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The Anthropocene era is characterized by a biodiversity crisis, where many species are pushing to extinction, causing alteration of the stability in the ecosystems and loss of their services. In this context, the translocation of endangered species is a powerful resource in conservation as long as its goals and appropriateness are clearly stated and it matches unambiguous criteria. Patella ferruginea is one of the most endangered marine species in the Mediterranean, and several translocations have been made with limited results in terms of survival. A methodology that mimics the natural topography of the substrate in the donor population based on Artificial Inert Mobile Substrates (AIMS, 40x20x10 cm) is proposed for restocking purposes. Three different treatments were tested: on substrate, slope, and cantilever depending on the position in which the AIMS were deployed. A total of 660 AIMS were installed within the donor area. The installation of such AIMS did not negatively affect either donor or receiving populations. A total of 188 specimens were translocated in three different attempts in 2018, 2019, and 2020, and no mortality was observed during the translocation process that lasted 24 h. Survival through the medium and long-term for the translocated specimens ranged from 80.6 to 91.5% after one month, 55.5 to 80.9% after eight months, and 48.4 to 76.6% after one year, with survival in the control population being 91.6% after four months and 87.5% after one year. Overall, recruits showed higher survival values than adults, whereas substrate treatment hosted more specimens (both recruits and adults) than slope and cantilever ones, while recruits were more abundant on cantilever treatment. The methodology has been proven to be useful for restocking and reintroduction purposes between donor and receiving areas.
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Introduction

A large mass extinction debt exists today due to habitat disruption by humans within a new era called Anthropocene (Spalding and Hull, 2021). Species perform critical functions in ecosystem dynamics and provide resilience under ever-changing environments (Tilman et al., 2014; Reyers et al., 2018). Therefore, biodiversity erosion induces alteration of the stability in the ecosystems, loss of ecosystem services, and affects human life and socioeconomic systems. In this regard, habitat destruction and overexploitation have been the most relevant threats to biodiversity, being drivers to push so many species to extinction thresholds (Primack and Ros, 2002).

A key tool to offset this biodiversity crisis caused by human impacts on populations and ecosystems has been species translocations (see Pérez et al., 2012 and references therein). However, even though it could be a powerful resource in conservation biology, is not free of criticism due to its use without clear goals, lack of comprehensive analysis of root causes of population decline (Meffe, 1992), and unambiguous criteria to assess if a given project is going to be successful and its implementation is appropriate (Pérez et al., 2012). Translocations involve considerable risks and, consequently, must rely on the best practice guidelines for further policy application (Swan et al., 2016).

Translocations have been conducted elsewhere and have focused on a wide range of species but mainly on terrestrial vertebrates and birds (Seddon et al., 2005, Seddon et al., 2007), with marine species scarcely mentioned in conservation translocation literature reviews (Swan et al., 2016). Moreover, most marine translocations have focused on ecosystem restoration and catch augmentation for economic purposes, with the translocations focused on single species of conservation concern for preventing their extinction being very scarce (Swan et al., 2016). Therefore, there is a paucity of knowledge about the techniques, success rates, and outcomes in the translocation of marine invertebrates in particular. For instance, out of 174 translocation projects in Spain, none were focused on marine species (Pérez et al., 2012). In general, the term translocation includes three different concepts: introduction (the release of specimens outside of its historically known native range), reintroduction (the release of specimens within its historically known native range from which the species was extirpated), and restocking (the release of specimens within an area where the species is found in order to rebuild its stock).

Patella ferruginea (Mediterranean ribbed limpet) is considered the most endangered marine invertebrate in the Mediterranean along with the noble pen shell Pinna nobilis (Ramos, 1998; Vázquez-Luis et al., 2017). Its distributional range originally encompassed the entire Western Mediterranean basin but has become restricted to a few areas, being almost extinct in continental Europe (Laborel-Deguen and Laborel, 1991a; Espinosa et al., 2013). It is a giant limpet that lives within the upper intertidal and shows homing behavior, reaching 10 cm in length with remarkable ribs and a star-shaped shell (Espinosa and Rivera-Ingraham, 2017). Due to its conspicuous shell, intertidal habitat, and great size, the species has been harvested by humans since the Palaeolithic Age (Fa et al., 2016; Espinosa and Rivera-Ingraham, 2017). Both human harvesting and habitat destruction by coastal development have been the main drivers to put the species at risk of extinction (Espinosa et al., 2018). Currently, there are only dense and well-preserved populations in scattered points along the Northern African coast: Ceuta, Melilla, and Chafarinas Islands (Spanish enclaves); Rachgoun, Habibas, and Plane Islands (Western Algeria); and Zembra Island (Tunisia). Smaller populations can be also found in Corsica and Sardinia (Espinosa et al., 2013). Out of these places, only isolated specimens have been recently discovered on the Ligurian coast in mainland Italy (Ferranti et al., 2019) or in Egadi and Pantelleria islands (Espinosa et al., 2013). Focusing on the Iberian Peninsula, the species is only found in the Southernmost part from Palos Cape to the Strait of Gibraltar but in low density and showing a fragmented distribution (Espinosa et al., 2013; https://www.juntadeandalucia.es/medioambiente/portal/landing-page-documento/-/asset_publisher/jXKpcWryrKar/content/informes-regionales-sobre-gesti-c3-b3n-sostenible-del-medio-marino-andaluz-2008-2018-/20151). Within this area, the most important population is settled in the Algeciras Bay where hundreds to a few thousands of scattered specimens have been reported (Fernández-Casado et al., 2017). Furthermore, García-Gómez et al. (2011; 2015) pointed out that some artificial substrates hosted important populations of this species (and other endangered species as well), and those sites with limited access could be considered for management and conservation of endangered species as a new figure of protection named Artificial Marine Micro Reserves (AMMRs). The inner part of Gibraltar Bay hosted several specimens settled in the breakwater of ‘La Línea’ harbor where the access has been restricted by fences, being a location with the potential to develop a reproductive population in this context. It is worth noting that the species is a broadcast spawner, showing protandrous hermaphroditism, and fecundity is highly dependent on size (Espinosa et al., 2006a). Consequently, a minimum number of closely adjacent specimens, with different size classes are required for successful fertilization.

The increasing interest in the conservation of this species has prompted previous translocations for conservation purposes or derived from engineering works in which repair of existing breakwaters or deployment of new ones have threatened local populations (Laborel-Deguen and Laborel, 1991b; Espinosa et al., 2008; APM (Autoridad Portuaria de Melilla), 2014; Fa et al., 2018; Zarrouk et al., 2018). Unfortunately, high mortality rates have often been observed, although the translocations made with the specimens attached to their own substrate have been proven most successful (Fa et al., 2018). Nevertheless, this approach based on moving entire boulders in a breakwater where the limpets are settled seems difficult to use for many individuals or over long distances. Consequently, its applicability in reinforcement or reintroduction of this or similar endangered species would be limited. Moreover, substrate heterogeneity has been shown as a main driver that influences recruitment in limpets (Martins et al., 2010; Espinosa et al., 2011), and, therefore, it should be taken into consideration in any further translocation procedure. Furthermore, Potet et al. (2021) indicated that the surface for recruitment of the European flat oyster (Ostrea edulis) must be irregular at the scale of mm.

The goals and criteria to assess the outcomes and appropriateness of translocation must be clearly established. In this sense, Pérez et al. (2012) pointed out that any translocation must be properly justified in terms of necessity, risk evaluation, and technical suitability, providing ten major criteria to be considered prior to undertaking any intervention. The present translocation experiment complies with these requirements, and therefore, the likelihood of success was maximized, and the utility of the study was properly justified from a conservation perspective (see Table 1 for details).


Table 1 | Matching criteria for translocations (adapted from Pérez et al., 2012 based on IUCN guidelines and already published literature).



Our aim was to provide a valid protocol to translocate specimens of Patella ferruginea to re-stock depleted or repopulated areas by mimicking the original habitat of the donor population. The specific objective was to test the influence of position and impact on the natural substrate on the efficacy of deployment of Artificial Inert Mobile Substrates (AIMS) in translocation,





Material and methods




Study area

The donor population was located in the autonomous city of Melilla, a Spanish enclave in North Africa, where a dense population estimated at 32,821 adults (>3 cm) was found (Guallart et al., 2013). According to these authors, most of the population (68.1%) was on the exterior breakwater of the Melilla’s harbor where the specimens were collected for translocation and the mean density of adults (per linear length of the breakwater) was 17.6 ind./m with maximum values up to 66.5 ind./m. Melilla Harbor is exposed to strong wave action and has a low risk of marine spills, being considered moderately pristine in terms of environmental quality due to the efficiency of management measures in place, which comprises environmental management, eco-efficiency, and environmental quality (see Fernández-Macho, 2016; González-Laxe et al., 2017).

In contrast, the population to be re-stocked was located in the exterior breakwater of the harbor in La Línea in the inner part of the Algeciras Bay (Figure 1), where a scattered population has been reported with a mean density below 1 ind./m (https://www.juntadeandalucia.es/medioambiente/portal/landing-page-documento/-/asset_publisher/jXKpcWryrKar/content/informes-regionales-sobre-gesti-c3-b3n-sostenible-del-medio-marino-andaluz-2008-2018-/20151). This population was within an enclosed area under surveillance with restriction to public access (Fernández-Casado et al., 2017), being appropriate to undertake restocking for conservational purposes as has been noted previously. The area nearby the restocked population showed slight pollution levels (see Dissanayake and Bamber, 2010; Rojo-Nieto et al., 2011; Rojo-Nieto and Perales, 2015), with moderate wave exposure.




Figure 1 | Map of the study area showing the donor and receptor sites located in Melilla and La Línea ports, respectively.







Artificial inert mobile substrates design

The specimens were transplanted using artificial plates designed to mimic the topography of the substrate where the donor population was settled. For it, the surface of the rock was recorded using different 360° cameras and the images were digitalized. The electronic file was used to create an ABS – FDM (Acrylonitrile Butadiene Styrene - Fused Deposition Modeling) mold using 3D printing technology by the Materialise® company that was subsequently allocated on conventional concrete (type HA-35/F/12/IIIc+Qb) with internal reinforced steel to print a ‘negative’ that recreated the microtopography of the original substrate. The plates could be easily screwed and unscrewed from the rocks, having a dimension of 40 x 20 x 10 cm (length, width, and height), and showed resistance and durability for 25 years according to the calculations made considering the forces from the wave action in the area (Acciona Ingeniería, unpublished data), covering the life expectancy of the species (see Espinosa et al., 2008).

To test the effect of the AIMS position on Mediterranean ribbed limpet recruitment rate as well as their impact on the intertidal zone, three different treatments were used: Onto the substrate (OS), in which the AIMS were directly fixed on the rock surface so that continuity of hard substrate was maximized, while their impact on the natural substrate through occupation was high; Sloped (S), in which the AIMS were fixed to the rocky substrate at an angle to the natural substrate so that the impact of the manipulation on the natural substrate was largely reduced, while habitat continuity was still substantial; and Cantilever (C), where the AIMS were fixed above the rock surface without direct contact with it, so that the impact of the experiment on the natural substrate was reduced to a minimum at the cost of very reduced hard substrate continuity for limpets (Figure 2). Therefore, it would be expected that colonization and the impact within the intertidal habitat (both of major conservation concern) followed the pattern OS>S>C, according to the decreasing contact with the surrounding environment.




Figure 2 | Artificial Inert Mobile Substrates (AIMS) used for translocating individuals of Patella ferruginea. The three different treatments considered are shown: on substrate, slope, and cantilever. The solid line indicates the lower limit of the habitat of Patella ferruginea just above the macroalgal turf (note that deployed AIMS were installed out of the habitat of Patella ferruginea). The dashed line indicates the corresponding tidal level of the AIMS surface that relied on the tidal height where the habitat of Patella ferruginea is found.







Temporal monitoring of limpet populations

To test if the installation of the AIMS could affect either donor or receiving populations, monitoring was conducted between September 2017 and June 2021. In the donor population, a total of seven 10 m transects were set up along the breakwater and were considered as ‘Controls’. Moreover, additional seven transects were interspersed with controls and there, a total of six AIMS were placed per transect (two for each type of position: OS, S, and C), being those transects considered as ‘AIMS’. Within each transect, all the adult specimens (>3 cms) were counted and measured using a caliper, recording the longitudinal axis of the shell approximately every four months (Espinosa et al., 2008). Similarly, in the receiving population, three control and three AIMS transects were also set up and monitored since the restocking was performed. The AIMS were deployed in fewer numbers than in the donor population due to its smaller area. Data were recorded similarly (every four months) for the receiving population and the donor population groups, although there was a gap in the first months of 2020 due to logistical constraints derived from the Covid-19 pandemic.

Apart from the status of both populations in donor and receiving areas, a community assessment was carried out within the intertidal habitat where Patella ferruginea was located. Five sites were randomly distributed within the donor and receiving populations and five quadrats of 25 x 25 cm were photographed per site either at low or high tidal levels (+25 and +75 cm above zero tidal level, respectively). Each photograph was analyzed digitally by adding a grid of 25 subquadrants to obtain the coverage of each species in % (Guerra-García et al., 2006).

In addition to biological data, several environmental parameters (pH, temperature, salinity, and turbidity) were recorded in situ by taking water samples in the vicinity of the transects. All the parameters were measured using a multiparameter probe CRISON MM40© and turbidimeter WTW 335IR©.





Translocation methodology

A total of 660 AIMS were deployed in the donor population several months prior to the recruitment period of the species (late Autumn-early Winter) to allow the development of the typical microfilm on which the species feeds (Burgos-Rubio et al., 2015). Due to logistical constraints in terms of fabrication, transporting, and deploying in the donor population area within the precise tidal level, two different installation events were undertaken. A pilot attempt was done in July-August 2017 when a total of 150 AIMS were deployed, whereas the other 510 AIMS were deployed between June-September 2018. Three different translocation events were undertaken in October 2018, 2019, and September 2020. The AIMS were monitored annually in early September and the specimens settled in them were registered for subsequent translocation. Once the AIMS with recruits and adults were identified, they were unscrewed at low tide, the limpets measured in length, and marked using epoxy putty (Espinosa et al., 2008). Such extracted AIMS were replaced with new ones after the first and second translocations, so the total number of AIMS in the donor population remained constant at 660. The AIMS were then introduced into a plastic container with a rubber base to avoid vibration, since it has been indicated that vibration could detach limpets (Fa et al., 2018). Finally, they were covered with towels soaked with marine water, introduced in a refrigerated truck at 16°C, and transported to the receiving zone. All the AIMS were screwed on the receiving zone at low tide within the next 24h.

Limpets were monitored 24h and 48h after transplantation, weekly during the first month, monthly during the first four months, and every four months afterward. The position of the limpets was recorded to see if they had left the AIMS to settle on the rock and all the transplanted specimens were also measured in length at the different monitoring times to obtain growth rate values.





Statistical analyses

A repeated‐measures ANOVA (RM‐ANOVA) was carried out to test whether the mean size or density of adults significantly varied through time using all transects (intrasubject factor ‘Time’ and intersubject factor ‘Treatment’ with two levels: Control vs. AIMS). Mauchly’s test of sphericity was used to test the assumption that variance in the differences between all possible pairs of groups is equal. The Huynh-Feldt correction was used when an absence of sphericity was detected.

Possible differences in survival among the three transplantations (2018, 2019, and 2020) through time as well as among recruits and adults were tested using a Chi-squared test. A one-way ANOVA test was used to test differences in growth rates.

A matrix of the community structure based on species composition and their coverages was employed to test if the intertidal community changed through the monitored time using the SIMPROF test. The analysis was run on a triangular similarity matrix derived from the values of the Bray-Curtis similarity on fourth root transformed coverage data. A similar analysis was performed with environmental variables using Euclidean distance instead of Bray-Curtis similarity.

Univariate analyses (Chi-squared test, ANOVA, and RM-ANOVA) were performed using SPSS© software, and multivariate analyses (SIMPROF test) were conducted using PRIMER v.6+PERMANOVA package (Clarke and Gorley, 2006).






Results




Monitoring in donor and receiving populations

During the two years of monitoring (from September 2017 to September 2019) mean size values ( ± SE) of the donor population in Melilla port slightly decreased in both control and AIMS transects (from 4.63 ± 0.11 to 4.33 ± 0.06 cm and from 4.95 ± 0.08 to 4.42 ± 0.04 cm, respectively) (Figure 3A). RM-ANOVA indicated significant differences over time in mean size values (Table 2), but not between treatments (control vs. AIMS). Moreover, density values fluctuated similarly for both control and AIMS transects (Figure 3A) Nevertheless, the AIMS transects showed an increase from 22.3 to 27.03 ind./m after two years, whereas the control ones remained with similar values after that period (19.21 to 18.57 ind./m), showing fluctuations over the monitored time. In fact, the RM-ANOVA also showed significant differences in density through time (Table 2) but not between treatments (control vs. AIMS).




Figure 3 | Density and size mean values ( ± SE) during the monitoring period in the Control and AIMS transects. (A): Melilla; (B): La Línea.




Table 2 | Results of a repeated-measured analysis of variance (RM-ANOVA) on the mean size and density of adults (>3 cm) of the monitored transects in the donor population (Melilla).



Regarding the receiving population in La Línea port, an increase in mean size values was recorded for control and AIMS transects (from 5.39 to 6.15 cm and from 5.54 to 5.5 cm, respectively) (Figure 3B). The RM-ANOVA also indicated significant differences over time in mean size values (Table 3) but not between treatments (control vs. AIMS). Similarly, density values showed an increase from 0.63 to 1.8 ind./m within the AIMS transects and from 0.53 to 1.03 ind./m within the control ones (Figure 3B). The results of the RM-ANOVA were like those recorded for size values (Table 3) or even for the donor population: differences over time but not between the considered treatments.


Table 3 | Results of a repeated-measured analysis of variance (RM-ANOVA) on the mean size and density of adults (>3 cm) of the monitored transects in the receiving population (La Línea).



The intertidal assemblages in the donor (Melilla port) and receiving populations (La Línea port) did not show differences in structure composition over the monitored time according to the SIMPROF test. Furthermore, environmental variables showed similar values throughout the monitoring period, excepting the usual seasonal changes in temperature, and recording low levels of turbidity (0.2-1.65 ntu in Melilla and 0.7-1.6 ntu in La Línea) (Figures 4A, B).




Figure 4 | Physicochemical variables during the monitoring period. (A) Melilla; (B) La Línea. Turbidity is represented by the right Y axis (ntu units), whereas salinity, temperature, and pH are all represented by the left Y axis. Salinity values for August and September 2019 in Melilla were not available due to an error with the probe.







Translocation experiments

A total of 188 specimens were translocated in three different translocation events: 31, 47, and 110 respectively (Figure 5). The number of recruits (<3 cm) was higher than adults for the first translocation, but adults outnumbered recruits globally. Besides, the number of AIMS translocated was 20, 40, and 65 for each of the translocation events performed for a total of 125 AIMS translocated to the receiving population during the whole study (Figure 5). The percentage of AIMS with specimens of Patella ferruginea settled was 3%, 6%, and 10% for each translocation event, with the total recruited being almost 19% of such experimental structures deployed in the donor population. Regarding the capacity for settlement of P. ferruginea individuals on the experimental structures (AIMS), the mean number of individuals per AIMS was similar among the three translocation events (1.55, 1.18, and 1.69 individuals/AIMS, respectively), but the mean number per square meter showed a marked increase from 1.04 to 3.7 ind./m2 similar to that observed for the mean number of settled individuals in the whole set of AIMS (Figure 6).




Figure 5 | Number of individuals (juveniles, adults, and total) translocated per translocation event and at the end of the study (whole). The number of AIMS translocated is also shown.






Figure 6 | Density values per translocation event. No. individuals/AIMS: mean number of individuals per each of the translocated AIMS. No. ind./m2: mean number of individuals per square meter, considering the whole set of deployed AIMS, which were the available surface for settlement (660 AIMS = 29.7 m2). No. ind./Total AIMS: mean number of individuals settled considering the whole set of deployed AIMS (660). No. ind./AIMS and No. ind./m2 are represented by the left Y axis, whereas No. ind./Total AIMS is represented by the right Y axis.



Considering the different treatments used (AIMS deployed directly on substrate, sloped, or cantilever) the treatment that supported a greater number of Patella ferruginea individuals was onto the substrate, followed by slope and cantilever, and this pattern was constant for each of the three translocations (Figures 7A–D). The results indicated that the distribution of individuals among the three treatments clearly differed from a random one (Chi-square test: 60.1; df: 2; p<0.001). Nevertheless, recruits showed slight differences among translocations (Figures 7A–C), with a greater number on cantilever compared with slope AIMS on the second translocation. Moreover, the distribution of recruits and adults among treatments showed significant differences (Chi-square test: 26.9; df: 2; p<0.001).




Figure 7 | Number of individuals (<3cm, adults and total) settled on the three different treatments used (on substrate, slope, and cantilever). (A) first translocation; (B) second translocation; (C) third translocation; (D) the whole number of individuals after the three translocation events.



During the translocation procedure (from extracting in the donor population, transportation, and reallocation in the receiving population within 24 hours) no specimen died in any of the three different attempts. However, the survival of translocated specimens was progressively reduced through time, with differences among the three translocations (Figures 8A–C). Considering all translocations, the mean survival of the three translocations was 87.1% after one month, 75% after four months, and 68% after eight months (Figure 8D). Interestingly, differences were observed between the survival of adults and recruits for all the translocations, with it being greater for recruits than for adults, but significant differences were only recorded in the first translocation (Chi-square test: 1457.9; df: 9; p<0.05). When the three translocations were compared in terms of survival values they showed similar results for the first four months after the translocation, but the differences increased later (Figure 9), ranging from 55.5 to 80.9% after eight months, 48.4 to 76.6% after one year, and 41.9 to 66% after 20 months. Nevertheless, significant differences were only recorded between the second and the third translocations (Chi-square test: 13.4; df: 2; p<0.05). Survival of control individuals in the receiving population showed higher values, being 91.6% after four months, 87.5% after one year, and 83.3% after two years and at 32 months, the end of the monitored period, whereas these values fell to 75%, 62.5%, 41.9%, and 32.3%, respectively, for translocated individuals (Figure 9). The mean observed survival values of the three translocations differed from the expected control values (Chi-square test: 123.7; df: 8; p<0.001).




Figure 8 | Survival percentage for each translocation done and size class (<3 cm: recruits, >3 cm: adults). (A): first translocation (2018); (B): second translocation (2019); (C): third translocation (2020); (D): mean values of the three translocations.






Figure 9 | Survival percentage for each translocation and the mean of the three performed (total) over the whole monitoring period. The survival percentage of the control individuals in the receiving population located in La Línea port is also shown for comparison. Three 10 m transects were monitored and the mean ± standard error of their survival values is shown for the control threshold.



Growth of translocated individuals was consistently higher for recruits, but also showed differences for the time passed from translocation for the first and second attempts (Figure 10). In this sense, the growth rate was higher in the first month after translocation but decreased over time. The values ranged from 2.09 to 4.19 mm/month for recruits, 0.5 to 1.85 mm/month for adults, and 0.65 to 2.69 mm/month for the total of individuals translocated (recruits+adults). It is worth noting the great increase in the size of some individuals: number 7 during the first translocation increased in size from 2.2 cm to 8.1 cm in 31 months, and numbers 21 and 27 increased in size from 1 cm to 7.7 in the same period. In contrast, the number 36 during the second translocation only increased in size from 6.7 cm to 7.6 cm in 19 months and many others showed similar slow growth. Moreover, high variability in growth rates was recorded among individuals of similar size. In this sense, during the third translocation, specimen number 57 increased from 1.7 cm to 5.5 cm in eight months, whereas number 63 only increased from 1.6 cm to 2.3 cm in the same period.




Figure 10 | Mean growth rates ( ± SE) for recruits (<3cm), adults, and the total individuals translocated for each of the translocation events. (A): first translocation (Oct. 2018). ***p<0.001 (ANOVA test). Letters indicate homogeneous groups according to a posteriori SNK test; (B): second translocation (Oct. 2019). ***p<0.001, **p<0.01 (ANOVA test); and (C) third translocation (Sep. 2020). ***p<0.001, **p<0.01, ns, not significant (ANOVA test). Data have been calculated by rating the increase in size (mm) by the months that have passed between time intervals in which size measurements were recorded. The individuals were considered adults if their size was greater than 3 cm at the beginning of the calculated period.








Discussion

Translocations of individuals for conservation purposes have played a central role in conserving endangered species and routinely yielded the intended benefits without producing unintended harm (Novak et al., 2021). From 1,014 taxa reviewed for 125 years, only a single case of biodiversity loss was reported by these authors in conservation-based governance translocations. Nevertheless, other authors, such as Strayer (2022), have challenged this optimistic view querying the validity of assessments of the costs and benefits of translocations. The viewpoint is that well-planned translocations could generate ecosystem benefits and should be weighed against the cost of inaction in conservation strategies.

The implemented translocation methodology proved to be feasible in terms of logistical constraints and achievements reached. First of all, the method proposed has been proven not to affect the donor or receiving population according to the results of the monitoring program carried out. The AIMS deployed did not affect the donor or receiving population accordingly with the temporal trends in terms of density and sizes. According to Kleiman et al. (1994), in any translocation, the survival of a wild population of an endangered species must never be jeopardized by such a conservation tool. There were differences in survival between translocation events, with the values of the 2019 translocation being very similar to the control population after one year (76.6% vs. 87.5%), whereas the first translocation, done in 2018, only achieved survival of 48.4% after one year. Different values of survival have been already obtained in previous studies, as well as relevant differences in growth rates, sex ratios, or food intake among specimens and populations (Rivera-Ingraham et al., 2011a; Espinosa and Rivera-Ingraham, 2017; Espinosa et al., 2021), indicating high intraspecific variability in life history traits that would be able to affect the specimen’s adaptation to different environmental conditions. The same findings had been already reported for other limpets elsewhere (Branch, 1981; Espinosa and Rivera-Ingraham, 2017). Nevertheless, the reported differences can also be a result of a mismatch among different researchers regarding the identification of the relevant temporal and spatial scales of measurement of survival rates in the focused species.

Notwithstanding the lack of broadly accepted criteria for assessing translocation success (Seddon, 1999; Fischer and Lindenmayer, 2000; Moehrenschlager et al., 2013; Robert et al., 2015), survival of released specimens is a main indicator (Swan et al., 2016). In this sense, assessments of success depend on time, and it is controversial because some authors report that the outcomes of long-term monitoring have much higher failure rates (Dalrymple et al., 2011), whereas others pointed out that the highest proportion of failures occurred within the first four years (Bubac et al., 2019). In fact, according to the review by these authors, most studies that conducted post-released monitoring lasted between 1-4 years, which is the range of monitoring of the present study. For Patella ferruginea, several translocations can be found in the literature. Summarizing, two different approaches have already been implemented: one in which the specimens were directly dislodged from the rock surface and reattached into a new one, and a second approach in which specimens were translocated with the substrate itself. The former has reported high mortality values in the first days or even hours after the translocation, due to the difficulty of adapting the shell edge to a new topography, provoking water loss and desiccation or increasing the chance of predation. In this sense, Laborel-Deguen and Laborel (1991b) translocated a total of 222 specimens in Corsica recording a survival of 50% after the first day, 25% after one year, and 10% after two years. Similarly, Espinosa et al. (2008) translocated 420 specimens in Ceuta (Strait of Gibraltar) reporting a survival of 50% after a few days, approximately 20% after one year, and 10% after two years, but survival in control specimens was also low: approximately 60% after one year and 30% after two years. Guallart et al. (2014) translocated ten specimens that were stored in aquariums after a captive breeding project to Hormigas Islands (Southern Spain), reporting a survival of 60% after 24 hours and 10% after two years. More recently, Zarrouk et al. (2018) used cages to protect the translocated specimens in Zembra Islands (Tunisia) and the survival was clearly improved (approximately 60% for caged specimens vs. 25% for non-caged specimens after almost two years). The survival rate of those specimens protected by cages was like the mean survival rate recorded in the present study after one year (approximately 60% in both studies), but higher after two years (60% vs. 41%). Survival of control specimens was slightly higher than 80% after one and two years in that study, similar to the survival obtained in the present study for the control specimens. Cages were removed after 43 days when the specimens had already fixed their new home scars and were not maintained the whole monitoring period. Consequently, the differences in survival between both studies cannot be attributed to this fact and were probably due to the different environmental and ecological conditions between donor and receiving sites that could trigger long-term mortality when the translocation is done to a faraway receiving area. In this sense, Zarrouk et al. (2018) translocated the specimens to a very close area (5 km between donor and receiving sites), but in that study, the authors also performed a long-distance translocation (185 km) in which the survival was very low (69% after two days and 18% after approximately one and two years of monitoring). Considering the second type of translocations reported in the literature (limpets translocated with their substrate), great differences exist between studies. For instance, due to maintenance works, a total of 301 specimens were translocated attached to the boulder rocks of a breakwater from a small harbor within the Chafarinas Islands (North Africa). Survival was only 37% after three months, even though the distance between donor and receiving sites was in the range of tens of meters (APM (Autoridad Portuaria de Melilla), 2014). However, also due to breakwater repair works, Fa et al. (2018) performed a similar translocation procedure to a very close receiving area in Gibraltar (Southern Iberian Peninsula), reporting survival of 87% after ten months for 97 specimens

Transplantation of other limpet species, such as Patella vulgata has been reported as a very difficult process indeed (Jenkins and Hartnoll, 2001), similar to the results obtained for P. ferruginea according to the information already mentioned. In this sense, home scars confer mechanical advantage primarily in shear resistance (Smith, 1992). Therefore, on one hand, the translocations performed better when the specimens were moved with the substrate in which they had already fixed their home scars, such as in the present study, and on the other hand, short-term translocations (<10 km) also performed better than long-term ones (>100 km). The ultimate reasons would be the importance of establishing the home scar for intertidal limpets, gaining an advantage for facing environmental stress and predation, whereas changes in the physicochemical composition of the water, different availability of trophic resources (in terms of quality and quantity), changes in competition intensity, and predation risk would be affecting the long-term survival for the translocated specimens. Despite being a long-distance translocation, the results of the present study, in terms of survival, are among the best outcomes reported in the literature, not only in the short term (100% of survival during translocation and almost 90% after one month) but also in the long term (62.5% after one year but 75% if the natural mortality is considered in the receiving site).

In addition, recruitment in the donor area and survival in the receiving area were not negatively affected by environmental factors in terms of great fluctuations, considering the stability of physicochemical parameters in the water column together with the maintenance of the ecological structure within intertidal assemblages. In this sense, profound changes in physicochemical parameters such as an increase in turbidity or a decrease in pH values are commonly associated with polluted waters within the study area (Estacio et al., 1997), whereas the ecological composition of the intertidal assemblages in the area has been proved to be very useful for monitoring studies and reflects their common history (Fa et al., 2002; Guerra-García et al., 2006). The decrease in mean size in the donor population during the monitoring period was not, consequently, attributable to any negative environmental issue. On the contrary, it could be explained by the fact that the density increased through the monitoring period mainly due to good recruitment events (both % of colonized AIMS and the density of specimens per m2 within them increased yearly, being a proxy for recruitment in the area), and the new recruits were progressively censused when they became adults, reducing the mean size of the whole population.

The success of recruitment on the AIMS increased from the first to the third translocation and it could be related to the maturity of the intertidal assemblages that were developed over time on the experimental structures and the presence of conspecifics of Patella ferruginea already settled nearby. Moreover, chemical cues either from conspecifics or from intertidal assemblages have been proposed as attractors for recruitment in limpets and particularly in P. ferruginea (see Rivera-Ingraham et al., 2011b, Rivera-Ingraham et al., 2015). Therefore, AIMS should be deployed at least one or two years before any translocation attempt is undertaken for maximizing the recruitment. In addition, recruitment has been greater on the AIMS deployed directly over the substrate, collecting either adults or recruits and it would be preferable for restocking since a greater number of specimens could be collected. However, provided the physical impact on the intertidal habitat and the greater mortality shown by adults the use of cantilever disposition could be interesting for preventing potential impacts on the intertidal habitat (in some areas of special concern) and for selecting recruits instead of adults. Bottari et al. (2017) also found greater mortality in translocated adults of the endangered mollusk Pinna nobilis compared with juveniles. Even though some authors have advocated against the translocation of adults especially during the reproductive season to avoid additional stress (Guallart, 2014), from a restocking perspective in conservation biology it could be very useful to increase genetic diversity in the receiving population, at least for those species that, in previous translocation experiences, have registered low adult mortality during the first critical months of adaptation to their new environment. Such specimens would release their gametes just after translocation and even if they died after, the translocation would be successful from a reproductive perspective. In this sense, Coates et al. (2013) indicated that restoring abalone populations (Haliotis corrugata) by releasing juveniles could limit the success because they are more susceptible to predation, show propensities for dispersal, and those reared in captive conditions may not exhibit some behaviors that promote survival. Furthermore, these authors stated that creating aggregations by transplanting adults may be an alternative to releasing juveniles due to the higher reproductive output. Delgado et al. (2004) pointed out that reproductive specimens of the queen conch (Strombus gigas) that were translocated spawned three months after, highlighting that it could be the key to expediting the recovery of this species in the Florida Keys. Similarly, Romero-Barón (2017) indicated that adult colonies of coral should be translocated to accelerate the recruitment process because those colonies would release larvae in the short term. Consequently, the mixed approach used in the present study could be more beneficial from a conservation perspective, although further studies would be required. Furthermore, the donor population from Melilla is adapted to warmer conditions than those found in the Strait of Gibraltar (see temperature map of the Mediterranean in Coll et al., 2010), and the introduction of alleles adapted to such conditions would enhance the resilience of the population in the receiving area against the impact of SST increase derived from climate change. In this sense, Garrabou et al. (2022) pointed out that mass mortality events in several taxa of invertebrates within the Mediterranean will be usual because of marine heatwaves, with the increase in genetic diversity being even more relevant.

The differences observed in growth rates between recruits and adults are concordant with similar findings in previous studies (see Espinosa et al., 2008) since the species shows a decrease in growth rate through the life span. Moreover, the decrease observed in growth rates through the monitoring period is an expected outcome, because the specimens reduce their growth rates progressively.

Moreover, the AIMS used have shown resistance against the intense shear forces generated by waves greater than 15 m, which were recorded within the donor area through the study (REMOPAF, 2021), nevertheless, the whole set of the AIMS remained fixed. That, coupled with its great versatility in terms of unscrewing from donor sites, transportation, and screwing on receiving sites, makes them a suitable procedure in translocation attempts. It is important to highlight that the AIMS could be reutilized when the translocated specimens had already fixed their home scars on the receiving substrate, being a feasible method for persistent restocking over time. In fact, Seddon et al. (2007) pointed out that technical aspects were being promoted in translocations for improving biological outcomes. Mimicking the natural substrate by using 3D printing technology has recently been proposed in marine restoration with promising results (see Evans et al., 2021), with the translocation procedure being used at the forefront of the knowledge in this field.

Many important populations of Patella ferruginea can be found settled on artificial substrates such as breakwaters or ripraps of harbor facilities or elsewhere (Espinosa et al., 2008; Guallart et al., 2013; CAGPDS, 2020). Therefore, artificial substrates could play a key role in conservation, and Artificial Marine Micro Reserves (AMMRs) have been proposed by García-Gómez et al. (2011) as a new tool in marine conservation Accordingly, discrete portions of breakwaters with dense populations of endangered species, such as P. ferruginea, could be fenced and monitored. Human harvesting should be effectively excluded within such areas since it has proven to be the main threat to the endangered Mediterranean ribbed limpet, and many other limpets (Branch and Odendaal, 2003; Espinosa and Rivera-Ingraham, 2017). These AMMRs should be integrated into a network of interconnected sites, constituting an Artificial Marine Micro Reserves Network (AMMRNs) (see García-Gómez et al., 2015). Finally, this type of figure would be within the concept of ‘Other Effective Area-Based Conservation Measures’ (OECMs) recently proposed by the IUCN (IUCN-WCPA Task Force on OECMs, 2019), as has been properly discussed by Ostalé-Valriberas et al. (2022). In this context, some of the AMMRs could be donor populations with a permanent system of AIMS deployed that would be translocated periodically to appropriate receiving sites. Therefore, the great number of AIMS that should be deployed for recruiting enough specimens would be located within artificial substrates, with the impact over the intertidal habitat (mainly visual) not being a major concern.

Furthermore, Pérez et al. (2012) pointed out that only 4% of translocations reviewed fully complied with translocation criteria, independently of the outcomes obtained for the target species. Considering that the present study complies with all the criteria already proposed by these authors, and the outcomes obtained, it could be considered not only adequately designed but also recommended for future translocations. In this sense, species of endangered intertidal or even shallow subtidal species within the Mediterranean basin, such as the limpet Patella candei from Macaronesia, the vermetid Dendropoma spp., or the orange coral Astroides calycularis, could potentially benefit (they are already included within endangered species list, see https://www.miteco.gob.es/es/biodiversidad/temas/conservacion-de-especies/especies-proteccion-especial/ce-proteccion-listado-situacion.aspx).
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