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General Overview of the Thesis 

Sharks, rays and skates belong to the sub-class of the elasmobranchs, a taxonomic group 

among the most threatened marine vertebrates worldwide (Dulvy et al., 2014). Like in other 

marine regions, elasmobranchs are experiencing a significant decline in population in the 

Mediterranean Sea due to intense anthropogenic pressures, especially unmanaged fisheries 

which can act both directly with target fishing and indirectly via accidental catches (Walls & 

Dulvy, 2021) and the depletion of their prey resources. In addition to this, the survival of 

shark and ray species can be threatened by other drivers, including habitat degradation, 

pollution, climate change and the loss of critical areas such as breeding and nursery grounds 

(Dulvy et al., 2024). As all these pressures often act simultaneously and on different spatial 

scales, identifying where and when shark and ray individuals aggregate can reveal important 

patterns of vulnerability and resilience to human threats, thus providing a fundamental basis 

for conservation and management actions. Shark and ray aggregations are temporary 

gatherings of multiple individuals in specific areas and times, often associated with key 

biological functions such as reproduction, feeding, parturition, or social interactions 

(McInturf et al., 2023). These gregarious behaviors may expose grouped individuals to 

increased vulnerability when overlapping with human activities, even inside marine protected 

areas (Di Lorenzo et al., 2022; Palacios et al., 2023). Despite their biological importance, 

Mediterranean elasmobranch aggregations are poorly reported, particularly in terms of 

structure, drivers, ecological meanings and vulnerability to anthropogenic stresses. This thesis 

aims to contribute to filling this gap of knowledge by exploring the spatial and temporal 

dynamics of shark and ray aggregations in the Mediterranean Sea through a multi-scale and 

multi-source approach. A combination of systematic literature review, citizen science data, 

field observations, and long-term fishery-independent datasets was employed to investigate 

different aspects of elasmobranch aggregations, ranging from broad-scale patterns to species-

specific case studies.  

Accordingly, this thesis is structured into five chapters, each addressing a specific aspect of 

elasmobranch aggregations in the Mediterranean Sea. 

Chapter 1 provides a comprehensive synthesis and classification of the available information 

on elasmobranch aggregations across the entire basin. By identifying spatial, seasonal, and 



 

ecological patterns, this chapter outlines the current state of knowledge on these phenomena 

and highlights existing research gaps. 

Chapter 2 focuses on the critically endangered common eagle ray (Myliobatis aquila), 

characterizing its aggregation behavior through the integration of published data, social media 

records, and field observations conducted within a Marine Protected Area in the southern 

Mediterranean. 

Chapter 3 reports new evidence of a reproductive aggregation site for the common stingray 

(Dasyatis pastinaca), underlining the ecological and conservation importance of coastal 

habitats that serve as critical areas for reproduction and parturition. 

Chapter 4 explores ecological aspects at a well-known sandbar shark aggregation site around 

Lampione Island (Southern Sicily, Italy), contributing to a broader understanding of how 

shark aggregations may facilitate interspecific interactions (i.e. fish predation), thus 

potentially affecting ecological dynamics of communities at local scale. 

Finally, Chapter 5 investigates the spatial structure of aggregations across demersal 

elasmobranch species, sexes, and life stages, by analysing thirty years of standardized trawl 

survey data and applying spatial co-occurrence metrics to reveal long-term and multi-species 

patterns. 
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Chapter 1: Dynamics and Patterns of Mediterranean Elasmobranch Aggregations: A 

Systematic Review 

 

Abstract  

Spatio-temporal patterns of elasmobranchs aggregations in the Mediterranean Sea are poorly 

documented, with implications for designing effective conservation and management actions 

aimed at reducing their population decline. This study systematically reviews 225 scientific 

papers, identifying 28 aggregations and 116 potential aggregations of sharks and rays across 

the region. Although the biological drivers behind most of these events are of unknown 

nature, reproduction and feeding are the main purposes occurring in the understood events. 

Aggregations are most frequently reported in spring and summer, suggesting a higher risk of 

overlapping with human activity. Preferred shallow habitats are soft-bottoms, rocky areas, 

seagrass meadows and brackish environments, while seamounts and deep-water (i.e. cold-

water) coral reefs are underreported. Most events occur in epipelagic waters (0–200 m), which 

may reflect both biological preferences and methodological constraints in sampling deeper 

habitats. Current knowledge on Mediterranean elasmobranch aggregations derives from 

fishery data, addressing fishery-related aspects, with limited attention to species' ecology, 

genetics and movement patterns. Research efforts vary across Mediterranean Geographical 

Sub-Areas as established by the General Fishery Commission of the Mediterranean and Black 

Seas, with some regions hosting multiple aggregations but lacking continuous scientific 

monitoring. Given the increasing anthropogenic pressures on marine ecosystems and the 

ongoing decline of Mediterranean elasmobranch populations, understanding aggregation 

dynamics is essential for the identification and protection of critical habitats. This review 

emphasizes the need for enhanced research methodologies, extended spatial monitoring and 

the development of adaptive, site-specific management strategies to mitigate human-wildlife 

conflicts, particularly in Mediterranean elasmobranchs’ aggregations. 

 

 

 

 

 



 

1. Introduction 

Elasmobranch aggregations are defined as the co-occurrence of two or more individuals of 

the same species sharing resources due to a common driver (McInturf et al., 2023). These 

events are mostly guided by feeding or reproductive cues and supported by a favorable mix 

of environmental conditions (Crowe et al., 2018; Francis et al., 2015; García et al., 2008). 

Aggregations may occur in shallow coastal waters, which offer suitable habitats for early-life 

stages of sharks and rays (Barbato et al., 2023; Grancagnolo et al., 2023) or close to seamounts 

in the open ocean, where large pelagic species might use this habitat for foraging or stopover 

during long-distance migrations (Morato et al., 2016; Morato et al., 2008; Weber et al., 2025). 

Human activities, such as habitat degradation and fishery exploitation, impact both coastal 

zones and offshore seamounts, impairing the occurrence and the temporal stability of 

aggregations performed by threatened species (Couturier et al., 2013; Croll et al., 2016; Hall 

and Roman, 2013). In the Mediterranean Sea, many shark and ray species have experienced 

a significant population decline and risk of extinction over the past decade (Dulvy et al., 2021; 

Walls & Dulvy, 2021). This vulnerability is exacerbated by a combination of unsustainable 

targeted fishing and bycatch, along with gregarious behaviors and K-selected life history traits 

(late sexual maturity, low fecundity, slow growth rate) (Cattano et al., 2021; Croll et al., 2016;  

Ferretti et al., 2008). Identifying environmental factors driving aggregations may enhance the 

ability to locate and predict critical habitats, reducing the risk of mass capture while 

supporting the design of effective conservation strategies (Jacoby et al., 2012). The socio-

cultural heterogeneity and the long history of exploitation of the Mediterranean Sea have been 

proposed as a limit to the implementation of unified conservation regulations (Badalamenti 

et al., 2000; Gómez & Maynou, 2020; Pipitone et al., 2014). Despite the presence of Marine 

Protected Areas (MPAs), which are designed to regulate human activities and protect habitats 

and species of ecological importance, Mediterranean Partially Protected Areas, that are zones 

within MPAs where some forms of fishing are permitted, record higher captures of 

endangered and immature elasmobranchs than unprotected areas (Morey et al., 2006; Di 

Lorenzo et al., 2022). This conservation paradox highlights the shortcomings of static spatial 

management tools in addressing the needs of highly mobile species like many elasmobranchs 

(Grantham et al., 2011; Hyrenbach et al., 2000). Moreover, aggregation dynamics often 

require species-specific context-dependent management approaches that may diverge from 

https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2022.968853/full?trk=organization_guest_main-feed-card_feed-article-content#B25
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2022.968853/full?trk=organization_guest_main-feed-card_feed-article-content#B41
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2022.968853/full?trk=organization_guest_main-feed-card_feed-article-content#B43
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2023.1148234/full#B46


 

traditional regulatory frameworks (Chin et al., 2023). Effective management of aggregating 

species must account for the temporal predictability and site fidelity of aggregations (Speed 

et al., 2010). For instance, reproductive or nursery aggregations may demand highly 

restrictive closures (Heupel et al., 2007), while feeding aggregations could be managed 

through seasonal or gear-specific regulations (Casselberry et al., 2024). Therefore, adaptive, 

spatially explicit, and species-tailored strategies are essential to ensure the protection of 

critical aggregation sites (Lea, 2017). In that context, this study aimed to develop and apply 

a standardized framework for assessing and categorizing literature-based records of 

elasmobranch occurrences in the Mediterranean Sea. Using available scientific publications, 

we provided a method to distinguish between aggregations, potential aggregations, and single 

occurrences based on ecological, spatial, and temporal criteria. When information was 

available, we classified the biological drivers behind each aggregation event (e.g., 

reproduction, feeding, migration) and examined seasonality, habitat preferences and 

bathymetric distributions to describe key factors influencing aggregation formations. Finally, 

we focused on research topics, methodologies and data sources, to highlight thematic and 

knowledge gaps across Geographical Sub-Areas (GSA) as established by the General Fishery 

Commission of the Mediterranean and Black Seas (GFCM), that may hinder effective 

conservation and management of elasmobranchs aggregations in the Mediterranean Sea.  

 

2. Materials and Methods 

2.1 Study Area 

The Mediterranean Sea is a semi-enclosed basin comprising multiple marine sub-regions, 

each characterized by distinct oceanographic dynamics and thermal regimes that contribute 

to shaping its complexity of species and habitats (Coll et al., 2010) (Fig. 1). The Alboran Sea, 

in the westernmost end of the basin, has strong biological and physical connectivity with the 

Atlantic Ocean due to the continuous inflow of waters through the Strait of Gibraltar 

(Harmelin & d'Hondt, 1993). The Gulf of Lions and Ligurian Sea are among the coldest areas 

of the western Mediterranean with strong upwelling induced by northern winds that contribute 

to seasonal productivity pulses (Millot, 1979).  The Tyrrhenian Sea has a high mean surface 

temperature all year round due to its sheltered position, which limits atmospheric mixing and 

isolates the basin from extreme meteorological conditions (Astraldi et al., 1995). Between the 



 

Balearic Islands and Sardinia, waters are oligotrophic with the lowest productivity levels 

within the Western Mediterranean Basin (Bosc et al. 2004; Basterretxea et al. 2018). The 

Strait of Sicily acts as a transitional zone where eastward Atlantic currents interact with 

westward-flowing Levantine Intermediate Water, generating complex hydrographic 

dynamics (Schroeder et al., 2017; Sorgente et al., 2011). The area is considered a hotspot of 

turbulent mixing due to the interactions of the complex bottom topography and water mass 

circulation, creating local upwellings around banks and seamounts that support high levels of 

biodiversity (Ferron et al., 2017; Vladoiu et al., 2018). The Northern Adriatic Sea is 

characterized by seasonal variability, especially during winter a strong winter northeast wind 

(locally known as “Bora”) promotes deep-water formation and vertical mixing (Jeffries & 

Lee; 2007; Raicich et al., 2013). The influence of the freshwater inputs from the Po River 

results in low salinity and high productivity conditions that sustain structured trophic webs 

(Beg Paklar et al., 2005). This area is among the most intensively exploited fishing grounds 

in the Mediterranean (Barausse et al., 2009; Colloca et al., 2017; Fortibuoni et al., 2017). In 

contrast, the central and southern Adriatic are deeper and act as transitional zones connecting 

the Adriatic and Ionian Seas (Manca et al., 2002). The Levantine Sea, at the easternmost area 

of the basin, is characterized by high evaporation rates that exceed freshwater inputs, resulting 

in the warmest, most saline and oligotrophic sub-region in the Mediterranean (Krom et 

al. 1991; Tanaka et al. 2007). The downwelling of highly saline surface waters contributes to 

the formation of the Levantine Intermediate Water, which spreads westward across the entire 

basin and exits through the Strait of Gibraltar (Bigg et al., 2003; Lascaratos et al., 1999;  

Ozsoy et al., 1989). The connection with the Red Sea through the Suez Channel has facilitated 

the introduction of tropical non-native species, altering biodiversity patterns (Edelist et al., 

2013). Along the coasts of Algeria and northern Tunisia, Atlantic-origin species are 

progressively reduced in richness and abundance from west to east (Bianchi et al., 2012). In 

the southern and northern Aegean Sea, the overall biodiversity levels are lower compared to 

the western basin, and the influence of Atlantic-Mediterranean biota is minimal (Bianchi et 

al., 2012).  

https://www.sciencedirect.com/science/article/pii/S0025322715300207#bb0115
https://www.sciencedirect.com/science/article/pii/S0025322715300207#bb0115
https://www.sciencedirect.com/science/article/pii/S0025322715300207#bb0195
https://www.sciencedirect.com/science/article/pii/S0377026511000339#bib0025
https://link.springer.com/article/10.1007/s10113-014-0729-2#ref-CR33
https://link.springer.com/article/10.1007/s10113-014-0729-2#ref-CR70
https://www.sciencedirect.com/science/article/pii/S0304420317300671#bb0035
https://www.sciencedirect.com/science/article/pii/S0304420317300671#bb0190
https://www.sciencedirect.com/science/article/pii/S0304420317300671#bb0240


 

 
Figure 1. Main sub-basins of the Mediterranean Sea (Orejas & Jiménez, 2019). 

 

2.2 Data collection 

The literature search and screening process followed the PRISMA guidelines (Preferred 

Reporting Items for Systematic Reviews and Meta-Analyses; www.prisma-statement.org), 

adopting criteria for inclusion and exclusion to guarantee transparency, reproducibility and 

generalizability in study selection. Bibliographic research was conducted using Google 

Scholar, Scopus and ResearchGate, constraining the queries to be matched in “Title, Abstract, 

author keywords” and using as search strings the following keywords: “Mediterranean” and 

“Elasmobranchs” or “Chondrichthyes” or “Sharks” or “Rays” and “Aggregation”. When 

applicable, the subject area selection was limited to "Environmental Science", "Agricultural 

and Biological Sciences" and "Earth and Planetary Sciences". Grey literature and materials 

provided for the identification of Important Shark and Ray Areas (ISRAs) (Kyne et al., 2023; 

https://sharkrayareas.org/),  in the Mediterranean Sea were also included in the analyses since 

the establishment of ISRAs was reviewed by a panel of scientists and experts. Research 

articles were used to classify the reported events as aggregations, potential aggregations or 

single occurrences. Although some macro-areas (i.e., Gulf of Gabes) are known to host 

multiple aggregation sites for both sharks and rays, no studies have reported mixed 

aggregations (i.e., simultaneous occurrences of both groups at the same time and location). In 

such cases, events were treated and classified separately for each species or species occurring 

within the same broader area. For the purpose of this study, an aggregation was defined by 

https://www.prisma-statement.org/
https://sharkrayareas.org/


 

the matching of four criteria:  (1) high abundance, when more than two individuals were 

observed or captured at the same time, as indicated by McInturf et al., 2024; (2) high 

occurrence, when abundance data were unavailable, but the species was repeatedly caught or 

sighted; (3) site fidelity, high occurrence or high abundance recorded only in a specific area; 

(4) seasonality, for a seasonal pattern in captures or observations. The term observation refers 

to any empirical evidence obtained through methodologies providing verified detections of 

species presence and abundance over space and time, including visual records (e.g., 

underwater, aerial, or video-based observations), tagging data and capture or survey records. 

Model-based predictions were excluded because they do not represent direct observations of 

individuals, while environmental DNA (eDNA) records were not considered suitable to detect 

confirmed aggregations, as they provide information on species presence but not on 

abundance or the number of individuals. Potential aggregations were defined when at least 

two criteria were satisfied and no aggregations for events that met only one criterion (Fig. 2). 

Following McInturf et al. (2024), an aggregation was defined as the grouping of two or more 

conspecific individuals for a specific purpose within a bounded space and time, since co-

occurrence of different species may reflect distinct ecological or behavioral drivers. 

Information from single occurrences was excluded and was not considered for further 

analysis.  

 



 

Figure 2. Criteria used to classify papers and assess aggregations, potential aggregations and 

single occurrences. 

For each research article, information was noted about the species, study area (then grouped 

according to their corresponding General Fisheries Commission for the Mediterranean - 

GFCM - Geographical Sub-Areas - GSAs), habitat type, depth, research topic, and data 

collection methodologies. Within the ISRA framework, “C Criterion” refers to “Aggregation 

Areas”, defined as sites where sharks or rays gather for key biological purposes such as 

mating, parturition, feeding, resting, or seasonal movements (Kyne et al., 2023). The “C 

Criterion” provided by the ISRA framework was used both for aggregations and potential 

aggregations to categorize reproduction, resting, movement, feeding, or unknown events. 

According to available depth information, aggregations and potential aggregations were 

assigned to the epipelagic zone (from 0 to 200 m), the mesopelagic zone (from 200 to 1000 

m) and to the bathypelagic zone (more than 1000 m). Habitats were classified in sand/mud, 

cold coral reefs, seagrass meadows, brackish waters, artificial habitats (mussel farms, power 

plants, tuna farms), seamounts, channels (including canyons and ridges) and rocky outcrops. 

Research topic categories were classified as: (i) “Biology”: growth, development, 

reproduction and physiology; (ii) “Conservation and Management”: policies, management 

measures, Marine Protected Areas (MPAs), and mitigation strategies; (iii) “Ecology”: 

interspecific interactions, diet, and behavior; (iv) “Habitat Use” spatial distribution and 

environmental drivers; (v)“Record”: checklists and single observations; (vi) “Fishery”: 

impacts of fishing, stock assessment, population trends, bycatch, and alternative gears; (vii) 

“Genetics”: phylogeny, molecular taxonomy. Methodologies were categorized into: (i) 

“Fishery-dependent data”: data derived from commercial or experimental fisheries; (ii) 

“Stomach content and isotopes”: techniques used for trophic ecology studies; (iii) “Aerial, 

BRUVs, and UVC”: grouped as non-invasive direct observation techniques for abundance 

estimation; (iv) “LEK and Citizen Science”: community-based approaches for monitoring 

spatial and temporal occurrence; (v) “Models”: statistical and computational approaches for 

species distribution predictions and environmental parameter assessments; (vi) 

“Microbiome”: microbial community analysis in sharks and rays for ecological 

investigations; (v) “Tags”: conventional, acoustic, data loggers, and satellite tags for 

movement and habitat use studies. 



 

 

2.3 Data analysis 

Statistical analyses were grouped according to two main objectives: 

(1) to assess differences in the occurrence and characteristics of aggregation events across 

taxa, habitats, and environmental factors; and 

(2) to evaluate study characteristics and research efforts across the Mediterranean Sea. In all 

ecological analyses (aggregation purpose, seasonality, habitat and depth), the response 

variable was the number of aggregation events, each representing an independent occurrence 

as reported in the reviewed literature. When a single publication described multiple events, 

each was treated as a separate record. Analysis related to research topics, methods and effort 

were based on the number of published papers. 

 

2.3.1 Aggregation occurrence and ecological patterns 

Differences in the number of events reporting aggregations, potential aggregations and single 

occurrences between sharks and rays were tested using Chi-squared tests (χ2 p<0.05), with 

post-hoc pairwise comparison adjusted using Bonferroni correction. A Separate Chi-squared 

test was performed within sharks and rays to evaluate intra-group differences. After 

establishing that no significant differences existed between sharks and rays in the overall 

number of aggregation events, the dataset was analyzed jointly for all elasmobranchs. This 

approach prevented data over-fragmentation, ensuring sufficient sample sizes and statistical 

robustness across analyses. Aggregation purposes, categorized according to the ISRA 

criterion C (feeding, movement, reproduction, resting and unknown), were analyzed 

separately for aggregations and potential aggregations. The response variable considered was 

the number of aggregation events assigned to each category. Proportions were expressed as 

percentages and tested using a Likelihood Ratio G-test, dealing with expected values lower 

than five. Fisher’s Exact test with Bonferroni correction was applied post-hoc to account for 

low-frequency categories and control Type I errors. Seasonal variation in aggregations and 

potential aggregations was tested through Chi-squared tests with Bonferroni adjusted post-

hoc correction for multiple comparisons, based on the number of recorded events per season. 

Differences among habitats were based on the number of events for each habitat and were 

assessed using exact Chi-square test (Monte Carlo simulation, p<0.05) and pairwise Fisher’s 



 

Exact test with Bonferroni corrections to account for data with small sample sizes and to 

control the risk of Type I errors. Bathymetric preferences (epipelagic 0- 200 m; mesopelagic 

200 – 1000; bathypelagic >1000) were based on the number of events in each depth range 

and were evaluated separately with Exact Binomial test verifying the null hypothesis of 

uniform distribution across depths strata (probability of aggregations or potential 

aggregations in each zone of 1/3). A 95% confidence interval was estimated to describe the 

range of presence probabilities.  

 

2.3.2 Research effort and study characteristics 

Differences among research topics and methodological approaches were evaluated using Chi-

squared tests and Bonferroni corrected post-hoc Pairwise test, using the number of published 

papers as the response variable. To explore spatial patterns of research effort and aggregation 

occurrence, a Principal Component Analysis (PCA) was performed on z-score transformed 

data (number of aggregations, aggregated species and published papers per GSA). Only 

principal components with eigenvalues > 1 were retained for interpretation. A Hierarchical 

Clustering analysis (Ward’s method, Euclidean distance) identified GSA groups with similar 

patterns and the optimal number of clusters was determined using the Silhouette method. 

GSAs clusters were visualized in a dendrogram. The same analysis was repeated for potential 

aggregations. Research effort was quantified as the number of publications reporting 

confirmed or potential aggregation records within each GSA (n = 131 studies), representing 

the spatial distribution of aggregation-focused research across the Mediterranean. The 

variability across GSAs in the number of events, publications and species performing 

gregarious behaviors was separately illustrated in three separate maps for aggregations and 

potential aggregations. All statistical analyses were performed in R (R Core Team, 

https://cran.r-project.org) and the spatial mapping and visualization of aggregation and 

potential aggregation events were conducted in QGIS 3.28.15 (QGIS Development Team, 

2024. QGIS Geographic Information System. Open Source Geospatial Foundation 

Project. http://qgis.osgeo.org"). 

 

3. Results 

3.1. General overview 

https://cran.r-project.org/
http://qgis.osgeo.org/


 

A total of 246 research papers were retrieved from the reference list, complemented by 27 

additional sources identified through bibliographic searches on Scopus, ResearchGate and 

Google Scholar. 19 documents were excluded due to irrelevance (based on title and abstract 

content) or because they were not available online (e.g., unavailable technical reports). The 

remaining 254 articles were reviewed to confirm aggregations and collect data for event 

characterization. Of these, 142 papers were excluded from further analysis as they described 

only single occurrences (271 total events: 130 involving sharks and 141 rays). The remaining 

131 studies reported 28 confirmed aggregations (13 involving sharks and 15 involving rays) 

and 116 potential aggregations (70 for sharks and 46 for rays). The overall screening and 

selection process followed the PRISMA framework and is summarized in Fig. 3.  

 
Figure 3. PRISMA flow diagram summarizing the identification, screening and inclusion of 

studies in the systematic review on shark and ray aggregations in the Mediterranean Sea. 

Significant differences were found among the number of aggregations, potential aggregations, 

and simple occurrences (χ², p < 0.05). Post-hoc pairwise comparisons with Bonferroni 

correction confirmed significant differences between each category, with single occurrences 



 

being the most frequently reported (p < 0.05). No significant differences were observed 

between sharks and rays within any of the three categories (p > 0.05) (Fig. 4). 

 

 

 
Figure 4. Comparison between the number of areas with aggregations, potential and 

occurrence of sharks and rays in the Mediterranean Sea. The histogram shows the number of 

confirmed aggregations, potential aggregations, and non-aggregated occurrences of sharks (in 

blue) and rays (in orange) in the Mediterranean. Letters indicate the results of the post-hoc 

pairwise comparison test.  

 

3.2 Aggregation purposes 

Among aggregation events, 43% were of unknown nature, 40% were for reproductive 

purposes and 14% for feeding (Fig. 5A). For 55% of potential aggregations, purposes were 

not understood, 30% were for reproduction and 13% for feeding (Fig. 5B). Resting 

aggregations were not detected in aggregations nor in potential aggregations. 



 

 
Figure 5. Proportion of aggregation types in the Mediterranean Sea: proportion of 

aggregation types in aggregations (A) and potential aggregations (B) 

Aggregation purposes significantly differed among categories (G-test, p < 0.05), with the 

largest contributions from aggregations of unknown nature, reproductive and feeding events 

(Fisher’s Exact test with Bonferroni correction, p <0.05) (Fig. 6A). Potential aggregation 

types differed significantly (G-test, p < 0,05), confirming a non-uniform distribution across 

categories. Post-hoc Fisher’s Exact Test with Bonferroni correction indicates that all 

categories are statistically different except for resting and movement, with the predominance 

of unknown events (p > 0.05) (Fig. 6B). The “resting” category was excluded from the 

analysis, as no events of this type were recorded. 



 

 
Figure 6. Number of aggregation types and statistical differences: (A) histogram shows the 

number of papers reporting each aggregation type in aggregations, (B) shows the distribution 

for potential aggregations. Letters indicate statistical differences of the post-hoc Fisher’s 

Exact test with Bonferroni correction.   

 

3.3 Seasonal trends 

The Chi-squared test revealed significant differences in Seasonal trends of occurrences 

significantly differed (χ², p < 0.05), with spring and summer being the most frequently 

reported seasons for both aggregations and potential aggregations (Fig. 7A; 7B). 



 

 
Figure 7. Seasonal trends of aggregations and potential aggregations: (A) Number of 

aggregations across the different seasons (Winter, Spring, Summer, Autumn). 

(B) Number of potential aggregations across the different seasons. Letters above the data 

points indicate statistically significant differences according to post-hoc analysis. 

 

3.4 Depth ranges 

The epipelagic zone (0 – 200 m) showed a higher-than-expected proportion of aggregations 

compared to the expected distribution (Binomial test, p < 0.05), with 93% estimated presence 

probability and a 95% confidence interval of 0.66 – 0.99 (Fig. 8A). In the mesopelagic zone 

(201- 1000 m), the proportion of aggregations significantly differs from the expected 

distribution (Binomial test, p < 0.05) with an occurrence probability of 0.07 and a confidence 

interval of 0.0018 – 0.338 (Fig. 8A). No aggregations were recorded in the bathypelagic zone 

(> 1000 m), and the Binomial test confirmed a deviation from the expected uniform 

distribution (p < 0.05), with a probability of 0.0 occurrence and a confidence interval of 0.00 

– 0.23 (Fig. 8A). For potential aggregations, the epipelagic zone also showed higher-than-



 

expected proportion of events (Binomial test, p < 0.05), with an estimated presence 

probability of 72% (95% confidence interval of 0.56-0.84) (Fig. 8B). The mesopelagic range 

did not show a deviation from an expected uniform distribution (p > 0.05). No potential 

aggregations were found in the bathypelagic zone, which distribution differed significantly 

from uniform (Binomial test, p < 0.05; estimated presence probability of 0% in a confidence 

interval of 0.0 – 0.08) (Fig. 8B).  

 



 

Figure 8. Depth preferences in aggregations and potential aggregations: (A) Aggregations 

across three bathymetric zones (epipelagic: 0–200 m, mesopelagic: 201–1000 m, 

bathypelagic: >1000 m). (B) Potential aggregations across three bathymetric zones 

(epipelagic: 0–200 m, mesopelagic: 201–1000 m, bathypelagic: >1000 m). 

 

3.5 Habitat preferences 

Rocky substrates (23%), artificial habitats (23%) and sand/mud (21%) were the most frequent 

habitats in aggregation sites (Fig. 9.1). For potential aggregations, sand/mud was the most 

frequently reported (32%), followed by brackish waters (24%) (Fig. 9.2). Differences across 

habitats were significant both for aggregation and potential aggregation (Exact χ² test, p < 

0.05).  Post-hoc Fisher’s exact test with Bonferroni correction indicated that cold water corals 

and seamounts were the least reported habitats hosting aggregations (Fig. 9.1). For potential 

aggregations, rock, sand/mud, seagrass and brackish waters were the most frequently reported 

habitats (Fisher’s Exact with Bonferroni correction, p< 0.05) (Fig. 9.2). 

 
Figure 9. Aggregations and potential aggregations across different Mediterranean habitats: 

(1) Number of aggregations across habitats. (1) Number of potential aggregations across 

habitats. Illustrations on the left depict the main habitat categories identified: (A) sand/mud, 

(B) artificial habitats, (C) cold-water corals, (D) rocky reefs, (E) seagrass meadows, (F) 



 

brackish waters, (G) canyons/channels, and (H) seamounts. Letters above bars are the results 

of the pairwise Fisher’s exact test with Bonferroni correction. 

 

3.6 Research topics and methodologies  

The number of publications statistically differs across research topics (χ², p < 0.05). Post-hoc 

pairwise comparison with Bonferroni correction indicated that biology, ecology, conservation 

and management and habitat use share the same number of references, forming a single 

cluster. Fishery-related topics were the most frequent, while genetics was the least represented 

(Fig. 10).  

 

 
 

Figure 10. Comparison of research topics based on the number of published papers for 

aggregations and potential aggregations. Letters represent the results of the post-hoc test, 

significant differences are represented by different letters. 

  

The number of studies significantly differed among methodologies (χ², p < 0.05). Post-hoc 

pairwise comparisons (Bonferroni correction) revealed that some fishery-related methods 

were the most applied, followed by CS and LEK, both in aggregations and potential 

aggregations studies (Fig. 11).  

 



 

 
Figure 11. Comparison of research methods based on the number of published papers for 

aggregations and potential aggregations. Letters represent the results of the post-hoc test, 

significant differences are represented by different letters. 

 

3.7 Spatial occurrences and research efforts across GSAs 

Hierarchical clustering analysis identified five clusters based on the number of aggregations, 

aggregated species and related publications (Fig. 12A). Cluster 1 included 18 GSAs (1, 2, 3, 

4, 6, 7, 8, 12, 15,16, 20, 21, 23, 24, 26, 28, 29, 30) with no aggregations occurrence nor related 

studies. Cluster 2 included six GSAs (5, 9, 11, 18, 19, 25) with low aggregation presence 

(mean 1,17) and low publication counts (mean 1); Cluster 3 comprised GSAs 10 and  22, 

showing intermediate aggregations (mean 5) and published papers (mean 3); Cluster 4 

included GSAs 13, 14 and 17, with higher aggregation occurrences (2.3) and medium research 

effort (mean 2); GSA 27 was isolated as fifth cluster, showing the highest aggregation 

presences (mean 7) and research effort (mean 8). The PCA performed on aggregations across 

GSAs showed that the first two principal components (PC1 and PC2) explained 99.2% of the 

total variance (PC1: 96.9%, PC2: 2.3%). The PCA biplot indicated that the number of species, 

aggregations and papers were positively correlated along PC1. For potential aggregations four 

clusters were identified by the silhouette method (Fig. 12B). Cluster 1 (16 GSAs: 

1,2,3,4,6,8,12,13,19,20,21,23,25,26,29,30) showed low number of potential aggregations 

(mean 1.31), species richness (mean 1.56) and research effort (mean 1.25). Cluster 2 (11 

GSAs: 5, 7, 9, 10, 11, 14, 15, 17, 18, 27, 28) had intermediate values (mean potential 

aggregations: 7.27, species: mean 6.45, papers: 4.73). Cluster 3 (three GSAs: 16,24) showed 

high number of potential aggregations (mean 18.5) and number of species (mean 17.5) and 

an intermediate number of published papers (mean 9.5); Cluster 4 (GSA 22) characterized by 



 

an intermediate number of potential aggregations and species richness (mean 7 and 6 

respectively) and by a high research effort (mean 14). The PCA on the potential aggregations 

showed that the first two PCs accounted for 98.7% of the total variance (PC1: 85.4%, 

PC2:13.3). PC1 was driven by the number of aggregations and species, while PC2 was more 

influenced by research effort. The PCA biplot indicated that GSAs with high potential 

aggregations and species richness clustered separately from those with few publications. Fig. 

13 illustrates the differences across the three analyzed variables (number of aggregations, 

number of species, number of papers) for both aggregations (panels A, C, E) and potential 

(panels B, D, F). 

 

 A 



 

 
Figure 12. Hierarchical clustering and Principal Component Analysis of aggregations and 

potential aggregations across GSAs. (A) Dendrogram representing the hierarchical clustering 

of GSAs based on the number of aggregations, papers and species; (B) Dendrogram 

representing the hierarchical clustering of GSAs based on the number of potential 

aggregations, papers and species. The colors indicate the different clusters identified through 

the silhouette method. 
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Figure 13. Spatial Distribution of three variables across Mediterranean GSAs. Spatial 

distribution of aggregations (left panels: A, C, E) and potential aggregations (right panels: B, 

D, F). The maps provide a visual representation of the aggregation patterns concerning: (A) 

and (B) number of events per GSA; (C) and (D) number of published papers related to 

aggregations or potential aggregations; (E) and (F) number of species performing 

aggregations or potential aggregations. The reference map on the bottom illustrates the spatial 



 

extent and numbering of the GFCM Geographical Sub-Areas (GSAs) used in this study 

(adapted from Borg et al., 2023). 

 

4. Discussion 

This study synthesized the available literature on elasmobranch aggregations in the 

Mediterranean Sea, providing an overview of their occurrence, typology, and the diversity of 

research sources documenting them. By systematically reviewing published records, our 

results revealed that most potential aggregation events were reported only once in the 

literature, rather than being confirmed as recurrent aggregations. This pattern could indicate 

that aggregative behaviors can be relatively uncommon (Crowe et al., 2018) but they might 

also reflect biases in research design and reporting (McInturf et al., 2023). The lack of 

significant differences in the recorded events between sharks and rays suggests that, at least 

in terms of frequency of reports, both groups may display similar aggregation patterns. 

However, these findings must be interpreted considering that the predominance of single 

occurrences could be due to opportunistic sampling, where isolated events are more likely to 

be reported than systematic observations of gregarious behaviors (Barone & Friedman, 2021). 

The absence of standardized criteria has contributed to challenges in identifying aggregations 

across regions and species. To address these difficulties, this study proposes a practical and 

replicable framework for classifying aggregation events into confirmed, potential and single 

occurrences. Such an approach provides a basis for the use of different data sources and can 

serve as a reference for the identification of critical habitats, especially in data-poor regions 

where monitoring is limited (Cattano et al., 2023). 

 

4.1 Aggregation purposes 

A challenge that emerged from this review was the assessment of the biological purposes of 

elasmobranch aggregations. Indeed, understanding the biological purposes of aggregations is 

important, as different purposes are associated with distinct conservation and management 

implications (Baum et al., 2003; de Mitcheson & Colin, 2011; Jacoby et al., 2012). A large 

proportion of aggregation and potential aggregation events documented in the literature are 

reported without clear information on their function, likely reflecting the difficulties of 

studying elasmobranch behavior through direct observation (Gruber & Myrberg, 1977; 



 

McInturf et al., 2023). Feeding aggregations often overlap with fishery grounds, such as areas 

exploited by pelagic longlines, making sharks and rays vulnerable to bycatch and generating 

human-wildlife conflicts (Carbonara et al., 2023; Garibaldi, 2015; Papageorgiou et al., 2022). 

Reproductive aggregations are often philopatric, meaning that individuals repeatedly return 

to mate or give birth to the same area (Flowers et al., 2016). This type of knowledge is key 

either to inform management actions or to feed conservation planning models, as effective 

management measures for feeding aggregations such as modifications to fishing gear and 

deployment aimed at by-catch reduction or increased post-catch survival (Carruthers et al., 

2009; Coelho et al., 2012, 2013; Poisson et al., 2016; Ward & Myers, 2007) may offer a 

flexible alternative to permanent spatial closures (Poisson et al., 2010; Santos et al., 2009; 

Watson & Bigelow, 2014), but in turn may be inadequate for reproductive and nursery areas 

that require precautionary approaches (Leathwick et al., 2008; Senko et al., 2014) and longer 

term protection (Alverson et al., 1994; Dunn et al., 2011). Clarifying the purposes of 

elasmobranch aggregations is therefore essential for tailoring management and conservation 

actions to species’ ecological needs. Identifying aggregation habitats is pivotal as they be 

integrated into spatial management plans to improve protection effectiveness (Rohner et al., 

2025). Our synthesis highlights that addressing this gap should be a priority for future 

research. 

 

4.2 Seasonality, Depth and Habitat preference 

Seasonality, depth preferences, and habitat selection influence the occurrence of 

elasmobranch aggregations. Our synthesis revealed that most reported events are 

concentrated in spring and summer and documented in shallow, epipelagic zones. The 

seasonality observed aligns with observed patterns of distribution and collective behaviors 

adjusted in response to abiotic factors (Jorgensen et al., 2012; Schlaff et al., 2014). The 

coincidence of peak aggregation periods with heightened human activities, such as fisheries 

and tourism, further increases the vulnerability of these events (Cattano et al., 2021; Pichot et 

al., 2025), as concentrated groups of individuals in shallow coastal areas become more 

exposed to targeted or incidental fishing pressure (Saidi et al., 2023). Moreover, the 

predominance of shallow-water records is consistent with reproductive behaviors of some 

species, even large pelagic species often approach coastal habitats to give birth, exposing 



 

juveniles to intense fishing pressure (Lloret et al., 2020; Maioli et al., 2024; Mancusi et al., 

2023). Despite these insights, some caveats of the present study need to be discussed. The 

scarcity of records from mesopelagic and demersal environments potentially reflects 

methodological limitations, such as the difficulties of monitoring deep-sea habitats, rather 

than a true absence of aggregations (Daley et al., 2015; Finucci et al., 2018; Rodríguez-

Cabello et al., 2016). Similarly, the ecological importance of seamounts and cold-water coral 

reefs in the Mediterranean is still poorly understood (Bo et al., 2020; Bo et al., 2021), despite 

evidence mostly from other marine regions suggests that such habitats sustain feeding 

aggregations or act as migratory stopovers (Morato et al., 2010; Weber et al., 2025). Ongoing 

coral mass mortality events further underscore the urgency of investigating these potential 

associations before they disappear (Cerrano et al., 2020; Chimienti et al., 2020; Ponti et al., 

2018). Finally, soft-bottom habitats, often overlooked in conservation planning, are 

underrepresented in aggregation studies despite supporting feeding and reproductive 

aggregations of endemic and threatened batoid species (Bilgili et al., 2023; Chaikin et al., 

2020; Kadri et al., 2013; Navarro et al., 2013). Understanding the interplay between 

seasonality, depth distribution, and habitat preferences is essential for designing adaptive 

management strategies that account for both natural drivers and human impacts (Di Sciara et 

al., 2025; López et al., 2025). Conservation actions should expand beyond traditionally 

protected environments, incorporating understudied habitats such as deep-sea, soft bottom 

and seamounts. 

 

4.3 Research topics and methodologies 

The study of elasmobranch aggregations in the Mediterranean Sea has relied mostly on fishery 

surveys, which are the main source of long-term standardized data. However, alternative low-

impact methods emerged as accessible and cost-effective tools for detecting aggregations, 

particularly in data-poor regions where resources for systematic monitoring are limited by 

logistical or financial limitations (Barbato et al., 2021; Bargnesi et al., 2020; Giovos et al., 

2019; Giovos et al., 2021). When carefully managed, these approaches can extend monitoring 

capacity and foster community involvement in conservation (Cattano et al., 2023). Similarly, 

tagging techniques may offer valuable insights into the study of elasmobranch aggregations 

structures and patterns (Zemah-Shamir et al., 2022). A multi-approach can enhance ecological 



 

knowledge, guide adaptive management, and contribute to the design of effective 

conservation strategies (Goodman et al., 2024; Marshall et al., 2023). Despite their potential, 

Citizen science and LEK data can be prone to biases and without careful oversight, there is a 

risk that human presence at aggregation sites may promote site exploitation rather than 

conservation (Colloca et al., 2024; Zemah-Shamir et al., 2019; Zemah-Shamir et al., 2025). 

Tagging studies, though powerful, are underutilized in the Mediterranean and often limited 

in scale due to financial and logistical constraints (Welch et al., 2025). Future research should 

aim to combine different survey methods to overcome current limitations. An integrated 

multi-method framework would help in enhancing conservation strategies by linking 

aggregation patterns to population dynamics and management needs.  

 

4.4 Aggregations and research efforts across GSAs 

Our analysis of spatial clustering and PCA highlights geographic imbalances in research 

coverage across Mediterranean GSAs. While some areas have been well studied, many GSAs 

remain poorly represented, which prevents the development of evidence-based conservation 

strategies at regional level. GSA 27 emerged as a hotspot, with numerous monitored 

aggregations and a high number of published studies. Other areas, GSAs such as 16 and 24, 

show potential aggregation records but lack systematic investigations, suggesting that gaps in 

knowledge may reflect research bias rather than a true absence of aggregations. The 

correlation between research effort, species richness, and aggregation reports indicates that 

where more scientific work is carried out, aggregations are more often detected. Therefore, 

scientific effort plays a central role in shaping our understanding of elasmobranch gregarious 

behaviors. This uneven research effort has direct management consequences. Areas with 

confirmed aggregations are likely to overlap with regions already subject to some 

management measures, while GSAs with only potential aggregations may remain largely 

unmanaged, exposing species to unregulated exploitation pressures (Cashion et al., 2019; 

Shakman et al., 2023). Further assessment of the spatial correspondence between aggregation 

sites and existing management zones is needed to verify this pattern. Moreover, existing 

regulations, such as the 3-mile fishing restriction, have proven insufficient to ensure 

sustainability (Colloca et al., 2017.b; Riginella et al., 2022). The lack of systematic 

monitoring in several GSAs creates blind spots where threatened species continue to be 



 

targeted during aggregations, worsening population declines (Echwikhi et al., 2014; Louhichi 

et al., 2004). Proposed alternatives, such as shark tourism, may offer opportunities for non-

extractive economic use (Vianna et al. 2012), but they also risk introducing new pressures if 

not carefully designed and regulated (Healy et al., 2020). Addressing these imbalances 

requires a precautionary and adaptive approach. Regional authorities should prioritize poorly 

studied GSAs where potential aggregations are reported, implementing management 

measures even in the absence of complete data (Koehler et al., 2022; Mejía-Falla et al., 2019). 

Best-practice guidelines and collaborative frameworks with local stakeholders are essential 

to ensure that initiatives, including ecotourism, contribute to management rather than harm 

(Gallagher & Huveneers, 2018; Montero-Quintana et al., 2020). For example, the Strait of 

Sicily, already recognized as a hotspot of shark and ray diversity (Di Lorenzo et al., 2018; 

Geraci et al., 2021), highlights the need for area-specific strategies, since distinct life stages 

may use different subzones within the same region (Enajjar et al., 2015; Cattano et al., 2021). 

Overall, reducing geographic biases in research and adaptive, area-specific management is an 

essential step toward protecting aggregation sites across the Mediterranean. 

 

5. Conclusions 

This review provides the first synthesis of elasmobranch aggregation records in the 

Mediterranean Sea, offering both a methodological framework for classification and a 

regional overview of patterns and knowledge gaps.  Aggregations are a vulnerable phase of 

some elasmobranchs’ life cycles and understanding their spatio-temporal dynamics is 

important for ensuring long-term population resilience. Our findings highlight the 

predominance of single records over confirmed aggregations, which may reflect both the 

rarity of such behaviors and biases in reporting and study design. The high proportion of 

events with unknown function underscores the need for targeted ecological and behavioral 

research to identify feeding and reproductive areas. Seasonal and habitat-related trends, 

together with the uneven distribution of research across GSAs, stress that conservation 

strategies must integrate species-specific biology, regional context, and emerging 

environmental pressures.  

 

References 

https://www.sciencedirect.com/science/article/pii/S1679007314500023#bb0250


 

Alverson, D. L. (1994). A global assessment of fisheries bycatch and discards (Vol. 339). 

Food & Agriculture Org. 

 

Astraldi, M., Bianchi, C.N., Gasparini, G.P., Morri, C. (1995). Climatic fluctuations, current 

variability and marine species distribution: a case study in the Ligurian Sea (north-west 

Mediterranean). Oceanologica Acta 18 (2): 139-149.  

 

Badalamenti F, Ramos AA, Voultsiadou E, Sánchez-Lisaso JL, D'Anna G, Pipitone C, Mas 

J, Ruiz-Fernández JM, Whitmarsh D, Riggio S (2000) Cultural and socio-economic impacts 

of Mediterranean marine protected areas. Environmental Conservation 27:110–125  

 

Barausse, A., Duci, A., Mazzoldi, C., Artioli, Y., & Palmeri, L. (2009). Trophic network 

model of the Northern Adriatic Sea: analysis of an exploited and eutrophic 

ecosystem. Estuarine, Coastal and Shelf Science, 83(4), 577-590.  

 

Barbato, M., Barria, C., Bellodi, A., Bonanomi, S., Borme, D., Ćetković, I., Colloca, F., 

Colmenero, A., Crocetta, F., Carlo, F., Demir, E., Di Lorenzo, M., Follesa, M., C., Garibaldi, 

F., Giglio, G., Giovos, I., Guerriero, G., Hentati, O., Ksibi, M., Kruschel, C., Lanteri, L., 

Leonetti, L., Ligas, A., Madonna, A., Matic-skoko, S., Mimica, R., Moutopoulos, D., K., 

Mulas, A., Nerlovic, V., Pesic, A., Porcu, C., Riginella, E., Sperone, E., Tsouknidas, K., 

Tuncer, S., Vdroliak, D. & Mazzoldi, C. (2021). The use of fishers’ Local Ecological 

Knowledge to reconstruct fish behavioural traits and fishers’ perception of conservation 

relevance of elasmobranchs in the Mediterranean Sea. Mediterranean. Marine Science 22, 

603–622 (2021) 

 

Barbato, M., Zampieri, C., D'Acunto, S., Pennino, M. G., Barausse, A., & Mazzoldi, C. 

(2023). Too young to die: Mapping nursery areas for early juveniles of the endangered 

sandbar shark (Carcharhinus plumbeus) to inform conservation in the Mediterranean 

Sea. Journal of Applied Ecology, 60(10), 2223-2234.  

 



 

Bargnesi, F., Lucrezi, S., & Ferretti, F. (2020). Opportunities from citizen science for shark 

conservation, with a focus on the Mediterranean Sea. The European Zoological 

Journal, 87(1), 20-34. 

 

Barone, M., & Friedman, K. (2021). Better data collection in shark fisheries learning from 

practice. FAO Fisheries and Aquaculture Circular, (C1227), I-80. 

 

Basterretxea, G., Font-Muñoz, J. S., Salgado-Hernanz, P. M., Arrieta, J., & Hernández-

Carrasco, I. (2018). Patterns of chlorophyll interannual variability in Mediterranean 

biogeographical regions. Remote Sensing of Environment, 215, 7-17. 

 

Baum, J.K., Myers, R.A., Kehler, D.G., Worm, B., Harley, S.J. and Doherty, P.A. (2003) 

Collapse and conservation of shark populations in the Northwest Atlantic. Science 299, 389–

392.  

 

Beg Paklar, G., Bajić, A., Dadić, V., Grbec, B., & Orlić, M. (2005). Bora-induced currents 

corresponding to different synoptic conditions above the Adriatic. In Annales 

geophysicae (Vol. 23, No. 4, pp. 1083-1091). Göttingen, Germany: Copernicus Publications.  

 

Bianchi, C. N., Morri, C., Chiantore, M., Montefalcone, M., Parravicini, V., & Rovere, A. 

(2012). Mediterranean Sea biodiversity between the legacy from the past and a future of 

change. Life in the Mediterranean Sea: a look at habitat changes, 1, 55. 

 

Bigg, G. R., Jickells, T. D., Liss, P. S., & Osborn, T. J. (2003). The role of the oceans in 

climate. International Journal of Climatology: A journal of the Royal Meteorological 

Society, 23(10), 1127-1159 

 

Bilgili, A., & Kabasakal, H. (2023). Encounters with threatened batoids from the perspective 

of a spearfisherman suggesting an aggregation site in southeastern Aegean Sea, 

Turkey. Regional Studies in Marine Science, 61, 102894. 

 



 

Bo, M., Coppari, M., Betti, F., Enrichetti, F., Bertolino, M., Massa, F., Bava, S., Gay, G., 

Cattaneo-Vietti, R., & Bavestrello, G. (2021). The high biodiversity and vulnerability of two 

Mediterranean bathyal seamounts support the need for creating offshore protected 

areas. Aquatic Conservation: Marine and Freshwater Ecosystems, 31(3), 543-566.  

 

Bo, M., Coppari, M., Betti, F., Massa, F., Gay, G., Cattaneo-Vietti, R., & Bavestrello, 

G. (2020). Unveiling the deep biodiversity of the Janua Seamount (Ligurian Sea): First 

Mediterranean sighting of the rare Atlantic bamboo coral Chelidonisis aurantiaca Studer, 

1890. Deep Sea Research Part I: Oceanographic Research Papers, 156, 1–13, 

103186. https://doi.org/10.1016/j.dsr.2019.103186  

 

Borg, J. A., Dandria, D., Evans, J., Knittweis, L., & Schembri, P. J. (2023). A critical checklist 

of the marine fishes of Malta and surrounding waters. Diversity, 15(2), 225. 

 

Bosc, E., Bricaud, A., & Antoine, D. (2004). Seasonal and interannual variability in algal 

biomass and primary production in the Mediterranean Sea, as derived from 4 years of 

SeaWiFS observations. Global Biogeochemical Cycles, 18(1). 

 

Carbonara, P., Prato, G., Niedermüller, S., Alfonso, S., Neglia, C., Donnaloia, M., Lembo, 

G., & Spedicato, M. T. (2023). Mitigating effects on target and by-catch species fished by 

drifting longlines using circle hooks in the South Adriatic Sea (Central 

Mediterranean). Frontiers in Marine Science, 10, 1124093.  

 

Carruthers, E. H., Schneider, D. C., & Neilson, J. D. (2009). Estimating the odds of survival 

and identifying mitigation opportunities for common bycatch in pelagic longline 

fisheries. Biological Conservation, 142(11), 2620-2630. 

 

Cashion, M. S., Bailly, N., & Pauly, D. (2019). Official catch data underrepresent shark and 

ray taxa caught in Mediterranean and Black Sea fisheries. Marine Policy, 105, 1-9.  

 

https://doi.org/10.1016/j.dsr.2019.103186


 

Casselberry, G. A., Skomal, G. B., Griffin, L. P., Brownscombe, J. W., Filous, A., Holder, P. 

E., Dello Russo, J., Morgan, C., Kneebone, J., Adams, A. J., Cooke, S. J., Danylchuk, A. J. 

(2024). Depredation rates and spatial overlap between Great Hammerheads and Tarpon in a 

recreational fishing hot spot. Marine and Coastal Fisheries, 16(1), e210277. 

 

Cattano, C., Turco, G., Di Lorenzo, M., Gristina, M., Visconti, G., & Milazzo, M. (2021). 

Sandbar shark aggregation in the central Mediterranean Sea and potential effects of 

tourism. Aquatic Conservation: Marine and Freshwater Ecosystems, 31(6), 1420-1428.  

 

Cattano, C., Calò, A., Aglieri, G., Cattano, P., Di Lorenzo, M., Grancagnolo, D., Lanzarone, 

D., Principato, E., Spatafora, D., Turco, G., & Milazzo, M. (2023). Literature, social media 

and questionnaire surveys identify relevant conservation areas for Carcharhinus species in 

the Mediterranean Sea. Biological Conservation, 277, 109824. 

 

Cerrano, C., Bavestrello, G., Bianchi, C. N., Cattaneo‐vietti, R., Bava, S., Morganti, C., Morri, 

C., Picco, P., Sara, G., Schiaparelli, S., Siccardi, A. & Sponga, F. (2000). A catastrophic mass‐

mortality episode of gorgonians and other organisms in the Ligurian Sea (North‐western 

Mediterranean), summer 1999. Ecology letters, 3(4), 284-293.  

 

Chaikin, S., Belmaker, J., & Barash, A. (2020). Coastal breeding aggregations of threatened 

stingrays and guitarfish in the Levant. Aquatic Conservation: Marine and Freshwater 

Ecosystems, 30(6), 1160-1171. 

 

Chimienti, G., De Padova, D., Adamo, M., Mossa, M., Bottalico, A., Lisco, A., Ungaro, N., 

& Mastrototaro, F. (2021). Effects of global warming on Mediterranean coral 

forests. Scientific Reports, 11(1), 20703.  

 

Chin, A., Molloy, F. J., Cameron, D., Day, J. C., Cramp, J., Gerhardt, K. L., Heupel, M. R., 

Read, M., Simpfendorfer, C. A. (2023). Conceptual frameworks and key questions for 

assessing the contribution of marine protected areas to shark and ray 

conservation. Conservation Biology, 37(1), e13917. 



 

Coelho, R., Fernandez-Carvalho, J., Lino, P. G., & Santos, M. N. (2012). An overview of the 

hooking mortality of elasmobranchs caught in a swordfish pelagic longline fishery in the 

Atlantic Ocean. Aquatic Living Resources, 25(4), 311-319. 

 

Coelho, R., Infante, P., & Santos, M. N. (2013). Application of generalized linear models and 

generalized estimation equations to model at-haulback mortality of blue sharks captured in a 

pelagic longline fishery in the Atlantic Ocean. Fisheries research, 145, 66-75. 

 

Coll, M., Piroddi, C., Steenbeek, J., Kaschner, K., Ben Rais Lasram, F., Aguzzi, J., 

Ballesteros, E., Bianchi, C. N., Corbera, J., Dailianis, T., Danovsro, R., Estrada, M., Froglia, 

C., Galil, B. S., Gasol, J. M., Gertwagen, R., Gil, J., Guilhaumon, F., Kesner- Reyes, K., 

Kitsos, M. S., Koukouras, A., Lampadariou, N., Laxamana, E., Lòperz-Fé de la Cuadra, C.,. 

Lotze, H. K., Martina, D., Mouillot, D., Oro, D., Raicevich, S., Rius-Barile, J., Saiz-Salinas, 

J. I., San Vincente, C., Somot, S., Templado, J., Turon, X., Vafidis, D., Villanueva, R, 

Voultsiadou, E. (2010). The biodiversity of the Mediterranean Sea: estimates, patterns, and 

threats. PloS one, 5(8), e11842 

 

Colloca, F., Arcioni, M., Acampa, F., Valente, S., Ventura, D., Di Lorenzo, M., Milisenda, 

G., & Moro, S. (2024). Assessing the relevance of sharks and rays for Mediterranean EU 

fisheries to support a transition from species exploitation to species conservation. Reviews in 

Fish Biology and Fisheries, 1-17. 

 

Colloca, F., Enea, M., Ragonese, S., & Di Lorenzo, M. (2017). A century of fishery data 

documenting the collapse of smooth‐hounds (Mustelus spp.) in the Mediterranean 

Sea. Aquatic Conservation: Marine and Freshwater Ecosystems, 27(6), 1145-1155. 

 

b. Colloca, F., Scarcella, G., & Libralato, S. (2017). Recent trends and impacts of fisheries 

exploitation on Mediterranean stocks and ecosystems. Frontiers in Marine Science, 4, 244.  

 

Couturier, L. I. E., Bennett, M. B., and Richardson, A. J. (2013). Mystery of giant rays off the 

Gaza strip solved. Oryx 47, 480. doi: 10.1017/S003605313000793 



 

Croll, D. A., Dewar, H., Dulvy, N. K., Fernando, D., Francis, M. P., Galván‐Magaña, F., Hall, 

M., Heinrichs, A., Marshall, A., Mccauley, D., Newton, K., M., Di Sciara, G., O’Malley, M., 

O’ Sullivan, J., Poortvliet, M., Roman, M., Stevens, G., Tershy, B., R. & White, W. T. (2016). 

Vulnerabilities and fisheries impacts: the uncertain future of manta and devil rays. Aquatic 

conservation: Marine and Freshwater Ecosystems, 26(3), 562-575. 

 

Crowe, L. M., O'brien, O., Curtis, T. H., Leiter, S. M., Kenney, R. D., Duley, P., & Kraus, S. 

D. (2018). Characterization of large basking shark Cetorhinus maximus aggregations in the 

western North Atlantic Ocean. Journal of Fish Biology, 92(5), 1371-1384. 

 

Daley, R. K., Williams, A., Green, M., Barker, B., and Brodie, P. (2015). Can marine reserves 

conserve vulnerable sharks in the deep sea? A case study of Centrophorus zeehaani 

(Centrophoridae), examined with acoustic telemetry. Deep Sea Research Part II: Topical 

Studies in Oceanography, 115: 127–136.  

 

de Mitcheson, Y. S., & Colin, P. L. (Eds.). (2011). Reef fish spawning aggregations: biology, 

research and management (Vol. 35). Springer Science & Business Media. 

 

Di Lorenzo, M., Calò, A., Di Franco, A., Milisenda, G., Aglieri, G., Cattano, C., Milazzo, M., 

& Guidetti, P. (2022). Small-scale fisheries catch more threatened elasmobranchs inside 

partially protected areas than in unprotected areas. Nature Communications, 13(1), 4381 

 

Di Lorenzo, M., Sinerchia, M., & Colloca, F. (2018). The North sector of the Strait of Sicily: 

a priority area for conservation in the Mediterranean Sea. Hydrobiologia, 821, 235-253.  

 

di Sciara, G. N., Abudaya, M., Milisenda, G., Canese, S., Panigada, V., Salah, J., & Panigada, 

S. (2025). Insights into spinetail devil ray spatial ecology in the Mediterranean Sea through 

satellite telemetry. Scientific Reports, 15(1), 2405. 

 

Dulvy, N. K., Pacoureau, N., Rigby, C. L., Pollom, R. A., Jabado, R. W., Ebert, D. A., Finucci, 

B., Pollock, C. M., Cheok, J., Derrick, D. H., Herman, K. B., Sherman, C. S., VanderWright, 



 

W. J., Lawson, J. M., Walls, R. H. L., Carlson, J. K., Charvet, P., Bineesh, K. K., Fernando, 

D., Ralph, G. M., Matsushiba, J. H., Hilton- Taylor, C., Fordham, S. V., Simpfendorfer, C. 

A. (2021). Overfishing drives over one-third of all sharks and rays toward a global extinction 

crisis. Current Biology, 31(21), 4773-4787. 

 

Dunn, D. C., Boustany, A. M., & Halpin, P. N. (2011). Spatio‐temporal management of 

fisheries to reduce by‐catch and increase fishing selectivity. Fish and Fisheries, 12(1), 110-

119. 

 

Echwikhi, K., Saidi, B., & Bradai, M. N. (2014). Elasmobranchs longline fisheries in the Gulf 

of Gabès (southern Tunisia). Journal of the Marine Biological Association of the United 

Kingdom, 94(1), 203-210. 

 

Edelist, D., Rilov, G., Golani, D., Carlton, J. T., & Spanier, E. (2013). Restructuring the Sea: 

Profound shifts in the world's most invaded marine ecosystem. Diversity and 

Distributions, 19(1), 69-77. 

 

Enajjar, S., Saidi, B., & Bradai, M. N. (2015). The Gulf of Gabes (central Mediterranean Sea): 

A nursery area for sharks and batoids (Chondrichthyes: Elasmobranchii). Cahiers de Biologie 

Marine, 56(2), 143-150. 

 

Ferretti, F., Myers, R. A., Serena, F., & Lotze, H. K. (2008). Loss of large predatory sharks 

from the Mediterranean Sea. Conservation Biology, 22(4), 952-964. 

 

Finucci, B., Dunn, M. R., Jones, E. G., & Handling editor: Valerio Bartolino. (2018). 

Aggregations and associations in deep-sea chondrichthyans. ICES Journal of Marine 

Science, 75(5), 1613-1626.  

 

Flowers, K. I., Ajemian, M. J., Bassos-Hull, K., Feldheim, K. A., Hueter, R. E., 

Papastamatiou, Y. P., & Chapman, D., D. (2016). A review of batoid philopatry, with 



 

implications for future research and population management. Marine Ecology Progress 

Series, 562, 251-261. 

 

Fortibuoni, T., Libralato, S., Arneri, E., Giovanardi, O., Solidoro, C., & Raicevich, S. (2017). 

Fish and fishery historical data since the 19th century in the Adriatic Sea, 

Mediterranean. Scientific data, 4(1), 1-13.  

 

Francis M. P., Duffy C., Lyon W. (2015). Spatial and temporal habitat use by white sharks 

(Carcharodon carcharias) at an aggregation site in southern New Zealand. Marine and 

Freshwater. Research. 66 (10), 900–918. doi: 10.1071/MF14186  

 

Gallagher, A. J., & Huveneers, C. P. (2018). Emerging challenges to shark-diving 

tourism. Marine Policy, 96, 9-12. 

 

García, V. B., Lucifora, L. O., & Myers, R. A. (2008). The importance of habitat and life 

history to extinction risk in sharks, skates, rays and chimaeras. Proceedings of the Royal 

Society B: Biological Sciences, 275(1630), 83-89.  

 

Garibaldi, F. (2015). By-catch in the mesopelagic swordfish longline fishery in the Ligurian 

Sea (Western Mediterranean). Collective. Volume of Scientific Papers. ICCAT, 71(3), 1495-

1498. 

 

Geraci, M. L., Ragonese, S., Scannella, D., Falsone, F., Gancitano, V., Mifsud, J., Gambin, 

M., Said, A., & Vitale, S. (2021). Batoid abundances, spatial distribution, and life history 

traits in the Strait of Sicily (Central Mediterranean Sea): Bridging a knowledge gap through 

three decades of survey. Animals, 11(8), 2189.  

 

Giovos, I., Serena, F., Katsada, D., Anastasiadis, A., Barash, A., Charilaou, C., Hall-Spencer, 

J. M., Crocetta, F., Kaminas, A., Kletou, D., Maximiadi, M., Minasidis, V., Moutopolulos, D. 

K., Aga.Spyridopoulou, R. N., Thasitis, I., & Kleitou, P. (2021). Integrating literature, 



 

biodiversity databases, and citizen-science to reconstruct the checklist of Chondrichthyans in 

Cyprus (Eastern Mediterranean Sea). Fishes, 6(3), 24.  

 

Giovos, I., Stoilas, V. O., Al‐Mabruk, S. A., Doumpas, N., Marakis, P., Maximiadi, M., 

Moutopoulos, D., Kleitou, P., Keramidas, I., Tiralongo; F., & de Maddalena, A. (2019). 

Integrating local ecological knowledge, citizen science and long‐term historical data for 

endangered species conservation: Additional records of angel sharks (Chondrichthyes: 

Squatinidae) in the Mediterranean Sea. Aquatic Conservation: Marine and Freshwater 

Ecosystems, 29(6), 881-890. 

 

Gómez, S., & Maynou, F. (2020). Economic, sociocultural and ecological dimensions of 

fishing capacity in NW Mediterranean fisheries. Ocean & Coastal Management, 197, 105323 

 

Goodman, M. C., White, T. D., Kazdan, J. L., Bradley, D., Shivji, M., Casagrandi, R., Mari, 

L., Gatto, M., Eurich, J. G., McCauley, D. J., O’Connor, R. J., De Leo, G., & Micheli, F. 

(2024). Reef shark population declines on remote Pacific reefs: inferences from multiple 

methods in a data-limited fishery. Marine Ecology Progress Series, 751, 97-114. 

 

Grancagnolo, D., Cattano, C., Quattrocchi, F., & Milazzo, M. (2023). Preliminary evidence 

of a potential reproductive aggregation area of the common stingray Dasyatis pastinaca 

(Linnaeus, 1758) (Chondrichthyes–Dasyatidae) in the Central Mediterranean 

Sea. Mediterranean Marine Science, 24(3), 639-643.  

 

Grantham, H. S., Game, E. T., Lombard, A. T., Hobday, A. J., Richardson, A. J., Beckley, L. 

E., Pressey, R. L., Huggett, J. A., Coetzee, J. C., Van Der Lingen, C. D., Petersen, S. L., 

Merkle, D., & Possingham, H. P. (2011). Accommodating dynamic oceanographic processes 

and pelagic biodiversity in marine conservation planning. PLoS One, 6(2), e16552. 

 

Gruber, S. H., & Myrberg Jr, A. A. (1977). Approaches to the study of the behavior of 

sharks. American Zoologist, 471-486. 



 

Hall, M., and Roman, M. (2013). “Bycatches and non-tuna catches in the tropical tuna purse 

seine fisheries of the world,” in FAO fisheries and aquaculture technical paper no. 568 (Rome, 

Italy: Food and Agriculture Organization of the United Nations). 

 

Harmelin, J.G., d'Hondt, J.L. (1993). Transfers of bryozoan species between the Atlantic 

Ocean and the Mediterranean Sea via the Strait of Gibraltar. Oceanologica Acta 16 (1): 63-

72 

 

Healy, T. J., Hill, N. J., Barnett, A., & Chin, A. (2020). A global review of elasmobranch 

tourism activities, management and risk. Marine Policy, 118, 103964. 

 

Heupel, M. R., Carlson, J. K., & Simpfendorfer, C. A. (2007). Shark nursery areas: concepts, 

definition, characterization and assumptions. Marine ecology progress series, 337, 287-297. 

 

Hyrenbach, K. D., Forney, K. A., & Dayton, P. K. (2000). Marine protected areas and ocean 

basin management. Aquatic conservation: Marine and Freshwater Ecosystems, 10(6), 437-

458. 

 

Jacoby, D. M., Croft, D. P., & Sims, D. W. (2012). Social behaviour in sharks and rays: 

analysis, patterns and implications for conservation. Fish and Fisheries, 13(4), 399-417 

 

Jeffries, M. A., & Lee, C. M. (2007). A climatology of the northern Adriatic Sea's response 

to bora and river forcing. Journal of Geophysical Research: Oceans, 112(C3).  

 

Jorgensen, S. J., Arnoldi, N. S., Estess, E. E., Chapple, T. K., Rückert, M., Anderson, S. D., 

& Block, B. A. (2012). Eating or meeting? Cluster analysis reveals intricacies of white shark 

(Carcharodon carcharias) migration and offshore behavior. PloS one, 7(10), e47819. 

 

Kadri, H., Marouani, S., Bradai, M. N., & Bouaïn, A. (2013). Age, growth and reproductive 

biology of the rough skate, Raja radula (Chondrichthyes: Rajidae), off the Gulf of Gabes 

(southern Tunisia, central Mediterranean). Marine and Freshwater Research, 64(6), 540-548. 



 

Koehler, L., Giovos, I., & Lowther, J. (2022). The application of precaution in elasmobranch 

conservation and management in the Mediterranean Sea. Marine Policy, 135, 104830.  

 

Krom, M. D., Kress, N., Brenner, S., & Gordon, L. I. (1991). Phosphorus limitation of primary 

productivity in the eastern Mediterranean Sea. Limnology and Oceanography, 36(3), 424-

432. 

 

Kyne, P. M., di Sciara, G. N., Morera, A. B., Charles, R., Rodríguez, E. G., Fernando, D., 

Gonzales Pestana, A., Priest, M., & Jabado, R. W. (2023). Important Shark and Ray Areas: a 

new tool to optimize spatial planning for sharks. Oryx, 57(2), 146-147.  

 

Lascaratos, A., Roether, W., Nittis, K., & Klein, B. (1999). Recent changes in deep water 

formation and spreading in the eastern Mediterranean Sea: a review. Progress in 

Oceanography, 44(1-3), 5-36. 

 

Lea, J. S. E. (2017). Migratory behaviour and spatial dynamics of large sharks and their 

conservation implications. PhD Thesis. Plymouth: University of Plymouth. 

 

Leathwick, J., Moilanen, A., Francis, M., Elith, J., Taylor, P., Julian, K., Hastie, T., & Duffy, 

C. (2008). Novel methods for the design and evaluation of marine protected areas in offshore 

waters. Conservation Letters, 1(2), 91-102. 

 

Lloret, J., Biton-Porsmoguer, S., Carreño, A., Di Franco, A., Sahyoun, R., Melià, P., Claudet, 

J., Sève, C., Ligas, A., Belharet, M., Calò, A., Carbonara, P., Coll, M., Corrales, X., Lembo, 

G., Sartor, P., Bitetto, I., Vilas, D., Piroddi, C., Prato, G., Charbonnel, E., Bretton, O., 

Hartmann, V., Prats, L., Font, T. (2020). Recreational and small-scale fisheries may pose a 

threat to vulnerable species in coastal and offshore waters of the western Mediterranean. ICES 

Journal of Marine Science, 77(6), 2255-2264. 

 

López, M., Clavel‐Henry, M., Bahamon, N., Vigo, M., Balcells, M., Sánchez‐Márquez, A., 

Navarro, J., & Company, J. B. (2025). Identifying Spatial Patterns of Egg Nursery Habitat for 



 

a Demersal Shark in the Northwestern Mediterranean Sea: Conservation and Management 

Implications. Diversity and Distributions, 31(2), e70004.  

 

Louhichi, M., Girard, A., & Jribi, I. (2024). High loggerhead (Caretta caretta) bycatch rate 

along with several endangered target species: Two reasons to look for alternative to traditional 

large-mesh bottom-set gillnets (Garrasia) for more sustainable fisheries in the Gulf of Gabès 

(Tunisia). Sustainability, 16(9), 3713.  

 

Maioli, F., Weigel, B., Lindmark, M., Manfredi, C., Zupa, W., Bitetto, I., Russo, T., & Casini, 

M. (2024). Assessing the overlap between fishing and chondrichthyans exposes high‐risk 

areas for bycatch of threatened species. Ecosphere, 15(11), e70050.  

 

Manca, B. B., Kovaĉević, V., Gaĉić, M., & Viezzoli, D. (2002). Dense water formation in the 

Southern Adriatic Sea and spreading into the Ionian Sea in the period 1997–1999. Journal of 

Marine Systems, 33, 133-154. 

 

Mancusi, C., Serena, F., Neri, A., Scacco, U., Baino, R. T., Voliani, A., & Marsili, L. (2023). 

Unexpected records of newborn and young sharks in ligurian and north tyrrhenian seas 

(North-western Mediterranean Basin). Diversity, 15(7), 806. 

 

Marshall, R. C., Fisher, J. A., Gatti, P., Carruthers, E. H., Robert, D., & Le Bris, A. (2023). 

Combining electronic tag data and fish harvesters’ knowledge to identify ocean management 

concerns. Marine Policy, 147, 105393.  

 

McInturf, A. G., Bowman, J., Schulte, J. M., Newton, K. C., Vigil, B., Honig, M., Pelletier, 

S., Cox, N., Lester, O., Cantor, M., Chapple, T. K. (2023). A unified paradigm for defining 

elasmobranch aggregations. ICES Journal of Marine Science, 80(6), 1551-1566. 

 

Mejía-Falla, P. A., Castro, E. R., Ballesteros, C. A., Bent-Hooker, H., Caldas, J. P., Rojas, A., 

& Navia, A. F. (2019). Effect of a precautionary management measure on the vulnerability 



 

and ecological risk of elasmobranchs captured as target fisheries. Regional Studies in Marine 

Science, 31, 100779. 

 

Millot, C. (1979). Wind induced upwellings in the Gulf of Lions. Oceanologica Acta, 2(3), 

261-274. 

 

Montero-Quintana, A. N., Vázquez-Haikin, J. A., Merkling, T., Blanchard, P., & Osorio-

Beristain, M. (2020). Ecotourism impacts on the behaviour of whale sharks: an experimental 

approach. Oryx, 54(2), 270-275.  

 

Morato, T., Hoyle, S. D., Allain, V., & Nicol, S. J. (2010). Seamounts are hotspots of pelagic 

biodiversity in the open ocean. Proceedings of the National Academy of Sciences, 107(21), 

9707-9711. 

 

Morato, T., Miller, P. I., Dunn, D. C., Nicol, S. J., Bowcott, J., & Halpin, P. N. (2016). A 

perspective on the importance of oceanic fronts in promoting aggregation of visitors to 

seamounts. Fish and Fisheries, 17(4), 1227-1233. 

 

Morato, T., Varkey, D. A., Damaso, C., Machete, M., Santos, M., Prieto, R., Santos, R. S., & 

Pitcher, T. J. (2008). Evidence of a seamount effect on aggregating visitors. Marine Ecology 

Progress Series, 357, 23-32.  

 

Morey, G., Moranta, J., Riera, F., Grau, A. M., & Morales-Nin, B. (2006). Elasmobranchs in 

trammel net fishery associated to marine reserves in the Balearic Islands (NW 

Mediterranean). Cybium, 30(4), 125-132. 

 

Navarro, J., Coll, M., Preminger, M., & Palomera, I. (2013). Feeding ecology and trophic 

position of a Mediterranean endemic ray: consistency between sexes, maturity stages and 

seasons. Environmental Biology of Fishes, 96, 1315-1328. 

 



 

Orejas, C., & Jiménez, C. (Eds.). (2019). Mediterranean Cold-Water Corals: Past, Present 

and Future: Understanding the Deep-Sea Realms of Coral (Vol. 9). Springer. 

 

Özsoy, E., Hecht, A., & Ünlüata, Ü. (1989). Circulation and hydrography of the Levantine 

Basin. Results of POEM coordinated experiments 1985–1986. Progress in 

Oceanography, 22(2), 125-170. 

 

Papageorgiou, M., Hadjioannou, L., Jimenez, C., Georgiou, A., & Petrou, A. (2022). 

Understanding the interactions between cetaceans and other megafauna with the albacore tuna 

fishery: a case study from the Cyprus’ Pelagic longline fishery. Frontiers in Marine 

Science, 9, 868464.  

 

Pichot, F., Mouillot, D., Juhel, J. B., Dalongeville, A., Adam, O., Arnal, V., Bockel, T., 

Boulanger, E., Boissery, P., Cancemi, M., Charbonnel, E., Culioli, J. M., Dejean, T., Guellati, 

N., Hartmann, V., Holon, F., Lenfant, P., Mallol, S., Marques, V., Mathon, L., Riutort, J. J., 

Santoni, M. C., Tomasi, N., Valentini, A., Velez, L., Manel, S., & Deter, J. (2025). 

Mediterranean islands as refugia for elasmobranch and threatened fishes. Diversity and 

Distributions, 31(2), e13937. 

 

Pipitone, C., Badalamenti, F., Fernández, T. V., & D’Anna, G. (2014). Spatial management 

of fisheries in the Mediterranean Sea: problematic issues and a few success stories. Advances 

in Marine Biology, 69, 371-402 

 

Poisson, F., Crespo, F. A., Ellis, J. R., Chavance, P., Bach, P., Santos, M. N., Séret, B., Korta, 

M., Coelho, R., Ariz, J., & Murua, H. (2016). Technical mitigation measures for sharks and 

rays in fisheries for tuna and tuna-like species: turning possibility into reality. Aquatic Living 

Resources, 29(4), 402. 

 

Poisson, F., Gaertner, J. C., Taquet, M., Durbec, J. P., & Bigelow, K. (2010). Effects of lunar 

cycle and fishing operations on longline-caught pelagic fish: fishing performance, capture 

time, and survival of fish. Fishery Bulletin, 108(3), 268-281. 



 

 

Ponti, M., Turicchia, E., Ferro, F., Cerrano, C., & Abbiati, M. (2018). The understorey of 

gorgonian forests in mesophotic temperate reefs. Aquatic Conservation: Marine and 

Freshwater Ecosystems, 28(5), 1153-1166. 

 

Raicich, F., Malačič, V., Celio, M., Giaiotti, D., Cantoni, C., Colucci, R. R., Čermelj , B., & 

Pucillo, A. (2013). Extreme air‐sea interactions in the Gulf of Trieste (North Adriatic) during 

the strong Bora event in winter 2012. Journal of Geophysical Research: Oceans, 118(10), 

5238-5250.  

 

Riginella, E., Nalon, M., Sinopoli, M., & Mazzoldi, C. (2022). Gain or Loss for the Inshore 

Trawling Ban within Three Miles? Preliminary Data. Fishes, 7(6), 320. 

 

Rodrıguez-Cabello, C., Gonzalez-Pola, C., and Sanchez, F. (2016). Migration and diving 

behavior of Centrophorus squamosus in the NE Atlantic. Combining electronic tagging and 

Argo hydrography to infer deep ocean trajectories. Deep Sea Research Part I: Oceanographic 

Research Papers, 115: 48–62.  

 

Rohner, C. A., Richardson, A. J., García-Rodríguez, E., Charles, R., Batlle-Morera, A., 

Bortoluzzi, J. R., Mouton, T. L., Notarbartolo di Sciara, G., Armstrong, A. O., Everett, J. D., 

Bakiu, R., Barash, A., Bariche, M., Basusta, N., Bousquet, C., Cetkovic, I., Giovos, I., 

Guallart, J., Milazzo, M., Morey, G.,  & Jabado, R. W. (2025). Important Shark and Ray 

Areas can inform conservation planning in the Mediterranean and Black Seas. iScience, 

113192. 

 

Saidi, B., Enajjar, S., & Bradai, M. N. (2023). Vulnerability of elasmobranchs caught as 

bycatch in the grouper longline fishery in the Gulf of Gabès, Tunisia. Mediterranean Marine 

Science, 24(1), 142-155. 

 

https://agupubs.onlinelibrary.wiley.com/authored-by/%C4%8Cermelj/B.


 

Santos, I. R., Friedrich, A. C., & Ivar do Sul, J. A. (2009). Marine debris contamination along 

undeveloped tropical beaches from northeast Brazil. Environmental Monitoring and 

Assessment, 148, 455-462. 

 

 

Schlaff, A. M., Heupel, M. R., & Simpfendorfer, C. A. (2014). Influence of environmental 

factors on shark and ray movement, behaviour and habitat use: a review. Reviews in Fish 

Biology and Fisheries, 24, 1089-1103.  

 

Schroeder, K., Chiggiato, J., Josey, S. A., Borghini, M., Aracri, S., & Sparnocchia, S. (2017). 

Rapid response to climate change in a marginal sea. Scientific Reports, 7(1), 4065.  

 

Senko, J., White, E. R., Heppell, S. S., & Gerber, L. R. (2014). Comparing bycatch mitigation 

strategies for vulnerable marine megafauna. Animal Conservation, 17(1), 5-18. 

 

Shakman, E., Siafenasar, A., Etayeb, K., Shefern, A., Elmgwashi, A., & Al, M. (2023). 

National inventory and status of Chondrichthyes in the South Mediterranean Sea (Libyan 

coast). Biodiversity Journal, 14(3), 459-480.  

 

Sorgente, R., Olita, A., Oddo, P., Fazioli, L., & Ribotti, A. (2011). Numerical simulation and 

decomposition of kinetic energy in the Central Mediterranean: insight on mesoscale 

circulation and energy conversion. Ocean Science, 7(4), 503-519.  

 

Speed, C. W., Field, I. C., Meekan, M. G., & Bradshaw, C. J. (2010). Complexities of coastal 

shark movements and their implications for management. Marine ecology progress 

series, 408, 275-293. 

 

Tanaka, T., Zohary, T., Krom, M. D., Law, C. S., Pitta, P., Psarra, S., Rassoulzadegan, F., 

Thingstad, T. F., Tselepides, A., Woodward, E. M., Flaten, G. A. F., Skjoldal, E. F., & 

Zodiatis, G. (2007). Microbial community structure and function in the Levantine Basin of 



 

the eastern Mediterranean. Deep Sea Research Part I: Oceanographic Research 

Papers, 54(10), 1721-1743.  

 

Vianna, G. M., Meekan, M. G., Pannell, D. J., Marsh, S. P., & Meeuwig, J. J. (2012). Socio-

economic value and community benefits from shark-diving tourism in Palau: a sustainable 

use of reef shark populations. Biological Conservation, 145(1), 267-277.  

 

Vladoiu, A., Bouruet-Aubertot, P., Cuypers, Y., Ferron, B., Schroeder, K., Borghini, M., 

Leizour, S., & Ismail, S. B. (2018). Turbulence in the Sicily Channel from microstructure 

measurements. Deep Sea Research Part I: Oceanographic Research Papers, 137, 97-112. 

 

Walls, R. H., & Dulvy, N. K. (2021). Tracking the rising extinction risk of sharks and rays in 

the Northeast Atlantic Ocean and Mediterranean Sea. Scientific Reports, 11(1), 15397.  

 

Ward P., Myers R.A., (2007) Bait loss and its potential effects on fishing power in pelagic 

longline fisheries. Fisheries Research. 86(1), 69–76. 

 

Watson J.T., Bigelow K.A., (2014) Trade-offs among Catch, Bycatch, and Landed Value in 

the American Samoa Longline Fishery. Conservation Biology 28(4), 1012–1022 

 

Weber, S. B., Richardson, A. J., Thompson, C. D., Brown, J., Campanella, F., Godley, B. J., 

Hussey, N. E., Meeuwig, J. J., Rose, P., Weber, N., Witt, M. J., & Broderick, A. C. (2025). 

Shallow seamounts are “oases” and activity hubs for pelagic predators in a large-scale marine 

reserve. PLoS biology, 23(2), e3003016.  

 

Welch, R. J., Childs, A. R., Murray, T. S., Darnaude, A. M., & James, N. C. (2025). The role 

of acoustic telemetry in assessing fish connectivity within marine seascapes: A global 

review. Journal of Fish Biology, 106(5), 1285-1304. 

 



 

Zemah-Shamir, S., Belkin, I. S., Zemah-Shamir, Z., & Portman, M. E. (2025). Introducing 

dynamics into coastal recreational management: Humans-sharks interactions case 

study. Ocean & Coastal Management, 261, 107524 

 

Zemah-Shamir, Z., Mourier, J., Ilany, A., Bigal, E., Scheinin, A., & Tchernov, D. (2022). 

Preliminary insights of a mixed-species shark aggregation: a case study of two carcharhinids 

from the Mediterranean Sea. Environmental Biology of Fishes, 105(5), 623-634. 

 

Zemah-Shamir,S., Shamir, S. Z., Becker, N., Scheinin, A. & Tchernov, D. (2019). Evidence 

of the impacts of emerging shark tourism in the Mediterranean. Ocean & Coastal 

Management, 178, 104847. 

 

 

  



 

Chapter 2: Distribution and characterization of threatened common eagle ray 

aggregations in the Mediterranean Sea: opportunities for regional conservation actions  

 

This chapter is at the second round of review: 

Grancagnolo, D., Cattano, C., Turco, G., Aglieri, G., Milazzo, M. (under review). Myliobatis 

aquila (Linnaeus, 1758) aggregations in the Mediterranean Sea: distribution, characterization 

and opportunity for conservation. Aquatic Conservation Marine Freshwater Ecosystems 

 

Abstract 

Many sharks and rays aggregate in critical habitats to feed, mate, or give birth. These 

predictable events, often involving dozens to thousands of individuals, represent important 

and vulnerable phases in their life cycles. However, fishing activities and unregulated tourism 

can threaten these aggregations, disrupting natural behaviors. Identifying when and where 

these events occur is essential to inform conservation strategies and spatial management. In 

this study, we combined systematic literature review and social media data mining to 

investigate spatial and temporal aggregation patterns of the critically endangered common 

eagle ray (Myliobatis aquila) across the Mediterranean Sea. We identified seven aggregation 

sites and extracted biological indicators useful for their characterization. We conducted a 

four-year underwater video survey at Marettimo Island (Italy), within the Egadi Islands 

Marine Protected Area, to describe a previously poor documented aggregation and assess 

potential impacts from underwater tourism. Up to 100 individuals were recorded in the 

summer months, with interannual site fidelity. Aggregations were female-dominated, with 

4% of females observed pregnant. Courtship and mating behaviors were documented for the 

first time in this species. Our observations revealed a significant decline in eagle-ray 

abundance in the presence of scuba divers, indicating potential disturbance from human 

activity. This study provides critical insights into the aggregation pattern of a threatened 

species and highlights the need for management in high-use coastal areas. We propose a set 

of biological indicators to support the identification and monitoring of aggregation events, 

especially in data-poor regions, offering a valuable tool for marine conservation planning. 

 

 



 

1. Introduction 

 

Sharks, rays, and chimaeras (class Chondrichthyes) are adapted to a wide range of 

environments and play multifunctional roles in marine ecosystems (Dedman et al., 2024; 

Stein et al., 2018). Targeted and unintentional fishing is the main driver of Chondrichthyes 

depletion, with exploitation rates exceeding their slow life-history (Dulvy et al., 2021; 

Pacoureau et al., 2021). The Mediterranean Sea, with its long history of exploitation, is a 

hotspot for elasmobranchs extinction, experiencing a faster decline than other marine regions 

(Dulvy et al., 2014). Over half of the species are assessed as threatened with extinction by the 

International Union for Conservation of Nature (IUCN) (Dulvy et al., 2016; Walls & Dulvy, 

2021). Although less studied than sharks, Batoids face a similar decline and a lack of historical 

data prevents an appropriate assessment of their status (Geraci et al., 2021; Milazzo et al., 

2021). Many elasmobranchs form transient aggregations, defined as the co-occurrence of two 

or more individuals in space and time due to the use of a common driver, such as breeding 

and foraging (McInturf et al., 2023). These predictable gatherings can increase the exposure 

to anthropogenic threats, such as targeted fishing and by-catch (Croll et al., 2016; Litvinov, 

2006), as well as tourism in the form of shark- and ray-watching (Cattano et al., 2021; Shamir 

et al., 2019). Identifying spatio-temporal dimensions of elasmobranch aggregations and 

assessing anthropogenic impacts is central to informing conservation strategies targeting 

these threatened species. Marettimo Island (southern Italy), within the Egadi Islands Marine 

Protected Area (MPA), hosts an aggregation of the common eagle ray (hereafter referred to 

as eagle-ray) Myliobatis aquila (Linnaeus, 1758) (Grancagnolo & Arculeo, 2021). The 

species is viviparous, with a breeding period between September and February, a gestation of 

6-8 months, and forms groups in summer (Manfredi et al., 2010; Serena, 2005). Like other 

K-selected elasmobranchs, unmanaged fishing activities led eagle-rays to a steep decline in 

abundance and a reduction in their distributional range (Ferretti et al., 2005; La Mesa et al., 

2016). Signs of recovery were observed in the Northern Adriatic Sea, with an 80% increase 

in the frequency of occurrence in the Mediterranean International Trawl Surveys (MEDITS) 

from 1996 to 2019 (Maioli et al., 2023). However, the paucity of data from other 

Mediterranean areas suggests adopting a precautionary approach following the Mediterranean 

or the more recent global IUCN assessments, which classified the species as Vulnerable 

https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2023.1148234/full#B46
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2023.1148234/full#B125
https://www.frontiersin.org/journals/marine-science/articles/10.3389/fmars.2023.1148234/full#B125


 

(Serena et al., 2016) and Critically Endangered (Jabado et al., 2021), respectively. In 2023, 

the third Important Shark and Ray Areas (ISRA) regional expert workshop classified the 

Egadi Archipelago as a “reproductive aggregation site” for the eagle-ray (Kyne et al., 2023; 

https://sharkrayareas.org/), based on both social media and field-based data. Although the 

area is within an MPA, the presence of a reproductive aggregation highlights the need for 

site-specific management measures. Building on studies supporting conservation through 

diverse data sources (Batista et al., 2024; Cattano et al., 2023), we combined social media 

data mining, literature review and on-site underwater surveys to (1) identify potential 

aggregations spots of eagle-ray; 2) collect data on a set of biological (abundance, size, and 

sex ratio) and behavioral variables of congregating individuals; 3) assess impacts of scuba 

diving; 4) proposed a dashboard of biological indicators supporting the early identification of 

other aggregations where conservation actions could be implemented.  

 

2. Materials and methods  

 

2.1 Literature search and social media analysis  

Scientific papers were searched on Scopus, Web of Science and Google Scholar, constraining 

the queries to be matched in “Title, Abstract, author keywords” and using as search strings 

the following keywords: “Myliobatis aquila” or “Common-eagle-ray” and “aggregation” and 

“Mediterranean”. When applicable, the subject area selection was limited to "Environmental 

Science", "Agricultural and Biological Sciences" and "Earth and Planetary Sciences". We 

compiled a database containing information on location, seasonality and survey methods. 

Only data belonging to peer-reviewed journal articles and reviews were considered. Records 

from scientific literature were combined with social media sightings to provide an overview 

of potential eagle-ray aggregations across the Mediterranean region. Mediterranean records 

of eagle-rays were examined across social media platforms (Instagram, Facebook and 

Youtube) to identify areas with occurrences of individuals over multiple years. Aggregation 

was considered as the co-occurrence of two or more individuals within a specific spatio-

temporal scale triggered by environmental drivers (McInturf et al., 2023). Visual contents 

(videos/photos) were searched in English, Spanish, Italian and French to gather information 

on location, year, maximum number of individuals recorded together in the same frame, 

https://sharkrayareas.org/


 

number of males (identified by claspers and supra-orbitary tubercles according to Capapè et 

al., 2007; Capapè & Quignard, 1974), number of females (when ventral view allowed sex 

determination) and evidences of pregnant females (assessed by the symmetrical swellings on 

the back and on the belly of each individual following Chaikin et al., 2020). Inter-annual 

sightings were mapped to visualize the spatial distribution of potential aggregations in the 

Mediterranean Sea. 

 

2.2 On-site surveys in the eagle-ray aggregation of Marettimo Island 

 

2.2.1 Description of the study area 

The Egadi Archipelago is in the north-western part of the Strait of Sicily and encompasses 

the islands of Favignana, Levanzo, and Marettimo (Fig. 1). The “Egadi Island” MPA was 

established in 1991 and comprises four distinct protection levels. Zone A is a "fully protected 

area", where only diving and swimming are permitted. Zones B and C correspond to" general" 

and "partial" protection, respectively, where regulated artisanal fishing and recreational 

activities (such as diving and boating) are allowed. D zone, where trawling and purse seine 

fisheries are permitted with prior authorization. The aggregation of eagle-rays occurs within 

the B zone, in "Cala Martina" off the southernmost sector of Marettimo Island (Fig. 1). This 

site features a shallow rocky substrate at 15-20 m depth, characterized by sedimentary 

structures among Posidonia oceanica ((Linnaeus) Delile 1813) patches and vertical paleo-

cliff structures emerging from a sandy bottom at 35 m depth (Lo Iacono, 2003). 



 

 
Figure 1. Map of the Egadi Archipelago (north-western Sicily, Italy) showing the boundaries 

and zonation (A–D) of the Egadi Islands MPA. The red dot indicates the location of the 

common eagle ray aggregation site at Cala Martina, off the southeastern coast of Marettimo 

Island. The inset on the top-right map shows the position of the study area within the 

Mediterranean Sea. 

 

2.2.2 Video surveys  

Surveys were conducted over four consecutive summers from 2020 to confirm the seasonal 

recurrence in the area and to characterize eagle-rays' demographic structure and behavior. 

Preliminary visual surveys in late spring and early summer (May–July) 2020/2021 did not 

report eagle-rays in the area. As a result, all subsequent surveys in 2022/2023 were scheduled 

between August and October, when aggregations were confirmed to occur. Two video 

sampling techniques were employed: Unbaited Remote Underwater Video systems (URUVs) 

and Diver Operated Video systems (DOVs). URUVs consisted of a single GoPro Hero 8 

camera housed in a horizontally oriented waterproof case fixed to the bottom using a weighted 

tripod. DOVs comprised an aluminum bar holding two GoPro Hero 8 cameras in a single or 

stereo-view, previously calibrated with CAL software (www.seagis.com.au). We deployed 

77 URUVs during daylight hours (08:00 AM/06:00 PM) at depths from 23 to 28 meters 

(Tab.1). Three URUVs at a time, spaced at least 150 meters apart, were positioned on the 

http://www.seagis.com.au/


 

seafloor and recorded continuously for a minimum of 60 minutes each (Osgood et al., 2019). 

Videos from URUV deployments were used to monitor co-occurrence patterns and to 

characterize the aggregation of eagle-rays in terms of behavior and demographic structure. 

 

Table 1. 77 URUV deployments by month and year at Marettimo Island. Number of URUVs 

deployed during daylight hours (08:00–18:00) at depths ranging from 23 to 28 meters, 

between 2021 and 2023. 
Year August September October 

2021 2 6 0 

2022 63 4 0 

2023 0 0 2 

 

Videos from URUVs deployed in 2022 were analyzed to assess the effect of scuba diver 

presence on eagle-ray aggregation dynamics. Ten URUV deployments were conducted under 

high-impact conditions (with Open Circuit (OC) divers in the site - 12:57:19 hh:mm: ss) and 

nine under low-impact conditions (deployed by a single technical-diver using Closed-Circuit-

Rebreather (CCR) - 11:43:31 hh:mm: ss). All deployments took place in the morning, 

between 08:00 and 14:00, to avoid potential behavioral variation linked to environmental or 

diel cycles. For each video, the maximum number of individuals observed simultaneously 

(MaxN), the aggregation time (total duration in seconds during which multiple eagle-rays 

were present in the field of view), and the number of scuba divers were recorded and 

standardized on 60 minutes of video duration. A total of 142 10-minute DOV (both single 

and stereo-cameras) transects were conducted in the area where eagle-rays seasonally 

congregate (Tab.2). These transects were carried out by divers using both Open Circuit (OC) 

and Closed-Circuit Rebreather (CCR) systems. In total, we analyzed 131:47 hours of video 

footage, of which 106:43 hours were obtained from URUVs and 25 hours from DOV 

recordings. Footage collected from 2020 to 2023 was used to characterize the aggregation in 

terms of group behavior and sex ratio. Size class estimates were performed using calibrated 

camera data from 2022 and 2023 only. 

 

Table 2. 142 DOV transects by month and year at Marettimo Island. 
Year August September October 



 

2020 1 0 0 

2021 4 6 0 

2022 99 10 3 

2023 0 0 19 

 

VLC software (VideoLAN; https://www.videolan.org/vlc/index.it.html) was utilized by a 

single annotator to count the number of sightings (the number of times eagle-ray individuals 

were in the field of view) and MaxN (the maximum number of individuals in a single frame; 

Willis & Babcock, 2000) as a conservative metric to estimate the relative abundance of eagle-

rays in the aggregation area (Whitmarsh et al., 2017). Although sightings may involve 

repeated observations of the same individual and do not provide a reliable estimate of species 

abundance, this measure was used to explore spatio-temporal trends in species activity. Disk-

Width (DW) of individuals detected by DOVs was measured using EventMeasure 

(www.seagis.com.au) to estimate their body size (Fig. 2A). Only measures with a residual 

mean square (RMS) error below 20 mm were considered to maximize the ratio of precision 

of the measurement to the length of a fish at 10% (Goetze et al., 2019). The different 

specimens were successively categorized for each sex into the three main life stages 

(Juveniles, Sub-Adults, and Adults) following Capapè et al. (2007). Males were identified by 

the presence of claspers and supra-orbital tubercles (Capapè et al., 2007; Capapè & Quignard, 

1974) and considered sexually mature with elongated, longer than pelvic fin length claspers 

(Capapè et al., 2007) and a DW length above 32 cm (Fig. 2B), while females had a DW length 

≥43 cm (Last et al., 2016). Reproductive behaviors in males were classified as courtship, pre-

mating (chasing conspecifics, contact or biting), and mating, following Tricas (1980) (Tab.3). 

Mating events were identified by the presence of males displaying the dorsal erection of 

claspers (medially to 90°) during copulation, as previously reported for Myliobatis californica 

(Gill, 1865) and Rostroraja eglanteria (Bosc, 1800) (Tricas, 1980; Libby and Gilbert 1960). 

Reproduction in eagle rays and bat rays occurs in the water column while swimming, as 

occurs in large sharks, rather than demersal Rajidae and Dasyatidae (Tricas, 1980).  Advanced 

pregnancy was inferred in females with significant posterior-dorsal swelling (Chaikin et al., 

2020) (Fig. 2D). Special body marks (scars, tail morphology, humps) were used to assess 

seasonal site fidelity of the same individuals over years (McCoy et al., 2018; Kohler et al., 

2023).  

https://www.videolan.org/vlc/index.it.html
http://www.seagis.com.au/


 

 
 

Figure 2. Visual cues used to assess biological indicators of eagle rays. (A) Example of body 

size measurements obtained with Seagis software (total length, disk length, disk width). (B) 

Male with elongated claspers and supra-orbital tubercles. (C) Female without claspers. (D) 

Pregnant female with distended abdomen.  

 

 

 

Table 3. Description of courtship and reproductive behaviors observed in male M. aquila.  

 

Behavior Description 

Courtship  A sexually mature male performs erratic swimming with changes in 

direction and spinning movements (pirouettes), possibly to attract the 

attention of a female. 

Chasing The male increases swimming speed and actively pursues a female, 

trying to maintain proximity. 

Contact  The male attempts to establish physical contact by approaching the 

female from below and gently biting her ventral surface. 



 

 

 

2.3. Data analysis 

To validate the use of social media for the detection of eagle-ray aggregations and for the 

collection of demographic information, the frame corresponding to the MaxN was selected 

from each shared video. Individuals in that frame were sexed, and a female-to-male (F/M) 

ratio was calculated for each video. To assess deviations from an equal sex ratio, a binomial 

test (p=0.5) was used for each site. For comparisons between field-based datasets (DOV and 

URUV) and social media data, non-parametric Wilcoxon rank-sum tests (α=0.05) were used 

to test differences in F/M ratios. Each site was tested against both Marettimo DOV and URUV 

datasets. A χ² test was used to test the null hypothesis of no differences among seasons or 

months in eagle-ray sightings across the Mediterranean basin. The total number of individuals 

sighted per season and months were used to represent seasonal variations. When the 

assumptions for the χ² test were not met (no expected frequencies <1 and no more than 20% 

of expected frequencies <5), a Monte Carlo simulation with 10000 permutations was used to 

estimate the p-value. In cases of a significant p-value in the χ² test, post hoc pairwise 

comparisons between seasons and months were performed using chi-squared tests and 

Bonferroni correction. The individual contribution of each season and month to the total 

variance of sightings was assessed using the difference of the residuals. The monthly sighting 

values were standardized (scaled between 0 and 1) for each site to compare locations with 

different survey effort or sighting magnitude. 

Data collected through direct field observations (both by URUVS and DOVs) in Marettimo 

were compared to the Mediterranean regional aggregation trends. The percentage of pregnant 

females was calculated for each site by dividing the number of sighted pregnant females by 

the total number of female sightings. Differences in sex abundance in Marettimo were tested 

using the Wilcoxon Mann-Whitney test for non-normally distributed data (α=0.05). For each 

DOV transect, the video frame corresponding to the maximum MaxN value was selected 

(n=24) and the number of males and females was counted within that frame.  A χ2 test was 

Mating The male positions himself in a dorso-ventral alignment with the female 

and rotates one clasper approximately 90° to insert it into the female's 

cloaca for copulation. 



 

used to assess whether the sex ratio was different from parity within each life stage. 

Differences in abundance among adult, sub-adult and juvenile life stages were evaluated for 

males and females using the Kruskal-Wallis test (α=0.05). Life stage classification was based 

on 25 and 21 video frames showing the maximum MaxN per transect for females and males 

(MaxNfem and MaxNmale, respectively). A Dunn’s post hoc test with Bonferroni correction 

was used to identify pairwise differences among life stages. The frequency of reproductive 

interaction categories was compared using a χ2 test to evaluate whether some behaviors 

occurred significantly more than others. The percentage of pregnant females was calculated 

by dividing the number of sighted pregnant females by the total number of sighted females 

and compared to the social media dataset. Frequencies of occurrence of eagle-rays identified 

by natural marks were calculated as the ratio between the number of videos with sightings of 

the same individual and the total number of video footage. To investigate the effects of scuba 

divers’ presence on the aggregation, MaxN and aggregation time recorded from URUVs 

deployed under low and high impact conditions were compared using the non-parametric 

Mann-Whitney U test. Additionally, a linear regression analysis was conducted between the 

number of divers and the MaxN of eagle-rays observed within the aggregation. A piecewise 

regression analysis was performed to identify potential thresholds where the rate of decline 

of the eagle-rays’ numbers became more pronounced. The segmented package (Muggeo, 

2008) was used to estimate breakpoints in the data. The initial linear regression model was 

specified as the starting point, and the segmented function was applied to detect significant 

changes in slope. All statistical analyses were performed in R (R Core Team, https://cran.r-

project.org) and the spatial mapping and visualization of aggregation and potential 

aggregation events were conducted in QGIS 3.28.15 (QGIS Development Team, 2024. QGIS 

Geographic Information System. Open Source Geospatial Foundation 

Project. http://qgis.osgeo.org"). 

 

3. Results 

3.1 Literature review and social media content  

Ten fishery-dependent studies published between 2007 and 2023 reported on high densities 

of eagle-rays in four areas of the Mediterranean Sea, with six of them using the term 

“aggregation” to define the events. Nine studies showed a higher abundance of individuals in 

https://cran.r-project.org/
https://cran.r-project.org/
http://qgis.osgeo.org/


 

the continental shelf (0-50 m) of the Strait of Sicily (n=3), northern Adriatic Sea (n=3) and 

western Mediterranean (n=3) between late spring and early autumn (Fig. 3).  All social media 

contents (n=194)  were uploaded by scuba divers and identified the Santa Croce Bank (n=65; 

34% of the observations), the Tor Paterno shoal (n=36; 19%), Cabo de Palos (n=29; 15%), 

Marettimo island (n=28; 14%), the Medes Islands (n=20; 10%), Pianosa Island (n=13; 7%) 

and Benidorm (n=3, 2%) as areas with inter-annual evidence of aggregations (Fig. 3). Due to 

the limited number of observations from Benidorm, this site was excluded from statistical 

comparisons with other sites. Marettimo showed the highest number of individuals recorded 

together at the same time in social media footage (up to 36 ind. per footage; MaxN), followed 

by Santa Croce Bank and Pianosa (MaxN=17) and by Cabo de Palos (MaxN=16) (Fig. 3). 

The oldest videos were taken in Medes Islands and Pianosa Island in 2010, when the presence 

of six and two specimens, respectively, was documented. Since 2010, observations of 

multiple eagle-rays, indicating aggregation events, were recorded annually across the study 

sites, except for 2011, when only single individuals were reported, each from a single video 

recorded at Medes Islands and Cabo de Palos. In the other years, aggregations were observed 

at study sites with different occurrences (from 2012 to 2022 at Tor Paterno; in 2010–2012, 

2017, 2019, and 2021–2022 at Medes Islands; from 2013 to 2022 at Santa Croce; in 2010, 

2013, 2015, 2019, 2021, and 2022 at Pianosa; from 2008 to 2012 and from 2015 to 2023 at 

Cabo de Palos; in 2017 at Marettimo; and continuously from 2019 to 2023). 

 



 

 

Figure 3. Central – Western Mediterranean Aggregations of eagle rays: Identified 

aggregations based on scientific literature and social media. The pie chart represents the 

proportion of videos uploaded for each site.  

Visual content uploaded on social media platforms reported 488 aggregated individuals 

sighted in summer, 76 in autumn, 9 in spring, and 10 in winter. The χ2 test revealed significant 

differences between seasons (χ2 p<0.05), with the residuals indicating that summer 

contributes the most to the total variation (residual=33). The post hoc pairwise with 

Bonferroni correction showed that all seasonal comparisons were significant (post hoc 

pairwise p<0.001), except for spring and winter (post hoc pairwise p>0.05). The χ2 test 

performed across months revealed a significant difference in the number of sightings (χ2 

p<0.05). September is the major contributor to the total variation (residual=29.74), followed 

by October (14.64) and August (8.25), while other months have negative residuals, with the 

lowest values in January, March, and April (7.01). Post hoc pairwise comparisons with 

Bonferroni correction confirmed that sighting frequencies from July to October are 

significantly higher than those in January–June and November–December. The strongest 

differences were observed between September compared to all other months. The binomial 

tests revealed significant female-biased distributions at most sites (Tab.2). 



 

At five of the six locations, the proportion of females was higher than expected by the null 

hypothesis of a 1:1 sex ratio. Cabo de Palos (Mean MaxN F=2, Mean MaxN M=0; p<0.05), 

Medas Islands (Mean MaxN F=1, Mean MaxN M=0; p<0.05), Marettimo (Mean MaxN F=4, 

Mean MaxN M=0; p<0.05), Pianosa Island (Mean MaxN F=2, Mean MaxN M=0; p<0.05 ), 

and Santa Croce Bank (Mean MaxN F=1, Mean MaxN M=0; p<0.05)  have a significantly 

higher numbers of females recorded. 

Only Tor Paterno (Mean MaxN F=1, Mean MaxN M=1; p>0.05) did not show a significant 

deviation, indicating a balanced sex ratio. The total mean female-to-male ratio across all sites 

was twelve females for each male. A video captured in Santa Croce Bank on August 22nd, 

2015, documented two individuals with mature claspers, representing the maximum number 

of males recorded together in social media content. Females were sighted 224 times across 

all study sites, with a maximum of seven individuals recorded simultaneously on August 24th, 

2013, in Pianosa Island.  

3.2 Biological characterization of the eagle-ray aggregation in Marettimo Island  

Since 2020, URUVs and DOVs surveys carried out in the aggregation area of Cala Martina 

recorded a total of 6231 sightings. The largest group of individuals was recorded in October 

2023 by URUVs (MaxN=101 ind. h-1), along with the maximum number of males (MaxN=4) 

and females (MaxN=75). No eagle-rays were observed during spring and earlier summer 

months, despite regular diving activity by local diving centers operating around the island and 

annual targeted surveys (First author personal observation). For 589 sightings, it was possible 

to assign the sex to the recorded individuals (43 sightings of males and 546 of females). 

Moreover, size estimates were possible for 434 sightings in 2022 (of which 3 males and 17 

females) and for 123 sightings in 2023 (of which 4 males and 35 females). The average 

female-to-male ratio was 14 females for each male in DOV transects and 21 females for each 

male in URUVs. The Wilcoxon rank sum test confirmed significant differences in the MaxN 

of males and females recorded during 10 minutes of DOV transects (Wilcoxon rank sum 

p<0.05) (Fig. 4). Differences between sightings of males and females were also confirmed by 

the χ2 test within all three life stages (χ2 p<0.05). The sex ratio, calculated on the mean MaxN 

of the three main life-stages, revealed 10 juvenile females for each male, 15 sub-adult females 

for each male, and 11 adult females for each male (Fig. 4). The Kruskal-Wallis revealed 



 

significantly different abundances between the three life-stages in males (Kruskal-Wallis 

p<0.05). The posthoc Dunn’s test showed that males are mostly adult (530-1330 mm DW) in 

both 2022 (17 sightings and MaxN=3) and 2023 (37 sightings and MaxN=4) (Fig. 4.1). Sub-

adults (490-500 mm DW) were observed nine times in 2022 and 10 times in 2023 (MaxN: 1 

and 1 respectively), while juvenile males (340-420 mm DW) were only recorded in 2023, 

with 6 sightings and MaxN 1. Adults and sub-adults male sighted and sized in 2023 (n=47) 

and 2022 (n=22 sightings) fell within the size classes reported by Capapé et al., 2007 as 

corresponding to sexual maturity (DW greater than 500–540 mm) off the coast of Languedoc. 

Moreover, calcified claspers extending beyond the pelvic fins were observed, even among 

smaller individuals (490 mm DW), supporting the identification of these specimens as mature 

males. Immature females (DW below 480-580 mm) were recorded both in 2022 and 2023 (9 

sightings in 2022; 11 sightings in 2023). The Kruskal-Wallis test found statistically different 

abundances between life stages in females (Kruskal-Wallis p<0.05), mostly represented by 

adults (740 – 190 mm DW) as revealed by the Dunn’s test (Fig. 4.2). The aggregation site 

hosted pregnant females, with 97% of sightings occurring in August in 2021, 2022 and 2023. 

Four pregnant eagle-rays were filmed together in August 2022, which represented the highest 

number observed in a single frame. Pregnant females were sighted in 4% of total sightings 

across the on-site dataset (both in URUVs and DOVs). Two mature females were identified 

by natural marks in 2020 and 2021 and resighted in 2022 and 2023 (Fig. 4).  

 



 

Figure 4. Population structure in Marettimo aggregation site: Left panels: Differences in life 

stages (A: adult; S: sub-adult; J: juveniles) between males (1) and females (2) sized in 2022 

and 2023. Letters indicate the results of Dunn’s test. Panel (3): Differences in the maximum 

number of females and males recorded by DOV transects in 2022 and 2023. Statistical 

significance was based on the results of the Wilcoxon rank sum test.  

A mature female, identified by a dorsal deformation, was recorded in 12 videos between 2021 

and 2023, with a frequency of occurrence of 2% (Fig. 5). Another mature female, identified 

by the absence of a tail and for white stripes over pelvic fins and head, appeared in 35 videos 

between 2020 and 2023, with a frequency of 6% (Fig. 5).  

 

Figure 5. Individuals identified by natural marks at Cala Martina site across years. a) A 

female M. aquila with a dorsal deformation resulting in a hump; b) A M. aquila with a cut 

tail and white stripes over pelvic fins and head. 

A total of 134 reproductive interactions were documented in summer 2022 on 78 DOV and 

67 URUV surveys (n=104 events on 65 DOV and 63 URUV surveys in August, n=25 events 

on 10 DOV and 4 URUV surveys in September, n=5 events on 3 surveys in October) and 34 

events on 14 DOV and 2 URUV surveys in October 2023. The χ2 test performed on the 

number of times each reproductive behavior was observed showed statistical differences (χ2 

p<0.05), with chasing of conspecific females being the most common mating phase 



 

documented (n=91 in 2022; n=15 in 2023), followed by courtship displays (n=38 in 2022; 

n=17 in 2023). We observed males contacting females by biting them in the ventral area (near 

the pectoral and pelvic fins) in seven events in 2022 and two in 2023, while mating was 

recorded on three occasions in August 2022 (Fig. 6). 

 

 

 



 

Figure 6. Top panel: Number of courtship/mating interactions recorded by DOVs and 

URUVs in Marettimo aggregation spot. a) Courthip; b) Chasing; c) Contact; d) Mating. 

Bottom panel: Number of courtship/mating interactions recorded by DOVs and URUVs in 

Marettimo aggregation spot. 

3.3. Interactions with recreational scuba diving (ray-watching) in Marettimo Island 

According to the Egadi Islands MPA visitor register, the number of scuba divers visiting the 

eagle-ray aggregation spot increased from 266 in summer 2021 to 537 in 2022, likely due to 

the high probability of encountering eagle-rays in the wild and to the spread of video content 

on social media. Significant differences were found by the Wilcoxon tests between low- and 

high-impact diver conditions (Wilcoxon test p<0.05) (Fig. 7 a; 7 b). A linear regression 

between the number of divers at the aggregation site and the average maximum number of 

eagle-rays showed a significant negative relationship between the two variables. The 

regression model explained 50% of the variation, indicating a statistically significant inverse 

correlation (r²=0.55; p=0.013) (Fig. 7c). A piecewise regression analysis identified a 

significant threshold at approximately 5 divers (±1.01 SE). Below this threshold, the decline 

in the number of eagle-rays is less pronounced (Fig. 7d). When the number of divers exceeds 

the breakpoint, the number of rays in the aggregation remains stable, suggesting that diver 

presence beyond this threshold does not further affect aggregation size. 



 

 

Figure 7. Impact of diver presence on eagle-rays aggregation:  

(a-b) MaxN and aggregation duration (sec.) recorded during URUV deployments under low- 

(presence of single CCR technical diver) and high-impact (presence of OC divers) conditions. 

* Indicate statistically significant differences based on Wilcoxon rank-sum tests (p<0.05). 

(c) Linear regression showing the relationship between the number of divers and the mean 

MaxN of eagle-rays (R²=0.55, p=0.013). 

(d) Segmented regression analysis identifying a breakpoint at 5 divers, beyond which the 

number of rays significantly drops.  

3.4 Biotic indicators from field surveys to track aggregations through social media 

Social media contents are aligned with field observations in seasonal patterns and sex ratios. 

Peaks in sightings of aggregated individuals occurred from summer to early autumn across 

all monitored sites, in both social media and field-based datasets (Fig. 8).  

 

 



 

 

Figure 8. Scaled monthly sightings of eagle-rays across Mediterranean sites. Colored 

lines indicate sites identified through social media data mining: PI (Pianosa Island), TP (Tor 

Paterno), ME (Islas Medas), SC (Santa Croce Bank), CP (Cabo de Palos), and MA 

(Marettimo). Dashed lines indicate field-based observations from Marettimo, using DOV 

(black dashed line) and URUV (black dotted line). 

Field surveys using video methods were conducted during the summer and autumn months 

in 2022 and 2023, as no individuals were reported in the area during visual surveys in the late 

spring and early summer of 2020 and 2021. The female-to-male (F: M) ratios derived from 

social media for Pianosa, Medes Islands, Cabo de Palos, and Marettimo were not significantly 

different from those collected via URUVs at Marettimo (Wilcoxon rank-sum tests, p>0.05). 

For Tor Paterno and Santa Croce sites, the sex ratio was comparable to that recorded in 

Marettimo by DOV (Wilcoxon rank-sum tests, p>0.05). Overall, the sex ratio patterns derived 

from social media are generally consistent with those obtained through field-based methods, 

although the degree of alignment varies depending on the observation system used (DOV and 

URUV) (Tab.2). All the aggregation sites identified by data mining hosted pregnant females. 

The highest percentage of pregnant females (51%) was observed at Santa Croce Bank, 

followed by Medas Islands (33%), Pianosa Island (29%), and Tor Paterno (27%). Lower 

percentages were recorded at Cabo de Palos (10%) and Marettimo (4%) (Fig. 9). The 

proportion of pregnant females recorded in Marettimo was about 4% across all techniques 

(10 pregnant sightings on 262 female sightings by URUVs, 11 pregnant sightings on 284 

female sightings by DOVs, and 4 pregnant sightings on 106 female sightings on social media), 

calculated relatively to the total number of female sightings with each technique. This 



 

proportion was higher in other locations, especially in Santa Croce, where over half of the 

female sightings involved gravid individuals.  

 

 

Figure 9. Pregnancy evidence: Percentage of pregnant females of eagle-ray at each area 

identified by social media data mining. Bars are the proportion of gravid females relative to 

the total number of sighted females per site. The vertical dashed line represents the percentage 

recorded in Marettimo through field observations. A pregnant female, with posterior-dorsal 

swelling, recorded in Marettimo in August 2022, is shown in the photo. Courtship and mating 

behaviors in social media footage were observed only once at Tor Paterno and Marettimo. 

These behaviors were more frequent in field observations, with 75 interactions recorded via 

DOVs and 38 via URUVs in Marettimo (Tab.4). 

Table 4. Monthly maximum MaxN (MaxNmax) of eagle rays recorded at different Central-

Western Mediterranean sites based on social media (a) and field observations using DOV and 

RUV (b) in Marettimo island. For each site, data include monthly MaxNmax, female-to-male 

sex ratio (F:M), percentage of pregnant females and number of courtship/mating events. The 

results of Wilcoxon tests comparing social media and field observations sex ratios with DOV 

and RUV  
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MA - - - - - - 1 36 18 22 - 2 08:01 29 0 *    

TP - 2 - - 1 2 4 2 4 - - - 01:01 27 1   *  

ME - - - 3 1 - 2 3 6 - - - 03:01 33 0      

SC - - - - 1 9 10 6 17 3 - - 02:01 51 0   *  

PI - - - - - 10 5 17 1 - - 5 -- 10 0 *    

CP - - - 3 1 2 2 6 2 16 - 12 06:01 4 1 *    
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- - - - - - - 48 39 101 - - 08:01 4 38     

 

 

4. Discussion 

This study integrated scientific literature, social media, and multi-year field data to identify 

the spatio-temporal distribution of eagle-ray aggregations in the Mediterranean Sea, offering 

a replicable framework for data-poor regions. Data from scientific literature relied on 

fisheries-dependent sources gathered through monitoring landings, Local Ecological 

Knowledge, and scientific fishery surveys, aligning with the results of prior studies (Bousquet 

et al., 2024; De Santis et al., 2025). Social media analyses revealed aggregations with seasonal 

recurrences in six locations of the western and central Mediterranean Sea, four of them 



 

already recognized as “potential aggregation sites” or “reproductive aggregations” ISRA 

(Murcia Eastern Coast, Santa Croce Bank, and Egadi Archipelago), highlighting the efficacy 

of opportunistic content in supporting spatial conservation for endangered elasmobranchs 

(Bradai et al., 2012; Ferretti et al., 2008). Scuba divers were the sole video uploaders and, as 

taking and sharing underwater images is easier and more frequent than conducting scientific 

surveys, opportunistic footage posted on social platforms is a powerful and low-cost method 

for monitoring marine ecosystems (Otero et al., 2024; Roberts et al., 2023). Social media 

content are useful data sources for studying elasmobranchs (Cattano et al., 2023; Giovos et 

al., 2019) but require validation through standardized on-site surveys (Vianna et al., 2014; 

Ward-Paige & Lotze, 2011). The Marettimo case study provided a dashboard of biotic 

indicators (such as relative abundance, life stages and sex ratio) that, when coupled with social 

media content, can preliminarily identify conservation interest sites, as in other studies 

targeting elasmobranch distribution (Boldrocchi & Storai, 2021; Kabasakal, 2021). Our 

results suggest that juvenile stages of both sexes were less abundant than sub-adult and adult 

stages during Summer, similar to a study conducted in Northern Patagonia (Argentina) that 

revealed the presence of Myliobatis goodei (Garman, 1885) juveniles year-round and adults 

entering a bay in austral spring and summer, speculating this spot may serve as a mating 

ground (Molina & Lopez-Cazorla, 2015). The sex ratios estimated from social media and at 

the Marettimo site were skewed toward females. An unbalanced sex ratio is a diffuse response 

to different social, thermal or foraging requirements in many elasmobranchs (Magurran & 

Macias Garcia, 2000; Wearmouth & Sims, 2008). Some sites showed high percentages of 

gravid individuals, exceeding those observed during surveys in Marettimo. This 

overrepresentation may be due to behavioral factors, as larger and slower-moving pregnant 

females are more likely to be approached by divers. However, this also raises concerns about 

disturbance during vulnerable reproductive phases. While interannual records of more than 

100 courtship and mating interactions were recorded in field surveys, only two videos from 

social media captured reproductive behaviors (courtship or mating), suggesting that divers' 

presence may inhibit such interactions, which are underrepresented in opportunistic footage. 

As a result, although social media is useful for identifying aggregation areas and general 

demographic patterns, it is less reliable for behavioral studies that require controlled, 

minimally invasive observation protocols. Elasmobranchs' gregarious tendencies support 



 

ecotourism activities worldwide (Vaudo et al., 2017), enforcing conservation through public 

awareness and engaging stakeholders (Ward-Paige, 2017). However, unmanaged ecotourism 

can be detrimental to aggregations due to an increase in visits to aggregation sites (Ripple & 

Beschta, 2006). Since 2019, social media content has spread information on the presence of 

congregated eagle-rays in Marettimo, resulting in an increased presence of divers. According 

to our findings, the number of congregated eagle-rays decreases significantly with more than 

five scuba divers at the site. This suggests that unregulated tourism can interfere with natural 

behaviors, as observed in other Mediterranean elasmobranchs aggregation spots (Cattano et 

al., 2021; Shamir et al., 2019). We recognize some limitations of the present study. We 

caution that our findings did not consider environmental factors, as well as both small-scale 

and long-range movements. Future research should be focused on collecting crucial 

information for triggering and predicting the formation of aggregations in additional areas 

and to understand the overlaps with human activities (Klimley et al., 2022). Moreover, divers’ 

records are biased toward specific depth ranges, popular diving sites and most favorable 

seasons, even if in our case study, seasonal aggregation patterns are consistent with literature-

based data from fisheries and scientific surveys (Afonso & Rodriguez, 2015; Barbato et al., 

2021; Bonanomi et al., 2018; Consoli et al., 2016; La Mesa et al., 2016). Finally, our social 

media-based dataset does not include records from North Africa or the Levantine Basin, 

reflecting the less developed scuba diving industry in North Africa, resulting in fewer videos 

shared online from those regions, and the different environmental conditions that may play a 

role in shaping the species’ distribution. According to the Habitat Suitability Map available 

on FishBase (Scarponi et al., 2018), areas of the eastern Mediterranean show lower suitability 

for eagle-rays. Published literature suggests that the species is generally rare in the eastern 

Mediterranean, scattered records were reported from the Aegean Sea (Kallianiotis et al., 2020; 

Roditi & Vafidis, 2022). Despite this, our study demonstrates that footage by recreational 

divers can provide a set of useful biotic indicators such as the relative abundance of 

congregating individuals, their sexual maturity and sex dominance in different locations and 

over time.  

4.1. Implications for conservation 

This study underscores the importance of identifying and monitoring aggregation sites for 

threatened elasmobranchs as a conservation priority in the Mediterranean Sea. Seasonal 



 

aggregations occur in predictable coastal areas, making them vulnerable to human 

disturbances such as unregulated scuba diving. The integration of social media data with 

scientific monitoring offers a cost-effective approach to detecting these events, especially in 

data-poor regions. Although our direct scientific surveys are locally confined to the “Egadi 

Islands” MPA, the identification of other potential Mediterranean aggregations through data 

mining emphasizes the urgency to enhance efforts in collecting data and to mitigate human 

impacts with site-based measures. Our results highlight the risk that increased visibility may 

attract uncontrolled tourism, potentially altering natural behaviors. We recommend site-

specific management measures, such as codes of conduct for divers and temporal restrictions 

during peak aggregation periods. The adoption of good practices to regulate the eagle-ray 

watching activities could serve as an example for other Mediterranean elasmobranchs 

aggregation hotspots. Although MPAs can be effective tools to protect endangered species 

(Di Franco et al. 2018), specific conservation strategies for elasmobranchs must include 

actions targeting aggregation areas, especially when these sites serve as reproductive grounds. 

No Mediterranean MPAs were designed to specifically limit human impacts on 

elasmobranchs aggregations (Cattano et al. 2021; Di Lorenzo et al., 2022).  These 

recommendations gain relevance considering recent policy advances of the 23rd Meeting of 

the Contracting Parties to the Barcelona Convention, when the species was added to Annex 

II. Moreover, we proposed biological indicators derived from social media that can support 

early identification and prioritization of critical habitats for targeted protection. For instance, 

the 2002 Recovery Plan for the Grey Nurse Shark (Carcharias taurus (Rafinesque, 1810)) in 

Australia, where critical habitats were identified, even when initially based on anecdotal or 

opportunistic observations (Cochran et al., 2019; Lynch et al., 2013).  
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Abstract  

Shallow and coastal aggregations of batoids are poorly documented in the Mediterranean Sea, 

despite being likely threatened by multiple anthropogenic pressures. We report the first 

observations of a potential summer reproductive aggregation of the common stingray 

(Dasyatis pastinaca). The recurrent presence in previous years of several pregnant females, a 

mature male and a female with fresh bite wounds was recorded in shallow waters by 

recreational scuba divers and scientists in Scilla Bay (Strait of Messina, Italy), a location with 

unique oceanographic features in the Central Mediterranean Sea. These observations suggest 

that the area could be used as a parturition and mating site in early summer, and this is 

significant for the conservation of this Vulnerable species. 

 

 

 

 

 

 

 

 

 

 

 

 



 

1. Introduction 

The identification of spatio-temporal patterns of distributions related to critical life stages of 

threatened elasmobranchs is key to their effective conservation and potential recovery from 

direct and indirect human-induced threats (Hyde et al., 2022). This is particularly true within 

the Mediterranean Sea, a known hotspot of extinction risk for sharks and rays with a 

concerning decline of their populations and no signs of improvement in their conservation 

status for many years (Dulvy et al., 2014; Dulvy et al., 2016; Milazzo et al., 2021). Among 

elasmobranchs, batoids have received less scientific attention compared to other vertebrate 

groups (Aschliman et al., 2012; Bräutigam et al., 2015) and are often studied via fishery-

dependent approaches, which fail to capture their abundance and distribution, especially in 

shallow waters (Ismen, 2003; Morey et al., 2006; Ismen et al., 2007; Geraci et al., 2021; Ruiz-

García et al., 2023). Alternative low-impact field surveys, such as direct underwater 

observations, led to the description of a coastal seasonal aggregation of the common eagle ray 

Myliobatis aquila (Linnaeus, 1758) in Western Sicily (Grancagnolo & Arculeo, 2021) and 

citizen science has proven to be a valuable tool in detecting rare or temporal events, like 

reproductive aggregations that may occur over short temporal windows and in restricted areas 

(Clapis-Garla et al., 2022). Many elasmobranch species are known to form seasonal 

aggregations for a variety of biological purposes, including feeding, thermoregulation, 

migratory stopovers, and reproduction (Papastamatiou et al., 2022). Among these, 

reproductive aggregations are particularly significant as they reflect critical phases of the 

species' life cycle that are especially sensitive (Carrier & Pratt, 1998; Osgood & Baum, 2015). 

Here, we specifically refer to the definition of reproductive areas proposed by Hyde et al. 

(2022) for elasmobranchs: “…areas where a regular or predictable presence of mature 

sharks and rays has been recorded for mating, and/or where pregnant females 

aggregate”.Identifying reproductive areas and the ecological drivers that support them is 

essential to implementing targeted conservation strategies, particularly in a region as heavily 

exploited as the Mediterranean (Karampetsis et al., 2022).  Reproductive aggregations can 

represent hotspots of key biological activity and potential conservation bottlenecks, given 

their vulnerability to spatially and temporally concentrated human impacts such as fishing, 

coastal development, and tourism (Hueter et al., 2005). High relative abundances of the 

common stingray D. pastinaca have been reported during late spring and early summer off 



 

the Balearic Islands and along the Israeli coast, with a balanced sex ratio of mature 

individuals, evidence of courtship behaviours and presence of gravid females and juveniles 

(Morey et al., 2006; Chaikin et al., 2020). In this context, our study reports the first 

characterization of a potential reproductive aggregation of the common stingray D. pastinaca 

in the Strait of Messina (SoM) – Central Mediterranean Sea -, an important migration route 

for several cartilaginous fish with a high frequency of records of Critically Endangered 

species (Canese et al., 2011; Malara et al., 2021; Bargnesi et al., 2022). This study aimed to 

characterize the recurrent seasonal aggregation of the common stingray within Scilla Bay, 

using low-impact survey techniques. By combining underwater observations with reports 

gathered through the involvement of local divers, we documented repeated occurrences of the 

species across multiple years. Sightings included mature individuals of both sexes, pregnant 

females, and behavioral cues indicative of reproductive activity. These findings provide the 

first evidence supporting the identification of this area as a potential reproductive site for D. 

pastinaca, with important implications for species conservation and spatial management in 

the region. 

 

2. Materials and methods 

 

2.1. Study area 

The study was conducted in the shallow waters of Scilla Bay, located on the Northern coast 

of the SoM (Italy; Fig. 1). The SoM is a narrow channel with an articulated bottom topography 

and strong tidal currents that separates Sicily Island from the Italian peninsula and connects 

the Tyrrhenian and the Ionian seas.  



 

 
Figure 1. Location of the shallow coastal reproductive area of the common stingray D. 

pastinaca in Scilla Bay in the Central Mediterranean Sea.  

 

2.2. The Common stingray Dasyatis pastinaca 

Seven species belonging to the Dasyatidae family have been reported in the Mediterranean 

Sea, including two similar-looking Dasyatis species (D. pastinaca and D. tortonesei) that lead 

to possible morphological misidentifications (Saadaoui et al., 2016; Serena et al., 2020) 

despite recently confirmed genetic differences (Vella & Vella, 2021). The common stingray 

D. pastinaca is a large demersal mesopredator that inhabits sandy-muddy bottoms of the 

North-east Atlantic Ocean and the Mediterranean and Black Seas (Ebert & Stehmann, 2013). 

The species is considered Vulnerable according to the last IUCN Mediterranean and Black 

Sea assessment (Dulvy et al., 2016) and is frequently by-caught during artisanal and 

commercial fishery operations, showing very high fishing mortality rates (Bradaï et al., 2006; 

Morey et al., 2006; Yeldan et al., 2009; Yemisken et al., 2014), which may be because its 

venomous caudal sting forces fishers to kill specimens to avoid injuries while freeing them 

from the nets (Tiralongo et al., 2018). The Tortenese’s stingray Dasyatis tortonesei (Capapè, 

1975) is considered endemic to the Mediterranean Sea (Froese & Pauly, 2019) and has been 



 

assessed as Data Deficient by the global IUCN Red List (Jabado & Derrick, 2020). Its 

distribution is mostly reported in Maltese and Tunisian waters and along the Levantine basin 

coast (Vella & Vella, 2021 and references therein), with recent observations in the Balearic 

Islands (Ramírez-Amaro et al., 2021). In this study our direct observations focused on 

morphological aspects distinguishable by underwater visual inspection such as the differences 

in colour of the dorsal part of the disc (from brown to dark grey in the common stingray and 

brown or ochre yellow in the Tortonese’s stingray; Barone et al., 2022), the shape of the head 

and the snout (which are flatter and shorter in D. tortonesei than D. pastinaca; Saadaoui et 

al., 2016) and the coloration of nostrils' and mouth margins (white in D. pastinaca and dark 

in D. tortonesei; Barone et al., 2022). The analysis of these characteristics allowed us to 

attribute the observed individuals in Scilla Bay to the common stingray D. pastinaca. In 

support of our findings, scientific trawl surveys carried out in the same area in the frame of 

the MEDITS program only reported D. pastinaca over several years (Bottari et al., 2014). 

 

2.3. Data collection 

Observations were carried out between July 2021 and July 2023 through a combination of 

structured field surveys and opportunistic reports collected via citizen science contributions. 

Fieldwork included underwater visual surveys conducted by trained scientific divers along 

standardized 50-meter linear transects parallel to the shoreline at depths ranging from 8 to 12 

meters. Environmental parameters such as water temperature and habitat type were recorded 

at each survey. Citizen science data were gathered through direct engagement with the local 

diving community, using a standardized form for reporting sightings of D. pastinaca. Reports 

included date, time, location (GPS or relative position), number of individuals, sex when 

possible (based on presence of claspers), behavior (e.g., mating, courtship, resting), and any 

signs of body injury. Data were validated through photo or video documentation, where 

available and cross-checked with the researcher's field observations. 

 

2.4. Behavioral Assessment 

Whenever possible, behavioral interactions such as courtship, mating attempts, and grouping 

dynamics were noted during both scientific and citizen observations. Individuals were 

classified as adult or juvenile based on total body size and sexual maturity traits (e.g., claspers 



 

in males). Mating interactions are supported by margin abrasions on the female body, 

particularly in the posterior half of the disc (Kajiura et al., 2000), while advanced pregnancy 

can be identified by an evident posterior–dorsal swelling (Chaikin, 2020).  

 

3. Results 

A potential reproductive aggregation of the common stingray was documented in Scilla Bay, 

SoM, through direct underwater observations and citizen science contributions collected 

between 2021 and 2023. Video footage provided by local recreational scuba divers confirmed 

the presence of aggregating individuals early in the summers of 2021 and 2022, consistently 

observed within the same coastal area of the bay. In late June 2023, surveys carried out by 

scientific divers over three consecutive days recorded a total of 23 stingrays between 8 and 

12 meters in depth, with a maximum of 15 individuals counted along a single 50-meter 

transect. On 25 June 2023, six visibly pregnant females were identified, four resting on 

Posidonia oceanica ((Linnaeus) Delile, 1813) meadows (Fig. 2A) and two concealed among 

rocky crevices (Fig. 2B, C). The following day, a diver-led visual census recorded 15 pregnant 

females, 5 on sand, 10 on P. oceanica, during a single transect survey. On 27 June, video 

recordings also documented a mature male with elongated claspers and a large female with 

clear mating scars, supporting the hypothesis of reproductive activity occurring in the area 

(Fig. 2C, D). Water temperature ranged between 22–23 °C during all observations. Across all 

encounters, stingrays exhibited short-range flight responses (~5 meters) to diver approach and 

showed visible body and opercular contractions. Surveys conducted simultaneously in 

adjacent coastal areas did not detect any individuals of D. pastinaca, suggesting localized 

habitat use during the aggregation period. 



 

 
 

Figure 2. Pregnant females and a mature male of the common stingray D. pastinaca sighted 

in Scilla Bay in the Central Mediterranean Sea. Panels A and B show two pregnant females 

resting on a Neptune seagrass meadow and algal rocky substrate; panel C shows a mature 

male with calcified claspers longer than pelvic fins; panel D shows a female with mating scars 

on her body. Photo credits: Desirée Grancagnolo and Nunzio Bellantoni. 

 

4. Discussion 

This study provides the first evidence of a reproductive aggregation of the common stingray 

in the Central Mediterranean Sea. The repeated seasonal presence of mature individuals, 

including pregnant females and sexually mature males, coupled with observations of 

copulation scars, supports the classification of Scilla Bay as a potential reproductive and 

parturition area for the species. This interpretation aligns with the definition of reproductive 

sites in elasmobranchs, where mature individuals gather regularly for mating and/or 

parturition (Hyde et al., 2022). The variety of available habitats in Scilla Bay, including sandy 

bottoms, rocky areas, and P. oceanica meadows, may offer suitable conditions for resting, 

refuge, and reproductive behavior. The presence of both sexes in the same location, with 

visible evidence of courtship or post-mating interactions, strengthens this hypothesis.  Similar 

aggregative patterns have been reported for D. pastinaca in other parts of the Mediterranean 

(Morey et al., 2006; Chaikin et al., 2020), though never before in the Central Mediterranean 

Sea. Although the information on the reproductive behaviors of the common stingray is scant, 



 

females mating within minutes or hours after parturition was previously documented for the 

congeneric southern stingray Dasyatis americana (Chapman et al., 2003).  In this regard, our 

observation of a mixed-sex aggregation with a large female showing evident copulatory scars 

may suggest that mating events may also occur in Scilla Bay. The involvement of citizen 

scientists, like trained scuba divers, was key in detecting this short-temporal and spatially 

restricted phenomenon. Their observations extended the temporal span of data collection and 

allowed researchers to document reproductive indicators. This reinforces the role of citizen 

science in monitoring rare, ephemeral biological events that require rapid and repeated 

observations across seasons (Clapis-Garla et al., 2022; Tiralongo et al., 2019). From a 

conservation perspective, the congregation of reproductive individuals in a well-frequented 

coastal area raises concern over potential human-induced disturbances. Recreational diving, 

boating, and coastal fishing are particularly intense in Scilla Bay during summer months—

coinciding with the stingray’s presumed breeding period. Unregulated human activity during 

this sensitive phase may disrupt mating behavior, increase energetic stress, or reduce 

reproductive success. As shown in other ray species, even short-term human disturbance 

during parturition or mating may have population-level consequences (Chapman et al., 2003; 

Jacoby et al., 2012). Given the vulnerability of D. pastinaca, characterized by relatively low 

fecundity (Saadaoui et al., 2015), and the region’s overexploitation (Ferretti et al., 2013), 

targeted management actions are warranted. Ecotourism activities should be promoted and 

regulated to limit any potential negative effects on the species’ behaviours during its 

congregation (Cattano et al., 2021) and to develop public awareness of their conservation 

priority (Cattano et al., 2023). We recommend implementing seasonal restrictions on fishing, 

scuba diving, and boat traffic during peak aggregation periods rather than enforcing year-

round closures. This adaptive approach could protect during critical life stages without 

significantly disrupting local economic activities. This study adds to previous 

recommendations suggesting that identifying aggregation areas for coastal rays and using 

non-invasive techniques for the conservation of threatened species and for ensuring their 

population replenishment (Palacios et al., 2023). Finally, our findings contribute to the 

designation and management of Important Shark and Ray Areas (ISRAs) in the 

Mediterranean, including the Strait of Messina (IUCN SSC, 2023). Identifying and protecting 

reproductive habitats such as Scilla Bay is crucial for ensuring the long-term viability of 



 

threatened elasmobranch populations and promoting coexistence between conservation needs 

and human use. Engaging local communities, divers, and recreational users in data collection 

enhances both spatial and temporal coverage, increasing the likelihood of detecting 

significant phenomena and informing conservation actions. 
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Abstract 

 

Predators rely on a variety of strategies to approach prey undetected. While camouflage and 

ambush tactics are well documented, concealment through interspecific associations is less 

explored. Here, we provide the first documentation of shadowing behavior by the blue runner 

using sandbar sharks as mobile cover to approach prey shoals in a temperate marine 

environment. Observations were made over multiple years at a seasonal sandbar shark 

aggregation site at Lampione Island (Southern Mediterranean Sea), using Baited Remote 

Underwater Video and Dive-Operated Video techniques. Shadowing blue runners remained 

near sharks, synchronizing their swimming direction and speed, and left the association only 

briefly to perform high-speed predation on damselfish and picarels. Compared to 

unassociated individuals, shadowing runners triggered significantly fewer antipredator 

responses from prey, indicating delayed detection and potentially enhanced hunting success. 

These findings suggest that large-bodied shark aggregations serve as ecological facilitators of 

rare foraging behaviors in other species, expanding their functional role within the 

community. Protecting shark aggregation sites could preserve emergent behaviors and 

biodiversity dynamics they support. 

 

 

 

 

 



 

1. Introduction 

 

Predation is one of the strongest selective forces in nature and has driven the evolutionary 

arms race, leading to the development of morpho-behavioural traits in both predators and prey 

aimed at improving hunting and defense/escape efficacy (Dawkins & Krebs, 1979).  

Predator success depends on the ability to approach prey as closely as possible without being 

detected, with camouflage representing one of the most widespread strategies to enhance 

hunting success (Stevens & Merilaita 2009; Smith & Ruxton 2018). While camouflage 

typically involves morphological adaptations or coloration patterns that allow individuals to 

blend with the environment, alternative concealment tactics may be based on behavioral 

mechanisms, including interspecific interactions (Lukoschek and McCormick 2000). Among 

these behavioural tactics, some fish species perform heterospecific associations, generally 

involving one nuclear and one or more follower individuals (Sazima et al. 2007). These 

associations may serve to maximize visual occlusion, reduce detection and hinder recognition 

by prey species. A specific predatory strategy known as ‘shadowing’ - also referred to as 

‘riding’, ‘aligning’ or ‘hunting by riding’ (Ormod 1980; Aronson 1983; Matchette et al. 2023) 

- consists of a predator swimming closely alongside or behind a larger moving individual to 

exploit its body as concealment during approach. Shadowing is described as a commensalism 

interaction, where the follower species benefits, while the nuclear individual -often non-

predatory- experiences neither gain nor a loss (Strand 1988; Matchette et al. 2023). Despite 

its intriguing ecological implications, this behaviour has been poorly documented in scientific 

literature, and it is mostly reported in tropical coral reef ecosystems, involving piscivorous 

followers and larger herbivorous nuclear fish (Ormond 1980). In this study, we present the 

first direct, multi-year observations of a previously undocumented shadowing hunting 

strategy adopted by the blue runner Caranx crysos (Mitchill, 1815), in association with the 

sandbar shark Carcharhinus plumbeus (Nardo, 1827). The blue runner, like other carangid 

species, is an active pelagic predator capable of performing multiple hunting strategies, with 

the pursuit hunting -involving acceleration towards prey followed by a return to cruising 

speed- as the most frequent behavior (Potts, 1983). However, ambush tactics, where predators 

attack from hidden positions near the sea bottom, have also been reported in congeners 

(Sancho, 2000). This behavioural plasticity is mirrored in the species’ diverse diet, which 



 

primarily consists of small teleost fishes, but may also include crustaceans (Sley et al., 2009) 

and zooplankton in pelagic zones (Keenan and Benfield, 2003). Predation events observed in 

this study mostly involved high-speed attacks on schooling prey, such as common damselfish 

(Chromis chromis (Linnaeus, 1758) and picarels (Spicara spp.). The shadowing behavior 

enables blue runners to conceal themselves and approach prey groups without being detected. 

Teleosts may associate with sharks for various purposes, including increased protection from 

other predators, enhanced access to food, or to remove parasites from their skin through 

exfoliation (Andrades et al., 2012; Brunnschweiler, 2006; Fuller & Parsons, 2019; Knochelet 

al., 2023; Ovegård et al., 2022; Papastamatiou et al., 2007; Williams et al., 2022).To our 

knowledge, this is the first documented evidence of shadowing behaviour observed in teleosts 

associated with larger predators, such as a shark, and occurring in a temperate marine 

environment. Predator aggregation sites, such as seasonal shark gatherings, offer 

opportunities to observe rare or context-dependent behaviors that are otherwise difficult to 

detect, such as interactions, predator strategies and community dynamics (Papastamatiou et 

al., 2022; Sabando et al., 2020; Speed et al., 2011).  The seasonal aggregation of sandbar 

sharks around Lampione Island (Southern Mediterranean Sea) provides a predictable context 

in which to monitor ecological interactions, such as the shadowing behaviour documented in 

this study. This aggregation has been recently described and monitored by Cattano et al., 2021 

and represents one of the few documented recurring shark aggregations in the Mediterranean 

basin (Cattano et al., 2023). This remote site falls within a Marine Protected Area (MPA), 

where tourism activities are regulated through the implementation of a code of conduct and 

fishing is limited by authorities' restrictions. These management measures have led to a low 

level of anthropogenic disturbance that allows for observation of natural behaviours and 

behavioral plasticity in a conservation-oriented, low-impact setting with minimal external 

interference (Juhel et al., 2029; White et al., 2019). Moreover, the predictable presence of 

large-bodied predators, like the sandbar shark, may act as a keystone driver structuring 

ecological networks (Prato et al., 2013). This study aimed to investigate the occurrence, 

frequency, and functional role of shadowing behaviour performed by the blue runner in 

association with the sandbar shark around Lampione Island. We hypothesized that (1) blue 

runners use shadowing as an alternative predatory strategy to reduce detection by prey and 

increase hunting success; (2) prey groups exhibit delayed or reduced antipredator responses 



 

when approached by shadowing predators compared to unassociated blue runners. Through 

the combined use of baited and diver-operated video systems, we provided quantitative and 

qualitative evidence of this association, evaluated its potential adaptive function, and 

discussed the broader ecological implications of predator-mediated facilitation in marine 

systems. Our findings suggest that seasonal predator aggregations may not only influence 

community structure through direct top-down effects (Heupel et al., 2014) but also create 

ecological windows in which other species adapt their foraging strategies to exploit the 

presence of dominant predators. This emphasizes the relevance of temporary yet ecologically 

intense events, which can contribute to the functional diversity of marine communities. In 

that frame, aggregations like Lampione serve as natural laboratories for uncovering rare or 

novel ecological processes.  

 

2. Materials and methods 

 

Observations were carried out between 2021 and 2023 around Lampione Island (35°33' N, 

12°19' E; Italy, Southern Mediterranean Sea), where a seasonal aggregation of Sandbar sharks 

occurs each year during the summer months (Cattano et al., 2021; Cattano et al., 2023). Baited 

Remoted Underwater Video (BRUV) surveys consisted of replicated 1-hour deployments of 

steel structures equipped with a video camera horizontally oriented towards a metal cage 

containing ~400g of bait (Sardinella aurita; Valenciennes, 1847). BRUVs were deployed 

around the island in July and September, at depths ranging from 21 to 40 meters over rocky 

bottoms. To overcome a possible limitation of this technique for behavioral observations (i.e. 

a fixed field of view that in some cases did not allow predator-prey interactions to be followed 

throughout their duration), we also conducted Dive Operated Video (DOV) observations in 

the same periods, between 08:00 am and 05:00 pm and at the same depths (21-40 m). DOVs 

comprised an aluminum bar holding two GoPro Hero 8 cameras in a single or stereo-view, 

previously calibrated with CAL software (www.seagis.com.au). In total, we extracted 103 

short video clips (54 from BRUV and 49 from DOV) from deployments in which C. crysos, 

C. plumbeus, or both species were detected. All video clips were independently analyzed by 

two observers using the software BORIS (Friard and Gamba 2016). From BRUV and DOV 

recordings, we extracted the number of schooling events (coordinated group formations by 

http://www.seagis.com.au/


 

prey), the timing of prey response, calculated as the delay (in seconds) between predator 

approach and the formation of the school. We analysed the BRUV videos to estimate prey 

group response (in terms of percent number of prey school occurrences) under three different 

circumstances: I) when single or multiple blue runners approached the prey (n=23 videos); 

II) when the blue runner approached the prey by swimming close to a shark (i.e. shadowing 

behaviour)(n=8 videos); III) when a shark approached a prey group (n=20 videos). 

Additionally, we used DOV observations to calculate the occurrence of prey school formation 

per time of observation in the presence of hunting blue runners, as well as the average time 

between the predator approach and the prey school formation. We then compared these 

measures when the approach was performed by blue runners who were not associated with 

sandbar sharks and associated with sandbar sharks.  

 

2.1. Statistical analysis 

To compare the frequency of schooling events across the three conditions, we used a G-test 

of goodness-of-fit (Woolf, 1957). To assess pairwise differences, we used a two-sample t-test 

comparing the number of schooling events under shadowing and non-shadowing conditions. 

A Welch two-sample t-test was used to compare the response time of prey between the same 

two conditions (Sakai, 2016). All data were log-transformed to meet the assumptions of 

normality, which was verified using the Shapiro-Wilk test. All analysis were performed on 

Rstudio in R environment (R Core Team, 2023) 

 

3. Results  

 

3.1. Predation events and general hunting behavior 

 

A total of 26 predation events by C. crysos were recorded throughout the study period (10 

from BRUVs and 16 from DOVs). In all cases, predation consisted of high-speed attacks on 

shoals of small gregarious fishes—primarily C. chromis and Spicara spp. The most frequently 

observed hunting strategy consisted of group-based pursuits, with two or more C. crysos 

individuals swimming midwater or close to the seafloor and targeting prey located higher in 



 

the water column. Prey typically responded by forming tightly coordinated schools and 

darting toward the substrate to seek shelter (Pitcher and Parrish, 1993). 

 

3.2. Shark-blue runner associations 

 

In 34 events (11 from BRUV and 23 from DOV), C. crysos was observed in association with 

a sandbar shark, swimming alongside or beneath the shark while matching its speed and 

direction (Fig. 1).  

 

 
Figure 1 – Shadowing behaviour displayed by the blue runner hiding below a sandbar shark 

before attacking prey groups. The image has been recorded around Lampione island (Pelagie 

Archipelago, Central Mediterranean Sea) on 11 July 2022. 

 

These associations lasted on average 27 ± 21 seconds in DOV footage and 15 ± 5 seconds in 

BRUV recordings, although durations are likely underestimated due to camera field-of-view 

limitations. In 9 out of 34 shadowing events (26%), the blue runner briefly left the shark to 

attack prey and then returned to its previous position to resume the association. This behaviour 

was always performed by a single individual in BRUV recordings (100%), and in 87% of 

DOV cases. Only three DOV recordings showed two or more blue runners competing for the 

shadowing, with one individual attempting to exclude conspecifics (Fig. 2). 



 

 

 
 

Figure 2 – Percentage occurrence of solitary versus group hunting strategies displayed by the 

blue runner, whether shadowing or not with sandbar sharks. 

 

3.3. Prey response to predator approaches  

 

School formation by prey occurred in 96% of events with unassociated C. crysos (22/23), in 

12.5% of shadowing events (1/8) and 15% of shark-only approaches (3/20) (Fig. 3). A G-test 

confirmed significant differences between the conditions (G = 30.304, df = 2, p < 0.001). 

 

 

 



 

Figure 3 – Occurrence of school formation performed by prey groups in response to 

approaches of blue runners associated or not with a sandbar shark recorded by BRUVs. 

 

In DOV analyses the number of schooling events was significantly lower in shadowing events 

(t = –5.2235, p < 0.001), and the delay in schooling response was significantly greater (t = –

6.9586, p < 0.001), with 0.12 ± 0.03 s mean delay during shadowing events, 6.4 ± 1.6 s mean 

delay without shadowing (Fig. 4). 

 

 

Figure 4 – Response of prey groups (number of schooling formation events and schooling 

formation delaying time) recorded by DOV to approaches of blue runners associated or not 

with a sandbar shark. 

 

4. Discussion 

 

This study provides the first documented evidence of shadowing behaviour by a teleost 

predator (C. crysos) associating with a large-bodied elasmobranch (C. plumbeus) in a 

temperate marine ecosystem. Our results indicate that this association enables blue runners to 

approach prey more closely while remaining undetected, suggesting a predator-concealment 

function that enhances predator success. This behaviour was observed within a predictable 

seasonal aggregation of sandbar sharks, highlighting how predator aggregation sites can serve 

as ecological hotspots where rare or context-dependent interspecific interactions may emerge 



 

and be detected. The shadowing strategy observed here appears to function as a form of 

dynamic camouflage, with C. crysos avoiding triggering early antipredator responses in prey 

by swimming close to the shark’s body. Indeed, our analyses showed that prey groups 

responded less frequently and more slowly to shadowing predators than to unassociated blue 

runners. In many cases, prey showed responses similar to those observed when sharks 

approached alone, indicating that prey likely failed to recognize the presence of the teleost 

predator while it remained near the shark. Such stealth-based hunting tactics have rarely been 

described in open-water systems, especially outside coral reef habitats (Peterson et al., 2021). 

Previous literature has proposed concealment strategies in carangids involving floating 

objects, jellyfish, or fish aggregating devices (FADs) as anti-predator adaptations (Bonaldo 

et al., 2004; Carvalho Souza, 2015; Sinopoli et al., 2015), but predator-facilitated ambush 

strategies have only been hypothesized (Baird, 1993; Ormond, 1980; Mendonça et al., 2011; 

Sorgon et al., 2021). The observed variability in hunting tactics, from group-based pursuit to 

solitary shadowing ambushes, highlights the behavioural flexibility of C. crysos. Like other 

carangids, this species is known for its generalist diet and adaptable foraging strategies (Sley 

et al., 2009; Keenan & Benfield, 2003). By switching tactics depending on context (presence 

of sharks), C. crysos may optimize its foraging efficiency across different ecological 

scenarios. Shadowing events were performed by solitary individuals, and when multiple 

conspecifics attempted to shadow the same shark, intraspecific competition was observed. 

This suggests a potential trade-off, while group hunting may increase attack success in open 

pursuits, it likely increases prey detection, making stealth-based hunting incompatible with 

group strategies. Our observations suggest that the association is likely commensal, with blue 

runners benefiting from concealment while sharks appear unaffected. The absence of clear 

dietary overlaps (Saidi et al., 2007; Sley et al., 2009) reduces the likelihood of interspecific 

competition. Moreover, although C. crysos is a potential prey item for C. plumbeus, the timing 

and calm nature of the interactions suggest that shadowing likely occurs during periods of 

low shark foraging activity. In addition to concealment, the association may offer secondary 

benefits for blue runners, such as hydrodynamic advantage, by reducing swimming effort 

(Sumikawa & Miyoshi, 2022) and predation risk from other predators while swimming near 

a large-bodied species (Sheaves et al., 2023). However, these hypotheses require further 

testing through energetic modelling or tagging approaches. Future research should aim to 



 

quantify foraging success and energetic costs of shadowing vs. other hunting strategies, 

determine whether shadowing behaviour occurs throughout the day or in specific diel phases, 

investigate whether and how such associations may influence shark behaviour or movement 

patterns, assess the role of prey group size, vigilance, and habitat complexity in modulating 

predator strategy choice (Major, 1978; Polyakov et al., 2022). The rarity of observing such 

behaviours in the Mediterranean may reflect broader ecological constraints, particularly the 

scarcity of large-bodied, fast-swimming nuclear species due to historical overfishing of sharks 

and other top predators (Ferretti et al., 2008). Indeed, C. plumbeus populations have 

experienced regional declines of up to 42% over a decade (Saidi et al., 2020). In this context, 

seasonal aggregations, such as the sandbar shark around Lampione Island, provide rare 

ecological windows where heterospecific interactions, like shadowing, can occur. While most 

facilitative interactions involving sharks reported in the literature involve scavenging, 

chafing, or risk reduction (Barry et al., 2023; Dove & Robinson, 2021), our study provides 

novel evidence for their role as active hunting strategies by smaller predators. These findings 

also illustrate how predator aggregations may foster the diversity of behavioural traits within 

communities (Cordero-Rivera, 2017), and how aggregation areas can act as natural 

laboratories for observing rare ecological processes. In summary, BRUVs and DOVs revealed 

that hunting bluerunners may display an alternative predatory strategy by associating with 

sharks to conceal themselves and potentially increase their attack success toward prey shoals. 

Our findings highlight the importance of shark aggregations for studying how the presence of 

large high-level predators may foster new species interactions and increase different 

biodiversity facets, thus potentially influencing community structure and function. The 

sandbar shark aggregation around Lampione Island is a transient phenomenon that may 

introduce or modify species associations. In this regard, studying communities and species 

interactions in this location and in other high-level predator aggregation sites may shed light 

on the ecological importance of species showing spatial and temporal transience, such as 

many sharks. 
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Chapter 5: Exploring aggregation patterns of demersal elasmobranchs in the 

Mediterranean Sea, using fishery-independent trawl surveys and spatial indices  

Abstract 

Many sharks and rays form transient aggregations in essential habitats, where individuals of 

different sexes and maturity stages co-occur to perform key biological functions such as 

reproduction, nursery, feeding, or social interactions. Understanding the spatial structure of 

these aggregations is critical to support effective conservation strategies and halt the decline 

of elasmobranch populations in the heavily exploited Mediterranean Sea. Using 30 years of 

standardized scientific trawl survey data from the International Bottom Trawl Survey in the 

Mediterranean program (1994–2023), we investigated sex- and maturity-specific spatial 

associations in demersal sharks and rays across multiple Geographical Sub-Areas as 

established by the General Fishery Commission of the Mediterranean and Black Seas. Co-

occurrence patterns were quantified using the Half-Weight Index, and spatial dynamics were 

assessed through patch detection, center of gravity, inertia, and the Global Index of 

Collocation. Aggregation metrics and multivariate analyses (Between-Class Analysis and 

PCA) were used to explore intra- and interspecific spatial structure. Our results revealed 

significant non-random co-occurrences between sex-maturity classes in several species, 

suggesting that spatial associations may reflect biological functions such as mating or nursery 

behavior. Immature individuals exhibited more aggregated and spatially heterogeneous 

distributions than mature individuals, particularly females, who tended to be more dispersed. 

This clustering of early-life stages suggests the presence of potential nursery areas. 

Interspecific comparisons highlighted different spatial strategies, with some species 

(Scyliorhinus canicula, Galeus melastomus) showing strong aggregation patterns, while 

others (Raja clavata, Torpedo marmorata) displayed more uniform distributions. These 

findings emphasize the importance of identifying persistent aggregation hotspots involving 

vulnerable life stages and provide a spatial framework to inform targeted conservation 

planning for deep-sea elasmobranchs in the Mediterranean Sea. 

 

 



 

1. Introduction 

 

Many shark and ray species form large conspecific groups known as “aggregations”, which 

are the co-occurrence of two or more individuals in space and time due to the deliberate use 

of common drivers (McInturf et al., 2023). These species spend transient phases of their life 

cycle aggregated in essential habitats, exhibiting site fidelity by seasonally returning to the 

same locations to perform biological functions such as reproduction, parturition, and feeding 

(Barnett et al., 2019; Knip et al., 2012; Papastamatiou et al., 2022). For instance, clustered 

large densities of mature males and females may indicate mating grounds, while dense groups 

of immature individuals often point to nursery areas with optimal conditions for growth and 

protection from predators (Heupel et al., 2005; Kinney & Simpfendorfer, 2009).  

In the Mediterranean Sea, intense fishery exploitation has driven more than half of the 

elasmobranch species to be listed as threatened with extinction by the International Union for 

Conservation of Nature (IUCN) (Walls & Dulvy, 2021). Moreover, the predictable and 

recurrent presence of a large number of individuals at specific sites may increase their 

vulnerability to being targeted or by-caught, further intensifying the urgency of implementing 

conservation actions (Dulvy et al., 2016; Litvinov, 2006; Milazzo et al., 2021). Demersal 

sharks and rays’ populations are even more susceptible to unregulated fishing due to their K-

selected life-history traits - such as slow growth rate and late maturity - exacerbated by deep-

sea environmental conditions (low temperature and limited resources) (Simpfendorfer and 

Kyne 2009; Stevens et al. 2000). Currently, one-third of deep-sea elasmobranchs are already 

assessed as threatened (Moro et al., 2025) and identifying and protecting hotspots where 

juvenile or reproductive individuals aggregate is critical to mitigate their ongoing population 

declines (Heupel, et al., 2018; Kinney & Simpfendorfer, 2009). The effectiveness of 

conservation and management strategies depends on the spatial structure of aggregation 

events, which are shaped by a combination of environmental (temperature, depth, substrate) 

and biological cues (ontogenetic shifts in habitat use, feeding habits, mating, social 

preferences) (Speed et al., 2010; Guttridge et al., 2009; Mourier et al., 2012).  

Understanding the biological mechanisms driving intraspecific aggregations in deep-sea 

elasmobranchs is challenging due to logistical, technological and financial constraints 

associated with deep-water research (Finucci et al., 2018). For instance, the depth ranges of 
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many species exceed the operational limits of most tagging technologies (Rodríguez-Cabello 

et al., 2016) and baited remote underwater video systems may introduce behavioral biases 

(McLean et al., 2015). As a result, much of the available knowledge on deep-sea 

chondrichthyans has historically relied on indirect data sources, such as commercial or 

scientific trawl surveys (Holt et al., 2013; Moura et al., 2014).  In this context, long-term 

standardized trawl surveys, such as the International Bottom Trawl Survey in the 

Mediterranean (MEDITS) program, provide a valuable dataset for investigating spatial co-

occurrence patterns across broad spatial and temporal scales. By combining 30 years (1994 -

2023) of MEDITS data collected across multiple General Fisheries Commission for the 

Mediterranean (GFCM) Geographical Sub-Areas (GSAs) with spatial metrics, this study aims 

to explore the spatial dynamics of sex- and maturity-specific aggregations and evaluate their 

potential persistence. The aims of this chapter are to: 1) assess whether individuals of different 

sex–maturity classes within a species co-occur more frequently than expected by chance; 2) 

identify spatial patches of co-occurrence and assess their temporal persistence; 3) compare 

intra-specific spatial aggregation patterns across classes and inter-specific strategies using 

spatial indices and multivariate analysis. I hypothesize that (1) significant co-occurrences 

between specific sex–maturity classes exist in multiple species and reflect functional 

biological processes, such as mating, feeding, or nursery-related behaviors; (2) immature 

individuals exhibit more clustered and aggregated spatial patterns than mature individuals, 

especially mature females; (3) spatial behaviors differ significantly among species and 

maturity groups, revealing distinct strategies. By examining both intra- and interspecific 

aggregation patterns and evaluating their spatial and temporal dynamics, this work contributes 

to a better understanding of deep-sea elasmobranch potential aggregations and provides 

insights for conservation planning. 

 

2. Methods  

 

2.1. Data Source and Sub-samplings  

Data from the MEDITS program, focusing on elasmobranch catches across the Mediterranean 

region between 1994 and 2023, were used to analyze intra-class co-occurrences and spatial 

patterns. The MEDITS program is a standardized, annual scientific trawl survey conducted 



 

since 1994 across multiple GSAs of the Mediterranean Sea. Sampling follows a shared 

protocol using research vessels equipped with scientific observers who identify, count, and 

measure all individuals caught. Each haul is carried out during daylight hours using a 

standardized GOC73 trawl, following a depth-stratified random sampling design (10–800 m), 

and biological data such as species composition, sex, size, and maturity stage are 

systematically recorded (MEDITS Working Group, 2017; Spedicato et al., 2019). In cases 

when a subset of the haul was sampled, the number of individuals was estimated by applying 

a correction factor derived from the ratio between the total catch weight (ptot) and the sampled 

catch weight (pechan). This correction was extended to estimate the number of sexually 

mature and immature males and females per haul, based on their subsampled proportions.  

 

2.2. Species density and filtering    

For each haul, species density was calculated by dividing the number of individuals by the 

swept area covered in the haul (expressed in squared kilometers and calculated using trawl 

distance and wing opening information). Only species with a mean catch of ≥ 2 individuals 

and appearing in ≥ 30 hauls were retained. For these selected species, hauls reporting fewer 

than two individuals were excluded, according to the definition for elasmobranchs 

aggregations proposed by McInturf et al. (2023). This density-based screening (≥2 

individuals, standardized by swept area) was first used to flag high-density situations, while 

co-occurrence testing, patch delineation and multi-year persistence were required before 

interpreting them as biologically meaningful aggregations (see §§ 2.4–2.7). 

 

2.3. Sex and Maturity  

Individuals were classified into maturity classes following the criteria proposed by Follesa 

and Carbonara (2019). Individuals at stages 1 and 2 were considered immature and those at 

stages 3 and 4 were classified as mature. For records lacking maturity information in the 

original dataset, classification into mature or immature was inferred using length class data 

and sex-specific Length at maturity (Lm) values obtained from the scientific literature (Table 

1). When Lm values specific to the Mediterranean Sea were unavailable, estimates from other 

regions were sourced from FishBase (Froese & Pauly, 2010). 

 



 

Table 1. Sex-length at maturity (Lm) for demersal elasmobranchs obtained from literature 

research and FishBase. 

 

Species Sex Lm References Species Sex Lm References 

Etmopterus 

spinax 

F 34.2 

Coelho et al., 

2010 

Raja 

asterias 

F 

56.3 

Barone et al., 

2007; Romanelli 

et al., 2007 

M 28.3 

Coelho et al., 

2010 M 

51.1 

Barone et al., 

2007; Romanelli 

et al., 2007 

Galeus 

melastomus 

F 

47.98 

De Sola et al., 

2005; 

Ragonese et 

al., 2009; 

Tursi et al., 

1993; Ungaro 

et al., 1997 Raja 

clavata 

F 67.8 

Capapé et al., 

2007; Demirhan 

et al., 2005; 

KrstulovićŠifner 

et al., 2009 

M 

43 

De Sola et al., 

2005; 

Ragonese et 

al., 2009; 

Tursi et al., 

1993; Ungaro 

et al., 1997 M 61 

Capapé et al., 

2007; Demirhan 

et al., 2005; 

KrstulovićŠifner 

et al., 2009 

Scyliorhinus 

canicula 

F 41.6 

Capapé et 

al.,2008a; 

Capapé et al., 

2008b; 

Kousteni et 

al., 2010; 

Saidi et al., 

2004 

Raja 

miraletus 

F 42.3 

Ungaro, 2004 

M 41 

Capapé et 

al.,2008a; 

Capapé et al., 

M 36.4 

Ungaro, 2004 



 

2008b; 

Kousteni et 

al., 2010; 

Saidi et al., 

2004 

Squalus 

blainville 

F 58.6 

Cannizzaro et 

al., 1995; 

Kousteni & 

Mehalofonou, 

2011; 

Marouani et 

al., 2007, 

2010 Raja 

polystigma 

M 

43.6 

Ferragut-Perello 

et al., 2022; 

Porcu et al., 

2020 

M 47.7 

Cannizzaro et 

al., 1995; 

Kousteni & 

Mehalofonou, 

2011; 

Marouani et 

al., 2007, 

2010 

F 

48.8 

Ferragut-Perello 

et al., 2022; 

Porcu et al., 

2020 

Dipturus 

oxyrinchus 

F 82.5 

Yıgın & 

Ismen, 2010 

Torpedo 

marmorata 

F 

33.35 

Abdel_aziz, 

1994; Consalvo 

et al., 2007 

M 64.5 

Yıgın & 

Ismen, 2010 M 

25.3 

Abdel_aziz, 

1994; Consalvo 

et al., 2007 

 

 

2.4. Half-Weight Index (HWI)  

The Half-Weight Index (HWI) was calculated to quantify associations between sex-maturity 

classes (mature males, immature males, mature females, and immature females) within 

species (Tab. 2). HWI is a metric used in animal social network analysis (Cairns & Schwager, 

1987) and accounts for asymmetric sampling efforts and unequal detection frequency across 

classes. 



 

 

The HWI is calculated as: 

 

HWI = x / (x + 0.5 * (yA + yB)) 

 

• x: the number of hauls where both classes co-occur, 

• yA: the number of hauls where only class 1 is present, 

• yB: the number of hauls where only class 2 is present. 

 

This index ranges from 0 (no association) to 1 (high co-occurrence), with values above 0.5 

indicating moderate to strong associations (Quintana-Rizzo & Wells, 2001). 

For each species and GSA pair, a binary matrix was structured with hauls in rows and the 

four sex-maturity classes in columns. A random permutation test (n = 1000), shuffling 

presence/absence values within each class, was performed to assess whether associations 

were stronger than expected by chance. The HWI for each pairwise combination was 

compared against the null distribution generated from the permutations. An association was 

considered statistically significant if its HWI exceeded the 95th percentile of the null 

distribution (α = 0.05), corresponding to a one-tailed test. Only species and class combinations 

with significant co-occurrence (Monte Carlo Permutations p<0.05) were included in further 

analysis. The HWI and its permutation-based significance test were used to evaluate whether 

specific sex–maturity classes co-occur more frequently than expected by chance and therefore 

may indicate biologically meaningful associations. 

 

2.5. Patch Detection 

Analyses were conducted on hauls where all classes (i.e., mature males and mature females; 

immature females and immature males, etc.) with significant HWI co-occurrences were 

present. For each species, sex–maturity class combination, year and GSA, hauls were grouped 

into spatial patches based on a threshold distance, calculated as half the mean inter-haul 

distance within each GSA. Patch detection was performed by assigning hauls to clusters 

starting from the haul with the highest density. A haul was assigned to an existing patch if its 

distance from the patch centroid was below the threshold distance, otherwise, a new patch 



 

was initiated (Woillez et al., 2007). Although patch detection provided the framework needed 

to assess differences in aggregation patterns across maturity groups, it is constrained by the 

spatial resolution of the MEDITS survey. Neighboring hauls with similar high densities were 

grouped into patches under the assumption that, given the high mobility of elasmobranchs 

and the lack of detailed information on their home range in the Mediterranean, these hauls 

may reflect the same aggregation process.  

 

2.5.1. Operational definition of aggregation for MEDITS data 

In this study we adopted the definition of aggregation by McInturf et al. (2023), as a first 

screening criterion on standardized densities. For consistency with the four-criterion 

framework developed in Chapter 1 (high abundance, occurrence, site fidelity, seasonality), 

we defined the aggregation procedure for MEDITS data by setting the following 

requirements: (i) high local density (screening step), and (ii) evidence of recurrent occurrence 

and site fidelity (i.e., repeated detections of the same species/sex–maturity combination in the 

same station/patch across years, see GIC-based persistence in § 2.7). The seasonality criterion 

could not be applied here because MEDITS surveys are performed in the same season each 

year.  

 

2.6. Centre of Gravity (CG), Inertia, and Global Index of Collocation (GIC) 

For each patch (defined by species, year, GSA, and sex–maturity class combination), the 

spatial distribution of individuals was characterized by the Centre of Gravity (CG) and Inertia 

(Tab. 2). The CG represented the density-weighted average position of hauls within the patch, 

while inertia quantified spatial dispersion around the CG, representing the density-weighted 

variance (Bez, 1997). The Global Index of Collocation (GIC) was calculated for each patch, 

GSA, and year to assess spatial overlap between the two co-occurring classes. GIC values 

range from 0 (complete segregation) to 1 (complete spatial overlap) and were derived from 

the distance between the CGs of each class, adjusted by their respective inertias (Bez & 

Rivoirard, 2000). 

 

2.7. Temporal persistence 



 

For patch, GSA and year combinations with a GIC greater than 0.5, interannual spatial 

persistence was assessed. This analysis was possible because the MEDITS survey follows a 

standardized and temporally consistent design, with repeated annual trawl hauls conducted at 

fixed sampling stations using the same gear (GOC73) and protocols across years and subareas 

(MEDITS Working Group, 2017; Spedicato et al., 2019). The spatial location of co-

occurrence was defined as the midpoint between the two associated sex-maturity classes for 

each year within the same GSA. These yearly midpoints are used solely to track the spatial 

recurrence of the phenomenon and should not be interpreted as representing the geographic 

extent of the aggregation.A patch was considered spatially persistent if the CG of the co-

occurrence in one year overlapped with or was located within the GSA-specific distance 

threshold from the CGs of the same species-class combination in other years. This approach 

allows the identification of recurrent areas potentially associated with aggregation processes, 

while acknowledging that individual movements and home-range dimensions cannot be fully 

resolved using the MEDITS sampling design. Only midpoints associated with GIC > 0.5 and 

exhibiting spatial proximity across multiple years were retained and mapped to visualize 

patterns of persistent aggregation over time. Only spatially persistent patches were mapped. 

 

Table 2. Summary of spatial and association indices used to quantify intra- and interspecific 

co-occurrence patterns among sex–maturity classes of demersal elasmobranchs. Metrics 

provide information on spatial distribution, aggregation, and overlap between groups.  

 

Half-Weight 

Index (HWI) 

HWI = x / [x + 0.5(y₁ + y₂)]       Measures of co-

occurrence between 

life stages:  

High HWI = strong 

overlap                       

Low HWI = spatial 

separation         

 

Permutation tests 

assess significance  

(x = shared occurrences; y₁/y₂ = class-specific occurrences) 

            

Binary co-occurrence index based on the presence of different 

maturity classes in the same haul. 
 

CG_lat = Σ(lat * weight) / Σ(weight)      



 

 

 

2.8. Spatial indices 

Spatial indices were calculated to depict intra-specific patterns among classes (immature 

individuals, mature females, mature males) and inter-specific similarities between species. 

Indices were calculated only for records with positive densities and defined by the 

combinations of species, GSA, year and maturity/sex class (Tab. 3). 

The Positive Area (PA) represents the total swept area where density is greater than zero, 

while the Spreading Area (SA) quantifies how uniformly the biomass is distributed across 

positive hauls (Woillez et al., 2007). The SA/PA ratio quantifies the degree of biomass 

aggregation across positive hauls (Tab.3). Values close to 1 indicate uniform distribution, 

whereas values ≤ 0.5 suggest moderate to strong aggregation. 

The Equivalent Area (EA) estimates the area that the population would occupy if it were 

distributed at a constant mean density (Bez et al., 1995; Bez et al., 1997; Matheron, 1971) 

Center of 

Gravity (CG) 

CG_lon = Σ(lon * weight) / Σ(weight)     Identifies the spatial 

center of a species 

distribution for a given 

year, GSA, and 

maturity stage. 

 

             

Weighted average of haul coordinates using density as weight. 

 

Inertia (I) 

I = Σ(d² * weight) / Σ(weight)       Measures spatial 

dispersion:        

High inertia = 

widespread distribution                  

Low inertia = localized 

distribution 
 

 

(d = distance to CG)        

             

Weighted sum of squared distances from each haul to the CG. 

 

 Global Index 

of 

Collocation 

(GIC) 

GIC = 1 - [d²_CG / (d²_CG + I_m + I_f)]     Assesses spatial 

overlap between males 

and females, 

accounting for their 

spatial spread.    

GIC = 1 → complete 

spatial overlap         

GIC = 0 → no overlap 

 

(d²_CG = distance² between male and female CGs)    

             

            

 



 

(Tab.3). Lower EA values indicate that the biomass is concentrated in fewer hauls, while 

higher values reflect a balanced distribution. 

The Coefficient of Variation (CV) is the ratio between the standard deviation and the mean 

of density values across hauls and it estimates the heterogeneity of spatial distribution (Tab. 

3). Higher values indicate more irregular or patchy patterns (Matheron, 1985). Mean 

Crowding measures the expected number of individuals co-occurring with a randomly chosen 

individual from a given class, providing an estimate of local aggregation (Lloyd, 1967) (Tab. 

3). These spatial indices (SA/PA, EA, CV, Mean Crowding) were used to test whether 

immature individuals displayed stronger clustering, higher heterogeneity or more pronounced 

spatial aggregation than mature classes. 

 

 

Table 3. Description and interpretation of spatial distribution indices used to assess 

elasmobranch aggregation patterns. Summary of the spatial indices applied to quantify 

intraspecific and interspecific aggregation in demersal elasmobranchs.  

 



 

 

2.9. Data analysis 

 

2.9.1. Intraspecific spatial patterns  

For intraspecific analysis, spatial indices were calculated for each maturity group (immature, 

mature males, mature females) per species, GSA, and year. For species with sufficient data, 

a Between-Class Analysis (BCA) was performed using the ade4 package to test for 

differences in spatial patterns between groups (Chessel et al., 2004). BCA was used to account 

for group structure while assessing differences in spatial distribution among maturity stages. 

SA/PA (Spreading 

Area / Positive 

Area) 

PA = number of hauls with density > 0 

The ratio SA/PA indicates spatial 

aggregation: 

SA/PA < 0.5 → aggregated                                                        

 SA/PA > 0.5 → dispersed 

SA = 2 × Σ(1 - Qcum/Q) 

            

Q = total density 

Qcum = cumulative density of hauls ranked by 

density 

PA: number of hauls with presence                               

SA: rate at which density drops from the most 

abundant hauls  

Equivalent Area 

(EA) 

EA=(∑w)2/∑w2EA  The number of equally abundant hauls 

needed to account for the observed 

density distribution  

High EA → uniform abundance 

across hauls 

Low EA → strong dominance of few 

hauls (high aggregation) 

            

(w = density or abundance in each haul) 

            

            

            

Coefficient of 

Variation (CV) 

CV=SD(w)/Mean(w) A dimensionless index of variability in 

density or abundance                                                      

High CV → patchy or clumped 

distribution    

Low CV → more homogeneous 

density 

            

            

            

Mean Crowding 

(MC) 

MC=∑zi(zi−1) /∑ziMC  

The average number of companions 

experienced by an individual                          

High MC → individuals clumped                                   

Low MC → more uniform 

distribution 

zi= density in each haul 



 

Data suitability for BCA was assessed through Bartlett’s test to confirm correlation among 

variables, and the Kaiser-Meyer-Olkin (KMO) measure to evaluate sampling suitability 

(Nkansah, 2018). Only variables with overall KMO values ≥ 0.6 were retained for analysis 

(Nkansah, 2018). A Monte Carlo permutation test with 999 permutations was used to evaluate 

statistical significance (α = 0.05). The contribution of each index to spatial variance was 

assessed using eigenvalues and correlation circles. The BCA addressed Hypothesis 2 by 

quantifying spatial differences between immature individuals, mature females and mature 

males and identifying whether specific life stages exhibited more aggregated or more 

dispersed patterns. 

 

2.9.2. Inter-specific spatial patterns 

For interspecific comparisons, mean values of the indices were aggregated per species and 

maturity group (mature vs immature) and then standardized. Two separate Principal 

Component Analyses (PCA) were conducted to explore patterns in spatial distribution. The 

first PCA considered maturity groups separately (mature vs. immature) for each species, 

allowing the assessment of ontogenetic differences in spatial patterns across taxa. The second 

PCA considered maturity classes together for each species, providing an overview of 

interspecific variability. PCA assumptions were verified using the Kaiser-Meyer-Olkin 

(KMO) test (threshold > 0.6) and Bartlett’s test (significance at p < 0.05). The EA index was 

excluded from this analysis due to its high correlation with the CV, which could lead to 

multicollinearity. To assess significant differences in spatial distribution across species, a 

PERMANOVA was applied to the full dataset of spatial indices using 999 permutations and 

Euclidean distance. The Cluster analysis was performed on species centroids (averaged 

spatial indices per species and maturity group), using K-means clustering. The optimal 

number of clusters was selected using the elbow method, and groupings were visualized over 

the PCA space. This analysis was used to evaluate Hypothesis 3, which proposed that species 

differ in their spatial strategies and aggregation tendencies, through the structure of spatial 

indices and maturity-group patterns. 

 

3. Results 

3.1. Species and hauls filtering 



 

A total of 20711 hauls and 30 elasmobranch species were present in the MEDITS dataset 

(1994–2023) and considered for this study. After applying filtering criteria, 17703 hauls and 

21 species were retained for analysis. Among sharks, out of the 16 species present in the 

original dataset, 11 were retained after filtering. The species with the highest retention rates 

were Galeus melastomus (Rafinesque, 1810) (94.1%), Etmopterus spinax (Linnaeus, 1758) 

(86.7%), and Scyliorhinus canicula (Linnaeus, 1758) (84.5%). Intermediate retention rates 

were observed in Squalus blainville (Risso, 1827) (76.2%) and Squalus acanthias (Linnaeus, 

1758) (64.6%), while the remaining species showed lower proportions. Seven species 

(Galeorhinus galeus (Linnaeus, 1758), Hexanchus griseus (Bonnaterre, 1788), Dalatias licha 

(Bonnaterre, 1788), Oxynotus centrina (Linnaeus, 1758), Squatina aculeata (Cuvier, 1829), 

Squatina oculata (Bonaparte, 1840), Squatina squatina (Linnaeus, 1758)) did not retain any 

valid haul after applying the filtering criteria. Among the 12 batoid species, 10 were retained. 

The most represented were Raja clavata (Linnaeus, 1758) and Raja miraletus (Linnaeus, 

1758), with 68.7% and 68.3% of hauls retained, respectively. Other species like Leucoraja 

melitensis (Clark, 1926) and Raja polystigma (Regan, 1923) had moderate retention (around 

60%). Torpedo marmorata (Risso, 1810), Leucoraja circularis (Couch, 1838) and Rostroraja 

alba (Lacepède, 1810) showed lower retention (23–27%). Two species (Dipturus batis 

(Linnaeus, 1758) and Raja undulata (Lacepède, 1802)) were excluded from further analyses 

due to not meeting the filtering thresholds. 

 

3.2. Sex-Maturity Class Co-occurrence Patterns 

The HWI analysis revealed significant intra-specific co-occurrence patterns between sex-

maturity classes. Among the 21 elasmobranch species analyzed, 11 showed statistically 

significant association among classes (p < 0.05), suggesting a non-random spatial aggregation 

of individuals based on sex and maturity (Fig. 1). 

High HWI values (> 0.6) were observed among immature males and females in S. canicula 

(HWI: 0.86), S. blainville (HWI: 0.81), and E. spinax (HWI: 0.87), indicating potential shared 

use of habitats at early life stages. G. melastomus has strong associations across multiple class 

combinations, suggesting limited spatial segregation by sex or maturity (HWI for immature 

males and females: 0.9; HWI for immature females and mature females: 0.62; HWI for 

immature males and mature males: 0.7; HWI for mature males and mature females: 0.7). 



 

Batoid species such as R. polystigma and R. miraletus showed weak but significant 

associations between mature males and females (HWI: 0.2; HWI: 0.3). Mature males and 

females of R. clavata and R. asterias have moderate HWI values (HWI: 0.4; HWI: 0.5) but 

lacked statistical significance in other pairings, suggesting variable spatial overlap depending 

on sex-maturity composition. L. melitensis, R. asterias, D. oxyrinchus, and T. marmorata 

showed significant class pairings among mature males and females (HWI: 0.6; HWI: 0.5; 

HWI: 0.5; HWI: 0.4). Other combinations (some mature pairings) had non-significant 

permutation-tested associations (p ≥ 0.05) (Tab. 4). These significant associations among 

sex–maturity classes in 11 out of 21 species support Hypothesis 1 and indicate that co-

occurrence patterns are not randomly structured. 

 



 

 
 

Figure 1. Heatmaps of pairwise Half-Weight Index (HWI) values between sex–

maturity classes. Color intensity reflects the strength of the association, with darker 

shades indicating stronger co-occurrence. Only significant pairwise associations (p < 

0.05) are shown. F imm: immature females; F mat: mature females; M imm: immature 

males; M mat: mature males. 

 

 



 

Table 4. Results of the permutation on the Half-weight index. Raja cla: Raja calvata; Scyo 

can: Scyliorhinus canicula, Galu mel: Galeus melastomus; Raja pol: Raja polystigma; Etmo 

spi: Etmopterus spinax; Raja mir: Raja miraletus; Squa bla: Squalus blainville; Torp mar: 

Torpedo marmorata; Raja ast: Raja asterias; Raja mel: Leucoraja melitiensis; Raja oxy: 

Dipturus oxyrinchus 

 
Species Class 1 Class 2 HWI p perm p value 

Raja cla 
F imm M imm 0.835 0.81 0 

F mat M mat 0.453 0.292 0 

Scyo can 
F imm M imm 0.869 0.8 0 

F mat M mat 0.636 0.563 0 

Galu mel 

F imm M imm 0.95 0.942 0 

F imm F mat 0.627 0.62 0 

M imm M mat 0.68 0.671 0 

F mat F mat 0.689 0.49 0 

Raja pol M mat M imm 0.205 0.129 0.02 

Etmo spi 
F imm F mat 0.879 0.874 0.033 

M mat F mat 0.501 0-273 0 

Raja mir M mat M imm 0.316 0.253 0 

Squa bla 
F imm M mat 0.812 0.758 0 

M imm F mat 0.723 0.679 0 

Torp 

mar M mat F mat 0.375 0.149 0 

Raja ast M mat F mat 0.471 0.282 0 

Raja mel M mat F mat 0.615 0.516 0,023 

Raja oxy M mat F mat 0.501 0.423 0 

 

 

3.3. Persistent Co-occurrence Patches 

Persistent spatial co-occurrence patterns across sex and maturity classes were detected for all 

four shark species, although with different degrees of spatial extent and temporal stability. 

The recurrence of these patches over multiple years indicates that many of the detected co-

occurrences correspond to stable spatial features, further supporting Hypothesis 1. 



 

For E. spinax, spatial analysis revealed multiple persistent co-occurrence patches both for 

immature and mature individuals, highlighting the species’ tendency to form dense 

aggregations at different stages (Fig. 4A-B). Persistent co-occurrence of mature males and 

females was limited in space, with stable aggregations detected only in the northern 

Tyrrhenian Sea (GSA 9) and a maximum recurrence of 4 years (Fig. 4A). Persistent patches 

of immature individuals were more widespread and mainly located in the southern Tyrrhenian 

Sea (GSA 10), the southern Adriatic (GSA 18) and the Sicilian Channel (GSA 16), with some 

sites used for up to nine years (Fig. 4B). S. canicula showed a high degree of spatial fidelity 

over time, with persistent co-occurrence patches between sex-maturity classes (immature 

females vs immature males; mature females vs mature males) across multiple GSAs (Fig. 4C- 

D). The co-occurrence of mature males and females (Fig. 4C) was localized along the Spanish 

coasts (GSA 5 and 6), in the Gulf of Lion (GSA 7), in the northern Tyrrhenian Sea (GSA 9) 

and in the Strait of Sicily (GSA 16 and GSA 15). Juvenile aggregations (immature females 

and immature males) are more widely distributed, showing recurrent patches in the Balearic 

Islands (GSA 5), Gulf of Lion (GSA 7), Tyrrhenian Sea (GSA 9), and the Strait of Sicily 

(GSA 16 and GSA 15). S. blainville showed more spatially restricted co-occurrence patterns 

compared to other shark species (Fig. 4E–F). Only male associations were limited in number 

and mainly occurred in the central Mediterranean, particularly the Strait of Sicily (GSA 16) 

and Aegean Sea (GSA 22) (Fig. 4E). Juvenile associations (immature males and immature 

females) were more numerous, with persistent patches distributed across the Strait of Sicily 

(GSA 16), Aegean Sea (GSA 22), southern Tyrrhenian, and western Sardinia (Fig. 4F). G. 

melastomus has the most spatially extensive and temporally persistent co-occurrence patterns 

among all combinations (Fig. 5A–D). Female-only and male-only associations (immature vs 

mature) were widespread, with stable patches detected in the western Sardinian Sea (GSA 

11), Gulf of Lion (GSA 7), Spain (GSA 6), southern Tyrrhenian (GSA 10), Strait of Sicily 

(GSA 16), and northern Ionian Sea (GSA 19). Additional recurrent aggregations occurred in 

the southern Adriatic (GSA 18) and Aegean Sea (GSA 22) (Fig. 5A–B). The co-occurrence 

of mature males and females was more limited, with recurrent patches identified in the 

northern Ionian, Gulf of Lion, southern Tyrrhenian and Strait of Sicily (Fig. 5C). Juvenile 

aggregations (immature females and males) were the most spatially widespread, recurring in 



 

the Ligurian Sea, Tyrrhenian Sea, Sardinian Channel, Strait of Sicily, Ionian Sea, and Aegean 

margins (Fig. 4D).  

 

 
 

 



 

 

 



 

 
 

 
 

 

 

 



 

Figure 4. Panels show the location of patches where significant sex–maturity class co-

occurrences were detected across multiple years: (A–B) Etmopterus spinax: (A) mature males 

vs. mature females, (B) immature males vs. immature females; (C–D) Scyliorhinus canicula: 

(C) mature males vs. mature females, (D) immature males vs. immature females; (E–F) 

Squalus blainville: (E) mature males vs. immature males, (F) immature males vs. immature 

females. Only spatially persistent patches (i.e., recurring across years with GIC > 0.5) are 

shown. White areas indicate depths > 800 m, which are not sampled by MEDITS surveys. 

 

 

 



 

 

 
 

 

 

 
Figure 5. Panels show the location of patches where significant sex–maturity class co-

occurrences were detected across multiple years: Galeus melastomus A) immature females 

vs mature females, B) immature males vs mature males, C) mature males vs mature females, 

D) immature males vs immature females. Only spatially persistent patches (i.e., recurring 



 

across years with GIC > 0.5) are shown. White areas indicate depths > 800 m, which are not 

sampled by MEDITS surveys. 

 

 

Persistent spatial co-occurrence patterns between sex and maturity classes were also detected 

for batoid species, though with a generally more localized distribution compared to sharks. 

For R. asterias, a stable aggregation of mature males and females (Fig. 6A) were only detected 

in the Sardinian Sea (GSA 11). L. melitensis displayed persistent co-occurrence of mature 

males and females (Fig. 6B) in the Strait of Sicily (GSA 16), showing stability over several 

years. For Raja clavata, persistent co-occurrence of mature males and females (Fig. 6C) was 

recorded in the Sardinian Sea (GSA 11), the Strait of Sicily (GSA 16), the Maltese waters 

(GSA 15) and the Balearic Sea (GSA 5). Immature male–female associations (Fig. 6D) were 

more spatially widespread, including the Balearic Islands (GSA 5), the Corsica waters (GSA 

8), the western Sardinian Sea (GSA 11), the Strait of Sicily (GSA 16), the Maltese waters 

(GSA 15), and the northern and central Adriatic (GSA 17 and 18) and the Aegean Sea (GSA 

22). Some of these juvenile patches persisted for up to eight years, suggesting repeated use as 

potential nursery grounds. 

 

 



 

 

 
 

 
 

 



 

 
 

Figure 6. Panels show the location of patches where significant sex–maturity class co-

occurrences were detected across multiple years: (A) R. asterias – mature males vs mature 

females; (B) L. melitensis – mature males vs mature females; (C) R. clavata – mature males 

vs mature females; (D) R. clavata – immature males vs immature females. Only spatially 

persistent patches (i.e., recurring across years with GIC > 0.5) are shown. White areas indicate 

depths > 800 m, which are not sampled by MEDITS surveys. 

 

3.4. Intraspecific spatial patterns  

Overall, both sharks and batoids exhibit higher aggregation in immature stages and more 

uniform spatial distributions in adults, particularly mature females. However, a few species 

(R. asterias, L. melitensis, T. marmorata) showed no significant maturity-related differences, 

indicating either homogeneous spatial patterns or that such differences were not detectable 

with the available data. These intraspecific patterns support Hypothesis 2, indicating that 

immature stages tend to be more clustered and spatially heterogeneous than mature 

individuals, while adults, especially females, are more dispersed. 

The BCA performed for E. spinax using SA/PA, CV and Mean crowding indices, revealing 

a spatial differentiation among maturity stages. EA was excluded because of its KMO value 

below the suitability levels admitted for multivariate analysis (KMO < 0.6). The first axis 



 

explained 99.8% of the variance and divided immature and mature individuals, while the 

second accounted for 0.2%. A Monte Carlo permutation test confirmed the significance of 

the observed differences (Observed: 0.145, p < 0.001). Immature individuals have the lowest 

spatial uniformity and the highest levels of crowding and variability, with a mean SA/PA of 

0.42 (± 0.14), CV of 0.90 (± 0.40), and Mean Crowding of 211.7 (± 372.0). Mature males 

have a more balanced distribution and are less aggregated, showing a SA/PA of 0.50 (± 0.15), 

CV of 0.48 (± 0.30), and Mean Crowding of 25.2 (± 27.6). Similarly, mature females 

exhibited a SA/PA of 0.48 (± 0.13), CV of 0.46 (± 0.31), and Mean Crowding of 22.3 (± 15.9) 

(Fig. 7A).  

The BCA conducted to explore spatial distribution patterns among maturity stages of S. 

canicula, was based on three spatial indices: SA/PA, CV, and Mean Crowding. The 

Equivalent Area (EA) was excluded from the analysis due to its low Kaiser-Meyer-Olkin 

(KMO) value (0.24), indicating insufficient shared variance with the other indices and poor 

suitability for dimension reduction. The BCA revealed differences between maturity groups 

along the first axis, which explained 99.4% of the between-class variance. A Monte Carlo test 

confirmed the significant differences (observed: 0.147; p < 0.001). Immature individuals were 

associated with higher spatial aggregation, characterized by lower spatial uniformity (SA/PA 

= 0.36 ± 0.12) and higher values of aggregation indices (CV = 1.17 ± 0.45, Mean Crowding 

= 588.1 ± 880.6). Mature females displayed a uniform spatial distribution (SA/PA = 0.49 ± 

0.12) and lower aggregation (CV = 0.72 ± 0.39, Mean Crowding = 77.2 ± 102.7). Mature 

males showed intermediate values (SA/PA = 0.44 ± 0.12; CV = 0.91 ± 0.40; Mean Crowding 

= 210.7 ± 295.4) (Fig. 7B). 

The BCA for S. blainville showed differences among maturity stages, with the first axis 

explaining 98% of the total variance and the second axis explaining 2%. The Monte Carlo 

test confirmed the significance of the grouping (Observed: 0.147, p < 0.001). SA/PA, CV and 

Mean crowding were the indices used to perform BCA, while EA was excluded (KMO <0.6). 

Immature individuals had lower spatial uniformity in dispersion and higher crowding, with a 

mean SA/PA of 0.33 (± 0.15), CV of 0.99 (± 0.44), and Mean Crowding of 258.3 (± 283.6). 

Mature males showed higher dispersion and lower variability, with SA/PA of 0.41 (± 0.13), 

CV of 0.73 (± 0.32), and Mean Crowding of 67.1 (± 46.0). Mature females had similar spatial 



 

evenness to males but lower crowding, with SA/PA of 0.40 (± 0.14), CV of 0.62 (± 0.34), and 

Mean Crowding of 50.6 (± 50.4) (Fig. 7C). 

The BCA conducted to assess spatial distribution differences among maturity stages of G. 

melastomus was based on SA/PA, Coefficient of Variation (CV), and Mean Crowding. The 

Equivalent Area (EA) was excluded due to its low score in preliminary tests (KMO < 0.6). 

The first axis of the BCA explained 99.4% of the between-group variance, and the associated 

Monte Carlo test confirmed the significant differences (observed: 0.134; p < 0.001). Immature 

individuals were associated with the most aggregated spatial pattern, with the lowest spatial 

dispersion (SA/PA = 0.37 ± 0.12) and the highest levels of aggregation (CV = 1.18 ± 0.41, 

Mean Crowding = 801.1 ± 1344.8). Mature females showed the most homogeneous 

distribution (SA/PA = 0.46 ± 0.13) and the lowest aggregation (CV = 0.81 ± 0.36, Mean 

Crowding = 96.9 ± 135.2), while mature males had intermediate values (SA/PA = 0.43 ± 0.12; 

CV = 0.85 ± 0.35; Mean Crowding = 133.8 ± 167.0) (Fig. 7D). 

 
 



 

 
 

 

 
Figure 7. BCA plots of spatial distribution differences among maturity stages for four shark 



 

species: (A) E. spinax, (B) S. canicula, (C) S. blainville, and (D) G. melastomus. Each plot 

is based on three spatial indices (SA/PA, Coefficient of Variation, and Mean Crowding). 

 

A BCA was conducted for R. asterias using SA/PA, Coefficient of Variation (CV), and Mean 

Crowding to evaluate spatial distribution differences among maturity stages and sexes. The 

first two BCA axes explained 87% and 13% of the variance, respectively. The Monte Carlo 

permutation test was not statistically significant (observed: 0.018; p < 0.188), indicating weak 

between-group structure in the spatial indices. This result indicates a homogeneous spatial 

structure across maturity stages and sexes in R. asterias, with no clear ontogenetic shift or 

sexual differences in distribution patterns (Fig. 8A). 

The BCA for R. clavata showed a separation among maturity stages based on spatial indices. 

Axis 1, explaining 99.2% of the between-group variance, divided immature individuals from 

both mature males and females. Statistical differences were supported by a Monte Carlo test 

(observed: 0.1, p< 0.001). Immature individuals were associated with higher spatial 

aggregation, as indicated by the highest mean CV (0.93 ± 0.4) and Mean Crowding (136 ± 

195), along with the lowest spatial dispersion (SA/PA = 0.43 ± 0.14). Mature females showed 

the most uniform spatial distribution (SA/PA = 0.50 ± 0.13) and the lowest aggregation 

metrics (CV = 0.46 ± 0.26; Mean Crowding = 33 ± 28). Mature males have intermediate 

values (SA/PA = 0.48 ± 0.11; CV = 0.58 ± 0.34; Mean Crowding = 47 ± 48). These results 

suggest a shift from spatial aggregation in immature individuals to more evenly dispersed 

distributions in mature stages, particularly among females (Fig. 8B). 

The BCA was performed on R. miraletus using three spatial indices: SA/PA, Coefficient of 

Variation (CV), and Mean Crowding. The Equivalent Area (EA) was excluded due to a low 

KMO value (<0.6), suggesting a low suitability for multivariate analysis. The BCA divided 

the maturity groups along the first axis, which accounted for 98.7% of the between-group 

variance. The Monte Carlo test confirmed statistically significant differences (Observed: 

0.120; p < 0.001). Immature individuals have the most aggregated spatial distribution, with 

lower SA/PA (0.42 ± 0.14) and higher aggregation metrics (CV = 0.81 ± 0.40, Mean 

Crowding = 147.5 ± 153.2). Mature females were the most widely distributed group, 

characterized by the highest SA/PA (0.48 ± 0.10) and the lowest CV (0.34 ± 0.29) and Mean 



 

Crowding (41.8 ± 32.9). Mature males showed intermediate spatial structure (SA/PA = 0.48 

± 0.13; CV = 0.55 ± 0.32; Mean Crowding = 71.2 ± 66.6) (Fig. 8C). 

The BCA was conducted for R. polystigma to examine spatial distribution differences among 

maturity stages, using three indices: SA/PA, Coefficient of Variation (CV), and Mean 

Crowding. The Equivalent Area (EA) was excluded due to its low sampling suitability (KMO 

< 0.6). The first BCA axis explained 99.8% of the between-group variance, with the Monte 

Carlo test confirming statistical significance (observed: 0.073; p < 0.001). Immature 

individuals were characterized by higher aggregation, showing lower spatial uniformity 

(SA/PA = 0.44 ± 0.15) and higher variability (CV = 0.78 ± 0.51) and crowding levels (Mean 

Crowding = 478.2 ± 3597.3). Mature females and males have more homogeneous spatial 

patterns. Mature females had the lowest CV (0.32 ± 0.25) and low crowding (34.5 ± 16.1), 

with relatively high spatial balance (SA/PA = 0.47 ± 0.11). Mature males showed similar 

values (SA/PA = 0.47 ± 0.12; CV = 0.36 ± 0.25; Mean Crowding = 31.1 ± 17.2) (Fig. 8D). 

 

 



 

 
 

 



 

 
 

 

Figure 8. BCA plots of spatial distribution differences among maturity stages for four shark 

species: (A) R. asterias, (B) R. clavata, (C) R. miraletus, and (D) R. polystigma. Each plot is 

based on three spatial indices (SA/PA, Coefficient of Variation, and Mean Crowding). 

 

The BCA for D. oxyrinchus was performed on SA/PA, CV and Mean crowding indices and 

highlighted a differentiation in spatial distribution patterns among maturity stages. EA was 

excluded because of its unsuitability for multivariate analysis (KMO > 0.6). The first axis 

explained 93% of the variance, while the second accounted for 7%. The Monte Carlo 

permutation test revealed a statistically significant difference between groups (observed = 

0.046; p = 0.002). Immature individuals exhibited a mean SA/PA of 0.47 (± 0.16), a CV of 

0.65 (± 0.56), and a Mean Crowding value of 69.2 (± 149.7). Mature males showed more 

uniform distribution and lower aggregation (SA/PA = 0.48 ± 0.13, CV = 0.45 ± 0.35, Mean 

Crowding = 29.4 ± 69.7). Mature females have the most homogenous and dispersed spatial 

pattern among all groups (SA/PA = 0.54 ± 0.12, CV = 0.38 ± 0.23, Mean Crowding = 17.6 ± 

9.2) (Fig. 9). 

For L. melitensis, the BCA did not show significant separation among maturity stages,  



 

the Monte Carlo permutation test showed a non-significant result (Observed: 0.034, p = 

0.457), indicating that the differences in spatial distribution indices among maturity groups 

and sexes are not statistically relevant. 

The BCA for T. marmorata did not show statistical differences among maturity stages and 

sexes (Monte Carlo test, observed: 0.037, p = 0.089). The EA index was excluded from the 

analysis due to insufficient sampling suitability (KMO < 0.6). 

 

 
 

Figure 9. BCA plots of spatial distribution differences among maturity stages for D. 

oxyrinchus based on three spatial indices (SA/PA, Coefficient of Variation, and Mean 

Crowding). 

 

3.5. Interspecific patterns in spatial distribution  

The first PCA performed on species-level centroids (mean spatial indices per species and 

maturity group) revealed patterns of spatial distribution associated with maturity status and 

species identity. The first two principal components explained 88.4% of the total variance 

(PC1: 65.5%, PC2: 22.9%). PC1 was driven by the SA/PA index, indicating the degree of 

spatial uniformity, while PC2 was associated with the Mean Crowding. The Coefficient of 

Variation (CV) had a lower explanatory contribution and was orthogonal to both main 

gradients. K-means clustering on the PCA centroids identified three clusters, separating 

species–maturity group combinations based on their spatial distribution characteristics: 



 

Cluster 1 grouped mature and immature individuals of most batoid species (e.g., R. clavata, 

R. miraletus, R. polystigma, T. marmorata), characterized by higher SA/PA values and lower 

crowding that suggest more uniform and dispersed spatial distributions (Fig. 10). 

Cluster 2 included immature stages of S. canicula, S. blainvillei, E. spinax, R. clavata, R. 

miraletus, and mature stages of S. canicular and G. melastomus, which were all associated 

with higher spatial aggregation (higher Mean Crowding and CV, lower SA/PA). 

Cluster 3 grouped a small subset composed by immature individuals of G. melastomus and 

mature individuals of S. blainvillei and  L. melitiensis.  Those species and maturity groups are 

segregated along PC2, indicating high crowding and patchiness in their spatial distribution. 

The PERMANOVA conducted using Euclidean distances on standardized spatial indices 

revealed a significant effect of species on the multivariate structure of spatial indices (R² = 

0.09, F = 36.72, p < 0.001, 999 permutations). These interspecific differences in spatial 

crowding and dispersion support Hypothesis 3, showing that species and maturity groups 

adopt different aggregation strategies. 

 

 

 



 

Figure 10. PCA biplot based on the contribution and direction of the spatial indices (SA/PA, 

CV, Mean Crowding) to the PCA axes. Symbols represent species–maturity group 

combinations, colours identify the three clusters obtained through K-means clustering. 

 

The second PCA was performed on species-level mean spatial indices, considering maturity 

classes jointly for each species to explore interspecific differences in spatial strategies. The 

first principal components explained a proportion of variance of 68.2%, while PC2 the 

17.9%). The PCA biplot reveals interspecific differences in spatial dispersion, S. canicula and 

G. melastomus belong to the same cluster and appear to be spatially segregated from other 

species, mainly along PC1, which is associated with high values of crowding and CV in 

mature individuals. T. marmorata and L. melitensis belong to the second cluster and are 

separated along PC2, indicating distinct spatial dynamics, driven by lower SA/PA and more 

homogeneous distributions. The other species, belonging to the third cluster, are similar in 

their spatial characteristics (Fig. 11). The PERMANOVA conducted using Euclidean 

distances on standardized spatial indices, revealed a significant effect of species on the 

multivariate structure of spatial indices (R² = 0.09, F = 36.72, p < 0.001, 999 permutations). 

 



 

 
Figure 11. PCA biplot representing the contribution of each spatial index—Coefficient of 

Variation (CV), Mean Crowding, and SA/PA—calculated separately for immature (imm) and 

mature (mat) individuals. Points correspond to species, coloured according to the three 

clusters identified via K-means clustering. CV_mat: Coefficient of variation of mature 

individuals; CV_imm: Coefficient of variation of immature individuals; 

Mean_Crowding_mat: Mean Crowding mature individuals; Mean_crowding_imm: Mean 

Crowding immature individuals; SA/PA_mat: Spreading area/ Positive area of mature 

individuals; SA/PA_imm: Spreading Area/Positive Area of immature individuals. 

 

4. Discussion  

This study assessed sex– and maturity-specific spatial aggregation patterns in demersal 

elasmobranchs, based on 30 years of standardized fishery-independent data. By combining 

association metrics, persistence analyses and spatial indices, we identified intra- and 

interspecific differences in aggregation dynamics, offering new insights into the gregarious 

behaviors of Mediterranean deep-sea elasmobranchs. Our findings support the three working 

hypotheses: (i) Hypothesis 1 was supported by the detection of significant, non-random co-



 

occurrences among sex–maturity classes and their recurrent spatial patches; (ii) Hypothesis 2 

was supported by the ontogenetic shift from aggregated juvenile distributions to more 

homogeneous adult patterns in several species; (iii) Hypothesis 3 was supported by the 

interspecific differences in spatial indices and clustering of species–maturity groups revealed 

by the multivariate analyses. 

 

4.1. Sex-Maturity Class Co-occurrence Patterns 

Our results show significant co-occurrences between sex–maturity classes for multiple 

species. However, for others that usually occur at higher abundances, identifying aggregation 

patterns was more challenging, as it requires disentangling the biological processes behind 

high densities. For instance, in G. melastomus, significant co-occurrences across multiple sex-

maturity combinations may result from the absence of strong spatial segregation by sex or 

maturity throughout the life cycle (Karampetsis et al., 2022; Rinelli et al., 2005). Moreover, 

the ubiquity of G. melastomus MEDITS catches (D’Iglio et al., 2021; Ramirez-Amaro et al., 

2015) could lead to high association values due to overlapping distributions.  

The results of the association index for S. canicula showed patterns consistent with previous 

evidence of size-based grouping (Rodríguez-Cabello et al., 2007; Sims et al., 2001). Juveniles 

were frequently detected in high co-occurrence and density, suggesting nursery use similar to 

that reported for the central Adriatic Sea (De Santis et al., 2024). In adults, previous studies 

showed the existence of a sexual segregation driven by female avoidance of male sexual 

harassment (Finotto et al., 2015; Sims et al., 2001; Wearmouth et al., 2012). However, the 

significant co-occurrences observed in our dataset could indicate reproductive dynamics and 

familiarity-driven associations, as supported by evidence of spatial structure shaped by 

sociality among individuals (Jacoby et al., 2012). 

For S. blainville, E. spinax and R. clavata, significant co-occurrences of immature males and 

females suggest a shared use of nursery-like habitats, in agreement with previous evidence 

for juvenile aggregations for these species (Ellis et al., 2024; Mattína et al., 2024; Turan et 

al., 2024). In E. spinax, mature individuals aggregated, potentially as a reproductive strategy 

to increase mate encounters and female mate choice (Duchatelet et al., 2020), consistent with 

schooling behaviors described for the species (Claes & Mallefet, 2009, 2010; Springer, 1967). 

In addition to the expected patterns, we detected a significant co-occurrence between mature 



 

and immature males of S. blainville, potentially resulting from trophic overlap when prey 

availability is high (Kousteni et al., 2017) and from sexual segregation for competition, 

reproduction purposes or to reduce cannibalism (Anastasopoulou et al., 2018; Stenberg, 

2005). In batoids, significant associations were detected only among mature individuals, 

which may reflect seasonal reproductive aggregations for increased mating opportunities (Di 

Crescenzo et al., 2024; Holden, 1975; Perier et al., 2011; Siskey et al., 2019). The consistency 

of our findings with previous studies across different species and regions supports our 

interpretations. The lack of bathymetric segregation reported for R. clavata in the 

Mediterranean (Massutí & Moranta, 2003) strengthens the hypothesis that adult co-

occurrences could not be due solely to habitat overlap but potentially reflect reproductive 

strategies. Although information on the gregarious behaviour of S. blainville is limited, 

evidence from its congener S. acanthias indicates that spiny dogfish may form large schools 

of immature individuals in their nursery areas (Bradai et al., 2012; Marino et al., 2015), further 

validating our results.  

 

4.2. Persistent Co-occurrence Patches 

The persistence analyses showed that several species repeatedly use the same areas across 

years, with patches of immature individuals more numerous and temporally stable than those 

of mature individuals. This pattern indicates a recurrent use of specific sites, which could 

reflect stable environmental conditions, habitat suitability or reproductive behaviors possibly 

associated with philopatric tendencies (Bester-van der Merwe et al., 2022; Flowers et al., 

2016). Juvenile persistence was evident for S. canicula, G. melastomus, E. spinax, S. 

blainville and R. clavata, where aggregations lasted up to 8–9 years, supporting the concept 

of long-term nursery ground use (Coelho & Erzini, 2010; Jacoby et al., 2012; McAllister et 

al., 2024; Treude et al., 2011; Turan et al., 2024).  Although the repeated use of nursery 

(Bangley et al., 2018; Gruber et al., 1988) and gestation areas (Hight & Lowe, 2007; Nosal et 

al., 2021) have been documented for several shark species, few breeding grounds have been 

identified (Chapman et al., 2015; b. Jacoby et al., 2012). As in our study, most sharks’ 

breeding sites are inferred from indirect evidence (Jorgensen et al., 2012; Pratt & Carrier, 

2001). The persistence of juvenile patches across nearly a decade provides strong evidence 

of site fidelity or repeated use of specific areas in several Mediterranean demersal 



 

elasmobranchs, as also reported in other regions (Chapman et al., 2015). Moreover, the 

presence of persistent patches in species with different life-history traits (small benthic sharks, 

deep-sea sharks, and skates) suggests that spatial fidelity is a common feature across taxa. It 

is important to note that the patches identified in this study should not be interpreted as precise 

delineations of aggregation sites. They represent areas where MEDITS hauls with similar 

high densities and significant co-occurrences cluster in space and time. Given the spacing of 

trawl stations and the high mobility of elasmobranchs, the true spatial extent and internal 

structure of aggregation events cannot be resolved with survey data alone. Fine-scale tracking 

or tagging studies would be required to map the actual extent of reproductive or nursery 

aggregations. In this sense, our patches are best viewed as spatial proxies of aggregation 

processes, highlighting broader zones of recurrent co-occurrence and potential biological 

importance. 

 

4.3. Intraspecific spatial patterns  

Our analyses revealed ontogenetic differences in spatial patterns across several shark and 

skate species. Overall, both sharks and batoids have higher aggregation in immature stages, 

reflected in lower spatial uniformity and higher crowding values, while adults, especially 

mature females, have more homogeneous distributions. This general trend was evident in E. 

spinax, S. canicula, S. blainville, G. melastomus, R. clavata, R. miraletus, R. polystigma and 

D. oxyrinchus. R. asterias, L. melitensis and T. marmorata did not show significant maturity-

related differences. This may indicate homogeneous spatial structures across life stages or 

limitations in detecting fine-scale segregation with the available data. The observed 

ontogenetic shift from aggregated juveniles to more uniform distributions in adults aligns 

with biological expectations. Juveniles of many elasmobranchs tend to concentrate in nursery 

areas that provide suitable environmental conditions, prey availability, and refuge from 

predation (McMillan et al., 2021). Mature individuals, especially females, often adopt more 

dispersed distributions, likely reflecting different energetic requirements and reproductive 

strategies (Rodríguez‐Cabello et al., 2007; Simpson et al., 2021; Sims et al., 2001). Our 

analyses show that E. spinax, S. canicula, S. blainville, G. melastomus, and R. clavata exhibit 

a shift from aggregated immature stages to more uniform adult distributions. While previous 

research has highlighted nursery use in juveniles for some of these species (Ellis et al., 2008; 



 

McAllister et al., 2024), our study, to our knowledge, provides the first quantitative evidence 

of such ontogenetic differentiation in spatial crowding patterns across multiple taxa. These 

findings provide new insight into life-stage-specific association patterns and strengthen the 

hypothesis that ontogenetic spatial differentiation is a widespread trait among demersal 

elasmobranchs. Despite these identified patterns, some limits should be discussed. Species 

such as R. asterias, L. melitensis and T. marmorata showed no significant spatial 

differentiation among maturity stages. These results may reflect homogeneous spatial 

distributions, insufficient sampling resolution in trawl surveys to capture fine-scale 

segregation or low sample sizes for rarer species. Our results indicate that ontogenetic 

differences in spatial structure are common in Mediterranean demersal elasmobranchs.  

 

4.4.  Interspecific spatial patterns  

The multivariate analyses revealed differences in spatial distribution linked to both species 

identity and maturity stage. The first PCA separated three main clusters, (i) batoid species, 

which exhibited more uniform and dispersed spatial distributions; (ii) immature sharks 

belonging to S. canicula, S. blainvillei, and E. spinax, as well as some mature groups 

associated with higher spatial aggregation, and (iii) a subset of species–maturity groups (G. 

melastomus immatures, S. blainvillei adults, L. melitensis adults) characterized by high 

crowding and patchiness. The second PCA highlighted interspecific differences, with S. 

canicula and G. melastomus showing greater aggregation relative to other taxa, while T. 

marmorata and L. melitensis had more homogeneous distributions. G. melastomus and S. 

canicula share oviparous and continuous reproductive mode, high abundance in catches and 

overlapping diets (Kousteni et al. 2010; Capapé et al. 2014; Valls, 2017), supporting the 

hypothesis that ecologically similar small sharks may have convergent aggregation pattern.  

Batoids clustered together with dispersed distributions, which is consistent with their benthic 

lifestyle, low mobility, oviparous reproductive strategies and habitat requirements (Schlaff et 

al., 2014). The tendency of immature sharks such as S. canicula, S. blainvillei and E. spinax 

to form more aggregated distributions supports their use of nursery habitats, consistent with 

previous observations of juveniles concentrating on specific areas offering favorable 

conditions for growth and protection (Cau et al., 2017; D’Onghia et al., 2010; Kabasakal et 

al., 2024). S. blainvillei mature individuals clustered with highly aggregated immature G. 

https://link.springer.com/article/10.1007/s00227-017-3254-2#ref-CR42
https://link.springer.com/article/10.1007/s00227-017-3254-2#ref-CR10


 

melastomus, a pattern that could be linked to reproductive aggregations, as reported for its 

congener S. acanthias, which is known to form large schools of mature individuals during the 

mating season (Bonanomi et al., 2018; Marino et al., 2015). Large aggregations of G. 

melastomus have also been documented in deep-sea environments (Sisma-Ventura et al., 

2024), although the observed similarity in our analysis likely reflects comparable spatial 

concentration patterns rather than shared ecological or biological drivers. 

These findings indicate that spatial aggregation patterns are shaped by both ontogeny and 

species-specific ecology.  

 

4.5. Conservation and Management 

This study identified intra- and interspecific differences in aggregation dynamics, offering 

new insights into the gregarious behaviors of Mediterranean deep-sea elasmobranchs, and 

their implications for conservation and management. Persistent juvenile aggregations indicate 

long-term nursery use and should be prioritized for spatial protection and adaptive 

management.  Measures such as temporal closures or gear restrictions could reduce juvenile 

mortality and support early life-stage survival (Carrier & Pratt, 1998). However, conservation 

efforts that focus exclusively on nursery areas without protecting adult populations may fail 

to achieve population recovery. The collapse of G. galeus populations, despite 30 years of 

nursery-focused protection, demonstrated that unregulated fishing of adults can undermine 

recruitment and population persistence (Kinney & Simpfendorfer, 2009; Punt et al., 2000). 

Adult aggregation sites may represent potential reproductive hotspots, the protection of thich 

is crucial to sustaining population recruitment (Barnett et al., 2019).  The more uniform 

distribution of mature individuals, especially females, suggests that reproductive critical 

habitats are less spatially predictable than nurseries, posing challenges for conservation and 

management (Finotto et al., 2021; Jirik & Lowe, 2012). Male-only aggregations, such as those 

observed in S. blainville, may correspond to feeding grounds where resource availability is 

high, pointing to areas where fishing pressure should be regulated (Jacoby et al., 2012; Sims, 

2003). Our results show that long-term persistent aggregation patches are common among 

Mediterranean demersal elasmobranchs, especially for juveniles. Conservation strategies 

should therefore integrate nursery protection with broader measures that also include adult 

populations, avoiding the risk of decline observed in other species. Depending on each 



 

species’ conservation status, persistent areas should be prioritized for spatial management to 

reduce exposure to both targeted and incidental fishing, which is increased by the repeated 

use and predictability of specific sites (McAllister et al., 2017). The aggregation of juvenile 

sharks reinforces the importance of nursery grounds, while the broader dispersion of batoids 

suggests that different conservation actions are needed. Highly aggregated groups, such as 

immature G. melastomus or mature S. blainvillei, may indicate potential critical habitats that 

may be vulnerable to localized fishing pressure. The more homogeneous distributions of 

species like L. melitensis and T. marmorata underscore the need for finer-scale monitoring 

and the importance of considering additional factors, such as phylogeny and ecology, when 

interpreting interspecific differences in spatial aggregation. From a management perspective, 

these findings provide a baseline to guide the development of spatially explicit conservation 

measures that account for both interspecific and ontogenetic differences in aggregation 

patterns. 

 

5. Limitations and future perspectives  

Because MEDITS is a fishery-independent trawl survey conducted once per year and always 

in the same season, the four aggregation criteria applied in Chapter 1 (high abundance, high 

occurrence, site fidelity, and seasonality) cannot be fully implemented here. In particular, 

seasonality cannot be assessed, and density-based thresholds would artificially inflate the 

detection of aggregations in species that naturally occur at high densities. The analyses rely 

on trawl survey data, which, despite being standardized across decades, are limited in spatial 

and temporal resolution and may underestimate fine-scale dynamics and seasonality of 

aggregation. The absence of direct behavioral observations (e.g. mating events) means that 

interpretations of reproductive aggregations are inferred indirectly from patterns of co-

occurrence supported by literature evidence. In species occurring at high abundances, the 

interpretation of co-occurrence patterns requires particular caution. For S. canicula, despite 

its high density in MEDITS hauls, the structure of co-occurrences showed that immature 

individuals form recurrent patches and adults display class-specific non-random associations 

potentially linked with nurseries and potential reproductive or familiarity-driven grouping. G. 

melastomus exhibited significant associations across all sex–maturity combinations and 

widespread co-occurrence patches. This pattern may reflect an artefact of its ubiquitous 



 

distribution and high catchability in trawl surveys, potentially inflating association indices 

and masking biologically meaningful aggregations. Therefore, while co-occurrence in S. 

canicula may indicate functional aggregation processes, the pervasive overlap observed in G. 

melastomus should be interpreted with greater caution. Our framework was designed to detect 

temporary, spatially restricted aggregation events showing site fidelity across years, which 

naturally emerge more clearly in species with heterogeneous distributions. As a consequence, 

the co-occurrence patterns observed in G. melastomus may indicate that trawl-survey data 

may be insufficient to resolve fine-scale aggregation in highly ubiquitous species, for which 

higher-resolution data may be required. We did not modify the aggregation threshold (≥2 

individuals), which follows the definition proposed by McInturf et al. (2023) to ensure 

consistency across species. In highly abundant and ubiquitous species such as G. melastomus, 

widespread co-occurrences may reflect the species’ continuous distribution and high 

catchability in MEDITS surveys rather than true biologically driven aggregations. Some 

species (T. marmorata, R. polystigma, D. oxyrinchus, R. miraletus) did not exhibit persistent 

patches. Possible explanations are (i) use of habitats not well covered by trawl surveys, such 

as rocky coastal areas (Tiralongo et al., 2019); (ii) species-specific life-history traits, such as 

range-restricted endemics (Porcu et al., 2020); and (iii) differences in catchability that may 

bias survey data (Damalas & Vassilopoulou, 2011). The multivariate model showed a 

significant species effect, indicating that species identity contributes to differences in spatial 

structure. However, local environmental conditions may play a role in shaping aggregation 

patterns, but these factors were not considered in the present study. Although reproductive 

strategies might influence aggregation patterns, our analyses did not reveal a clear separation 

between oviparous and ovoviviparous species. The multivariate analysis did not cluster 

species according to their reproductive strategy, indicating that this factor was not a major 

driver of spatial differentiation in our dataset. For this reason, no statistical test was performed 

to assess differences between reproductive modes. Future research should integrate 

environmental modeling, and finer-scale sampling to quantify the spatial extent, ecological 

drivers and temporal dynamics of aggregation processes. 

 

6.1 Conclusions  



 

This study provides an assessment of sex- and maturity-specific aggregation patterns in 

Mediterranean demersal elasmobranchs, revealing intra- and interspecific differences in 

spatial organization. These patterns reflect the combined influence of life stage, species-

specific ecology, and behavioral strategies, offering new insights into the gregarious 

dynamics of deep-sea and benthic sharks and rays. By providing a quantitative baseline for 

the aggregation of these taxa, our findings highlight that effective conservation strategies must 

consider the gregarious dynamics of different life stages and sexes, ensuring that both juvenile 

nurseries and adult permanent aggregation sites are integrated into spatial management plans. 
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Concluding remarks and thesis impact 

This thesis provided an analysis of elasmobranch aggregations in the Mediterranean Sea, 

addressing the topic from multiple perspectives and across different spatial and temporal 

scales, to fill knowledge gaps and contribute to the development of management actions and 

targeted conservation strategies. Through an integrated approach -combining a systematic 

literature review, citizen science data, direct field observations, and long-term fishery-

independent datasets- it was possible to design a comprehensive picture of shark and ray 

aggregation dynamics, highlighting recurring ecological patterns and species/area-specific 

features. The first part of the thesis (Chapter 1) systematized the available information on 

Mediterranean aggregations through a replicable classification protocol that distinguishes 

between confirmed, potential, and single occurrences. This methodology, which can also be 

applied in data-poor contexts, allowed the identification of recurring spatial and seasonal 

distributions: aggregations are mostly concentrated in spring and summer, in epipelagic 

waters and coastal habitats such as rocky bottoms, sandy/muddy substrates, and brackish 

areas, with biological functions primarily linked to reproduction and feeding. However, a high 

proportion of events could not be assigned to a clear biological purpose, underscoring the 

need for targeted behavioral and ecological studies on the species involved. Another emerging 

aspect is the uneven distribution of research efforts among different Mediterranean sub-areas. 

Some regions with high potential biodiversity and reported aggregations remain poorly 

investigated, risking an underestimation of their importance and a lack of protective measures. 

In this context, the integration of alternative data sources (citizen science, local ecological 

knowledge, opportunistic monitoring) has proven to be a valuable resource to expand spatial 

and temporal coverage, if data collection and dissemination are managed not to increase 

human pressure on sensitive sites. The second and third parts (Chapter 2 & Chapter 3) focused 

on species-specific case studies-such as those on the common eagle ray M. aquila and the 

common stingray D. pastinaca- which highlighted the importance of coastal sites and MPAs 

as reproductive aggregation grounds, but also their vulnerability to both direct and indirect 

anthropogenic pressures. These findings reinforce the need for site-specific management 

measures able to balance sustainable resource use with the protection of the most sensitive 

life stages. The fourth part (Chapter 4) focused on the study of the sandbar shark C. plumbeus 

aggregation at Lampione Island in the Pelagie Archipelago (Southern Sicily, Italy), revealing 



 

the role of such events in facilitating interspecific interactions, opening novel research 

perspectives at least at regional level on the ecological functions of such aggregations beyond 

single-species contexts. The fifth part (Chapter 5) presented a basin-wide analysis based on 

30 years of standardized trawl survey data from the MEDITS program, revealing patterns of 

co-occurrence among demersal species, sexes, and life stages. The results suggest that 

aggregations may have complex and diversified patterns. These results may support the 

adoption of spatial and temporal management tools that consider the demographic structure 

of aggregations.  

Overall, the results of this thesis emphasize that elasmobranch aggregations in the 

Mediterranean represent critical phases in the life cycle of sharks and rays and that their 

conservation requires adaptive and dynamic management strategies. Such strategies should 

be grounded in updated, integrated scientific knowledge and include measures such as 

seasonal closures, gear-specific regulations, and the protection of key habitats, while also 

promoting sustainable, non-extractive economic alternatives, including responsible forms of 

marine ecotourism. Beyond its ecological contributions, this thesis provides both a 

methodological framework and a conceptual foundation to guide future research and 

conservation planning in the Mediterranean. The multi-scale and multi-source approach 

adopted here has proven effective in filling significant knowledge gaps and in generating 

operational guidance. Finally, this work highlights how a deeper understanding of 

aggregation dynamics can serve as a strategic lever for the protection of elasmobranch 

populations, especially within highly anthropized and vulnerable marine ecosystems such as 

the Mediterranean Sea. 

This thesis has generated a series of significant outcomes in terms of ecological insights on 

aggregation of Mediterranean sharks and rays, supporting conservation strategies and 

scientific outreach. From a conservation perspective, the results presented guided the 

establishment of two Important Shark and Ray Areas (ISRA - https://sharkrayareas.org/) (Fig. 

1).  



 

 
Figure 1. Site location of the two ISRAs (https://sharkrayareas.org/) established with the 

results of this thesis.  

This thesis also contributed to the outreach article of the Science Shot magazine 

(https://www.science.org/content/article/watch-fish-hunt-hiding-behind-shark), highlighting 

the international relevance and ecological importance of the research topic. In terms of 

scientific outreach and communication, the findings have been shared with the public through 

various initiatives, including the Biodiversity Exhibition in Rome (hosted from 27th of 

November 2024 to 30th of March 2025) and an episode of the program “Le Sentinelle della 

Biodiversità”. These events provided opportunities to raise public awareness about the 

conservation of elasmobranchs.  
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