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Abstract

:

The Norwegian skate Dipturus nidarosiensis (Storm, 1881) has only recently been recorded in the western-central Mediterranean Sea. It was hypothesized a more ancient presence of the species, which has not been detected due to a misidentification with other species of the same genus. This situation could lead to underestimate the risk of a dramatic decline of the spawning stock. In the IUCN Red List, the species is listed as near threatened and considered rare in both the northeast Atlantic and the Mediterranean areas. In the Mediterranean Sea, Norwegian skates were repeatedly caught mostly in two areas between 2005 and 2020: Sardinia Seas and Adriatic-Ionian Seas. In total, 58 specimens were caught, and 28 morphological length measurements were taken on all specimens. The Canonical Discriminant Analysis proved the presence of significant differences only for assemblages made on the basis of the specimen’s area of capture, but not on the basis of sex or ontogenetic development. This analysis could be the first step to highlight the differences between the populations of Norwegian skate in the Mediterranean basin. Moreover, a preliminary analysis of depth of capture was performed as a first step to study this species vertical distribution.
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1. Introduction


The Norwegian skate Dipturus nidarosiensis (Storm, 1881) is geographically distributed along the Northeast Atlantic, from Iceland, the Faroe Islands and northern Norway to Madeira and northern Mauritania [1]. The species presence has been frequently observed in the Northeast Atlantic and in Bay of Biscay [2,3,4], however, recently, it has been also recorded in Mediterranean basin, mainly in the northwestern part, in particular along the southern Sardinia coast [5,6,7,8,9,10,11], off Algeria [7] and in the Alboran Sea [12]. Furthermore, more recently, the species has been caught in the central Mediterranean, in particular in South Adriatic Sea [13,14], in North-Western Ionian Sea [13] and in Strait of Sicily [15]. The first catch of Norwegian skate specimens in Western Mediterranean basin dates back to 2005 in Sardinia [5], while the other records are more recent: 2012–2016 in Alboran Sea [12], 2008–2016 in South Adriatic [13,14], 2011 in Ionian Sea [13] and 2017 in Strait of Sicily [15]. On the bases of the abovementioned studies, two hypothesis on the origin of the species presence in the Mediterranean Sea were formulated: either a recent entry of this species across the Atlantic via the Strait of Gibraltar [5] or an ancient presence of the Norwegian skate, which had not been detected due to a misidentification between D. nidarosiensis and D. batis [13]. The latter hypothesis could be supported by the fact that the Norwegian skate is an often-misidentified species both in the Atlantic Ocean and in the Mediterranean basin [5,7,12,16,17]. Misidentification issues seems indeed to be particularly significant in the genus Dipturus [17,18]. In Atlantic Ocean as well as in the Mediterranean basin, such misidentification includes Dipturus batis (Linnaeus, 1758), Dipturus oxyrinchus (Linnaeus, 1758) and D. nidarosiensis. The species misidentification could lead to an incorrect estimation of the population status, which in turn may cause incorrect management choices that may even increase the species extinction risk, especially for cartilaginous species. Indeed, as with most elasmobranchs, D. nidarosiensis shows a k-selected life strategy, characterized by a slow growth rate, long life spans, late-age at sexual maturity, and low fecundity [6]. All these biological characteristics make the species particularly vulnerable to fishing exploitation [19,20]. Nonetheless, classification errors are still frequent mostly for the skate species e.g., [17,21]. However, in recent decades, species discrimination based on the DNA has been applied [22] in an ever-increasing number of cases [23]. The use of molecular markers has been recognized as a useful tool in several ray species identification occasion e.g., [7,21,24,25,26,27,28] including D. nidarosiensis [5,7,13]. Still, the molecular analysis is costly and time-consuming tool and certainly it could not be used routinely in the laboratory or on board [13]. The Norwegian skate is listed as near threatened [29] and considered rare both in Atlantic Ocean and in the Mediterranean Sea [5,30]. For this reason, up to date the total amount of available information about its life history appeared very limited, especially in the Mediterranean basin, where our knowledge is only based on specimens caught around Sardinia Island (Western Mediterranean) [6,11]. For this reason, updating information on geographical distribution, depth catch and/or morphological traits is considered extremely important to deepen the knowledge on this species. Morphometric characters can be used to elucidate the evolutionary significance of a certain trait [31]. Moreover, morphometric analysis is considered one powerful, cost-effective tools to identify and characterize fish stocks [31,32,33], to determinate the structure of fish assemblages [34] and to distinguish between fish populations [34,35,36]. The identification of the populations within the same species through multifactorial discriminant analysis can lead to a better knowledge of a species in term of evolution, ecology and behavioral characteristic [31,36], contributing to its management within a conservation strategy perspective [37,38]. Indeed, fish stocks are considered as the key units in marine management research [39] and reference within. Marine fish are often considered as mixed stocks due to the population connectivity and complexity of fish life history [39,40]. Stock identification has been used in fisheries for classifying mixed stocks and tracking species movement or migration. Thus, successful discrimination of stocks is critical for investigating population dynamics [41], and defining stock boundaries [39]. Stock management based on stock discrimination is increasingly used for providing guidance on fishery resources assessment, evaluating the condition of exploitation of a population and implement appropriate management strategies [41]. The phenotypic as well the morphometric character of a population is one of the most used techniques for fish stock identification and discriminate mixed stocks [33].



In consideration of the above, the present study aims in describing and characterizing from morphological points of view for the first time, the Norwegian skate specimens caught in two area: the South Adriatic-Ionian Sea (Central Mediterranean) and Sardinia waters (Western Mediterranean). Morphological comparisons with specimens from these two sampling area, life-stages (juvenile and adult) and sex were made in order to provide a deep morphological description of this species from the Mediterranean basin. Moreover, this study provides an updated information about the Mediterranean geographical and depth catch of D. nidarosiensis.




2. Materials and Methods


The Norwegian skate specimens were collected from the fishery (landing and discard) monitoring program (Data Collection Framework EU Regulation 1004/2017) and from scientific trawl survey (Mediterranean International Trawl Survey—MEDITS) [42].



The sampling area includes the Sardinia Waters (Geographical Sub-Area (GSA) 11; GSA sensu General Fisheries Commission for the Mediterranean (GFCM)) by DCF and MEDITS survey, South Adriatic Sea (GSA 18) by DCF and MEDITS survey and North-West Ionian Sea (GSA19) by DCF (Figure 1). Thus, all specimens either came from the landing, discard or catches during MEDITS survey, or from experimental deep-sea trawl fishing campaign organized in GSA 11 by the University of Cagliari.



Morphometric measurements (MM) and total weight (TW) were recorded following [43] to the nearest 0.1 cm and 1 g, respectively. In total, 28 measurements (Figure 2) were taken: total length (TL), disc width (DW), disc length (DL), snout-max width (SMW), snout length (preorbital) (SLPOR), Eyeball length (EBL), orbit diameter (OD), orbit and spiracle length (OSL) spiracle length (SL), distance between orbits (DBOR), distance between spiracles (DBS), distance snout-cloaca (DSC), tail length at 1st dorsal fin (C2DF1), tail length at 2nd dorsal fin (C2DF2), tail length between the posterior margin of the cloaca and caudal tip (C2CT), snout length (pre jaw) (SLPJ), pre-nasal length (PL), mouth width (MW), distance between nostrils (DBN), 1st gill opening width (GOW1), 5th gill opening width (GOW2), distance between first gill slit (DB1GS), distance between fifth gill slit (DB2GS), first dorsal fin base–length (D1BL), first dorsal fin height (D1H), first dorsal fin origin to caudal fin tip (D1), second dorsal fin origin to caudal fin tip (D2), distance between first and second dorsal fin inter-dorsal distance (ID).



Moreover, sex and maturity stage were determined macroscopically, in particular, gonadal maturity was classified using the MEDITS maturity scale [44,45]. The MEDITS maturity scale includes the following maturity stages: 1 (virgin immature); 2 (maturing); 3A (mature); 3B (mature/extruding active); 4A (resting); 4B (regenerating). In order to classify the specimen following the life stage (juveniles and adult), the specimens with maturity stage 1 and 2 were classified as juveniles and 3A, 3B, 4A and 4B as adult [13,45].



In addition, data on the capture of each specimen were collected, such as: date, geographical coordinates and capture depth.



The linear relationship between the TL and each 27 MM were calculated and tested using the analysis of variance for regression. In addition, the TL-TW relationship was calculated by area with the following power equation


TW = a TLb



(1)




where a is the intercept and b is the regression coefficient [46].



The Canonical Discriminant Analysis (CDA) was used to verify if the groups subdivided by the areas of origin (Sardinia, Ionian-Adriatic), sexes (males and females) and life stages (juveniles, adults) were significantly different and which morphological indices were most important in the specimen segregation. The canonical scores of individuals were projected in the reduced space of the canonical axes of the CDA with the variables mostly contributing to the morphological differences in the body shape of analyzed groups [47].



Linear discriminant analyses (LDA) [48] was used to test the morphological discontinuities in the groups in which significant differences were identified. Its purpose is to predict the membership of individuals to predefined classes (e.g., origin area, sex, life stage) by building discriminant linear axes maximizing the standard deviation between groups, while minimizing it within groups [48].



To avoid the possible biases produced by the effect of body size in the CDA and LDA all MM, which showed a significant linear relationship with TL, were standardized as following [49]:


Mst = M × (LTs/LT)b



(2)




where, Mst is measurement standardized, M is the original measurement, LTs is the mean of the total length of all fish samples, LT is the Total Length of the fish, and b is estimated for each character from the observed data as the slope of the regression of log M on log LT using all fish sampled.



A correlation analysis (CA) was performed (linear correlation models) in order to select the MM mutually not correlated each other. The relationship between morphometric variables was evaluated by mean of the absolute value of Pearson’s correlation coefficient (r) and using a threshold of |0.5| to determinate the correlation between the MM [50]. In order to retain the highest possible number of MM in the analysis, an iterative selection process was used to reject the variables showing the highest number of correlations with the other MM.



The CDA and the LDA were carried out with the new set of retained variable without autocorrelations in order to assess the differences in the analysis responses.



Some authors hypothesized a size segregation for the Norwegian skate [6,13]. Thus, the linear relationships between the TL and catch depth was tested by mean of the analysis of variance.




3. Results


In total 58 Norwegian skates were caught: 30 in the GSA 11 and 28 in GSA 18–19 (Figure 3). In GSA 11 and in the GSA 18–19 the TL of the specimens sampled were included between 20.2–139.9 and 26.8–142.2 cm respectively.



The Norwegian skates catches in GSA11 were concentrated in southern part of Sardinia, while in the Adriatic-Ionian Sea around the Bari pit and in north and central part of GSA 19. The minimum and maximum depth catch of D. nidarosiensis were: 370 and 1573 m for the GSA 11 and 320–885 m for GSA 18–19.



The linear regression between specimens TL and depth of capture did not show any significant relationship (p > 0.05) both in the GSA 11 and GSA 18–19 samples separately and all samples grouped together (Figure 4). The skates did not show a depth segregation per size.



The linear relationship equations and coefficients estimated between TL and each MM and the relative R2 values are reported in the Table 1 for all samples together and for the samples from Sardinia and Ionian-Adriatic area. In Table 1 the length weight relationships are also reported.



The Canonical Distribution analysis (Figure 5) showed that, among the tested assemblages, only the specimen’s area of origin (Sardinia vs. Ionian-Adriatic) produces significant different groups (p < 0.05). While individuals grouped by sex and life stage did not produce any significantly different groups (p > 0.05).



Moreover, CDA (Figure 6) shows in the case of origin area of specimens the MM which give a more contribute (score |>0.4|) to the significant segregation of groups are: D1BL (first dorsal fin base–length), ID (distance between first and second dorsal fin interdorsal distance), SL (Spiracle length), DBN (Distance between nostrils), DBS (Distance between spiracles), SMW (Snout-max width).



The results of LDA for the specimens grouped by areas are showed in the Table 2 and they revealed that 93.1% of samples are correctly classified in term of origin area.



The results of CA are reported in the Figure 7, following the selection criteria among the 27 MM tested the subsequent MM SMW, EBL, OSL, DBOR, DBS, PL, MW, GOW2, DBSGS, D1H, D2 and ID were considered in the CDA and LDA.



CDA confirms that the only assemblage that produced significantly different (p < 0.05) groups (Sardinia vs. Ionian-Adriatic) was the area (Figure 8a). While the assemblages by sex (male vs. female) (Figure 8b) and vital stage (juvenile vs. adult) (Figure 8c) did not produce significantly different groups (p > 0.05).



The results of LDA for the specimens grouped by areas are showed in the Table 3 and in the case of selected MM a lower number of samples are correctly classified in term of origin area (89.7%) in comparison to the LDA carried out on all MM.



On the bases of the CDA and LDA results that show a significant difference between the origin area assemblages, the differences between sexes (male and female) and life stages (juveniles and adult) assemblages were tested within each area (Sardinia and Adriatic-Ionian). A correlation analysis (CA) was performed (linear correlation models) in order to select the MM mutually not correlated each other in each sampling area (Sardinia and Adriatic-Ionian).



The results of CA for each area are reported in the Figure 9 (A: Adriatic-Ionian; B: Sardinia). Among the 27 morphometric measurements tested are selected 13 MM for the Adriatic-Ionian (DL, OSL, SL, DBOR, SLPJ, PL, DBN, GOW2, DB5GS, D1BL, D1H, D2, and ID) and 12 MM for the Sardinia (SMW, EBL, OSL, SL, DBS, C2DF2, DB1GS, DB5GS, D1BL, D1H, D2 and ID).



The Canonical Distribution analysis (Figure 10 and Figure 11) showed that, neither of the tested assemblages’ sex (Female and Male) and life stage (Adult and Juvenile) for each area of origin is significantly different (p > 0.05).




4. Discussion


The catch depth of the D. nidarosiensis here found in both explored areas, is in accordance with the bathymetric distribution reported for this species both in Mediterranean [5,9,11,13] and Atlantic coasts [30,51]. Indeed, the Norwegian skate is a species typically found from the slope to a depths > 1500 m. Some authors hypothesized a size segregation with juveniles living in shallower (slope) waters and adults in deep waters (bathyal) [6,13]. However, this particular bathymetric pattern seemed to be present in none of the two areas analyzed in the present study, furthermore, not even the data combined for both areas seemed to support this hypothesis. Indeed, in the study areas juvenile and adult were caught both in slope and deeper water. However, it should be emphasized that it was not possible, due to the low the sample numbers and season coverage, to test the hypothesis that adults can migrate during the reproductive period [6]. Certainly, if this hypothesis was true, it could mask a certain depth segregation by life stages or by sex.



The geographical distribution here reported confirms the presence of the Norway skate in Sardinian waters in the southernmost part of the Island. Nonetheless, on the other one hand, the catch of a specimens in northeast and of another on the western coasts of Sardinia, reported here for the first time, returns a more precise picture of the real distribution of this species around the island, in this regards, future samplings could confirm a much wider distribution than what is known so far [5,6,7,8,9,10,11,38]. Indeed, the scarcity of catches in the western part of Sardinia could be due to a lower pressure of deep fishing targeting red shrimps (A. foliacea and A. antennatus) [52] in the area, resulting in fewer opportunities to catch a species with such a deep distribution as that of D. nidarosiensis. Considering also that most of the catches in GSA 11 came from an experimental deep-sea trawl fishing campaign (800–1700 m) organized by the University of Cagliari, other hypotheses in terms of habitat differences than the mere possibility of capture should also be investigated. In this regard, a continuous monitoring of the catch of both fishery depending (landing and discard) and independent (scientific trawl survey) should be endorsed in order to fill the gaps in distribution knowledge on this species and other deep-sea elasmobranchs [38].



Concerning the Ionian and Adriatic area, the geographical distribution of D. nidarosiensis here reported includes the area around the Bari’s pit and Otranto’s Chanel in GSA18 and the northern part of GSA 19 already reported in [13], moreover new catch locations in central (off Crotone) and southern part (off Rocella) of Western Ionian Sea. Both these new catch locations belong to the local red shrimps fishing ground [53]. Indeed, deep-sea fisheries targeting the red shrimp species are recognized as the main source of rays by-catches [54]. D. nidarosiensis in the GSA 18–19 were captured around the Bari Pit (maximum depth 1233 m) in an area connected with the Ionian through the Otranto channel and which is part of a wider system of currents that exchange and mix the deep waters from the eastern Mediterranean until the northern Adriatic [55,56]. In the southern Adriatic and Ionian Sea the bathyal zone seems charcacterized by an absence of gene flow barriers as well as it was demonstrated for another deep species: A. antennatus [57]. Indeed, in the case of A. antennatus the continuous movements of individuals from deeper grounds to upper areas [58] was recognized, among the other reasons, as explanatory reasons which determined the absence of genetic barriers throughout the Adriatic and Ionian areas [57]. In consideration of the above, the reproductive movements on D. nidarosiensis from the bathyal zone towards the slope suggested by [6] could indicate that the Adriatic and Ionian specimens are part of the same population [13].



However, it is important to point out that the depth of the main fishing activity only partially overlaps the deep distribution of the Norwegian skate. Moreover, in the sites where Norwegian skate specimens were found in Mediterranean, the sea bottom is mainly characterized by canyons, steep ground and slopes of high depths which are unfavorable to the trawling activity [59]. Therefore, it is foreseeable that in the near future there may be new reports of this species in other areas than those already reported in recent [13,15,38].



On the bases of the morphological analysis results the only assemblage where the groups show significant differences is the samples origin area (Sardinia and Ionian-Adriatic). While assemblages by sex (males and females) and life stages (juveniles and adult) did not show any significant differences.



The fact that our analysis failed in finding morphological assemblages by sex could appear strange considering that the most common characteristic of sexual dimorphism is the body size/shape as a result of several factors including food competition or reproductive process energy investment [60]. Morphological dimorphism can also include body shape in this regard a better knowledge of these aspects serves to better understand the ecology and biology of skate species in general [61,62] and in particular for a little-known species such as D. nidarosiensis [3]. Martinez and coauthors [62] analysing the shape of pectoral fin found the existence of sexual dimorphism in 131 species belonging to 33 genera, including Dipturus. Although morphological dimorphism is very common among ray its changes in term of consistence and magnitude among the skate species [62,63,64]. Moreover, [62] found that among the species belonging to the Dipturus genera (not D. nidarosiensis) showed a lower dimorphism level. In this regard, the absence of dimorphism found among the 27 MM analysed in this study for Norwegian skate could be attributable to the variability of sexual dimorphism between species and populations especially for a genus for which this character is not a typifying trait [62]. Additionally, in the case of analysis carried out for each sampling area the assemblage driven by sex seems not to be significantly different.



In many ray species the gonads growth and maturation caused several skeletal and body shape changes [62,65], starting to the clasper growing [66]. However, on the bases of this study results, the 27 considered MM were not able to define significant differences in morphology between the immature and adult specimens of D. nidarorsiensis, both in the analysis carried out on the entire data set and on the data analyzed by each sampling area. Nevertheless, these results cannot exclude that some other morphological measurements the difference between juveniles and adult could be significant. Indeed both [12,13] hypothesized a greater tail length in proportion to total length in juveniles than in adults. The sample size of the abovementioned studies was limited to only 8 specimens, thus this aspect should be better investigated with a higher samples availability coming from a wider area.



The analysis (CDA and LDA) on the origin area assemblages shows that the Sardinia specimens are significant different from those coming from Ionian-Adriatic at least on base of the 27 MM taken in consideration here. The CDA and LDA are often used to identify morphological differences among fish population e.g., [31,63,67], indeed it has been known that genetic and environmental factors, as well as their interaction can influence the morphological characteristics of fishes [68]. The effect of environmental factors, including for example temperature, salinity or food availability, can potentially determine morphometric differentiations of fishes [69,70]. Nonetheless, morphometric variation is not always totally based on genetic differences. Indeed, the phenotype variability may not reflect the population differentiation at the molecular level [39,71] and several studies have proved its relation with environmental factors including for example temperature, salinity, habitat and substrate types [32,72,73,74]. Nonetheless, morphometric variations are still considered an important tool to characterize and identify different populations [33,75,76,77].



Therefore, taking into account on one hand, that fish morphological characteristics can show high plasticity in response to different environmental conditions [78], and on the other that it is well known that skates generally show low dispersal ability [79,80], the presence of two morphologically distinct populations of Norwegian skate in the Mediterranean basin seems to constitute a robust hypothesis. Moreover, this morphological differentiation could be evidence that the presence of D. nidarosiensis in the Mediterranean is not relatively recent [13], indeed the environmental selection had the time [77,81] to produce two morphologically distinct populations.



From a genetic point of view, the Atlantic and Mediterranean populations seem to have a low level of differentiation [38], but this result is not necessarily in contrast with the presence of different phenotypes in the Mediterranean [39,71]. Our results, however, cannot determine whether the observed differences in body shape among populations is due to phenotypic plasticity, genetic differentiation, or a combination of both. Future studies could determine whether the observed morphological differences among populations have a genetic basis. Likewise, future molecular work on D. nidarosiensis could also assess genetic differentiation, gene flow, and population interconnectedness [5,7,13,38].



The morphometric parameters that seem to mainly contribute to the definition of two morphotypes of Norwegian skate in the Mediterranean are those related to the shape of the tail (D1BL and ID) and to the anterior part (nostrils DBN, spiracles DBS-SL and width of the head SMW) of the body. The tail in Batoids species is well known not to be involved in propulsion, but rather in the balance of swimming as well as support of electric organs [82], spines or thorns. Thus, the tail seems directly or indirectly linked with predator activity of skate as well as the head portion of body. Indeed, Capapè and coauthors [82] found that thornback rays specimens with tail shape anomaly showed a lower relative weight in comparison of the specimens with normally shaped tail. Definitely, predation has received much attention in morphometric studies, because it has been recognized as an important selective pressure factor on fish body shape [75,83,84,85,86,87]. Thus, further study on the feeding behavior will be able to determine if these morphological differences are also linked to a different diet of these two Mediterranean population of D. nidarosiensis.
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Figure 1. Study area. In the upper figure are indicated the Geographical Sub-Area where it was conducted the study. In lower part of figure the geographic allocation of the hauls conducted during the MEDITS trawl surveys in GSA 18 (South Adriatic Sea) and GSA 11 (Sardinia), indicated by yellow points. The fishing ports sampled in GSAs 11, 18 and 19 (North-Western Ionian Sea) are also indicated (white points). 
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Figure 2. The morphological measurements taken on each specimens: total length (TL), disc width (DW), disc length (DL), snout-max width (SMW), snout length (preorbital) (SLPOR), Eyeball length (EBL), orbit diameter (OD), orbit and spiracle length (OSL) spiracle length (SL), distance between orbits (DBOR), distance between spiracles (DBS), distance snout-cloaca (DSC), tail length at 1st dorsal fin (C2DF1), tail length at 2nd dorsal fin (C2DF2), tail length between the posterior margin of the cloaca and caudal tip (C2CT), snout length (pre jaw) (SLPJ), pre-nasal length (PL), mouth width (MW), distance between nostrils (DBN), 1st gill opening width (GOW1), 5th gill opening width (GOW2), distance between first gill slit (DB1GS), distance between fifth gill slit (DB2GS), first dorsal fin base–length (D1BL), first dorsal fin height (D1H), first dorsal fin origin to caudal fin tip (D1), second dorsal fin origin to caudal fin tip (D2), distance between first and second dorsal fin inter-dorsal distance (ID). 
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Figure 3. Map of the captured specimens’ locations. 
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Figure 4. Linear relationship between Total Length and Catch Depth of each specimen grouped by area (Ionian-Adriatic and Sardinia) and combined (all data). The equation, R2 and statistical significance results are also reported. 
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Figure 5. Canonical score results in the three assemblages tested: origin area (Zone: Ionian-Adriatic and Sardinia) (a), sexes (Sex: Female F and Male M) (b) and life stage (Stage: Adult A and Juveniles J) (c). 
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Figure 6. The correlation for each morphometric measurement with the canonical structure coefficients on the dimensions considered (Can1). 
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Figure 7. Correlation Analysis among the Morphometric Measurements. In the scale the Pearson’s correlation coefficient (r) is reported. 
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Figure 8. Canonical score results with selected MM in the three assemblages tested: origin area (Zone: Ionian-Adriatic and Sardinia) (a), sexes (Sex: Female F and Male M) (b) and life stage (Stage: Adult A and Juveniles J) (c). 
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Figure 9. Correlation Analysis among the Morphometric Measurements. In the scale the Pearson’s correlation coefficient (r) is reported. Specifically, the Correlation analysis for the Adriatic-Ionian Area (a) and for the Sardinia area (b) are shown. 
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Figure 10. Canonical score results with selected MM in the sex assemblages (Female F and Male M) within the sampling area: Ionian-Adriatic (a); Sardinia (b). 
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Figure 11. Canonical score results with selected MM in the life stage assemblages (Adult A and Juvenile J) within the sampling area: Ionian-Adriatic (a); Sardinia (b). 
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Table 1. The linear equations between TL and each MM and length-weight power relationship. For each equation a, b and R2 values are reported.
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	Equation
	a
	b
	R2
	Equation
	a
	b
	R2





	TW = a + TLb (Sardinia)
	0.0009
	3.387
	0.970
	ID = a + b TL (Sardinia)
	0.032
	0.029
	0.870



	TW = a + TLb (Ionian-Adriatic)
	0.0007
	3.355
	0.996
	ID = a + b TL (Ionian-Adriatic)
	0.038
	0.311
	0.948



	TW = a + TLb (Combined)
	0.0007
	3.388
	0.975
	ID = a + b TL (Combined)
	0.033
	0.270
	0.817



	DW = a + b TL (Sardinia)
	0.719
	−0.766
	0.991
	C2CT = a + b TL (Sardinia)
	0.400
	3.525
	0.976



	DW = a + b TL (Ionian-Adriatic)
	0.709
	−0.295
	0.995
	C2CT = a + b TL (Ionian-Adriatic)
	0.405
	3.185
	0.967



	DW = a + b TL (Combined)
	0.715
	−0.601
	0.993
	C2CT = a + b TL (Combined)
	0.402
	3.378
	0.972



	DL = a + b TL (Sardinia)
	0.611
	−1.495
	0.986
	SLPJ = a + b TL (Sardinia)
	0.195
	0.196
	0.960



	DL = a + b TL (Ionian-Adriatic)
	0.596
	−1.349
	0.984
	SLPJ = a + b TL (Ionian-Adriatic)
	0.190
	0.652
	0.956



	DL = a + b TL (Combined)
	0.606
	−1.577
	0.985
	SLPJ = a + b TL (Combined)
	0.193
	0.415
	0.959



	SMW = a + b TL (Sardinia)
	0.363
	−0.731
	0.981
	PL = a + b TL (Sardinia)
	0.179
	0.132
	0.960



	SMW = a + b TL (Ionian-Adriatic)
	0.311
	1.499
	0.964
	PL = a + b TL (Ionian-Adriatic)
	0.179
	0.215
	0.949



	SMW = a + b TL (Combined)
	0.342
	0.027
	0.960
	PL = a + b TL (Combined)
	0.179
	0.181
	0.956



	SLPOR = a + b TL (Sardinia)
	0.200
	−0.282
	0.965
	MW = a + b TL (Sardinia)
	0.089
	−0.179
	0.957



	SLPOR = a + b TL (Ionian-Adriatic)
	0.194
	0.449
	0.980
	MW = a + b TL (Ionian-Adriatic)
	0.089
	−0.074
	0.953



	SLPOR = a + b TL (Combined)
	0.197
	0.081
	0.972
	MW = a + b TL (Combined)
	0.089
	−0.115
	0.956



	EBL = a + b TL (Sardinia)
	0.022
	0.161
	0.801
	DBN = a + b TL (Sardinia)
	0.093
	0.247
	0.960



	EBL = a + b TL (Ionian-Adriatic)
	0.020
	0.125
	0.936
	DBN = a + b TL (Ionian-Adriatic)
	0.095
	−0.721
	0.964



	EBL = a + b TL (Combined)
	0.022
	0.112
	0.839
	DBN = a + b TL (Combined)
	0.095
	−0.308
	0.955



	OD = a + b TL (Sardinia)
	0.029
	0.138
	0.879
	GOW1 = a + b TL (Sardinia)
	0.017
	−0.043
	0.944



	OD = a + b TL (Ionian-Adriatic)
	0.031
	0.109
	0.946
	GOW1 = a + b TL (Ionian-Adriatic)
	0.016
	−0.044
	0.902



	OD = a + b TL (Combined)
	0.030
	0.134
	0.911
	GOW1 = a + b TL (Combined)
	0.017
	−0.054
	0.924



	OSL = a + b TL (Sardinia)
	0.043
	0.184
	0.951
	GOW2 = a + b TL (Sardinia)
	0.015
	−0.114
	0.949



	OSL = a + b TL (Ionian-Adriatic)
	0.044
	0.149
	0.953
	GOW2 = a + b TL (Ionian-Adriatic)
	0.012
	−0.028
	0.929



	OSL = a + b TL (Combined)
	0.043
	0.183
	0.951
	GOW2 = a + b TL (Combined)
	0.014
	−0.088
	0.925



	SL = a + b TL (Sardinia)
	0.017
	−0.095
	0.874
	DB1GS = a + b TL (Sardinia)
	0.162
	−0.680
	0.978



	SL = a + b TL (Ionian-Adriatic)
	0.022
	−0.136
	0.923
	DB1GS = a + b TL (Ionian-Adriatic)
	0.158
	−0.803
	0.957



	SL = a + b TL (Combined)
	0.019
	−0.067
	0.832
	DB1GS = a + b TL (Combined)
	0.161
	−0.800
	0.968



	DBOR = a + b TL (Sardinia)
	0.061
	−0.660
	0.970
	DB5GS = a + b TL (Sardinia)
	0.113
	−0.723
	0.972



	DBOR = a+ b TL (Ionian-Adriatic)
	0.051
	−0.209
	0.973
	DB5GS = a + b TL (Ionian-Adriatic)
	0.114
	−1.296
	0.950



	DBOR = a + b TL (Combined)
	0.057
	−0.496
	0.956
	DB5GS = a + b TL (Combined)
	0.114
	−1.058
	0.960



	DBS = a + b TL (Sardinia)
	0.075
	−0.369
	0.986
	D1BL = a + b TL (Sardinia)
	0.044
	0.359
	0.804



	DBS = a + b TL (Ionian-Adriatic)
	0.071
	−0.391
	0.951
	D1BL = a + b TL (Ionian-Adriatic)
	0.034
	0.073
	0.889



	DBS = a + b TL (Combined)
	0.074
	−0.434
	0.965
	D1BL = a + b TL (Combined)
	0.041
	0.071
	0.736



	DSC = a + b TL (Sardinia)
	0.556
	−1.671
	0.981
	D1H = a + b TL (Sardinia)
	0.034
	−0.512
	0.852



	DSC = a + b TL (Ionian-Adriatic)
	0.562
	−2.190
	0.955
	D1H = a + b TL (Ionian-Adriatic)
	0.030
	0.025
	0.933



	DSC = a + b TL (Combined)
	0.558
	−1.915
	0.970
	D1H = a + b TL (Combined)
	0.032
	−0.235
	0.879



	C2DF1 = a + b TL (Sardinia)
	0.248
	1.449
	0.972
	D1 = a + b TL (Sardinia)
	0.167
	1.567
	0.942



	C2DF1 = a + b TL (Ionian-Adriatic)
	0.252
	−0.292
	0.971
	D1 = a + b TL (Ionian-Adriatic)
	0.174
	1.772
	0.938



	C2DF1 = a + b TL (Combined)
	0.252
	0.441
	0.968
	D1 = a + b TL (Combined)
	0.169
	1.778
	0.936



	C2DF2 = a + b TL (Sardinia)
	0.301
	2.974
	0.984
	D2 = a + b TL (Sardinia)
	0.102
	0.979
	0.917



	C2DF2 = a + b TL (Ionian-Adriatic)
	0.323
	0.414
	0.981
	D2 = a + b TL (Ionian-Adriatic)
	0.102
	1.463
	0.921



	C2DF2 = a + b TL (Combined)
	0.312
	1.678
	0.982
	D2 = a + b TL (Combined)
	0.101
	1.271
	0.917
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Table 2. The number of specimens from predefined group (origin area) in term of estimate (Predicted) and real (Actual) membership.
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Actual




	
Ionian-Adriatic

	
Sardinia




	
Predicted

	
Ionian-Adriatic

	
27

	
3




	
Sardinia

	
1

	
27
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Table 3. The number of specimens from predefined group (origin area) in term of estimate (Predicted) and real (Actual) membership, using a selection of MM.






Table 3. The number of specimens from predefined group (origin area) in term of estimate (Predicted) and real (Actual) membership, using a selection of MM.





	

	
Actual




	
Ionian-Adriatic

	
Sardinia




	
Predicted

	
Ionian-Adriatic

	
25

	
3




	
Sardinia

	
3

	
27
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