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The Mediterranean spider crab, Maja squinado (Herbst, 1788), is one of the largest species of spider crab and holds significant interest for commercial and stock enhancement purposes. Thus, it is essential to identify optimal rearing conditions to attempt mass production, as several factors affect the growth and survival of this species during the early juvenile phase in aquaculture. In this study, we evaluated the effect of stocking density on the growth parameters and survival rate of M. squinado reared in an experimental hatchery as part of a spider crab stock enhancement feasibility project. Groups of spider crabs were reared at two initial densities (1.6 and 4.6 individuals·L−1). After 29 days of culture (i.e., from megalopae to C3 juveniles), early juveniles reared at the higher density showed a significantly higher weight gain ratio and specific growth rate as well as a significantly higher Fulton’s condition index specifically for C3 juveniles, reflecting a better general well-being. In contrast, the survival at the higher density was negatively affected compared to the lower rearing density. This study improves baseline knowledge about M. squinado rearing to help develop commercial applications and establish management strategies and restoration programs for endangered M. squinado populations going forward.




Keywords: Maja squinado, stocking density, growth performance, crustacean, Mediterranean spider crab




1 Introduction

In the Mediterranean Sea, the major biological research topics are sustainability of resources and conservation of biodiversity. The Mediterranean Sea is a small, oligotrophic, semi-enclosed sea representing 0.82% of the world’s ocean (Karydis, 2021). Despite its small volume, it is a biodiversity hotspot and includes 4% to 18% of the world’s marine diversity (Coll et al., 2010). Benthic communities are among the most diverse in the Mediterranean Sea, however, they are highly sensitive to natural and anthropogenic perturbations (de Madron et al., 2011). Currently, combined pressures from overfishing, invasive species, and climate change are rapidly altering the biodiversity of Mediterranean marine communities (Boudouresque et al., 2017; de Madron et al., 2011).

The Mediterranean spider crab Maja squinado (Herbst, 1788) (Crustacea: Decapoda: Majidae), is one of the largest spider crabs and is a commercially important European crab species. This crustacean is restricted to the Mediterranean Sea (Sotelo et al., 2008) and is found from the subtidal area to about 50 m depth (Sotelo et al., 2009). M. squinado is captured by small-scale fisheries, especially off the Mediterranean coasts of Croatia, France and Spain (http://www.sealifebase.org/report/FAO), where the species is of notable local gastronomic interest. In addition to being a relevant economic resource, M. squinado possesses biological characteristics, such as high fecundity and rapid larval development (Durán et al., 2012), that are favorable for its potential aquacultural rearing.

Environmental degradation and poor fisheries management are the main causes of the decline and even decimation of certain fisheries (Born et al., 2004). In the last decades of the 20th century, M. squinado became a target species in fisheries of the Mediterranean Sea, leading to overexploitation (Abad, 2003). In some areas, this crab species has almost disappeared, such as off the Balearic Islands, the island of Majorca, and along the Catalan coast (Rotllant et al., 2010). Because of its high ecological value and diminished population size, M. squinado is considered endangered and was included in the Action Plan for the Mediterranean (UNEP, 1996). The Bern Convention lists M. squinado as a protected species (Appendix III) (Bern Convention, 1979), and the Barcelona Convention identifies it as an exploitation-regulated species (Annex III) (Barcelona Convention, 1995). In certain areas, such as coastal Corsica, the recreational fishing of M. squinado is prohibited (Prefectoral decree no. 2014177-001; Mirmand, 2014). An absence of scientific monitoring in the Mediterranean Sea has led to a lack of knowledge needed to assess stock status. Consequently, the International Union for Conservation of Nature (IUCN) has no official conservation status for this species.

Restocking (also referred to as stock enhancement) is one option to help depleted stocks recover, with an emphasis on developing methods for mass-production. The Balearic Islands government has developed a program for the recovery of wild populations through the release of hatchery-reared juveniles M. squinado (Durán et al., 2012). Moreover, other programs aimed at enhancing stocks of severely depleted crustacean species have been implemented, such as the common European lobster (Homarus gammarus) in Europe (Williams, 2007), the mud crab (Scylla paramamosain) in Asia (Ut et al., 2007), and the blue crab (Callinectes sapidus) in North America (Zohar et al., 2008).

A substantial amount of prior zootechnical knowledge is essential to successfully produce a large number of individuals, for both market demands and stock restoration purposes. However, in the case of M. squinado, information on the rearing of this species is scarce. In contrast, numerous examples of such studies exist for the European spider crab, Maja brachydactyla (Castejón et al., 2015, 2019; Domingues et al., 2012; Guerao et al., 2012; Rotllant et al., 2015; Simeó et al., 2015). Until morphological and genetic analyses were conducted, M. brachydactyla and M. squinado were considered as the same taxon (M. squinado). However, recent studies distinguished M. brachydactyla as the Atlantic species and M. squinado as the Mediterranean species (Guerao et al., 2011; Neumann, 1998; Sotelo et al., 2008).

The few existing studies on M. squinado focus on the larval rearing, growth and reproductive process under intensive culture conditions (Durán et al., 2012, 2013; Guerao et al., 2008; Guerao and Rotllant, 2010). M. squinado, like most brachyuran crustaceans, exhibits a complex biphasic life cycle characterized by a pelagic larval phase followed by a benthic juvenile-adult phase. Ovigerous females carry fertilized eggs, from which larvae emerge initially as planktonic zoeae. These larvae undergo two successive zoeal stages (zoea 1 and zoea 2) in the plankton before metamorphosing into a semi-benthic megalopal stage. Subsequently, the megalopae settle and molt into the first juvenile crab instar, referred to as the C1 stage. Growth proceeds through additional juvenile instars (C2, C3, etc.), each marked by successive molts accompanied by incremental increases in size (Durán et al., 2012; Guerao and Rotllant, 2010).

It is imperative for restocking purposes to determine the optimal environmental conditions and nutritional requirements as possible limiting factors for attaining elevated survival and growth in the juvenile phase of M. squinado. Growth and survival rates in crab aquaculture are affected by abiotic and biotic factors, such as food availability (Alaminos and Domingues, 2008), holding space (Swiney et al., 2013) and stocking density (Daly et al., 2009). Cannibalism during crab rearing is the main response to effect of these factors, which affects the productivity and profitability of aquaculture rearing. The occurrence of cannibalism in aquaculture has been recognized as a major problem since the mid-1970s (Hecht and Appelbaum, 1988) and is well-documented for crustacean species, for example, the swimming crab Portunus pelagicus (Marshall et al., 2005) and M. brachydactyla (Domingues and Alaminos, 2008). Several methods exist for mitigating antagonistic interactions among crabs, including artificial habitats and shelters, substrate and high-quality diets, grading size by classes or separating individuals by compartments in order to reduce cannibalism among crabs and achieve higher productivity (Castejón et al., 2019; Daly et al., 2009; Fernandez, 1999; Mann et al., 2007; Swiney et al., 2013; Ut et al., 2007; Zmora et al., 2005).

Since 2019, a Mediterranean crustaceans restocking research program conducted at the Stella Mare Research Unit, Corsica, France, has focused particularly on M. squinado. The program aims to increase the production of juvenile crabs to eventually supply sufficient quantities for ecological restoration experiments around the island. To support these restoration efforts, this study assessed the effect of stocking density on the growth parameters and survival of M. squinado post-settlement juveniles (megalopae to C1–C3 juveniles) reared under controlled conditions to assess the potential of this species for restocking programs.




2 Material and methods



2.1 Broodstock and larval rearing

Four adult ovigerous females were captured in the northwestern Mediterranean Sea, along the Bastia Coast (Corsica, France) by a local fisherman in May 2023 using a trammel net. Particular attention was paid to avoiding shock or stress to the females after their capture. Within less than 3 h of capture, the females were transported alive inside an insulated container—at approximately 18°C to avoid thermal shock—to the Stella Mare Marine Research Centre of the University of Corsica–CNRS (Biguglia, France). At the Stella Mare hatchery, the ovigerous females’ anatomical integrity was verified and females were weighed using a Ranger 7000 precision balance (Ohaus, Florham Park). The females weighed 1.46 ± 0.24 kg. They were brushed, cleaned, thoroughly rinsed with seawater and transferred a 200 L semi-square flat-bottom fiberglass tank (i.e., 0.5m depth x 0.8m width x 0.6m length) connected to a recirculated aquaculture system (RAS) that provided 0.1 μm filtered seawater at 19°C with photoperiod maintained at 12L:12D with Luxina T8 LED 21 W lamps. Each day, broodstock were fed ad libitum a mixed diet of frozen squid, mussels, fish, and shrimp. The active, newly hatched zoea of one female were distributed equally among four white 850 L cylindrical–conical tanks (water temperature of 19°C), for a density around 70 larvae·L−1 until the larvae reached the megalopae instar (i.e., 13 days). Only one female was used because the eggs of the females were not at same developmental phase (indicated by the color of the egg mass; Durán et al., 2012). The water for all larval tanks was sourced from the same treatment system, and the renewal rate of the water was approximately 75% per hour in each tank. The larvae (i.e., zoea 1 and zoea 2) were fed 1st instar Artemia nauplii (Artemia salina) at a density of 4.3 Artemia·mL−1.




2.2 Experimental design

Thirteen-day-old larval M. squinado (i.e., reaching megalopae instar) with an initial carapace length of 2.17 ± 0.15 mm were utilized to initiate the study. Larvae were reared over a 29-day period (up to the 3rd crab instar, C3). To initiate the study, larvae were gently and randomly transferred in suspension using a transparent beaker, in 2000 L square flat-bottom fiberglass tanks (0.5m depth x 2m width x 2m length) connected to a RAS to maintain constant physico-chemical parameters, especially temperature. Particular care was taken to ensure larvae were never directly handled and remained submerged in water throughout the process. Larvae were stocked at two stocking densities: low: 1.6 ind·L−1 (241.8 ind·m−2); and high: 4.6 ind·L−1 (712.5 ind·m−2), corresponding to 3114 and 9176 megalopa per 2 m3 tank, respectively. Density treatments were conducted in triplicate.

Because Pastor et al. (2011) (Maja squinado) and Zmora et al. (2005) (Callinectes sapidus) demonstrated the role of shelters in promoting settlement and reducing cannibalism in crabs because of the increased surface area, this informed the decision to install in each tank a shelter/artificial habitat. The shelters/artificial habitats consisted of 20 collector cups (Bys Ostréiculture, Meze) (corresponding to one black rod of 47 black cups) attached to each other with ropes in the following arrangement: 5 horizontally and 4 vertically. Each shelter took up the entire space of the tank, going from the bottom to the surface. Aeration bubblers were positioned to avoid areas of low turbulence and homogenize conditions in the tanks (Figure 1).




Figure 1 | Schematic representation of the rearing system: (1) inflow for water renewal, (2) buffer tank, (3) pump, (4) mechanical filter, (5) ultraviolet sterilizer, (6) biological filter, (7) heat pump, (8) degassing column, (9) rearing tank (2 m3) with artificial habitat/shelter which composed of 20 collector cups (10) detail of the structure of each collector cup (Bys Ostréiculture, Meze), (11) aeration bubblers, (12) aeration system.



During the experiment, water temperature, pH, nitrite-nitrogen, nitrate-nitrogen and un-ionized ammonia nitrogen concentration, dissolved oxygen (DO) as percent saturation, and total gas pressure were continuously monitored using Oxyguard Handy Polaris 2 and TGP probes (Oxyguard International, Farum, Denmark). Particular attention was paid to ensure that those parameters remained within a physiologically optimal range (pH: 8.05 ± 0.01; DO: 95.27 ± 0.42%; un-ionized ammonia nitrogen: <0.001 mg.L−1, nitrite-nitrogen: <0.001 mg.L−1 and nitrate-nitrogen: <0.001 mg.L−1). For the megalopa-juvenile transition period, temperature and salinity were maintained at 22.84 ± 0.16°C and 37.6 ± 0.2 ppt respectively and total dissolved gas pressure in water was maintained in equilibrium with the ambient atmospheric pressure. Tanks were illuminated from above with Luxina T8 LED 21 W lamps, with an intensity of 400 lx at the water surface and a 12L:12D photoperiod regime controlled by a timer.

The megalopa larvae (3rd larval stage), C1, C2, and C3 juveniles crabs were all fed ad libitum with live prey: 2nd instar Artemia salina metanauplii (INVE, Belgium) enriched with Easy DHA (docosahexaenoic acid) Selco, containing a mix of omega-3 fatty acids and vitamins (INVE Aquaculture, Utah). However, for C2 and C3 juveniles, frozen mysid and frozen Artemia HUFA super shrimp (Ocean Nutrition, Belgium) were added to their diet.




2.3 Data collection

In each tank, once all individuals reached the next developmental stage, they were counted in order to obtain the number of individuals dead or alive. This count was realized at 23, 34 and 42 DAH, corresponding to the times where all individuals reached the next stage (13 DAH: beginning or megalopae; 23 DAH: megalopae molts to C1 juveniles; 34 DAH: C1 juvenile molts to C2 juveniles; 42 DAH: C2 juvenile molts to C3 juveniles; i.e., corresponding to 29 days of experiment). During cleaning procedure (at each of the three-molting transition between the stages investigated, i.e. megalopa to C1 juvenile, C1 to C2, C2 to C3), a bucket filled with seawater was placed next to the tank in which DO was monitored. The artificial habitats/shelters were removed from the tanks and the individuals attached were dislodged (using gentle water flow), then counted before being placed in the bucket. Siphoning was then employed to recover the waste feed and individuals remaining in the bottom of the tank. At the end of each of the three cleaning procedures (one procedure for each molting transition), different mesh sieves were applied in function of stage (1000 µm: megalopae to C1 juveniles; 2000 µm from C1 to C2 and C2 to C3 juveniles). The individuals retained by the sieve were counted and placed in the bucket. Then, the artificial habitats/shelters were rearranged in the same configuration as initially, and the individuals were released into their respective tanks.

In parallel to counting, larvae from each treatment were randomly sampled for biometric measurements (n = 20 per replicate). Measurements were taken with a Stemi 2000-C stereomicroscope (Zeiss, Oberkochen) micrometric eyepiece and rounded to the nearest mm. Carapace width was measured as the greatest distance across the carapace (measured between the tips of the 3rd branchial spines) and carapace length as the distance between the rostral margin (without rostral spines) and the posterior margin of the carapace (without intestinal spines), as reported by Guerao and Rotllant (2010). Wet weight was determined with a TA 164i precision balance accurate to 0.0001 g (VWR, Radnor).




2.4 Calculations and statistical analysis

The following parameters were used to evaluate the growth and performance of the experimental animals (Guerao and Rotllant, 2009; Solanki et al., 2023):

	

	

	

	

	

	

	

	

where Oi was the number of megalopae larvae at the start of the experiment, Os was the number of individuals that successfully molted to each stage and O1 was the number of individuals in the previous OS stage. Wf represents the final wet weight (mg), Wi represents the initial wet weight (mg), CLf denote the final carapace length (mm) and CLi denote the initial carapace length (mm).

All growth parameters were analyzed for normality and homogeneity of variances by examining residual values using Shapiro–Wilk’s test and Levene’s test, respectively. The non-normal and heterogeneous data were transformed with arcsine to stabilize variation (Snedecor and Cochran, 1989). One-way ANOVA was performed to check for significant differences among treatments, followed with Cohen’s d to measure the effect size. The evolution of cumulative survival rates over the duration of the experiment (survival time) for each stocking density treatments were analyzed using the Kaplan–Meier survival analysis with a Weibull distribution of errors using the R package ‘survival’ (Therneau and Grambsch, 2000; Therneau, 2015). The Mantel–Cox test results were represented by Kaplan–Meier curves produced using the package ‘survminer’ (Kassambara et al., 2021). The Mantel–Cox test or log-rank test is a non-parametric and hypothesis-based test for comparing the distribution of survival curves of at least two samples and describes the probability per time unit of the event occurring as a function of basic probability. The Proportional Hazards Assumption was tested by Schoenfeld residual test, in order to assess whether the Mantel Cox model adequately described the data. Data were expressed as mean ± standard error (SE). All statistical analyses were performed using R software v.4.2.0 (R Core Team, 2022), considering P < 0.05 as the level of significance.





3 Results



3.1 Growth parameters and survival after a 29-day rearing period

The growth parameters recorded after the 29-day rearing period (the entire experiment from megalopa to C3 juveniles) are presented in Table 1. At the end of the 29-day experiment, the highest specific growth rate and weight gain ratio were observed in individuals reared at the high stocking density treatment (ANOVA, F = 57.13, P < 0.05, d = 4.32; F = 54.19, P < 0.05, d = 4.21, respectively), with a specific growth rate of 5.33 ± 0.03 and a weight gain ratio of 368.90 ± 4.34%, compared to 5.07 ± 0.01 and 334.56 ± 1.70% for individuals reared at the low stocking density treatment. In contrast, there were no significant differences between density treatments concerning final mean weight and length, average weight and length gain, condition factor (K), and yield (i.e., biomass). The final survival rate was similar for both density treatments but the survival time (survival rate over time) was significantly different. Indeed, the log-rank (Mantel–Cox) test for Kaplan–Meier survival curves revealed a significant difference in survival time (log-rank: χ2 = 55.35, P < 0.001; Schoenfeld residual test, χ2 = 1.94, P > 0.05; Figure 2).


Table 1 | Zootechnical performance parameters of Maja squinado juveniles, reared under two stocking densities (low: 1.6 ind·L−1 and high: 4.6 ind·L−1) on the whole experiment (from Megalopa to C3, i.e., 29 days). Differences were tested using one-way ANOVA.






Figure 2 | Maja squinado development survival rate over time per stocking density treatment, determined using Kaplan-Meier survival analysis.






3.2 Growth parameters and survival through molts

Table 2 presents the various growth parameters observed through molts (developmental stages) across the experimental period. No significant differences were detected between stocking density treatments for each molt concerning all production parameters measured except for Fulton’s condition index. The C3 juveniles reared at the high stocking density had a significantly higher Fulton’s condition index (0.015 ± 0.4 x 10−3) than C3 juveniles reared at the low stocking density (0.014 ± 0.3 x 10−3), but with a small effect size (Table 2) (ANOVA, F = 4.726, P < 0.05, d = 0.394). Regarding growth parameters related to carapace length, parameters were similar for each both stocking density treatment at each molt, while parameters related to weight tended to be higher at the last stage of the experiment (C3 juveniles) for the high stocking density treatment compared with the low stocking density treatment (Table 2).


Table 2 | Summary of zootechnical performance parameters of Maja squinado juveniles, reared under two stocking densities (low: 1.6 ind·L−1 and high: 4.6 ind·L−1) during verifications or molts (i.e., stages) throughout the experimental period. Differences were tested using on one-way ANOVA.







4 Discussion

Stocking density is a crucial factor influencing the growth performance of aquacultured animals (Cuvin-Aralar et al., 2009; del Mar Gil et al., 2019; Yuan et al., 2018; Zhang et al., 2024). The effects of high stocking density on the growth and survival of crustaceans have been well documented, generally showing a negative correlation between growth and stocking density (González et al., 2010; Li et al., 2007; Naranjo-Páramo et al., 2004). Nevertheless, despite these numerous studies focused on crustaceans, few reports have documented the effect of stocking density on the growth and survival of M. squinado. Only two studies on the effect of stocking density were available on this species before the present study. The first study, by del Mar Gil et al. (2019), constitutes a microscale investigation, using one or two individuals per 1.5 L cylinder (i.e., 0.67 and 1.33 ind·L−1) from C1 to C5 juveniles, while the second study, by Pastor et al. (2011), provided a macroscale analysis on 2,352 3,794 5,500 6,721 and 9,740 individuals reared in 1,300 L tanks (1.96, 3.6, 4.58, 5.6 and 8.12 ind·L−1) from megalopae to C5 in a brief communication lacking any statistical analysis. Because of this scarcity of M. squinado rearing studies, our experiment represents a preliminary contribution, aiming to identify key trends in growth and survival for improved juvenile culture methods of this species towards future stock enhancement efforts.

The high stocking density treatment in this study positively impacted the wet weight gain, the specific growth rate, and Fulton’s CI (specifically for C3 juveniles) of early juveniles of M. squinado reared at two initial densities (1.6 and 4.6 individuals·L−1), but negatively impacted the survival time (survival rate over time). However, no differences were observed regarding the final survival rate at the end of the experiment. Our results contrast with those of del Mar Gil et al. (2019), who reported higher survival time with two M. squinado juveniles per cylinder (a small experimental unit in their study) than with one, but no significant difference concerning the growth parameters, except for C3 juveniles. These discrepancies may be due to different initial densities and rearing configurations: del Mar Gil et al. (2019) studied the stocking density effect between C1 and C5, whereas our study started at the megalopa stage. Moreover, in their study, rearing was conducted in 10 cm diameter PVC cylinders (1.5 L, 78.54 cm2) with 1 mm mesh bottoms. Thus, the density applied in their study was much lower than in our experimental design, particularly in terms of surface area: 0.01 ind.m−² (low density) and 0.03 ind.m−2 (high density), and the individuals were fed fresh food (i.e., mussel flesh) and dry pellets. Thus, the reasons for the difference between our results and those of del Mar Gil et al. (2019) might be multifactorial. According to Dong et al. (2018), the relationship between rearing density, growth performance, and survival must be carefully assessed in relation to the specific culture management system, as the effect of stocking density can vary considerably. In general, high stocking densities will increase social interactions for limited resources (e.g., food, territory, shelter or any other crucial factor for survival) as demonstrated by previous studies (Damodaran et al., 2018; Savolainen et al., 2004). These changes of social interaction may lead to two possibilities: 1) Triggering a rising energy demand for activities and lead to the reduction in the available energy for growth such as demonstrated for various crustaceans (González et al., 2010; Li et al., 2007; Naranjo-Páramo et al., 2004; Zhang et al., 2024). 2) Improving nutritional needs through the supply of additional nitrogen, vitamins, and other essential substances linked to cannibalism and lead to the increase of the energy available for growth, as demonstrated on Paralithodes camtschaticus (red king crab) (Daly et al., 2009). While water quality deterioration can also be a factor (Sookying et al., 2011), it was likely negligible in our study due to maintained high water quality. Hence, intraspecific cannibalism emerged as the principal explanation for our observations, perhaps which led to lower survival time but higher weight gain ratio and specific growth of individuals reared at the high stocking density, as well as a higher Fulton’s condition index for C3 juveniles, reflecting better overall well-being. This similar behavior has been demonstrated in various spider crab studies (M. brachydactyla; Durán et al., 2012) and, specifically, in M. squinado (Pastor et al., 2011; del Mar Gil et al., 2019).

In the present study, M. squinado exhibited a typical mortality pattern regardless of stocking density with high levels of survival after the critical settlement phase, a well-known pattern for this species (del Mar Gil et al., 2019; Pastor et al., 2011). During the settlement period (megalopa to first juvenile crab), M. squinado populations markedly decreased, having a survival rate between 7.42 ± 1.90% (low density) and 4.20 ± 0.25% (high density), closely matching the mass-culture outcomes reported by Pastor et al. (2011). The specific causes of M. squinado mortalities at settlement remain uncertain but appear multifactorial. They may stem from factors not directly related to stocking density. With regard to handing stress, Iglesias et al. (2002) suggested that early juvenile M. brachydactyla are very delicate, as a high handling stress-related mortality was observed and their observation appears to be even more critical for M. squinado. In the case of individual culture of M. squinado, survival during the settlement period did not exceed 20% (Guerao and Rotllant, 2010) and was lower than that of M. brachydactyla (about 48%) under similar experimental conditions (Guerao and Rotllant, 2009). Hence, M. squinado larvae may be more sensitive to handling stress than M. brachydactyla. In the present study, high mortality may be explained by the individuals being manipulated at each molt in the rearing system. In terms of larval nutrition, Guerao and Rotllant (2009) suggested that high mortality in M. brachydactyla rearing may stem from accumulated nutritional deficiencies during larval development. This problem is confirmed in other species, such as the mud crab Scylla serrata, and it is accentuated in the case of other species with several zoeal stages (Hamasaki et al., 2002). Additionally, regarding behavioral aspects, Urcera et al. (1993) proposed that an inability to adapt led to significant mortality at the change from predatory pelagic behavior to benthic behavior of M. brachydactyla larvae. The high mortality of early developmental stages of M. squinado recorded in this study also identified the settlement phase as a critical period for development. Finally, cannibalism is often cited as the main factor causing large losses in mass culture of early stage crabs, possibly linked to several factors such as lack of space and proper diet induced by high stocking density (Borisov et al., 2007; del Mar Gil et al., 2019; Pastor et al., 2011). Inter-cohort cannibalism can function as a density-dependent self-regulatory mechanism (Moksnes et al., 1997). In the present study, cannibalism was observed in both density treatments, although it was greater at the higher stocking density treatment. Mortality decreased for subsequent molts, from C1 to C3 juvenile stages, similar to the findings of Pastor et al. (2011) on the same species, who reported less cannibalism in these later stages. Typically, newly molted crabs with soft exoskeletons are most vulnerable to attacks by conspecifics (Elgar and Crespi, 1992; Marshall et al., 2005), a phenomenon also seen been in M. brachydactyla (Domingues and Alaminos, 2008) and Paralithodes camtschaticus (Borisov et al., 2007). Although individual rearing could minimize this issue (Kovatcheva et al., 2006), such a system is not practical for commercial aquaculture operations that require high-density conditions to maximize production (Daly et al., 2009).

In summary, the apparent contradiction of reduced survival time yet improved specific growth parameters under high-density rearing conditions may be linked to increased foraging behavior and nutritional benefits derived from agonistic interactions. Asynchronous molting leads to size variability, potentially intensifying predation on smaller individuals and stimulating overall growth (Daly et al., 2009). Conspecific cannibalism, might supply additional nitrogen, vitamins, and other essential nutrients, even under conditions of excess food (del Mar Gil et al., 2019). However, the relatively brief duration of this study may explain the limited impact on growth parameters and the small effect size value observed regarding Fulton’s Condition Index (CI) as well as shelter/artificial habitats effect by reducing cannibalism as reported by Daly et al. (2009). Future research should be conducted over longer periods as well as to assess the shelter effect in order to enhance statistical analyses. In addition, video monitoring could be employed to quantify instances of cannibalism. Ultimately, a tradeoff between survival rates and production must be determined (Daly et al., 2009). From a hatchery standpoint, a lower survival rate may be acceptable if it maximizes yield (Zmora et al., 2005; Ut et al., 2007). Nonetheless, future experiments should be carried out to propose solutions to cannibalism, such as feed formulation adapted to nutritional requirements or the use of shelters or artificial habitats, which have already proved useful in increasing the survival rate of juveniles by reducing cannibalism in other crustacean species (Moksnes et al., 1997; Mann et al., 2007).




5 Conclusions

Under the rearing conditions examined in this study, a higher stocking density of early developmental stage of M. squinado positively affected growth parameters including weight gain ratio, specific growth rate and Fulton’s condition index, despite lower survival time. One of the major causes of the results of this study might be due to agonistic behavior (i.e., conspecific cannibalism). Ultimately, successfully rearing Mediterranean spider crabs holds considerable promise not only for commercial aquaculture development but, more importantly, for restoring depleted natural populations. Despite limitations, this work offers valuable preliminary insights into improving early stage rearing protocols for the under-researched species M. squinado, providing a crucial step toward establishing reliable production methods for both commercial and ecological restoration purposes.
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