable of reproducing (stage 3A: 375-400 mm
TL) and regressing (stage 4A: 392-437 mm TL) females were caught exclusively in autumn and
winter. No pregnhant and regenerating females and regressing males were observed during the
sampling period. Regarding rarest species considered, T. nobiliana, the only capable of
reproducing and regressing females were caught in winter and spring, respectively. No
adult/mature males have been found. Ovarian fecundity analysed in the only mature female
available (TL 980 mm) was of 42 ripe oocytes with a diameter range of 11.2-25.5 mm (mean *

s.d., 14.1 £9.4 mm).

3.6. Diet

3.6.1. Torpedo marmorata

The sample size was sufficient to describe the diet, as the cumulative prey curve reached the
asymptote (b =0.002) (Fig. 11). Ofthe 107 T. marmorata stomachs analysed, 54 contained food
remains (CV% = 46.7). The 21 prey items found belonged to two major taxa: Crustacea and
Actinopterygii (Table S3). Actinopterygii, which represented almost the 89% of the dietin terms
of %PSIRI, were mainly constituted by highly digested, not identified specimens (%FO = 77.2;
% PSIRI =70.5) (Table S3). Despite the unidentified Actinopterygii largely represented the most
common prey item, Perciformes were the most important order among those classified, (%FO
= 15.8; %PSIRI = 13.7). Diet was completed by Crustacea (%FO =_ _17.5; %PSIRI =_ _11.3)
(Table S3). The trophic niche breadth was narrow, as showed by the low value of the Levins’

index (Bi = 0.22). The trophic level (TROPH + S.E.) was 4.38 £ 0.79.



3.6.2. Torpedo torpedo and Tetronarce nobiliana

Only 19 T. torpedo and 9 T. nobiliana stomachs, out of the 42 and 17 T. torpedo and T. nobiliana,
respectively). Due to the small sample size, it was not possible to build the cumulative prey
curves for these two species and the diet was described only in terms of %FO (Table S3).
Actinopterygii were the only prey items found in T. nobiliana stomachs (%FO = 100) and the
main preys in those of T. torpedo (%FO = 73.7). Not identified Actinopterygii prevailed in both
species, reaching %FO values of 52.6 and 77.8 in T. torpedo and T. nobiliana, respectively.
Pleuronectiformes represented the main identified Actinopterygii in T. torpedo (%FO = 26.3),
while Gadiformes were the most importantin T. nobiliana (%FO = 22.2). Crustacea (%FO =5.3)

and Cephalopoda (% FO = 5.3) were preys of secondary importance in T. torpedo.

4. Discussion

4.1. Distribution

While the Marbled Torpedo Ray seemed to be distributed all along Sardinian Coasts the other
two examined species seemed to show a more peculiar distribution. The Common Torpedo Ray
was almost exclusively found in the Western and Southern coasts. This could be due to
particularly wide continental shelf that characterize these coasts and their sandy-muddy.
These conditions are indeed in perfect accordance with those reported as the preferential
species habitat (Serena, 2005). On the other hand, the Great Torpedo Ray was only caught in
South Sardinia and exclusively in shrimps related fishing grounds. However, given the rareness
of these species and the small sample number, these results should be considered as

preliminary and therefore new studies on this species distribution must be endorsed.

4.2. Age, growth and longevity

4.2.1. Torpedo marmorata

The overall good band visibility was largely confirmed by the high level of reading precision and
reproducibility achieved, being that these values were largely below the threshold indicated for
Elasmobranch ageing studies by Campana (2014). The readers’ _high experience level may also
have played a crucial role in achieving the good ageing precision and reproducibility emerged
in the present paper. Indeed, Carbonara et al. (2018) identified the experience of reader as one

the most important factors affecting the precision of age data. Our results can provide useful



guidelines for future studies, for which we suggest the use of unstained centra as a first step
before moving to other methods. As alternative, the implementation of the protocol proposed
by Duman and Basusta (2013) and Basusta et al. (2017) employing a Saphranin-O staining for
ageing interpretation should be taken into consideration. The edge analysis of T. marmorata,
conducted for the first time in the present study, showed a clear deposition pattern confirming
the hypothesis of deposition of one annulus per year (Campana, 2001; ICES, 2020). Besides,
the observation of fully developed embryo vertebral centra, in which no signs of birthmark were
detected, suggested that the formation of this structure and, consequently, also of the first
bands counted, begins after the birth as already described for other viviparous batoids (e.g. the
Round Stingray Urotrygon rogersi, Mejia-Falla et al., 2014), thus further supporting the entire
age estimation process. The age-at-length data were used to analyse which model (VBGF-t0,
VBGF-L0, Gompertz and Logistic) describes better the growth scenario in T. marmorata. In the
recent literature, it has been largely reported that not always the VBGF-t0 results to be the most
precise model to describe Elasmobranch growth (Fisher et al., 2013; Mejia-Falla et al., 2014).
This result seemed especially diffused in batoids, in which, eventually, the animal slows its
growth in length, while it continues to growth in weight (Neer and Thompson, 2005; Bellodi et
al., 2017). Female growth appeared to be better described by sigmoidal growth curves and, in
particular, by the Gompertz model, while for males this result was achieved by the logarithmic
curves (VBGF-t0, VBGF-L0). From our outcomes, Marbled Torpedo Ray females seemed to
show a completely different strategy than males, being characterized by a two-phase growth
with a relatively fast growth rate during the first years, immediately followed by a second phase
in which the growth rate abruptly slows (after the inflection point at ~2.7 years). On the other
hand, males displayed a simple growth curve in which growth rate gradually slows down during
the entire life spawn. This difference seems to confirm the situation commonly found in
Elasmobranchs, where females grow more slowly but attaining older ages than males (e.g.
Sulikowski et al., 2007; Porcu et al., 2015; Bellodi et al., 2017). Possible explanations to this
outcome could be ascribed to the different reproductive effort that females may face, including
the additional energetic requirements linked to the viviparity (Marongiu et al., 2020). The
change in growth trajectories is often associated with the development of reproductive
structures and with the maturity onset (Araya and Cubillos, 2006; Porcu et al., 2020). However,
considering that the Gompertz curve inflection point resulted to be way before the age at

maturity, this seemed not to be the main cause of discrepancy for T. marmorata. It is possible



that other events such as changes in habitat or feeding behaviour may cause variations in
growth trajectories (Ricker, 1979). For this reason, further studies on those aspects of Marble
Torpedo Ray biology are essential. The growth curve resulted different from what reported by
the available literature. The only comparable study provided exclusively VBGF-t0 parameters
for combined sexes (Duman and Bas , usta, 2013). The growth of T. marmorata in Turkish waters
(Duman and Basusta, 2013) appeared faster (k = 0.18 against 0.06) but attaining much smaller
sizes (Lo =57.13 cm against 87.3 cm TL) than Sardinian specimens. This difference could be
due to the fact that in Sardinian seas bigger individuals of both sexes were captured (females:
max TL 560 mm versus 474 mm TL in Turkey; males: max TL 432 mm versus 300 mm in Turkey).
The maximum sizes reported by Consalvo et al. (2007) in the Tyrrhenian Sea seem to further
confirm this assumption. The difference in maximum sizes between specimens caught in the
Western and Eastern Mediterranean Basin, which can be ascribable to different environmental
conditions (Girard and Du Buit, 1999), or fishing pressure (Aranha et al., 2009), could have led
to the discrepancies between the obtained growth curves as already described for other
Elasmobranch species (Bellodi et al., 2017). Nonetheless, the small sample size of the present
study may have also played a role in enhancing the differences between the present study and
what observed by Duman and Bas , usta (2013). In fact, it is known in literature that the sample
size and its composition can deeply affect the growth modelling (Gwinn et al., 2010).The
analysed species could be defined as rather rare, making difficult to achieve a highly consistent
sampling. However, considering the high presence of small individuals (aged 0 with TLs very
close to the size of the unhatched embryos) in our sample, we can reasonably confirm the non-
size-selective nature of the sampling gear (mainly bottom-trawl) that usually select bigger
sizes. Moreover, the results presented in Duman and Basusta (2013) seem to be prone to the
same sampling issues. Currently, it is known that the typical method for the longevity
estimation that employs the k value may easily lead to an overestimation (e.g. Barnett et al.,
2013; Mejia-Falla et al., 2014). For this reason, the longevity of . marmorata was estimated
following the method proposed by Barnett et al. (2013) that provides an upper and lower range
of longevity considering both the maximum observed size of the species and the reading
precision (IAPE) of the older age class. Females showed a higher longevity than males, probably
due to the big discrepancy among the maximum observed age in females and males, 17 and 11
years respectively. Besides, the strong difference in the maximum age and overall longevity

between sexes could be credited to the dimorphism in sizes that often characterizes



Elasmobranchs with females attaining larger sizes than males (e.g. Sulikowski et al., 2007;
Mulas et al., 2015; Porcu et al., 2014, 2015). This feature was observed in T. marmorata also by

Duman and Bas ,usta (2013).

4.2.2. Torpedo torpedo and Tetronarce nobiliana

In contrastwith . marmorata, T. torpedo females and males reported the same maximum sizes
and a comparable maximum age. Vertebral centra extracted from these species appeared to
be a highly reliable for ageing since growth band are well visible and easily interpretable without
any staining method. Despite the small sample size available for this species, the comparison
of the growth modelling results obtained from back-calculated data with those directly
observed provided biologically reasonable age and growth parameters. These outcomes show
the Common Torpedo Ray as a relatively fast growing species characterized by a two-phase
sigmoidal growth pattern. As reported by Smart et al. (2013), the analysis carried out on this
species demonstrate that also with small sample size a reasonable estimates of age and
growth parameters can be produced. For this reason, this kind of analysis seem particularly
appropriate to be applied to rare or threatened Elasmobranch species with limited sample
sizes (Smartetal., 2013) and should be endorsed. However, back calculation can be effectively
applied in case of missing juvenile length classes, it is not effective when larger length classes
and fully-grown individuals are missing. In this regards our data did not allow to apply this kind
of analysis on the Great torpedo Ray. Growth bands count in unstained centra resulted to be
hardly visible in T. nobiliana. However, the silver nitrate staining (Stevens, 1975; Caillet et al.,
1983) greatly increased bands visibility, allowing to achieve confident age estimation. Despite
the very low sample humber available, our data seemed to indicate that females tend to growth
older and bigger than males. The biggest female was 1095 mm in TL (age 17-18 years) while the
biggest male was 592 mm in TL (age 8-9 years) in agreement with the only data available in the
Mediterranean (Tunisia and France) reported by Capap “e et al. (2006) (biggest female, 1200
mm TL and biggest male, 770 mm TL).

4.3. Maturity
4.3.1. Torpedo marmorata
Our results suggested a long ovulation period with a peak in autumn as observed in other

Mediterranean areas (Abdel-Aziz, 1994; Consalvo et al., 2007) as well as a long gestation



(Mellinger, 1971; Capap “e, 1979; Abdel-Aziz, 1994; Consalvo et al., 2007) as confirmed also by
the large increase in female size indicating the need of greater energy requirement for gestation.
The parturition probably took place in autumn as found in the Tyrrhenian and Egyptian coasts
(Abdel-Aziz, 1994; Consalvo et al.,, 2007). The mating occurred in autumn and winter as
remarked from the high frequency of active males during these seasons highlighted also by
Consalvo et al. (2007) and Abdel-Aziz (1994). Differences in size at maturity between the two
sexes were observed, with females reaching greater L50 than males. This finding is in line with
previous research conducted in the Central Mediterranean Basin, the Tunisian and Egyptian
waters and Atlantic coasts (Mellinger, 1971; Abdel-Aziz, 1994; Capape et al., 2000; Consalvo et
al., 2007). Males and females matured at 63% and 67.5% of their maximum total sizes,
respectively, which is consistent with the range of 60-90% reported for other Elasmobranch
species (e.g. Mcphie and Campana, 2009; Porcu et al., 2014, 2015, 2020; Bellodi et al., 2017).
Anyway, differently from the majority of batoids (e.g., Porcu et al., 2015; Bellodi et al., 2017;
Porcu et al., 2020), T. marmorata, despite its high longevity, reached the A50 relatively early in
its life (5.5 years in females and 3.2 in males). The estimated ovarian fecundity (7 — 20 yellow-
yolked follicles) appeared similar to that observed in Egyptian coasts (Abdel-Aziz, 1994; 6-22
oocytes) and Tunisian waters (Capape, 1979, 3-15), but lower than that observed on Tyrrhenian

Sea by Consalvo et al. (2007) (1 - 35 yellow-yolked follicles).

4.3.2. Torpedo torpedo and Tetronarce nobiliana

Within Sardinian waters, the shallower Torpedinidae species, T. torpedo seemed to move up
the ovulation period in respect to other Mediterranean areas where the ovulation occurs
between late winter and early spring (Quignard and Capap "e, 1974; Abdel-Aziz, 1994-;
Capap ‘e etal., 2000; Consalvo et al., 2007; Tiralongo et al., 2019). Indeed, in our studied area,
females carried mature eggs in the ovaries mainly in November with only one record in February
suggesting that ovulation takes place between late autumn and winter. The absence of
pregnant females, in this study, did not permitto indicate a gestation and parturition period but,
in literature, it was suggested a shorter (annual) reproductive cycle with respect to the deeper
T. marmorata (Quignard and Capap “e, 1974; Abdel-Aziz, 1994; Consalvo et al., 2007). The
coastal habits in addition to a less pronounced size dimorphism, a higher fecundity (Abdel-
Aziz, 1994; El Kamel-Moutalibi et al., 2013; Consalvo et al., 2007) and a shorter reproduction

period lead T. torpedo to an enhanced mating likelihood and an optimized reproduction



success in coastal areas, where variability of environmental factors is more intense. The
paucity of available data about the deepest T. nobiliana did not permit to compare the
reproductive period with those of the only study conducted in the Mediterranean (Capap “e et
al., 2006). The only mature female recorded showed an ovarian fecundity of 41 ripe oocytes,
data comparable with information reported by Capap “e et al. (2006). Despite the ovarian
fecundity was rather low, it seems higher than in T. marmorata and other torpedinid species
(e.g. Abdel-Aziz, 1994; Consalvo et al., 2007; El Kamel-Moutalibi et al., 2013), probably due to

the big size of the females analysed (980 mm TL).

4.4. Diet

4.4.1. Torpedo marmorata

In agreement with what has been reported in literature (Capap “e, 1979; Abdel-Aziz, 1994;
Capap ‘e etal., 2006; Barria et al., 2015), our results indicated that the Marbled Torpedo Ray is
a piscivorous species. In Sardinian waters, crustaceans, as previously reported for the
congeneric T. torpedo from other Mediterranean regions (Azouz and Capap "e, 1971; Abdel-
Aziz, 1994), completed the diet. These dissimilarities could be due to geographic differences in
the species assemblages (both preys and predators) as noticed for other batoids in the same
area (Mulas et al., 2019). The nocturnal habits of the species (Notarbartolo di Sciara et al.,
2009), combined to the relative ease of digestion of the main preys could be the causes of the
high number of not identified Actinopterygii and empty stomachs found, which were reported
also by Capap “eetal. (2006) and Barria et al. (2015). Among the identified prey items, demersal
Perciformes were the most important, maybe due to the particular predatory strategy of the
species, which waits for its prey to swim closer buried in the sand, and then jumps out and
immobilizes it with the electric organs (Capap “e et al., 2006). According to Barria et al. (2015)
and Jacobsen and Bennett (2013), the high trophic level value found confirmed the role of T.
marmorata as a top predator in the Mediterranean Sea, similarly to other Elasmobranchs like
Squaliformes (Barria et al., 2015) and large, adult individuals of species belonging to the
Rajidae family, such as Dipturus oxyrinchus (Mulas et al., 2015; Bellodi et al., 2017) and Raja

brachyura and R. clavata (Porcu et al., 2015; Mulas et al., 2019).

4.4.2. Torpedo torpedo and Tetronarce nobiliana



Similar to the Marbled Electric Ray, both the Common Torpedo Ray and the Great Torpedo Ray
showed a high percentage of empty stomachs and a clear prevalence of Actinopterygii in their
contents. In agreement with Bowman et al. (2000) and Barria et al. (2015), T. nobiliana seemed
the most piscivorous of the three analysed species. Unlike what observed by Tiralongo et al.
(2019), T. torpedo had a more varied trophic spectrum, which included also Crustacea and
Cephalopoda, as stated in other Mediterranean regions (Azouz and Capap “e, 1971; Abdel-Aziz,
1994; Jaramillo Londo™no et al., 2011; El Kamel-Moutalibi et al., 2013; Barria et al., 2015).
These results seemed to confirm the top predator role of the entire Torpedinidae family in the
Mediterranean Basin.

5. Conclusions

The results of this study show that . marmorata is a relatively slow-growing and long-lived
species that tends to become sexually mature and fully capable of reproducing at a younger
age and smaller size compared to other Elasmobranchs. This could represent a peculiar key
aspect to take into account for this species stock assessment and conservation management.
For this reason, it should be further investigated in future studies. In addition, our results
provide new and updated information on the other two torpedinid species inhabiting the

Mediterranean Sea.
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Fig. 1. Study area with capture spots of each species. Blue dots represent hauls in which T.
marmorata specimens were caught, green dots, T. nobiliana and red dots, T. torpedo.
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Fig. 2. A vertebral centrum sagittal section of T. marmorata (TL = 480 mm, female) (BM, birth
mark). White dots indicate translucent bands.
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Fig. 3. Size structure of . marmorata (a) T. torpedo (b) and T. nobiliana (c) females and males.
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Fig. 4. Age bias plot with the mean age +2 s.d. recorded for all readers combined, plotted
against the modal age for . marmorata. The estimated mean age corresponds to modal age if
the estimated mean age is on the 1:1 equilibrium line (solid line) (a). The %CV and %A values
plotted against the modal age (b).
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Fig. 5. VBGF-t0 growth curve for females (a) and Gompertz growth curves for males (b) of T.

marmorata. Gompertz growth curve applied on directly observed (c) and Back-calculated (d)
age-at-length data of T. torpedo.
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Fig. 6. Annual deposition pattern of translucent and opaque growth bands in T. marmorata.
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Fig. 7. Images of T. marmorata gravid female (a), its embryos dorsally (b) and ventrally (c)
observed, and an example of embryo vertebral centra section (d).
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Fig. 8. Box and whiskers plot with the mean, standard deviation, range of total length of both
female (F1, immature; F2, developing; F3a, capable of reproducing; F3b, early pregnancy; F3c,
mid- pregnancy; F3d, late pregnancy; F4a, regressing; and F4b, regenerating) and male (M1,
immature; M2, developing; M3a, capable of reproducing; M3b, actively spawning; and M4,
regressing) T. marmorata at each maturity stage.
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Fig. 9. Seasonal distribution of T. marmorata (a) females (F2, developing; F3a, capable of
reproducing; F3b, early pregnancy; F3c, mid pregnancy; F3d, late pregnancy; F4a, regressing;
and F4b, regenerating) and (b) males (M2, developing; M3a, capable of reproducing; M3b,
actively spawning; and m4, regressing) at each maturity stage in Sardinian seas.
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total length (a) and age (b) in the Central-Western Mediterranean Sea.
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Fig. 11. Cumulative prey curve and 95% C. I. for the stomachs of Torpedo marmorata with prey
remains.



Table 1. T. marmorata growth parameters (mean = S.E.) calculated from four models for combined sexes and for females and
males separately and T. torpedo growth parameters calculated on directly observed data and back-calculated age-at-length
data. Where L= maximum asymptotic length; k= growth coefficient; t0= theoretical age at which LT equals zero; I.P.=
Inflection Point; AlICc= corrected Akaike’s Information Criterion; AAICc= difference between the model value and the lowest
obtained AICc value; AICc Weight = compute the likelihood of each model. Values from the best fitting model are written in

bold.
Sex L k [ Min size  LP. AlCe AAlCe AlCe
(TL, Weight
mm)
VBGF-, 873.13 £ 74.73 0.055 -3.13 + 0.65 647.064 0 0.737
o e + 0.007 EET . -
Combined VBGF-Ly 85918+ 7473 0.064 + 0.016 135.04 649.134 2070 0.262
Gompertz L7804+ 002 0,171 + 2522 2201 + 0.667 663.638 16.574 0,001
Logistic 54928 + 9.670 0.258 + 0.008 4255 + 0.202 673.848 26.784 1.13E-06
VBGF-tp, 834.05 + 109.50 0.058 + 0012 —295+0.46 252 608 5661 0.035
VBGF-Ly 80305+ 10950 0.059 = 0.011 13252 250778 3831 0.087
T. marmorate  Females 0.155 2.753
Gompertz 622.44 + 19.15 +0.049 +0.146 246.947 Li] 0.592
Logistic 54757 + 18.08 0274+ 0.017 4051 £0.330 245402 1.455 0.286
0.141
VBGF-tg, 485.01 + 49.46 +0.030 -2.28 + 0.43 283.419 Li] 0.596
Males VBGF-L, S00.61 = 40.46 0.130 £ 0.029 134.24 284523 1.104 0.343
Gompertz 30040+ 1474 0.306 + 0,093 0.204 + 05 285 403 4954 0,049
Logistic 30452+ 15.64 0.411 £ 0.033 1.584£0.258 201447  8.028 0.011
WBGF-£;, 72070 + 244 32 0.070 + 0.038 —330+074 335.801 1.355 0.183
VBGF-La 538.61 £ 67.40 0.128 £ 0.034 100 336.842 2396 0.109
Obzarved Combined 0.173 1.452
Gompertz 54298 + 73.24 +0.039 +0.843 33446 0 0.361
T o Logistic 488 42 + 42 25 0,279 + 0.041 2833+ 0.762 334530 0.084 0.346
° VBGF-ta, 701.21 + 135.36 0.078 + 0.024 —213+0.34 976.300 1.053 0.263
VBGF.
t=d - 0.211 1.782
combined Gompertz 501.43 + 37.32 +0.025 +0.360 975.337 Li] 0.445
Logistic 44533+ 21.11 0.346 £ 0.027 2801 +£0.314 976.205  0.868 0.288




Table2 Embryos morphometric information

Uterus Embryo Sex  TL(mm)

Right 1 M 123.4
Right 2 F 130.6
Right 3 F 130.4
Right 4 F 128.1
Right 5 F 129.6
Left 6 M 128.7
Left 7 F 129.6
Left 8 F 130.1




