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Editorial on the Research Topic 


Risks, threats, and conservation status of cetaceans in the Mediterranean and Black Seas


Together, the Mediterranean Sea and the Black Sea cover less than 1% of the oceans’ surface, but constitutes one of the most important hotspots of biodiversity at a global scale. Unfortunately, they are also amongst the most impacted ecoregions as a result of anthropogenic pressures on coastal and offshore ecosystems that threaten many species (Coll et al., 2010; Avila et al., 2018). Conservation of cetaceans in these basins is a critical issue, as these top-order animals structure ecosystems through trophic cascades, and aid the maintenance of marine food web stability (Schwarzmüller et al., 2015). However, current information about the conservation status of cetaceans is fragmented and requires assessments at geographical scales sufficiently large enough to encompass the movement patterns of these mobile species (ACCOBAMS, 2021). The Research Topic “Risks, threats, and conservation status of cetaceans in the Mediterranean and Black Seas” addresses this issue by presenting 14 studies on subjects including distribution and ecology, genetic structure of populations and major threats including maritime traffic, interaction with fisheries, contaminants and diseases. Together, this research contributes to a better understanding of the relatedness, status and impact of human activities on populations of cetaceans within the region.

Knowledge of keyhabitats where cetaceans exhibit essential activities is central to the optimization of conservation strategies. Five papers in this Topic identified these habitats by exploring the long-term stability or changes in the spatiotemporal distribution of several species over the last decade. Chicote et al. found that the submarine canyons of northern Catalonia (Spain) in the north-western Mediterranean Sea were critical habitats for Risso’s dolphins (Grampus griseus), whereas Pace et al. found that the coastal areas off the Tuscany and Lazio regions of Italy were important for the common bottlenose dolphin (Tursiops truncatus). Within the eastern basin, the southern coastal waters of Israel were found to be important for common dolphins (Delphinus delphis) by Mevorach et al. and the eastern Rhodes and Finike basins hosted two priority areas for deep diving cetaceans and a large area for delphinids off Türkiye (Awbery et al.). A statistical analysis using a spatial log–Gaussian Cox Process was used by Pace et al. to highlight the persistent presence of bottlenose dolphins in the same coastal areas both in winter and summer. Similarly, Mevorach et al. employed photo-identification to show the long-term site fidelity and residency of a critically endangered population of common dolphins, with a recent decline in abundance of this species. In contrast, a statistical analysis using generalized additive models by Chicote et al. showed a displacement of Risso’s dolphins to more pelagic waters off Catalonia in recent years. Finally, Arcangeli et al. tested four potential indicators (the Observed Distributional Range: ODR, the Ecological Potential Range: EPR, the Range Pattern and the proportion of ODR over the EPR) to assess the range and short-term changes in habitat of three species of deep diving cetaceans that occur at low densities in trans-border fixed-transects. Changes in range were found for all three species. This combination of complementary indicators proved to be the most valuable approach to evaluate the significance of changes for highly mobile species such as cetaceans. The concurrent analysis of species with similar ecologies was found critical to determine whether the detected changes were species-specific or representative of broader trends. Combined, these five papers contribute to a better understanding the ecological preferences of cetacean species, recognize priority areas to be protected and underline the importance of monitoring changes over space and time for a better definition of conservation strategies.

Antonacci et al. explored genetic diversity in a local population of striped dolphins (Stenella coeruleoalba) in the northern Ionian Sea (central-eastern Mediterranean Sea) using two mtDNA markers. Their results suggested a population now in rapid expansion after a period of reduction in size and diversity, together with at least two lineages, the former shared with the overall Mediterranean population and the latter specific to the local region. They also found a potential problem of hybridization between striped and common dolphins, which needs to be further investigated, as presence of admixed individuals and human disturbances that cause hybridization can led to genomic extinction of already threatened species or population or conservation units.

Other manuscripts in the Research Topic investigated human pressures that can affect cetacean populations locally or on a wider scale. Interaction with fisheries is one of the most predominant threats for cetaceans (Read, 2008; Avila et al., 2018; ACCOBAMS, 2021) and was the focus of four manuscripts. Two of these characterized cetacean interactions with the pelagic longline fishery for albacore tuna (Thunnus alalunga) based on commercial logbooks and interviews, onboard observations and stranding data, from the waters around Cyprus in the eastern Mediterranean (Papageorgiou et al.) and in all the active fisheries operating in the region off Valencia, Spain NW Mediterranean Sea (Izquierdo-Serrano et al.). In both studies, common bottlenose dolphins and striped dolphins were the main species involved in depredation and/or bycatch, with differences between fishing gears and areas. By quantifying the economic consequences of depredation, estimating dolphin bycatch and identifying dolphin-fisheries conflict areas, they provide information to support the implementation of mitigation strategies to minimize interactions between dolphins and fisheries. The third manuscript approached the interaction of bottlenose dolphins with bottom trawlers near the River Tiber estuary (Italy, NW Mediterranean Sea) from the perspective of social dynamics of individuals of this species of dolphin Pace et al. This study showed that in common bottlenose dolphin sex-specific social dynamics and interactions with anthropogenic activities may affect grouping and induce changes in relationships between individuals. Indeed, females show stronger association compared to any other individuals while individuals interacting with fisheries (only rarely females with calves) showed weaker and short-term associations. This suggested that social and ecological drivers that can influence individual pattern of association were essential aspects affecting animals’ responses to both human-related pressures and conservation strategies. Finally, Carlucci et al. applied a multi-species bio-economic approach to estimate the characteristics of the Otter Trawl Bottom fishery in potential cetacean conservation areas (CCAs) and fishing grounds in the northern Ionian Sea, adopting the quantitative model SMART (Spatial Management of demersal Resources for Trawl fisheries). The results showed that spatial fishing restrictions due to the establishment of CCAs would have no or negligible effects on trawlers, highlighting the importance of considering spatially integrated information during the designation of CCAs, following the principles of ecosystem-based management.

Maritime traffic and ship strike, another major threat for cetaceans (Pennino et al., 2017; David et al., 2022), was studied in two important cetacean habitats. Castro et al. estimated the monthly risk of ship strikes for fin whales (Balaenoptera physalus) in a seasonal feeding aggregation area off the Catalan coast, Spain (NW Mediterranean Sea) that overlaps with major shipping lanes. On the other side of the basin, Awbery et al. delineated potential risk areas in the eastern Mediterranean Sea off Türkiye, where high cetacean encounter rates and dense maritime traffic overlap. In both cases, mitigation of collision risk will require active management actions including rerouting of shipping outside the habitat and/or reducing vessel speed.

Finally, three manuscripts in the Research Topic addressed the widespread threat contaminants (Van Bressem et al., 2009) and their connection with diseases. Giovani et al. brought new insights about the toxic potential of the chemical additives released by plastic debris, by exposing dolphin cell cultures to increasing doses of one of the most used plasticizer in plastic production, the di(2-ethylhexyl)phthalate DEHP. The results indicate that potential chromosome loss could constitute a threat for marine mammals that are constantly exposed to plastic marine litter. Romani-Cremaschi et al. suggested that the chronic parasitic infestation and the immunosuppressive effects of organochlorine contaminants were likely to have compromised the health of a Cuvier’s beaked whale (Ziphius cavirostris). They argued this, predisposed the whale to an opportunistic bacterial infection, leading to the first described case of bacterial septicemia with central nervous system involvement in a wild cetacean due to infection by Morganella morganii. Infections of this bacteria also occur in humans. Similarly, Morick et al. reported infection by the bacteria Streptococcus agalactiae in a stranded common dolphin in Israel. This is the first published report of an infection by this pathogen in a common dolphin, with the potential for dispersion throughout the Mediterranean subpopulation, which is already endangered.

With an overall number of 14 manuscripts, this Research Topic brings together a wide range of research spread throughout the Mediterranean Sea.
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Streptococcosis is an infectious bacterial disease of both homeotherms and poikilotherms. Among the Streptococcus species that infect marine animals, Streptococcus agalactiae has the broadest host spectrum, including different aquatic organisms in freshwater and marine environments. The common dolphin (Delphinus delphis) is categorized as Endangered in the Mediterranean Sea. There are few reports of a streptococcal infection of D. delphis, caused by Streptococcus phocae and Streptococcus iniae. Here we report the isolation and identification of S. agalactiae in a stranded, wild male common dolphin that was found dead in September 2020 on the seashore next to the city of Bat-Yam, Israel. The carcass was fresh with a moderate nutritional status and with no apparent fishing gear or other anthropogenic-related signs. A post-mortem examination did not reveal an apparent cause of death, but further laboratory analysis demonstrated a S. agalactiae bacterial presence in urine, lungs and pericardial fluid that was characterized as type Ia-ST7 by whole genome sequencing. Interestingly, this isolate was found to be almost identical to another isolate recently recovered from a wild sandbar shark (Carcharhinus plumbeus) in the same area in Israel, the eastern Mediterranean Sea.




Keywords: Delphinus delphis, common dolphin, Streptococcus agalactiae, streptococcosis, type Ia-ST7, whole-genome sequencing (WGS), phylogeny



Introduction

Bacterial infections are considered to be a significant threat to marine mammals, causing significant morbidity and mortality. Members of the genus Streptococcus are among the most commonly reported pathogens in marine mammals, including cetaceans (Dunn et al., 2001; Numberger et al., 2021). Although these bacteria have been isolated from apparently healthy individuals, they have also been associated with significant pathological changes and zoonotic potential (Díaz-Delgado et al., 2017). Streptococcosis is a septicemic disease that affects freshwater, brackish and marine animals in wild and farmed populations. Ten streptococcal species have been isolated from marine mammals, including Streptococcus agalactiae (Group B Streptococcus, GBS) and other closely related streptococci like S. phocae and S. iniae (Numberger et al., 2021). In the area of the eastern Mediterranean Sea, there are very limited data regarding the presence and importance of streptococcal infection in the marine environment and Streptococcus spp. are reported in wild marine fish (Zlotkin et al., 1998; Corloni et al., 2002; Berzak et al., 2019). The common dolphin (Delphinus delphis) is a small cetacean species with a wide distribution. Delphinus delphis was once abundant in the Mediterranean Sea, but from the 1960s the species declined dramatically in the region and the Mediterranean subpopulation contains fewer than 2,500 mature individuals (Notarbartolo di Sciara and Tonay, 2021). It is estimated to continue and decline of at least 20% in two generations, and a reduction of 66% is suspected in the past three generations (Bearzi et al., 2003; Del Mar Otero and Conigliaro, 2012; Notarbartolo di Sciara and Tonay, 2021). At a global level, the species is classified as “Least Concern” (Braulik et al., 2021). However, due to its dramatic decrease, the Mediterranean subpopulation was listed as “Endangered” in the International Union for Conservation of Nature (IUCN) Red List (Bearzi, 2012). In the Mediterranean, D. delphis are found in both pelagic and neritic environments, forming mixed groups along with Striped (Stenella coeruleoalba) and Risso’s Dolphins (Grampus griseus) (Frantzis and Herzing, 2002). Isolated groups are also recorded, with about 50–70 individuals (Bearzi et al., 2003). Threats to the species in the region include competition with commercial fisheries (Bearzi et al., 2003), PCB pollution (Borrell et al., 2001), bycatch and climate change (Bearzi, 2012). As with other Mediterranean marine mammals, data on health status is limited, and few publications described Erysipelothrix rhusiopathiae, Toxoplasma gondii and dolphin morbillivirus as the primary infectious agents, affecting the common dolphin in the Mediterranean Sea area (Vella et al., 2021). Here we report the first isolation and identification of S. agalactiae type Ia-ST7 in a common dolphin from the Mediterranean subpopulation, and the first report of this infection for the species worldwide.



Methods

In September 2020, a male common dolphin was found stranded nearby Bat-Yam, Israel. The carcass was collected for necropsy at the Morris Kahn Marine Research Station in Ashdod, Israel. A post-mortem examination was conducted, based on the procedure described by Kuiken and García Hartmann (1993) and Ijsseldijk et al. (2019), and tissue samples were aseptically collected to avoid cross contamination. An exhaustive pathological examination was not performed, as other research groups were involved in the necropsy and removed the brain and gastrointestinal tract for functional MRI and microplastic analysis, respectively. Due to several ongoing studies described above, the sampling protocol was also performed with limitations. Samples of the penis, spleen, testicle, liver and several sections of the lung and kidney were fixed in 10%-buffered formalin for 48 h. Subsequently, the fixed samples were reduced in size, trimmed, dehydrated, embedded in Paraplast®, and stained with Hematoxyline & Eosin and Gram stain for routine histological evaluation. Liver, spleen, kidney and lungs were sampled by sterile swabs, and pericardial fluid and urine (from the urinary bladder) were collected aseptically via sterile needle and syringe during the necropsy. Before swabbing, the surface of the organ was seared with a hot blade, then incised with a sterile scalpel and, finally, a sterile swab was inserted into the incision. Two aliquots, one for PCR (stored at -20°C) and one for microbiological investigations (stored at 4°C), were collected. These samples were sent to the department of bacteriology at the Kimron Veterinary Institute were the pericardial fluid and urine were aseptically swabbed and further used for the following tests. All the mentioned above swabs were screened by molecular tools for canine distemper virus (CDV) following Elia et al. (2006). For bacteriology, all swabs were inoculated onto tryptic soy agar (TSA), blood agar (5% sheep blood enriched TSA), and MacConkey agar, and incubated for 24-48 h at 37°C. The samples were inoculated onto Brucella agar as previously described (Markey et al., 2013) for 10 days and onto Mycoplasma broth followed by Mycoplasma agar incubated at 37°C for up to 10 days in CO2 enriched atmosphere as described before (Blum et al., 2010). Confirmation of bacteria species was initially done by Matrix Assisted Laser Desorption Ionization Time of Flight Mass Spectrometry (MALDI-TOF MS), according to the manufacturing protocol (Autoflex, Bruker). Antimicrobial sensitivity test was performed to this strain by in vitro susceptibility testing by standard disk diffusion method and inhibition zones were measured as previously described (Elad et al., 2018). DNA was extracted from bacterial colonies isolated from the urine using a Wizard SV Genomic System (Promega, WI, USA) by genomic DNA purification protocol following the manufacturer’s instructions for tissue lysates. The quantity and purity of the DNA were estimated using NanoDrop One (Thermo Scientific, Rockford, CA, USA). The genomic DNA obtained was stored at −20°C until use. The quantity and purity of the DNA were estimated using NanoDrop One (Thermo Scientific, Rockford, CA, USA). The isolates were further serotyped at the Public Health National Reference Laboratory (Ministry of Health, Israel) using a molecular serotyping method by multiplex-PCR for species confirmation and direct identification of capsular type (Poyart et al., 2007). Additionally, whole-genome sequencing (WGS) was performed. The DNA for WGS was extracted using the QIAsymphony® SP system and the QIAsymphony® DNA mini kit (Qiagen) according to the manufacturers’ recommendations. A DNA library was prepared using the Nextera XT library preparation kit (Illumina, CA, USA), followed by WGS using the Illumina MiSeq system with the read length of 250 bp paired-end. Reads were assembled using SPAdes by the BioNumerics 8.0 platform.



Results

The dolphin weighed 85.5 kg, had a girth measuring 107 cm, a total length of 211 cm and was classified as mature according to Murphy and Rogan (2006); we assumed that the animal was not of old age base on mild erosion of the teeth. At necropsy, no external signs of interaction with fishing gear were observed. The decomposition state of the carcass was classed as ‘fresh’ (condition code 2; DCC2), as defined by Ijsseldijk et al. (2019), with a moderate nutritional status. Little gross changes were evident, including an assumed papilloma at the end of the penis. Emphysema was found in the cranial parts of both lungs along with a white foam material in the bronchioles. Five ml of mucopurulent discharge was observed in the urinary bladder (Figure 1). Histological examination of lungs revealed numerous bacterial colonies in subpleural alveoli and numerous bacterial colonies in pulmonary blood vessels (Figure 2A). The splenic architecture appeared within normal ranges with no evidence of lymphoid depletion. The liver was partially autolyzed. However, extracellular bacteria were present inside hepatic blood vessels but no lesions were observed in the parenchyma (Figure 2B). Bacterial colonies were also observed in the capillaries of the kidneys (Figure 2C). Aerobic culture yielded pure bacterial colonies of spherical or ovoid cocci, 1-2 μm in diameter, grayish-white, smooth, glossy and translucent, with a narrow zone of β hemolysis. Colonies, consistent with the genus Streptococcus, appeared on the blood agar plates 48 h post-inoculation from the mucopurulent discharge from the urine, lungs and pericardial fluid. Gram staining confirmed the presence of Gram-positive bacteria (Figures 2D, E). The bacteria were confirmed as S. agalactiae by MALDI-TOF MS, and further by the mentioned above molecular methods. No other bacteria were isolated from the tested samples. The isolate was resistant to Gentamicin with intermediate susceptible to Amoxicillin/clavulanic acid, Ampicillin, Fluoroquinolones and Tetracyclines and susceptible to Erythromycin, Sulfamethoxazole/Trimethoprim, Florfenicol, Penicillin, Penicillinase resistant penicillins, First gen. cephalosporins and Clindamycin. The assembled genome was submitted to the PubMLST S. agalactiae database as ICLGBS002 (ST35685). The strain was identified as ST-7 strain by wgMLST comparison analysis of ST-7 strains. Using the Genome Comparator (GC) tool, allelic profiles of the 2,207 loci were retrieved and imported to BioNumerics 8.0 (Applied Maths) in order to generate a phylogenetic tree (Figure 3). The present isolate is almost identical with a two-SNP difference in comparison of 1,969,033 bases (96.7% genome size), to an isolate described by Morick et al. (2020), collected from a moribund sandbar shark (Carcharhinus plumbeus) found on Netanya’s shoreline (Israel – east Mediterranean coast) in 2018. Other tests that were performed and described in the methods section produced negative results.




Figure 1 | Gross pathology of the urinary bladder of a common dolphin (Delphinus delphis). About five ml of mucopurulent discharge was observed in the urinary bladder.






Figure 2 | Streptococcus agalactiae in lungs, liver, and kidney of a common dolphin. (A) Colonies of spherical or ovoid cocci, 1-2 μm in diameter, detected in subpleural alveoli and lung blood vessels (H&E stain). (B) Colonies identified inside hepatic blood vessels. No lesions or pathology was observed in the parenchyma (H&E stain). (C) Colonies and detached bacteria detected in the capillaries of the kidneys (H&E stain). Higher magnification of the kidney (D) and Gram-positive cocci confirmation in kidney samples (E); (Gram stain).






Figure 3 | Whole genome MLST phylogenetic analysis of 55 publicly available global ST-7 sequences. Minimum spanning tree was based on wgMLST scheme (2,207 genes). The numbers on branches indicate allelic differences between strains. Group B Streptococcus (GBS) serotype is shown on top of the nodes. Color-coding is by country of origin ND = no data available regarding the serotype of the isolate.





Discussion

Although rapid population declines have been reported for the species in the Mediterranean, the causes are still a matter of speculation. Studies indicate that synergistic environmental and anthropogenic causes contributed to the reduction reported in the region (Vella et al., 2021). Overexploitation of their prey (Bearzi et al., 2008) and niche competition with striped dolphins (Giménez et al., 2018) are also potential causes. Nevertheless, quantitative data on abundance and decline rates are not available for this subpopulation, so a reduction in population size was inferred at more than 50% over a three-generation period (30 to 45 years) (Bearzi, 2012). This subpopulation was listed as “Endangered” based not only on population declines but also on its extent of occurrence, as well as a deterioration of habitat quality (Bearzi et al., 2003). One of the most commonly used proxies to assess a population (and its habitat) status is the systemic health of individuals. Environmental alterations can affect the immune response of cetaceans, making them more susceptible to infectious diseases and associated mortality (Romano et al., 2002). Concerning diseases affecting this subpopulation (both infectious and non-infectious), neoplasms with metastatic potential (Di Guardo et al., 2005; Días-Delgado et al., 2012), Erysipelothrix rhusiopathiae infection (Fernández-Maldonado, 2016), toxoplasmosis (Sobrino et al., 2007) and intestinal parasites (Quiñones et al., 2013) have already been described for D. delphis Mediterranean subpopulation. There is also evidence that shared habitat and foraging resources between common and stripped dolphins may lead to disease outbreaks, as morbillivirus epizootics are reported for both species since the 1990s (Birkun et al., 1999; Raga et al., 2008). The immunosuppressive effect of morbillivirus in wild populations can make common dolphins predisposed to other infections that can seriously compromise population health and recovery from declines caused by other stressors.

Streptococcus agalactiae is a Gram-positive coccus, and S. agalactiae ST-261 was first reported in 1988 from farmed Nile tilapia (Oreochromis niloticus) leading to outbreaks in Israel (Eldar et al., 1994). Streptococcus outbreaks were also reported in farmed cows in the region (and worldwide), but due to a successful eradication program, it is no longer a sanitary issue in Israel (Lavon et al., 2019). In the late 1980s, it had also been described in association with marine mammal infections and cause of death, when it was isolated from wounds and tissue lesions of grey seals in Scotland (Halichoerus grypus) and Antarctic fur seals (Arctocephalus gazella) on Bird Island (Baker, 1988; Baker and McCann, 1989). The first cetacean isolations were in the early 2000s, as a fatal fasciitis and myositis in a captive common bottlenose dolphin (Tursiops truncatus), then a wild animal with no associated pathology (Zappulli et al., 2005; Evans et al., 2006). Streptococcus agalactiae has also been described as part of the nasal flora of healthy captive Hawaiian monk seals (Monachus schauinslandi) in Hawaii (Kissel et al., 2011). Consumption of diseased fish was a means of bacterial transmission to marine mammals, as S. agalactiae is a significant piscine pathogen (Numberger et al., 2021). The results of the antibacterial drug sensitivity test showed susceptibility of this isolate to the drugs that are most frequently used in human and veterinary medicine in this region. The resistance to gentamicin is reasonable and was described before for S. agalactiae isolated from a captive common bottlenose dolphin (Tursiops truncatus) (Zappulli et al., 2005). Additional studies should be conducted to increase the knowledge of GBS sensitivity profile to antimicrobials in marine animals. Streptococcus agalactiae was isolated from mucopurulent discharge from the urinary bladder, lungs and pericardial fluid, suggesting possible antemortem peracute septicemia. There was no significant gross nor microscopical findings available that could be associated with streptococcal infection. Unfortunately, the cause of death or primary causes for disease in this common dolphin remains undefined, but the dissemination of S. agalactiae may have contributed to stranding and death. The current isolate was assigned to ST7, which is a human pathogenic lineage, associated with septicemia and meningitis of immunocompromised people (Harris et al., 2011). Streptococcus agalactiae, previously reported in association with marine mammals (Zappulli et al., 2005), but also associated with outbreaks of fish disease, suggesting links between human, fish, and cetacean cases (Evans et al., 2006; Evans et al., 2008; Delannoy et al., 2013).

This is the first published report of a Streptococcus agalactiae infection in a common dolphin, with the potential to dispersion throughout the already endangered Mediterranean subpopulation. To date, conservation measures for the species are recommendations from the Convention on Biological Diversity, the Barcelona Convention (trough the Protection of the Marine Environment and Coastal Region of the Mediterranean), the Bern Convention (trough the Convention on the Conservation of European Wildlife and Natural Habitat), the Bonn Convention (trough the Convention on Migratory Species), legal protection trough the Legal Notice 203 (2003, Malta), the Convention on International Trade in Endangered Species of Wild of Flora and Fauna (CITES, Appendix II), and the Habitats Directive (92/43/EEC) (Vella et al., 2021). Marine Protected Areas are cited as a promising strategy to protect common dolphin populations, especially from human-induced disturbances (Giménez et al., 2021). Although such measure is extremely relevant for the species, infectious agents with zoonotic potential adhere to statutory delineations, thus confounding the management of diseases that might compromise species conservation. Long-term monitoring should be done, and funds should be constantly allocated to better understand the demographic and evolutionary effects of infectious diseases (Vella et al., 2021), as well as the genetic basis of susceptibility. This pathogen has been diagnosed in other marine fish (Morick et al., 2020) and now in a marine mammal in the eastern Mediterranean Sea. Possible transmission routes of this pathogen into marine mammals can include infected prey, sea bird feces and human and terrestrial animals wastes via sewage and rivers (Numberger et al., 2021). Further inquiry into the importance of S. agalactiae in wild marine animals in this area and its zoonotic potential is needed.
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Ship strikes are a widespread conservation issue for many cetacean species globally. Population level impacts depend on the occurrence and severity of collisions, which may lead to life altering injuries or fatalities. Such impacts are a major concern for large, long-lived, and reproductively slow species like the fin whale. Since 2014, a seasonal feeding aggregation of fin whales has been monitored from February to June off the Catalan coast (Spain), in the northwest Mediterranean Sea. Oceanographical factors influence the occurrence and high density of krill within submarine canyons along the continental shelf, resulting in high whale abundance within a small spatial area. The study area extends 37 km offshore across a 1,944 km2 marine strip situated between the towns of Torredembarra and Castelldefels. This fin whale feeding ground is exposed to high density marine vessel traffic, given its location between the northern Mediterranean shipping lane, which links Barcelona and Tarragona Ports to the Atlantic Ocean and wider Mediterranean Basin. Ship strikes represent the greatest conservation threat for fin whales in the Mediterranean Sea. At least four fin whales have been found dead in Barcelona Port since 1986 due to ship strikes and seven live whales have been documented with injuries in the study area since 2018. Fin whale distribution was mapped with known high-risk marine vessels’ (cargo, tanker and passenger vessels) shipping lanes. Vessel density and shipping lanes characterised by speed were considered. Collision risk was estimated monthly based on the predicted fin whale occurrence and traffic density. Several shipping lanes crossed the fin whale feeding habitat every month with an average speed of 15 kn. Cargo vessels displayed the highest ship-strike risk during April, overlapping with the peak of fin whale sightings in the critical feeding area. Slower vessel speeds (8 kn) in waters <200 m depth or along the continental shelf should be implemented along the Catalan coast, during the whale season. These suggestions should be applied into the Barcelona Port transport separation scheme. Ship strike risk for this species will persist unless active management plans are adapted in the region to mitigate its risk.
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1. Introduction

The fin whale (Balaenoptera physalus) (Linnaeus, 1758) is the largest cetacean species present in the Mediterranean Sea and the only baleen whale species regularly found within the Mediterranean basin year-round (Notarbartolo di Sciara et al., 2016; Aguilar and García-Vernet, 2018). Two populations have been identified within the Mediterranean Sea: the Northeast Atlantic Ocean (NENA) population and the Mediterranean subpopulation (Notarbartolo di Sciara et al., 2016). Both populations cohabit annually in the Balearic Sea off southern Spain and along the Catalan coast (Castellote et al., 2008; Castellote et al., 2012a; Gauffier et al., 2020). The NENA population moves through the Strait of Gibraltar into the Mediterranean basin between November and April and leaves between May and October (Notarbartolo di Sciara et al., 2016; Gauffier et al., 2018; Gauffier et al., 2020). On the other hand, the Mediterranean subpopulation is found in the Ligurian Sea in summer from July to September and in the Eastern Mediterranean in winter, where they have been observed feeding around Lampedusa Island in February. However, there is some evidence for the species presence in Ligurian between October and December (Canese et al., 2006; Panigada et al., 2006; Pintore et al., 2021).

Fin whales primarily feed on northern krill (Meganyctiphanes norvegica) (M. Sars, 1857) in the Mediterranean Sea (Notarbartolo di Sciara et al., 2016; Borrell et al., 2021). M. norvegica requires high levels of primary productivity that are linked to oceanic fronts (Druon et al., 2012). These oceanic fronts occur seasonally in patches across the Mediterranean and are linked to fin whale movements (Druon et al., 2012; Panigada et al., 2017; Lydersen et al., 2020). Over the past decade, during the spring, a new feeding ground has been discovered along the continental shelf off the Catalan coast, between Torredembarra and Castelldefels. Additionally, this feeding aggregation was discovered around the Cunit and Foix submarine canyons (EDMAKTUB, 2021, in press). These underwater geographic formations are particularly important due to the upwelling effect present in the area, which triggers elevated krill densities during spring (EDMAKTUB, 2021, in press; Sabates et al., 1989; Puig et al., 2000).

Distinct behavioural patterns in fin whales have been documented on the Garraf Coast. Surface feeding behaviour was observed approximately within the first 10 m of the water column, by EDMAKTUB (2018). While feeding, fin whales exhibit irregular movements in a zig-zag pattern or circular motion (Tort et al., 2017). Breathing patterns were observed to oscillate on average between two to six min between surface intervals (Tort et al., 2017). Moreover, travelling, and resting behaviour have been identified in this area. While travelling, fin whales conduct a linear path with a constant speed. Both resting and travelling have been described with a regular breathing pattern (Tort et al., 2017). Resting behaviour is defined when a whale remains stationary at the surface, or at a shallow depth just below the surface.

The fin whale is threatened by a variety of natural ​​diseases, such as the cetacean morbillivirus (CeMV), and by anthropogenic effects including persistent pollutants, noise pollution, fishing gear entanglement, climate change and ship strikes within the Mediterranean Sea (Panigada et al., 2006; Mazzariol et al., 2016; Notarbartolo di Sciara et al., 2016). Moreover, it is a long-lived species with a high mortality rate in the first stage of life (77%), which decreases with maturity (Arrigoni et al., 2011). Female fin whales become reproductively active between 22.8 and 36.8 years, making the species highly vulnerable to natural and anthropogenic pressures. This leads to the high mortality rate recorded in the Mediterranean populations (Panigada et al., 2006; Arrigoni et al., 2011).

Fin whales are exposed to several anthropogenic threats (Panigada et al., 2006; Notarbartolo di Sciara et al., 2016). The Mediterranean Sea is one of the most heavily populated and anthropogenically impacted marine habitats globally, despite comprising only 0.8% of the global marine surface area (Micheli et al., 2013; Vaes and Druon, 2013). In this area, shipping has grown exponentially since 1992, reaching up to 30% of the global maritime traffic annually (Vaes and Druon, 2013). 220,000 ships >100 gross tons operate within it, accessing 300 ports, while following shipping lanes along the north of African coast or the southern coast of Europe (Panigada et al., 2010; Vaes and Druon, 2013).

The International Union for Conservation of Nature (IUCN) red list assessment recently classified the conservation status of the Mediterranean fin whale population as endangered (Panigada et al., 2021) and the status of the NENA population as vulnerable (Cooke, 2018). The species is protected across its range by the European Union Habitats Directive as an Annex IV species, the Marine Strategy Framework Directive (MSFD) and the Agreement on the Conservation of Cetaceans in the Black Sea, the Mediterranean Sea and Contiguous Atlantic Area (ACCOBAMS) (Vaes and Druon, 2013; Notarbartolo di Sciara et al., 2016). Within Spanish waters, cetaceans are protected from disturbance and harm with exclusion zones applied around animals under the Royal Decree 1727/2007, on December 21st. Additionally, fin whales are included in the list of wild species under special protection regime and in the Spanish catalogue of threatened species, being catalogued as vulnerable by Royal Decree 139/2011, of September 2021.

To protect migratory and resident cetacean species, the Mediterranean Cetacean Migration Corridor (CMC) declared the area as a Specially Protected Area of Mediterranean Importance (SPAMI) at the COP21, which was adopted by the Barcelona Convention in 2019 (OceanCare, 2021). The CMC was established by the Royal Decree 699/2018 in June 2018. The CMC comprises 46,385 km2 between Catalonia and Valencia within the Balearic archipelago in the Balearic Sea (OceanCare, 2021). Likewise, the Pelagos Sanctuary was designated within the Ligurian Sea between France and Italy in 1999 (Notarbartolo di Sciara et al., 2016). This designation was in response to the region’s importance for the species in the summer, as it supports the highest density of foraging fin whales in the Mediterranean basin (Notarbartolo di Sciara et al., 2016; Panigada et al., 2017). An Important Marine Mammal Area (IMMA) was also implemented across the North-West Mediterranean Sea, slope and canyon system, between the Pelagos Sanctuary and the Balearic Sea (IUCN, 2017; Torreblanca et al., 2019). This IMMA acts as a guide for the designation of marine protected areas (MPA’s) for important habitats for species warranting formal protection measures. Furthermore, the Coast of Garraf is included in the Natura 2000 Network area, which establishes a robust policy framework to ensure ecosystem sustainability and contributes to international efforts in marine conservation (Natura 2000, European Commission), Figure 1.




Figure 1 | Fin whale project study area along the Garraf coast. The Foix Canyon (largest system) is located on the right side of the study area and the Cunit canyon is situated on the left side. The bathymetry lines have an interval of 50 meters. In the top left it can be seen an image of the W- Mediterranean in which there are represented the SPAMI areas;.In dark red the cetacean corridor, in light pink the Pelagos Sanctuary, in red the North-West Mediterranean Sea, Slope and canyon system IMMA a.nd in light green the Garraf Coast Red Natura 2000.



Ship strikes represent the current greatest threat to large whales in the Mediterranean Sea (Laist et al., 2001; Panigada et al., 2006; Vaes and Druon, 2013; Di-Meglio et al., 2018; Frantzis et al., 2019; Schoeman et al., 2020; Winkler et al., 2020). Fin whales are the cetacean species most often killed by ship strikes globally (Laist et al., 2001; Panigada et al., 2006; Winkler et al., 2020). When collided with, fin whales can be pinned onto the bow of large vessels or become dislodged from the bow and float due to decomposition gases (Laist et al., 2001; Moore et al., 2020). Injuries resulting from ship strikes vary in severity depending on the speed and size of the vessel involved in the incident (Laist et al., 2001; Panigada et al., 2006). They typically occur along the lateral and dorsal sides of whales and vary from lacerations caused by propellor movements, blunt force trauma causing broken bones and scarring to deformations and amputations of body parts (Laist et al., 2001; Panigada et al., 2006; de Reuver et al., 2021). Collisions occur most often over continental shelf waters (Laist et al., 2001). The possibility for large vessels to spot and successfully evade hitting surfacing whales is inversely proportional to the size and speed of the vessel (Laist et al., 2001). Once vessel speed reaches ≥14 kn (25.9 km/h) the likelihood of severe injuries or a fatal interaction to occur between a whale and a ship (≥ 80 m) increases greatly (Laist et al., 2001; Panigada et al., 2006; Keen et al., 2019). Damage to vessels and injuries to the crew onboard have also been reported on some occasions (Schoeman et al., 2020; Sèbe et al., 2020; Laist et al., 2001). Collision risk areas are dynamic regions where environmental factors, prey density, whale occurrence and marine traffic combine to threaten whales (Ham et al., 2021). Within the Mediterranean between 1972 and 2001, 46 (16%) of 287 stranded fin whale carcasses examined were killed by ship strikes primarily within or adjacent to the Pelagos Sanctuary, where near miss events were also noted from 2008 to 2019 (Panigada et al., 2006; David et al., 2022). The risk posed by ship strikes to fin whales has been extensively studied within the Ligurian Sea in the North-Western Mediterranean (Panigada et al., 2006; Vaes and Druon, 2013; Ham et al., 2021; David et al., 2022). In this area, an overlap of important shipping lanes and satellite tagged fin whales exhibiting foraging behaviour, demonstrated that the species uses seasonal foraging habitats in high-risk areas (Panigada et al., 2017). However, there is a lack of knowledge about the risk posed by ship strikes in the Balearic Sea.

The aim of this study was to identify critical areas where marine traffic and fin whale presence overlapped off the Catalan coast of Garraf, an area between the large ports of Barcelona and Tarragona. This study was structured in different steps. Firstly, fin whale behaviour was evaluated, and fin whale distribution was estimated in the study area. Secondly, photographed fin whales displaying collision marks and historical strandings data were accessed and evaluated. Finally, marine traffic maps to detect ship route concentrations were created considering types of vessels with known high ship strike risk. Vessel speed by vessel type and length was evaluated while route density maps were created which was used to identify potential fin whale ship strike risk areas within the study area. This study will contribute to risk mitigation and protection measures in order to promote conservation, help to make management decisions and reduce the risk of collisions occurring while fin whales are seasonally present.



2 The Methodology


2.1 Study Area

The study area comprises a 1,944 km2 region, centred around the city of Vilanova i la Geltrú and extending 37 km offshore. The area stretches between Torredembarra and Castelldefels out to 40°81.38’ N, 1°46.50’ E and 40°92.43’ N, 2°09.21’ E (Figure 1). The Cunit and Foix Canyons are situated within the middle of the survey area along the continental shelf edge. The bathymetry rapidly deepens from the continental shelf (100 m) to 2,000 m in the Foix Canyon (Puig et al., 2000). These canyon systems and the Liguro-Provençal-Catalan current create an upwelling effect which promotes primary production during spring months resulting in high densities of krill along the shelf edge (Puig et al., 2000).

The survey fieldwork used for this study was carried out in 2021, between Mach and May. A 14.3 m catamaran RV MAKTUB (model catana 471) was the research platform where dedicated visual surveying took place, on a near daily basis during the fieldwork season. The area was surveyed under engine power and by sail during suitable weather conditions (< Beaufort Sea State 4 and < 2 m swell) and with a sustained speed of five to six knots. The area being surveyed did not follow a systematic approach. The daily survey effort depended on where whale activity was detected over previous days, reported by fisherman, or determined by the weather conditions in the study area (sea state and wind strength/direction). The continental shelf edge and submarine canyon systems, where the species regularly forages, were targeted for surveying.



2.2 Fin Whale Data Collection

Fin whale sightings were obtained from dedicated research surveys. Visual effort began and finished at the 30 m in depth mark. Four observers continuously scanned the sea for whales from all 4 sides of the catamaran to have 360° coverage. Fin whales were detected either by visually spotting surfacing animals and their tall columnar blow with the naked eye or with the use of 8 x 42 binoculars. One of the observers on a break was responsible for data recording during sightings. Positions were rotated every 30 min to avoid fatigue and to minimise observer bias. These observers were trained at the beginning of the season and remained throughout it to ensure consistency in the data collection.

Once a fin whale was visually detected, survey effort to detect whales was ended and the following protocol began. Sightings occurred when the individual(s) were first seen and ended when identification data and/or biological samples were obtained. To minimise duplicating sightings of the same individuals, new sightings were recorded in three circumstances: (1) if more animals were sighted in a period over 45 min and identified as different through photo-identification, (2) if animals surfaced >3 km away from the last whale dive position and were observed in less than 10 mins from the last observation, (3) if they were sighted >2 hrs after the initial sighting. In each sighting the GPS position, species (if other cetacean species were encountered), the number of animals, the start/end time, the angle, and the estimated distance of the whale when sighted for the first time were recorded. Distance was estimated using a compass and judgement from the skipper. Environmental conditions at the beginning of the sighting were documented. During the sighting, additional data was recorded, such as photo-identification pictures, drone videos and behaviour of the animal(s).



2.3 Evidence of Ship Strikes on Live and Dead Fin Whales

Live fin whales were photographed and/or filmed with DSLR cameras (Nikon D7100 with a 150 - 400 mm telephoto lens and Canon 90D with a 70 – 200 mm telephoto lens) and a drone (DJI Mavic Pro 2/Phantom 3 Pro) during the field season for photo-identification purposes. Whales with lesions and damage consistent with ship strikes were compiled to gauge the prevalence of non-lethal ship strikes in the study area.

Strandings of fin whales were assessed from along the Garraf coast using the literature and newspaper reports to identify whales with evidence of ship strike damage such as acute abrasion and hematoma bruising on the dorsal side of the body (Laist et al., 2001; Panigada et al., 2006). Fin whales calve standings were also investigated within the study area and along the Catalan coast. In addition, records of fin whale bones recovered by bottom trawling fishermen in the study area between the ports of Ametlla de Marand Palamós were also compiled.



2.4 Fin Whale Distribution

The statistical analysis was conducted using R software version 4.1.1 (R Core Team, 2020). QGis version 3.4.3 – Madeira (QGIS Development Team, 2018) was used to map the fin whale presence and the traffic data.

Fin whale sightings recorded by dedicated research surveys and accounting for observer effort were used to determine the presence and absence of fin whales across the study area. The observer effort was defined as the time where observers were actively surveying. Only on effort transects were considered for analysis. The 2021 season was used to perform the distribution model. The aim of the model was to compute the collision risk map. The complete traffic database available was the EMODnet database (www.emodnet-humanactivities.eu) which starts in 2019 (see section 2.5). 2019 was an unusual year with few sightings and in 2020 the COVID-19 pandemic stopped the season, so data collection was not possible. Therefore, only 2021 data was used for the purposes of this study.

The data collected was assessed per month (from March to May). The data was transferred to a 3x3 km grid. To define the sampled area, only the vessel tracks, in which observers were on effort were considered. A buffer of 3.7 km perpendicular distance from the vessel track was generated, according to the maximum distance where whales were sighted during surveys. The probability of fin whale detection depended on their distance from the vessel, so a probability of detection was assigned to the buffer area. It was 1 for the first 1.8 km, where it was assumed that all fin whales would definitely be detected if present, according to the sightings recorded and as followed by other authors such as Ham et al. (2021). The detection probability then decreased with increasing distance ranges: 0.75 from 1.8 to 2.4 km, 0.5 from 2.4 to 2.7 km and 0.25 from 2.7 to 3.7 km. The buffer threshold was established according to the percentages of sightings for each distance range, being 0.85, 0.95 and 0.97 respectively. These buffers were then overlaid on the 3 km grid. A grid cell was only considered sampled if ≥50% of its area was covered by the buffer with a detection probability greater than 0.5, otherwise, it was excluded. For each sampled grid cell, a unit effort associated with the buffer was defined.

The unit effort was defined as the weighted average of the probability of detection by coverture on each pixel. A grid cell may be covered by multiple buffers during a month (e.g., a vessel track might pass more than once by the same grid cells in a month). Therefore, all unit efforts within each cell were then monthly summed. This grid sampled effort (hereafter called effort) was included into the fin whale distribution model as a correction variable.

Fin whale presence and absence within the sampled area were associated with each grid cell. When there was a sighting, it was assigned the value according to the number of animals observed. The total observations within each grid cell were then monthly summed to calculate the total number of sightings recorded in that particular cell. A zero was assigned when there were no sightings in a sampled effort cell.

Four oceanographic variables were considered as explanatory oceanographic variables to describe the fin whale distribution over the study area: chlorophyll a concentration (Chla in mg/m3), sea surface temperature (SST in K), mean depth (m) and mean slope angle (°) of the grid cell. The Chla and the SST were obtained from E.U. Copernicus Marine Services Information, both with a daily resolution of 1x1 km and 0.01°x0.01° raster respectively in a L3 processing level. Bathymetry data were derived from a fine resolution 115x115 m raster provided by the European Marine Observation and Data Network (EMODnet) (www.emodnet-humanactivities.eu). The slope angle of the seafloor was also computed through EMODnet using the slope function in QGis.

The oceanographic factors were summarised by month (from March to May) using the 75 quantile for the Chla and the mean for the SST. Then, all oceanographic values were gridded into the 3 km cells by computing the mean value with the Zonal Statistics function in QGis. Having a resultant grid with a mean Chla, SST, depth, and slope value per month.

The fin whale distribution for 2021 was modelled using Generalised Additive Models (GAMs) with Poisson distribution family and log link function and were computed using the mgcv package (Wood, 2011). All the available oceanographic variables were considered in a preliminary analysis to select the most relevant ones. A parametric linear term for each variable was checked against a smooth alternative and interactions. The variable selection was based on two criteria; (1) to determine which covariates have the strongest effects on the number of sightings, enhancing model interpretability, and (2) improving its prediction accuracy, aiming for a balance between fit and parsimony. For all the possible combinations, the prediction error criteria General Additive Cross-Validation (GACV) was used to compare models. Environmental variables that were not interpretable were discarded even if they improved the model fit.

The relationship between fin whale distribution and the recurring spring phytoplankton bloom that primarily occurs in coastal waters, continental shelf breaks and around the submarine canyons was investigated by these models. Krill does not move far from the continental shelf into shallower waters, therefore, fin whales are typically found in waters >50 m in depth, where krill aggregations can be found. Hence, a coastal correction factor (CC) was used to mask coastal areas and exclude high Chla values caused by river runoff that might affect results interpretation.



2.5 Marine Traffic Data

In this study, three complementary marine traffic databases were used for different aims. Firstly, commercial port data was acquired from the Barcelona Port authority and from the literature (OceanCare, 2021; Barcelona Port, 2022). The annual usage of Barcelona Port by cargo ships (Ro-Ro ships, Lo-Lo ships, bulk carrier and container ships), tanker vessels (oil tankers) and passenger vessels (cruise ships and ferries) were analysed from 2016 to 2021 with the aim of characterizing the marine traffic in the area. Cargo boats were defined as 70 to >200 m in length and ≤ 15 kt in speed, tankers were >80 m in length and 15 kt in speed and passenger ships were >80 m in length and <24 kt in speed. Secondly, two sources of Automated Identification System (AIS) data were analysed: (1) from the antenna located at the Laboratory of Applied Bioacoustics (LAB) of the Technical University of Catalonia, BarcelonaTech (UPC); and (2) from EMODnet. The aim, in this case, was to map and characterize the traffic corridors in the study area. The EMODnet database was used to compensate for the constraints from the LAB database, as explained below.

The AIS data was used to identify the position of vessels, their course and speed, as required by the International Maritime Organisation (IMO). The IMO requires AIS use by all vessels >500 gross tons, for any vessel >300 gross tons that is engaged on international voyages and for all passenger vessels irrespective of size (IMO, 2002). However, AIS transceivers are commercially available and are also used on vessels that do not meet the requirements by law.

High-risk ship strike vessels were selected based on criteria published in the literature considering overall length and speed (Laist et al., 2001; Panigada et al., 2006; Winkler et al., 2020; Stepanuk et al., 2021). Following Stepanuk et al. (2021), three types of vessels (cargo, tanker and passenger ships) were selected using their IMO, a unique identification number. These vessel types were previously identified as high risk in Panigada et al. (2006). The occurrence of these vessel types, seasonality and movement patterns were then assessed within the study area.

The LAB AIS data was accessible from 2011 to 2020. It was stored through the data stream of the shallow water OBSEA platform in the Mediterranean Sea. OBSEA (www.obsea.es) is a cabled seafloor underwater observatory located 4 km (41°10.92’ N, 1°45.14’ E) off the Vilanova i la Geltru coast and placed within a fishing protected area. In the AIS data from the LAB, there were gaps and much variability mainly due to two factors. Firstly, the AIS data was saved through OBSEA and therefore it was only stored when OBSEA was active. Secondly, the range of the antenna receiver decreased over time, resulting in a lack of data in recent years (e.g., in 2020, 90% of the data was below an 8 km range and less than 1% of vessels were detected at more than 15 km from OBSEA).

A two-step quality control check was implemented. Vessels detected on land or with erroneous values were deleted and then, only data from days that registered ships >42 km from the LAB, in Vilanova i la Geltrú were selected for analysis. Thus, only days with a detection range which covered the whole study area were considered for analysis, ensuring that biassed AIS data (with a partial detection range over the study area) were excluded. Given the goal of this study was to identify the principal marine traffic lines through the survey area (which remain consistent annually), all the years of data from 2011 to 2020 were pooled by month.

Shipping lanes and vessel speed within the study area from February to June were identified. Cargo, tanker, and passenger vessel shipping lanes were represented by monthly maps, characterised by three speed ranges: low (up to 8 kn), moderate (8 to 16 kn) and high (>16 kn). Vessel traffic speed through the study area was also analysed. Vessel speed distributions were compared between years and within years to evaluate the reliability of pooling all the AIS data. The normality assumption was checked to use more statistically powerful parametric tests. However, since the normality assumption failed, three non-parametric tests were computed. The Kolmogorov-Smirnoff test, a test of the equality of continuous, one-dimensional probability distributions; the Mann-Whitney-U test (also called Wilcoxon rank-sum test) which consider as null hypothesis equal medians; and the Kruskal-Wallis test by ranks, the non-parametric equivalent of the ANOVA but comparing that the medians of all groups are equal. The speed distribution by vessel type and length were also compared. We classified AIS transmissions into vessel length classes as in Panigada et al. (2006): 50−100, 100−200, 200−300, and 300−400 m. Records that contained no information on vessel classification were not included in the analyses.

Due to the constraints with the LAB data quality, a vessel density map per month and year was unfeasible but needed to model the ship strike risk assessment in 2021. Therefore, a parallel analysis using EMODnet data was implemented. Marine traffic data between March and May 2021 was acquired. Route density maps produced and provided to EMODnet by the European Maritime Safety Agency (EMSA) were obtained for cargo, tanker, and passenger vessels. The route density of vessels in the study area was then calculated by computing the mean of the number of routes per month in the same 3x3 km grid squares for each vessel type in 2021, using EMODnet dataset.



2.6 Ship Strike Risk Assessment

The critical fin whale habitat assessment was adapted from Tregenza et al. (2000). The risk of vessel strike (Ri) was defined as the probability of lethality to fin whales, from 0 (low) to 1 (high). Ri was described by this equation:

	

Where Wi is the mean hull width in metres according to David et al. (2011), L is the length of a whale in metres, Dcell is the mean distance travelled per pixel, T is the percentage of time near the surface, NAD is the density of fin whales according to the distribution model and VD is the density of vessels computed from the EMODnet database (see section 2.5).

Fin whale size (L) in the study area was estimated to be approximately 17 m, by using drone measures and according to (Szegedi et al., 2019). The percentage of time near the surface was set to 30, which was extracted from David et al. (2011). To convert the number of fin whales into a probability density, the predicted number of animals by grid cell was divided by the total number of fin whales estimated (NAD) in the grid for the whole season.

These variables were computed monthly in a 3x3 km2 grid, the same as in the distribution model. The Dcell was estimated following the formula from Druon (2014):

	

Where Dmax is the maximum distance which can be travelled by a vessel in a grid cell.




3 Results


3.1 Fin Whale Sightings

Between March and May in 2021, 149 fin whale sightings were recorded. These sightings consisted of 187 individuals from across the study area (Figure 2). Generally, single whales were recorded in each sighting (n=116), except for some groups consisting of between two to five whales (n=33), which were mostly observed in May. Sightings varied each month from a minimum of 32 in March to a maximum of 77 in April. The number of fin whale individuals sighted per month ranged from 42 to 87. April had the highest number of fin whales recorded (Figure 2). Fin whales were also photographed off Barcelona and Tarragona Ports in the presence of vessels on eight occasions during the season from March to May (Supplementary Figure S1).




Figure 2 | Fin whale sightings between March-May 2021. The bathymetry lines have an interval of 50 meters.



The percentage of fin whales observed that were engaged in surface feeding behaviour was 71% of observations, whilst 9% was travelling behaviour and 4% resting behaviour. For the remaining 16% of the sightings, the behaviour of the whale was undefined. In the first 10 m of the water column, 17 whales were filmed feeding in the area by the drone. Most feeding behaviours (55%) were observed in the evening. Resting behaviour was observed on six occasions.



3.2 Fin Whale Distribution

The selected monthly model was a GAM model using Poisson family distribution and log link function, fitted to investigate the relationship between the logarithm of the number of sightings (response variable NS) and the oceanographic variables mentioned above. This model included a multidimensional isotropic smooth function of the Chla, plus the smooth interaction between Chla and SST and the interaction between Chla and slope. The linear effect of depth and coastal correction factor, adjusted by the effort in a logarithmic scale was added. This is the resulting model (R code can be found in Supplementary Figure S2):

	

	

All the tested parameters were significant, except for the coastal correction (CC). The model had a 57.9% deviance explained. The dataset presented a zero-inflation problem which was observed in the residual plots, but it did not invalidate the model (Supplementary Figure S3). The explanatory variables plots can be found in the Supplementary Figure S4, S5. The main standard deviation of the distribution maps was 0.27, 0.37 and 0.38 for each month. The distribution maps with the standard deviation per grid cell can be found in the supplementary material (Supplementary Figure S6).

Bathymetry was found to be a strong predictor of fin whale habitat preference. The fin whale distribution in March and April was very consistent with a high concentration of sightings on the continental shelf break and between Cunit and Foix canyons as displayed in the distribution model (Figure 3). In May, the distribution started to decrease at the shelf break and moved more offshore to deeper waters (1,000 - 2,000 m) inside the Foix Canyon.




Figure 3 | Fin whale distribution in (A) March, (B) April and (C) May 2021 within the study area. The bathymetric lines are drawn every 50 m depth. The Number of animals sighted per pixel varied between 0-6.





3.3 Fin Whale Ship Strike Evidence

Seven whales displaying ship strike injuries were observed. Scars were the most prevalent around the dorsal fin, both in the anterior (n = 2), and in the posterior (n = 1) sides of the fin. On one individual, a lateral scar was observed along its right flank. In addition, a deep cut with scar tissue on the tailstock of one whale was noted. However, the most severe injury recorded was a whale with a dorsal fin collapsed to its right side. Due to this injury, an ‘idiopathic’ scoliosis posterior to the dorsal fin on its right side was developed (Figure 4) (Alves et al., 2017; de Reuver et al., 2021). This injury compromised its swimming speed and diving abilities, causing it to lift the right side of its tail fluke out of the water while diving. It was in a very poor nutritional condition with its vertebral column visible (Castrillon and Bengtson Nash, 2020) (Supplementary Figures S7-S10). In the study area, only one other whale was recorded across all seasons, exhibiting injuries in April 2018. This whale also displayed ‘idiopathic’ scoliosis at its dorsal fin, where the vertebral column curved to the right. It was not re-sighted in any other season. Fin whales were seen on six occasions in the presence of cargo and tanker vessels during the 2021 season (Supplementary Figure S11). Two individuals were seen outside Barcelona Port on 19 May and one whale was seen off Tarragona Port on 10 May (Supplementary Figure S11).




Figure 4 | A fin whale displaying severe damage to its vertebral column and dorsal fin on 4 April 2021. (A) lateral and (B) overhead view.Photographs by Dr. Eduard Dellogada.



Four fin whales have been recorded as ship strike fatalities in Barcelona Port since 1986 (Table 1). In 1986, two whales were found on the bow of vessels entering the port. One male whale was brought in by storm conditions on 9th of May 2002, displaying abraded skin on its central left flank posterior to the pectoral fin. Moreover, a male individual was located floating in the port in 2016. The skin along the juvenile male whale’s left flank had been removed in an acute area, with a depression and signs of haemorrhaging (Figure 5). The haemorrhaging on the body was used to indicate that the whale circulation system was still active meaning that the whale was alive when hitting. The location of the collision marks on the body also indicates that they were alive. Orange coloured faeces were found in the gastrointestinal tract indicating that the whale had recently fed on krill prior to being struck.


Table 1 | Confirmed fin whale ship strikes at Barcelona Port since 1986.






Figure 5 | Fin whale in Barcelona Port with evidence of ship strike on its leftright flank on the 14 April 2016. (A) A closeup view of the trauma and (B) an overall view of the whale. Photographs by Dr. Eduard Dellogada.





3.4 Marine Traffic

Barcelona port data was available for cargo, tanker, and passenger vessels from 2014 to 2021. Between 4,468 and 3,587 cargo ships, 852 and 1042 tanker ships and 3869 and 2156 passenger ships visit Barcelona Port annually. Most cargo ships using the port were from foreign cargo vessels (Barcelona Port, 2022). The marine traffic was evaluated during the fin whale season between 2016 and 2021 (Table 2).


Table 2 | Number of vessels that use Barcelona port annually during the fin whale season (from March to May) between 2016 and 2021. The vessel numbers for 2020 are lower due to the COVID-19 pandemic.



Well established shipping lanes were identified transiting the study area. Cargo ships were the most prevalent vessel type across the study area, especially in the northwest section, due to the proximity to the Barcelona Port. The shipping lane splits into three routes that diagonally cross the study area. Three shipping lanes to Tarragona Port in the west of the study area also transit through it (Supplementary Figures S12-S15).

Tanker vessels use both Barcelona and Tarragona Ports. One main shipping lane emerges from each port and diagonally crosses the study area from the northeast and northwest. Cargo and tanker vessels also moved parallel to the coast along the continental shelf edge (Figure 6 and Supplementary Figures S16-S19). Passenger vessels transit through the study area in its southeast corner (Figure 6 and Supplementary Figures S20-S23). This lane moves southwards towards Ibiza in the Balearic Islands (OceanCare, 2021).




Figure 6 | Vessel positions for Cargo (A), Tanker (B) and Passenger (C) vessels in April from pooled AIS data between 2011 and 2020. The bathymetry is represented by isobaths every 50 m and the study area is shaded.





3.5 Shipping Speed

The vessel speed distribution and the comparison of medians between years were significantly different due to the reception variability of the LAB AIS antenna. The p-values of the Kolmogorov-Smirnoff, the Mann-Whitney-U and the Kruskal-Wallis test, were p < 0.001. Within each year, there was also a significant difference (p < 0.001) in the vessel speed between months (Figure 7 and Supplementary Figure S24). In years when the antenna range was stable, there was a consistent pattern where the vessel speed increased from February to June. However, vessel speed was consistent across months for the different types of vessel or sizes (Supplementary Figure S25). The marine traffic lanes with the highest speed vessels that exited from or arrived at Barcelona Port were cargo and passenger vessels (Figures 6, 7 and Supplementary Figures S20-S23, S26-S29). Both vessel speed patterns, by vessel type and by vessel length, were consistent for all the months (Figure 7 and Supplementary Figures S26-S29). Cargo vessels were the most numerous vessel types that moved through the Garraf coast from February to June. The same number of tanker and passenger vessels were recorded during this five-month period. Despite the lowered numbers present, passenger vessels exhibited the highest speeds through the study area, followed by cargo ships and tankers. Approximately 80% of vessels that exceeded 20 kn were passenger vessels, travelling through the southeast corner of the study area (Figure 6). In addition, vessels between 200 and 400 m in length exhibited the highest speeds, exceeding a speed median threshold of 15 kn most frequently (Figure 7 and Supplementary Figures S26-S29).




Figure 7 | The distribution of vessel speeds in April (from pooled AID data between 2011 and 2020) by vessel type and vessel length in the study area, where fin whales were observed surface feeding. The number of unique vessels in each category is indicated at the top of each violin plot.





3.6 Shipping Density

Cargo vessels displayed the highest densities through the study area in all months and peaked in May. The vessel route density went from 9.75 to 10.97 with a maximum of 50.56 in April. For tanker vessels the mean route went from 3.99 to 4.26 with a maximum value of 15.89 in March. Passenger ships were the ones with the lowest density in the study area with a mean route between 0.12 and 0.19. In this case the maximum number of vessel routes per pixel was 1.9 in May (Figure 8 and Supplementary Figures S30-S32).




Figure 8 | Vessel route density maps within the study area in 2021. The first map (A) represents the cargo ship route density in May, the second (B) represents the tanker ship route density in March and the third (C) one represents the passenger ship route density in May. These maps represent the months with highest marine traffic for each type of vessel. The maps of the months left can be found in the Supplementary Figures S29-S31.





3.7 Ship Strike Assessment

The collision risk maps performed (Figure 9 and Supplementary Figures S33-S35) indicate that April is the month with highest risk of vessel collision at a mean risk of 0.066. On the opposite, May had the lowest risk recorded with a mean value of 0.031 in the study area. The area with the highest collision risk is the left side of the Foix Canyon, because of the proximity to Barcelona port.




Figure 9 | Risk of collision between a fin whale and a cargo ship in (A) March and (B) April. The risk range is between 0 and 0.6. April was the month with the highest risk. The other maps with the risk of collision with cargo ships in May, with tanker ships and with passenger ships can be found in the Supplementary Figures S32-S34.






4 Discussion


4.1 Fin Whale Ship Strike and Fatalities

The whales photographed in the study area generally exhibited ship strike injuries high in the dorsal side, which is the most raised body part when the animal dives. This was especially noted when the whale dove quickly (Laist et al., 2001). The injuries were similar to those reported elsewhere in the Mediterranean and Strait of Gibraltar (de Stephanis and Urquiola, 2006; Panigada et al., 2006; Gauffier et al., 2018). The aforementioned two cases of severe vertebral column deformity and likely idiopathic scoliosis in 2018 and 2021, were determined as severe welfare cases. In these, the whales were unable to swim correctly or at typical speeds, which reduced their capacity to feed efficiently (Goldbogen et al., 2006; Gough et al., 2019; de Reuver et al., 2021). Neither animal was subsequently resighted during the following seasons (2018 whale) or the remaining 2021 season (2 months).

Nine fin whales (out of 383) were photo-identified with ship strike injury evidence in the Ligurian Sea from 1990 to 2001 (Panigada et al., 2006). Only one fin whale was photographed with ship strike evidence off the Garraf coast prior to 2021, when 6 individuals were documented. This sudden increase in visual marks from ship strikes may indicate that the risk posed from this threat has increased. The four confirmed ship strike fatalities in Barcelona Port displayed typical ship strike characteristics for the species with dorsal side collision marks. Two fatal ship strikes occurred during the fin whale season (April and May) from the data available in 2002 and 2016. These whales were still young given their length range was between 12 and 14.5 m. These results are limited and there have likely been more whale strandings associated with ship strikes in proximity to Barcelona Port as indicated by the concentration of strandings on Mediterranean Database of Cetacean Strandings (MEDACES). Further work is required in evaluating the strandings from this location to assess past ship strike occurrence in the area.

Fin whales traveling in groups in the Bay of Biscay displayed lowered attentiveness rates in proximity to ferries, which may increase the risk of ship strikes (Aniceto et al., 2016). This “group effect”, the slower traveling speed of mother-calf pairs (6.6 km/hr in one study) and increased time at the surface, may increase the susceptibility of these whales to ship strikes in the study area and in the vicinity of Barcelona Port (Aniceto et al., 2016; Smultea et al., 2017). The low survival rate of calves in the Mediterranean Sea and that additional loss of sexually mature females with calves poses a high threat to the species (Panigada et al., 2006; Arrigoni et al., 2011). Poor nutritional condition and maternal separation was attributed to one live stranded calf that was euthanised and necropsied at Tarragona on 13th November 2015 after appearing in Barcelona Port on 10th/11th November (Cuvertoret-Sanz et al., 2020). Only four mother-calf pairs have been recorded present in the study area since the project began in March 2014 (EDMAKTUB unpublished data).



4.2 Fin Whale Ship Strike Risk on the Garraf Coast

Ship strike risk appears to be higher in April when the number of fin whale sightings is highest. May was the month with less risk despite it having the highest marine traffic levels. The lower risk may be due to the offshore movements of fin whales in May. The study area´s lower risk cannot be extrapolated to other close-by zones, given the proximity of Barcelona Port, the surrounding traffic routes, and the changes in oceanographic conditions along the Catalan Coast, as reported by the fisherman along seasons. Future studies are required to evaluate the whole Catalan Coast and the Balearic Sea with fin whale data in order to assess the risk of collision in other areas.

Fin whales follow a complex migratory pattern subject to food availability in the Mediterranean Sea (Geijer et al., 2016; Notarbartolo di Sciara et al., 2016; Panigada et al., 2017). The relationship between their presence and oceanographic variables (which act as indicators of productivity and consequently to food abundance) do not follow simple linear regressions. For this reason, one of the most used models for cetacean distribution is the GAM model. It offers a flexible and robust approach for the exploration and characterization of complex, non-linear relationships among variables (Panigada et al., 2008; Zerbini et al., 2015). The oceanographic model used to fit this model used Chla in order to get the primary production indicator and the SST as the indicator for column mixing which implies an enrichment of nutrients in superficial waters which implies more productivity (Croll et al., 2005; Baines and Reichelt, 2014).

The bathymetry, depth and continental shelf slope factors appear to be an important factor to correlate with chlorophyll a and sea surface temperature, as they determine where krill occurs. Northern krill is a mesopelagic species which perform a diurnal-vertical migration to feed on phytoplankton at night (Panigada et al., 1999; Kaartvedt, 2010). Fin whale surface feeding behaviours, especially lunge feeding, usually occur at dusk for this reason which was recorded often off the Garraf coast. Fin whales also remain at the surface for extended periods of time, swim slower and shallower at night (Calambokidis et al., 2019; Keen et al., 2019). These behaviours may reduce their reaction times while the crew of vessels cannot visually see animals in the dark, which substantially increases the risk of collision (Calambokidis et al., 2019; Keen et al., 2019; Guazzo et al., 2021).

In the Ligurian Sea, fin whales primarily feed in habitats reaching 2,000 m in depth and can dive to reach ~470 m to feed (Panigada et al., 1999; Panigada et al., 2005). The deep foraging dives performed in the Ligurian Sea, reduce the time that fin whales spend at the surface. 82% of the Mediterranean Sea’s fatal ship strikes were recorded between 1972 and 2001 in the Ligurian Sea area (Panigada et al., 2006). However, the shallower surface feeding behaviours exhibited by fin whales along the Catalan coast increases their presence at the surface exponentially. Surface lunge feeding in the Mediterranean has been documented off Lampedusa Island (Canese et al., 2006). This fact may expose the whales in this region to a higher risk of collision, given the whales are closer to the surface for extended periods of time, while both feeding and resting.

The intensity and visibility of fin whale blows appears to vary depending on their behaviour and the environmental conditions (Stone et al., 1992; Kopelman and Sadove, 1995; Goldbogen et al., 2006; Horton et al., 2019; Martins et al., 2020). The blow intensity may also be affected by the time of the day within the study area (Stone et al., 1992). This variation in blow visibility would influence the detection rate of whales by the crew of marine vessels.

The persistent acoustic noise from vessels has been recorded altering fin whale behaviour (Nieukirk et al., 2011; Castellote et al., 2012b). Acoustic calls to avoid masking caused by shipping noise, have also resulted in displacement behaviours while foraging in the Mediterranean Sea (Castellote et al., 2012b; Notarbartolo di Sciara et al., 2016). Adaptation to the increased noise levels within the Mediterranean Sea may make the species more susceptible to ship strikes (Castellote et al., 2012b; Notarbartolo di Sciara et al., 2016).

Of the 43 near-miss events recorded in the Ligurian Sea between 2008 and 2019, 63.4% of whales surfaced in front of ferries <50 m away (David et al., 2022). No behavioural changes were observed when whales were travelling or resting in proximity to ferries, indicating that the acoustic output of marine traffic is not suitable for the species as an avoidance signal for marine vessels (David et al., 2022). The animals observed in the study area did not show any behavioural changes that could be attributed to the presence of vessels. The species spatial awareness alters depending on their behaviour and group size which may make them more susceptible to being hit while engaging in behaviours such a surface feeding and resting (Friedlaender et al., 2015; Aniceto et al., 2016; Panigada et al., 2017; Calambokidis et al., 2019; Irvine et al., 2019). The near surface feeding behaviours recorded in the Garaff study area during the evening time, when krill migrate higher in the water column, have the potential to increase the risk of collision. During the hours of darkness whales would not be detected by visual observation unless by thermal imaging (Zitterbart et al., 2020).

Cargo vessels pose the highest ship strike risk to fin whales on the Garraf coast. They transit through important foraging areas at speeds between 10 to 20 kn, reaching a probability of having a fatal strike to around 79% (Vanderlaan and Taggart, 2007; Conn and Silber, 2013). Half of global ship strikes occur at moderate vessel speeds (below 15 kn) (Winkler et al., 2020). Death is possible even at low speeds (Kelley et al., 2021). Tanker ships recorded the slowest mean speed at around 10 kn. They crossed the study area from both sides, due to the presence of Tarragona and Barcelona Ports. In this case, even though the traffic density was low, the collision risk was high for this type of vessel, due to its prevalence in crossing the study area.

While passenger’s vessels did not display a high risk in the study area (because they transit through a small section of it), they do represent a major threat towards the species along the Catalan coast and in the Balearic Sea. They move at very fast speeds, averaging 20 kn regularly between Barcelona and the Balearic Islands, France, and Italy. In the Ligurian Sea, ship strike risk increases during the summer “high tourist season” months, when ferries move between the French and Italian mainland to Corsica and Sardinia, while fin whales forage in the area (Grossi et al., 2021; Ham et al., 2021). Pleasure boats operate in coastal waters of the study area and may move at fast speeds (>20 kn), however, it is predominantly sailing boats that occur over the Cunit and Foix Canyons due to the distance from shore. Nonetheless, sailing boats may pose a reduced risk due to manoeuvrability limitations when the sails are raised in some environmental conditions (Ritter, 2012). Further study of tourism season threat and impact on the fin whales is required off the Catalan coast for ferries and pleasure boats such as yachts (Carreño and Lloret, 2021).



4.3 Mitigation Measures to Reduce Ship Strike Risks

Ship strikes are a huge conservation concern for cetacean species globally, especially for large whales (Laist et al., 2001; Sèbe et al., 2019; Winkler et al., 2020). For this reason, a variety of mitigation measures have been implemented to minimise the risk of ship strikes worldwide (Panigada et al., 2006; Winkler et al., 2020). The most common measures used are speed reductions and the implementation of traffic separation schemes (TSS) (Guzman et al., 2013; Bezamat et al., 2015; Guzman et al., 2020; OceanCare, 2021). For example, the chances of lethal injury from ship strikes drops to 50% at 8.8 kn speed (Vanderlaan and Taggart, 2007; Conn and Silber, 2013). Thus, a speed limitation to 8 kn, along the entire Catalan coast under 200 m depth and in the areas closest to the continental shelf edge and submarine canyons between February and June, would greatly protect fin whale habitats over a wide spatial area. Moreover, slower vessel speeds would aid climate action efforts in reducing the amount of CO2 emissions being released by marine traffic (Leaper, 2019).

In order to prevent collisions with the critically endangered north Atlantic right whale (Eubalaena glacialis) (Müller, 1776) in the Gulf of Maine, the IMO subcommittee on ship strikes implemented a measure forcing ships larger than 300 gross tons to report their position, speed and destination while entering key right whale habitats: New England (foraging area) and coastal Georgia and Florida (calving area) (Conn and Silber, 2013; Cooke, 2020). Reporting ships receive an automatically generated message that provides information about right whale sightings, their vulnerability, and actions to avoid ship strikes. In addition, in the eastern Mediterranean Sea, re-routing of shipping lanes by 20 km in the Hellenic Trench, Greece was predicted to decrease the ship strike risk to sperm whales (Physeter macrocephalus) (Linneaus 1758) by 70%, with no additional cost to shipping companies transiting the area (Frantzis et al., 2019).

The use of fin whale distribution models influenced by oceanographic conditions would be useful to implement flexible regulation measures, considering that fin whale presence and behaviour is affected by foraging conditions along the Garraf coast. Marine traffic has been seasonally diverted away from areas where ship strike risk increased greatly during certain months in other countries; it has been introduced at New Scotia and Gulf of Maine, Canada coast and the Gulf of Panama (Vanderlaan and Taggart, 2007; Guzman et al., 2020). Other suggested measures include vessels moving offshore to avoid crossing known foraging habitats once they departed port. The continental shelf edge should be crossed during daylight hours, while the vessel’s master or a member of the crew actively watch for fin whales and evade any sighted animals at a far distance. This would increase the chances of the ship to avoid ship strike or collision (Gende et al., 2019). This mitigation measure could be implemented in the proposed TSS of Barcelona and Tarragona Ports.

In other areas out of the Mediterranean Sea, Marine Mammal Observers (MMO) accompany the vessels during the spring season, to help locate fin whales in the path of the vessel, and therefore, helping to avoid ship strikes (Flynn and Calambokidis, 2019; Zitterbart et al., 2020). The use of Infrared cameras may alternatively be used to detect whale blows and their body heat signature while at the surface (Zitterbart et al., 2020). Zitterbart et al. (2020) reported a 70% detection rate of whales within 2 km of vessels in Australia. Detections were also observed at night while the whales feed or rest near the surface (Calambokidis et al., 2019; Keen et al., 2019). This technology would be very useful in the Garraf study area given the area’s dusk, and the night-time fin whale foraging behaviour. The efficiency of this technique for fin whales should be evaluated in this region.

Funding should be provided to survey the Balearic Sea, particularly within the Mediterranean cetacean Migration Corridor and in the new Specially Protected Areas of Mediterranean Importance (SPAMI) area. In order to provide conservation managers with more robust data and aid in future studies about the ship strike risk for fin whales species, additional population and abundance data on fin whales within the Balearic Sea during springtime is required. Previous studies in the Balearic Sea using dedicated aerial and opportunistic boat-based surveys indicate the presence of fin whales elsewhere in the Balearic Sea. Further research is required to understand their seasonality and movement patterns (Torreblanca et al., 2019; ACCOBAMS, 2021). Consideration must also be made for the use of acoustic monitoring techniques along the Catalan coast and in the SPAMI area, in order to evaluate the noise pollution under the Marine Strategy Framework Directive descriptor 11. Evaluating this anthropogenic noise would provide opportunities to detect the cetacean presence and seasonality (including sperm whales and Cuvier’s beaked whales (Ziphius cavirostris) (Cuvier, 1823) and to monitor this region’s cetacean communities further (OceanCare, 2021).

In light of the high abundance of fin whales seasonally feeding off the Garraf coast of Catalonia and the high volume of marine traffic transiting the area, careful consideration is required to reduce the ship strike risk to this species. The endangered status of the Mediterranean fin whale population warrants an urgent need to minimise the loss of individuals from the population through anthropogenic impacts such as ship strikes. The Royal Decree protecting fin whales in Spanish waters should engage with and enforce conservation measures for this species from ship strike risk along the Mediterranean coast. The Barcelona and Tarragona Port TSS provides a unique opportunity to develop a plan with stakeholder engagement, to implement the recommendations made in this study and limit the loss of fin whales.
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Depredation by cetaceans on fisheries is a major issue globally, both in terms of conservation and fisheries economics. The present study conducted in Cyprus, Eastern Mediterranean Sea, aimed to understand the extent, level, and type of cetacean depredation on the albacore tuna pelagic longline fishery, and in particular to quantify and evaluate the economic consequences of depredation and identify potential dolphin-longline conflict areas and mitigation practices for management. The data were obtained from fisher’s logbooks, interviews and onboard observations between June and August 2018. A novel and simple approach was applied to estimate the depredation rate and economic loss by using simple calculations including the number and weight of depredated fish, landings and fishing effort. The results revealed that there is an estimated economic loss per fishing trip of 313.07± 486.19 EUR and an estimated annual economic loss for the entire fleet of 259,272 EUR from depredation caused by cetaceans. The study also estimated that 16,639 albacore tunas were depredated in 2018 and the depredation rate ranged between 0% to 100% with a mean depredation rate of 17% per fishing trip. Depredation by the common bottlenose dolphin and striped dolphin was reported in more than 50% of their fishing trips. Other species that were found to be involved in depredation were the neon flying squid, the shortfin mako shark and the Risso’s dolphin. This is the first official record worldwide of depredation from the common bottlenose dolphin, the striped dolphin and the neon flying squid on the pelagic longline albacore tuna fishery. A total bycatch of 62 individuals of common bottlenose dolphins and one individual of stripped dolphin were reported in interviews as a result of depredation on bait and catch. The study also identified depredation hotspots and possible depredation mitigation measures. Such information could support the development of management action plans and measures to minimise interactions between cetaceans and pelagic longlines. 
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1 Introduction

Fisheries interactions with cetaceans have been well documented in almost all existing fishing gears (Northridge and Hofman, 1999; Dalla Rosa and Secchi, 2007; Forney et al., 2011; Guinet et al., 2015) with different targeted species (Hamer et al., 2012) and at different geographical areas (Lauriano, 2004; Díaz López, 2006; Brotons et al., 2008; Maccarrone et al., 2014; Gonzalvo et al., 2015). These interactions are associated with negative economic and conservation consequences (Hall and Donovan, 2002; Lauriano, 2006; Zollet and Read, 2006; Brotons et al., 2008), which may lead to controversial practises like culling of cetaceans to avoid depredation (Bearzi et al., 2004). The interactions between cetaceans and fisheries, can be biological or operational. Biological (indirect) interaction refers to the competition for the same biological resource at the population level (Northridge and Hofman, 1999), whereas operational (direct) interaction refers to the physical interaction of cetaceans with fishing gear and catch by removing the bait and/or catch, usually with negative consequences like bycatch (Harwood, 1992). Depredation is a form of operational interaction, which refers to the damage or removal of captured fish or bait from fishing gear by marine predators (Gilman et al., 2006). These interactions often result in significant damage to the fishing gear and catch and to the bycatch of cetaceans with consequences that may lead to dolphins’ injury, death from drowning, and sometimes to the direct killing by angry fishers as a retaliatory measure (Zollett and Read, 2006).

Cetaceans are well known for their advanced learning abilities and the fast knowledge transfer within populations, enabling them to quickly discover new foraging grounds and opportunities (Whitehead et al., 2004). An example is their ability to develop familiarity with the sound produced by fishing vessels, including the sound produced by the engine, fishing gear and electric equipment facilitating the cetaceans to follow vessels or identify fishing grounds to take advantage of the catch (Gilman et al., 2006; Hernandez-Milian et al., 2008). Chilvers and Corkeron (2001) studied bottlenose dolphin (Tursiops aduncus) populations in Australia and found that some communities could become fully dependent on fisheries as an easily accessible feeding source. Many studies dealing with depredation and cetacean-fisheries interactions showed that this is a common strategy among cetaceans and that depredation on fishing gear is a practice that is taught within populations (Pennino et al., 2013). Consequently, the practise of depredation seems to be increasing compared to previous decades and is, therefore, more frequently reported in the literature (Hamer et al., 2012).

Interactions with cetaceans and longlines have been reported since 1952 when the global pelagic tuna longline fishing began in the Indian, Atlantic and Pacific Oceans (Sivasubramaniam, 1964). Among other fishing methods, longline is the most impacted from depredation worldwide (Northridge and Hofman, 1999; Gilman et al., 2006; Garrison, 2007; Hamer et al., 2012) with more than 31 odontocete species, six mysticete species, 15 pinniped species and two sirenian species been reported to interact with longline fisheries (Werner et al., 2015). From the fishermen perspective, depredation on longlines is known to cause significant damage on fishing gear and catch and is also related with increased fishing effort to avoid competition with cetaceans and reach quota levels and annual profits (Peterson et al., 2014; Tixier et al., 2015; Werner et al., 2015). Depredation on longlines provides an easy access to prey resource that could modify the energy balance of local ecosystem dynamics due to the changes in the natural predator-prey interactions (Northridge and Hofman, 1999; Morissette et al., 2012). Depredation could also lead to overexploitation and biased stock assessments, if losses due to depredation are not accounted for in fish stock assessments (Roche and Guinet, 2007). As most Mediterranean (Vasilakopoulos et al., 2014; Froese et al., 2018) and global (Zeller and Pauly, 2005; FAO, 2020) fish and invertebrate stocks are declining, prey availability for megafauna is also declining (Bearzi et al., 2006). This could explain, to some extent, the increased frequency of conflicts between fisheries and dolphins (Bearzi, 2002).

To the best of our knowledge, information on the interactions between cetaceans and the pelagic longline fishery has never been published in the Mediterranean Sea. In Cypriot waters, depredation by dolphins has already been reported in the literature for set-nets (Snape et al., 2018); however, in the pelagic longline fishery, though known for many years, it has not been described or quantified/estimated prior to this study. Previous personal author’s communication with the pelagic longline fishers revealed that cetaceans are the main species impacting their fishing operations and secondarily impacted by other taxa like elasmobranchs and cephalopods. Hence, the main objective of this study was to describe the interactions and impact primarily caused by cetaceans and secondarily by other megafauna on the pelagic longline fishery targeting albacore tuna (Thunnus alalunga) in Cyprus. This study, specifically aimed to 1) identify megafauna species that interact with the pelagic longline fishery, 2) evaluate and quantify the interactions between cetaceans and the albacore tuna longline fishery and 3) identify potential dolphin-longline conflict areas and mitigation practices employed by longline fishers in response to cetacean depredation.



2 Materials and Methods


2.1 Study Area and Description of the Cypriot Longline Fishery

The study took place within the Exclusive Economic Zone of the Republic of Cyprus, in the marine areas off Larnaca Bay and Paphos – Limassol (southeastern and western coasts of Cyprus, respectively to a maximum distance of 40 nautical miles from the nearest shore. The total fishing effort of the entire fleet targeting albacore tuna in 2018 was 600 days. The albacore tuna fishing period lasts approximately three months, from late May to August. The pelagic longline fleet consisted of 30 vessels of lengths between 12 and 18 meters capable of using various gears (polyvalent vessels) permitted to adjust fishing activities according to the season and the presence and movement of various species of fish. The main fishing gear used is the drifting longline and secondary gears are trammel nets, gillnets, bottom longlines, and traps. The longline fishery is active within small distances from the shore, targeting demersal and mesopelagic species using bottom longline and nets, and away from the shore and outside the territorial waters, using drifting longlines, mainly targeting swordfish and albacore tuna, and other pelagic species (Department of Fisheries and Marine Research, 2019). The swordfish fishing period is between September to December whereas demersal species are targeted between December to May. Sardine is always used as a bait for fishing albacore tuna, and mackerel and squid is always used for swordfish fishing.



2.2 Data Collection


2.2.1 Sampling Scheme

The sampling scheme for data collection was fishery-dependent and the data were derived using three methodologies: self-reporting in logbooks, onboard observations, and interviews. Fishers who may participated in one or more of the three different methodologies provided different information according to aims of each method and therefore there was no effect on the data gathered.



2.2.2 Logbooks

Four professional longline fishers (out of 30 licensed vessels) were provided with logbooks for data collection during 71 fishing trips (days) that took place between June to August 2018. A fishing trip could last between one to three days maximum and each different day in the sea was counted as one fishing trip. Every day is a new setting and hauling for the pelagic longline and only one longline was set per day. For every fishing trip/day, fishers reported the fishing gear characteristics including the number of hooks set on the pelagic longline, length on longline, type of bait, soak time, the depth of fishing, bottom depth, the coordinates of the position of longline and if they used or not acoustic deterrent devices. In all cases, they were targeting albacore tuna. Information was also recorded about catch and depredation, including the caught species, the number of individuals caught, the total weight of landed fish, the number of individuals depredated, and the species involved in depredation events. Depredation was only recorded when the predators were visible and identified otherwise the data were excluded from the analysis. The length of each longline per trip was approximately 50 km with 4,000 hooks set and a soak time ranging between six to 12 hours. No acoustic deterrent devices were used during the fishing trips recorded in logbooks.

Fishers who participated in the study were all trained in self-reporting methods and on the identification of cetaceans and elasmobranchs species that are encountered and often incidentally caught on pelagic longlines through the ‘Cyprus Bycatch Project’ (Papageorgiou et al., 2020). This was done to ensure the validity of the data recorded on logbooks. In addition to the logbooks, fishers were provided with an identification guide for vulnerable species, including cetaceans, elasmobranchs, marine turtles and seabirds. Only fishers that committed to completing and returning the logbooks and showed great interest in the study during the training sessions were selected to participate in the study. Fishers were regularly visited at ports and monitored, and the logbooks were checked to ensure that were filled correctly. Fishers were also asked to provide photographic evidence, when possible, that was recorded from their cell phones as a confirmation material of depredation.



2.2.3 Onboard Observations

A small number of onboard observations (N = 9) were conducted as part of the ‘Cyprus Bycatch Project’ survey (Papageorgiou et al., 2020). This was used as an opportunity to train fishers on self-reporting and dolphin identification and also check the validity of the data recorded by fishers on logbooks. During this time, the observer confirmed that depredation on albacore tuna was caused by the common bottlenose dolphin and the striped dolphin as well as other species and photographic and video evidence was collected.



2.2.4 Interviews

Interviews is a very useful qualitative data collection tool for collecting narrative data that allow investigating people’s knowledge, experiences, perspectives, and views in great depth (Kvale and Brinkmann, 2009). The value of this method is to help build the complete picture about a subject, to report detailed views of the people in the sample and to enable participants to tell their own story and express their feelings, thoughts and perspectives (Berg, 2004).

Structured interviews were conducted to 20 pelagic longline fishers (who are also the owners of vessels) in September 2020. The sample size (20 vessels) represented 63% of the entire fleet. Interviews seek to gain a better understanding of fishers’ knowledge relating to depredation and dolphin behaviour. In the beginning, fishers were introduced to the study and were ensured that all data would be anonymous. This was an important step to gain trust among fishers and to confirm that this study had no associations with regulatory and fishing authorities. Also, the fact that many fishers already knew the interviewer from previous collaborations (e.g., Giannakis et al., 2020; Papageorgiou et al., 2020) played a significant role in the clarity and consistency of their responses. Based on this pre-existing relationship and trust with the fishers, the interviewer was recommended to other fellow fishers. The snowball sampling method was used to interview the participants of the study (Goodman, 1961). This technique is used to interview people in the sample that are referred from the person being interviewed based on their knowledge and experience of the topic, in this case, dolphin depredation. This method has been previously used in numerous fisheries science studies (e.g., Braga and Schiavetti, 2013; Dmitrieva et al., 2013; Peterson and Carothers, 2013; Zappes et al., 2016). A pilot survey among four fishers was conducted to test the questionnaire prior to the study. The structure of the interview was composed of three main parts: 1) fisher’s personal information; 2) information on depredation, dolphin population size, fish stocks and identification of dolphin depredation hotspots, and 3) information on depredation mitigation measures. An open-ended interview (unstructured) was followed after the end of the structured interview where fishers’ empirical knowledge on longline-dolphins interactions was obtained as well.The interviewer (the leading author, native speaker of Greek) followed standardized interview methodologies to maximise clarity and consistency in the way the questions were asked and recorded. The interviewer appeared neutral during interviews to avoid influencing fishers’ responses and to assure fishers that there was no risk in participating in the study and therefore minimise concerns on reporting bycatch. The interviewer recorded any strange responses during interviews and assessed the reliability of the information provided for each fisher. The interviewer is an experienced onboard observer in small-scale and pelagic longline fisheries and has extensive knowledge of the fishing sector in Cyprus.




2.3 Data Analysis

The analysis of the data was conducted in four phases. First, the rates and estimates for depredation and economic loss were calculated. Second, correlations and comparisons between parameters and variables were conducted. The third step aimed to qualitatively and quantitatively understand depredation, bycatch and mitigation practices based on fishers’ knowledge using descriptive statistics. Fourth, a non-parametric spatial analysis method was used to identify possible fisheries-dolphin conflict areas.

All the statistical analyses were performed using the R software (R Core Team, 2020). Statistical significance set at a<0.01 was used for all statistical tests to account for the increased probability of type I error multiple testing. The standard deviation (SD) for all averages is given unless specified otherwise.


2.3.1 Calculations

Only fish that were landed and sold to retailers were included in the Landings Per Unit of Effort (LPUE), and only the fish that were depredated and discarded were included in the Depredated Per Unit of Effort (DPUE).

The Landings Per Unit of Effort (LPUE) was calculated as:

	

The Depredated Per Unit of Effort (DPUE) was calculated as:

	

Then, Catch Per Unit of Effort (CPUE) was calculated as:

	

whereas other discards refer to any other species that were caught and discarded. No other discards were recorded in the current study except the depredated tunas.

To estimate the economic loss and depredation rate, the calculations from (FAO 2019a; 2019b) manuals that were developed to estimated bycatch and discard rates and were modified and used accordingly for the purpose of this study. To the best of our knowledge, this is the first time such an approach was used to estimate the depredation rate and economic loss.

The percentage depredation rate (D%) was calculated for each fishing trip and it was defined as the percentage of the total depredated fish per fishing trip. The following equation was used:

	

The depredation rate (R) estimates the rate of depredation on the targeted species based on the number of sampled fishing trips. Knowing the number of depredated fish and the number of sampled fishing trips (71), it was possible to calculate the depredation rate for each depredated species using the following equation:

	

Then, the estimated annual depredation rate (EDR) of each species was calculated as follows:

	

The second step of the calculations concerns the estimation of the economic loss (EL) per fishing trip, which is essential to evaluate the impact of depredation on the catch. For the calculations of the economic loss, only the damaged catch was considered and not the damage on bait or fishing gear. The economic loss was calculated for each fishing trip by knowing the total average weight of individuals depredated, which was obtained by multiplying the average weight of tunas landed per fishing trip with the total number of individuals depredated of the specific fishing trip. The average weight of tunas landed was estimated by calculating the average weight of all individuals which landed from each specific fishing trip recorded in logbooks. Following up, the total average weight of individuals depredated was multiplied by the price per kilo of each species as of 2018. The average price sold from the fisher to the retailer was 2.30 EUR per kilo. In 2018, the price was stable with only 0.10EUR variation within the three months. The equation to estimate the economic loss per fishing trip is as follows:

	

Then, the economic loss rate (ER) was calculated as follows:

	

Therefore, the annual economic loss rate (EER) was calculated as:

	



2.3.2 Correlation of Parameters and Mean Comparisons

A Shapiro-Wilk’s normality test, frequency density and q-q plots were used to test for normality prior to any other statistical analysis tests. The Mann-Witney test was used to compare the LPUE at the presence and absence of dolphins and also to compare the fishing area with D%, DPUE and LPUE. To compare means of LPUE, DPUE, CPUE, D% and EL with the month of fishing, the non-parametric Kruskal-Wallis test was conducted.



2.3.3 Depredation, Bycatch and Mitigation Practices

Descriptive statistics were conducted to show the results of the interviews including information on fish stocks, interactions, depredation, bycatch and mitigation practices. A Spearman rank correlation test was conducted to explore the relationship between the total bycatch of dolphins and years in the profession as well as between the fishing effort (days at sea) and the total number of days with depredation in 2019.



2.3.4 Spatial Analysis for Dolphin’s Depredation Hotspots

Based on fishers’ knowledge, a heat map was created to show dolphin depredation hotspots based on the number of times specific areas have been reported with dolphin depredation. For the heat-map generation, the Kernel Density Estimation (KDE) has been used, as it is one of the most classic spatial statistical algorithms to capture spatial point patterns that obeys Tobler’s First Law of Geography by introducing kernel function and attenuation effect (Yuan et al., 2019). The algorithm behind the tool fits smoothly curved surface over each point. The surface value is highest at the point location and diminishes as the distance from the point increases. It becomes zero at the search radius (bandwidth) distance from the point. Bandwidth selection is a critical step while applying KDE-based heat maps (Lampe and Hauser, 2011; Li et al., 2014). The bandwidths can either be invariant (fixed KDE) or spatially variant (adaptive KDE) across sample points. In order to be able to tell where any clusters in our data exist, several kernel bandwidths have been examined and analyzed, choosing as more suitable for our case and for visualization purposes, the search radius of 10km (based on the linear unit of the projection of the output spatial reference). The output cell size has been set to 20x20m and the output density value (is dolphins count divided by area) on the map has been set to HIGH and LOW. The analysis was performed using ArcGIS™ (Esri Inc, 2013).





3 Results


3.1 Logbooks and Onboard Observations


3.1.1 Characterisation of Depredation

Four different species were identified depredating on the albacore tuna from the board observations by an onboard observer (leading author). These were: the common bottlenose dolphin (Tursiops truncatus), the striped dolphin (Stenella coeruleoalba), the neon flying squid (Ommastrephes bartrami) and the shortfin mako shark (Isurus oxyrinchus). There are distinctive differences of depredation between the different species that can be identified from the photos taken onboard (Figure 1). Fishers were able to identify if depredation was caused by dolphins or the other predators by the damage caused on the catch, even without the visual observation of predators. Confirmation of the species producing the damage to the catch comes from direct observation or bycatch of the depredator (Figure 2).




Figure 1 | Examples of depredated albacore tuna (Thunnus alalunga) by common bottlenose dolphin (Tursiops truncatus) (A; arrow shows marks odontocete tooth lacerations on head), as opposed to neon flying squid (Ommastrephes bartrami) (B, C; arrow shows marks of the squid suckers) and shortfin mako shark (Isurus oxyrinchus) (D; arrow indicates the sharp cut) during pelagic longline fishing in July 2018. Depredated tunas (>200 heads) by the common bottlenose dolphin on a single fishing trip in July 2018 (E).






Figure 2 | A neon flying squid that was incidentally caught on the pelagic longline fishery in May 2019 when attempting to depredate the albacore tuna.



Depredation by cetaceans is most often caused by the common bottlenose dolphin and less often by the striped dolphin. However, there are cases where the two species are found in the same pod and simultaneously depredate on catch or bait. This observation has been confirmed by the onboard observer and by the fishers when asked to explain which cetacean species are involved in depredation. For this reason, depredation recorded in the logbooks that was caused by cetaceans was not differentiated between the two species to avoid misidentification, misinformation and bias on results. Hereafter, cetacean depredation refers to the depredation that was caused by the common bottlenose dolphin or the striped dolphin or both.



3.1.2 Estimates of Interaction, Depredation and Economic Loss

The total fishing effort in June, July and August was 15, 39 and 44 days, respectively. The total number of days with depredation was 10 in June and July, and 5 in August. According to the fishing effort of each month, dolphin depredation was higher in June followed by July and August (Figure 3). The mean LPUE was compared in the presence and absence of depredation, and the results were 89.81 ± 92.65 and 117.71 ± 121.82, respectively. Results from the Mann-Whitney test revealed no significant difference (W = 1002.5, p-value = 0.47) between the mean LPUE at presence and absence of dolphins. Days with depredation were classified as days with the presence of dolphins whereas days with no depredation were classified as days with the absence of dolphins. The total DPUE, LPUE and CPUE were 3334.85, 10838.2 and 14173, respectively. This indicates that 23.53% of the total catch (CPUE) was depredated (DPUE).




Figure 3 | Relationship between fishing effort (days) and days with and without dolphin depredation (%) for each month.



Cetacean depredation on albacore tuna occurred between June – August 2018 with a higher number of depredated fish during June and July 2018, where the catchability and presence of albacore tuna are higher. Depredated albacore tunas ranged from 0 to 120 individuals with a mean of 28.04 ± 33.7 per fishing trip (N=71). The D% varied from 0% to 100% with a mean of 16.9 ± 23.01%. The estimated R was 27.8 and the estimated EDR was 16,639, meaning that each year this amount of albacore tunas is estimated to be depredated in the entire fleet. The EL ranged from 0 to 1,800.00 EUR with a total EL of 30,680.60 EUR and a mean of 313.07 ± 486.19 EUR per fishing trip. The estimated ER was 423.12 EUR and the estimated EER was 259,272.68 EUR for the entire fleet in 2018. The Kruskal-Wallis test revealed no significant differences between the month of fishing with D% (χ2 = 50.66, df = 47, df = 47, p-value = 0.33) and EL (χ2 = 50.66, df = 47, p-value = 0.33) (Figure 4).




Figure 4 | Differences between (A) Depredation rate (%) and (B) Economic loss (€) and with month of fishing. Kruskal-Wallis tests p-values. Points are raw survey data. Rhombuses represent the mean of each group.



The mean D% in June, July and August was 29.2 ± 25.6, 20.8 ± 24.7 and 9.3 ± 17.8, respectively. The mean EL in June, July and August was 524.6 ± 653.5, 398.7 ± 542.3 and 165.0 ± 299.3, respectively. The mean D% of the three different months of the albacore tuna fishing period in relation to the mean ER is shown in Figure 5.




Figure 5 | Mean depredation rate (%) and mean economic loss (€) for each of the three fishing months in 2018. Error bars indicate standard deviation.



No significant trend in DPUE, LPUE and CPUE was detected between the months of fishing, range and mean values are shown in Table 1. The Kruskal-Wallis test showed no significant differences between month of fishing with DPUE (χ2 = 50.66, df = 47, p-value = 0.33), LPUE (χ2 = 78.39, df = 70, p-value = 0.23) and CPUE (χ2 = 86.56, df =80, p-value = 0.29) (Figure 6).


Table 1 | Range and monthly means (± SD) of Landings Per Unit of Effort (LPUE), Depredation Per Unit of Effort (DPUE), and Catch Per Unit of Effort (CPUE) during the 3-month survey in 2018.






Figure 6 | Differences between (A) DPUE, (B) LPUE and (C) CPUE with month of fishing. Kruskal-Wallis tests p-values. Points are raw survey data. Rhombuses represent the mean of each group.





3.1.3 Spatial Distribution of Fishing Trips, Depredation Rate, DPUE and LPUE

Fishing grounds were situated in two broad geographical areas and grouped as Larnaca and Paphos-Limassol. In total, 36 and 35 fishing trips were conducted at Larnaca and Paphos-Limassol, respectively. The days with depredation and the D% were slightly higher in Larnaca than in Paphos-Limassol area. Days with depredation were 24 (67% out of total fishing trips) and 22 (63%) at Larnaca and Paphos-Limassol, respectively. At Larnaca and Paphos-Limassol the mean D% was 26.9 ± 24.8 and 15.2 ± 22.4, the mean DPUE was 62.3 ± 64.8 and 30.8 ± 43.5, and the mean LPUE was 153 ± 122.1 and 148.6 ± 101.6, respectively. The results from the Mann-Whitney test revealed a significant difference between D% and fishing area (W = 794, p = 0.05) but no significant difference between fishing area and DPUE (W = 785, p-value = 0.07) and LPUE (W = 622, p-value = 0.93). The fishing trips with information regarding depredation events and D% are shown in Figure 7; DPUE and LPUE per fishing trip are shown in Figure 8.




Figure 7 | Spatial distribution of pelagic longline fishing trips targeting albacore tuna between June and August 2018 with information regarding (A) depredation events and (B) Depredation rate (%).






Figure 8 | Spatial distribution of pelagic longline fishing trips targeting albacore tuna between June and August 2018 with information regarding (A) Discards Per Unit of Effort and (B) Landings Per Unit of Effort.






3.2 Interviews


3.2.1 Species Involved in Depredation

The mean age of pelagic longline fishers interviewed was 51 ± 8.2 years old with 19 ± 12.6 years in the profession. Without any exception, all the fishers interviewed reported that they had experienced depredation of their catch at some point in their career. The most common species reported in the interviews to depredate the catch was the common bottlenose dolphin (100%) followed by the striped dolphin (85%), the neon flying squid (80%), the shortfin mako shark (75%) and the Risso’s dolphin (35%) (Figure 9).




Figure 9 | Number of times in which each species was reported to depredate the catch during the interviews (N = 20).





3.2.2 Characteristics of Depredation and Perception on Stocks

All of the respondents (100%) reported that the most common species depredating the catch is T. truncatus and the species mostly depredated is T. alalunga. All respondents reported that the interactions between dolphins and fisheries have increased in the past 10 years. These interactions mostly occur between May and August during the tuna fishing period (100% of responses). Ninety per cent of the respondents reported that depredation events with dolphins happen very often during their fishing trips targeting albacore tuna whilst only ten per cent reported that depredation happens often. Sixty per cent of the respondents reported that over the past 10 years the tuna stocks have decreased while 40% said that they remained the same. Respondents reported that over the past ten years the swordfish stocks have decreased (70% of respondents), remained the same (20% of respondents) and ‘didn’t know’ (10% of respondents). All respondents reported that all dolphins cause significant damage to the gear when depredation events occur and that depredation causes serious economic losses on their business.



3.2.3 Cetacean Bycatch

Results from the Spearman rank correlation coefficients test revealed a quasi-significant positive relationship (rho = 0.53, p-value = 0.017) between dolphin bycatch and years in professional fishing. Out of the total 20 interviews conducted, 15 fishers (75%) reported bycatch of the common bottlenose dolphin, five (25%) reported no dolphin bycatch and one (5%) reported bycatch of the striped dolphin. The mean fishing effort of responders in 2019 was 74 ± 34.4 days and the mean number of days that had experienced depredation in 2019 was 37 ± 16, essentially 50% of their fishing trips. Results from the Spearman rank correlation coefficients test revealed that there is a significant positive relationship (rho = 0.69, p-value < 0.001) between the fishing effort (days at sea) and the total number of days with depredation in 2019. Fishers reported a total of 62 individuals of T. truncatus and one individual of S. coerueoalba bycaught throughout their fishing careers. Five fishers reported no bycatch of dolphins and one fisher reported the bycatch of about 20 individuals of T. truncatus throughout his career. A juvenile common bottlenose dolphin was incidentally caught on the pelagic longline during the albacore tuna fishing period in June 2019. The incident was video recorded and can be found in the Supplementary Video (S1). The video clearly shows other two dolphins (perhaps family members) that did not leave the area until the juvenile dolphin was released. The fisher reported that the incident happened during the attempt of the juvenile dolphin to depredate the catch and he also reported high dolphin depredation on that day. Recently, a juvenile S. coerueoalba was bycaught on pelagic longlines targeting swordfish in September 2021 during the attempt to depredate the bait and drowned (Figure 10).




Figure 10 | Bycatch of a juvenile Stenella coerueoalba on pelagic longlines targeting swordfish in September 2021. Photograph taken onboard by the vessel’s captain.





3.2.4 Depredation Hotspots

Based on the information provided by fishers about areas where dolphins (T. truncatus and S. coeruleoabla) were most commonly encountered, a heat map was created to show the distribution of dolphin depredation hotspots based on the number of records in each area (Figure 11). The areas of Larnaca (Southeast) and Protaras (East) were found to have the highest probability of dolphin occurrence followed by the areas in the Northwest (Chrysochou Bay). There were also records of dolphin depredation in the areas of Akamas, Pegeia, Paphos, Pissouri, north of Morphou Bay and east of Apostolos Andreas.




Figure 11 | Heat map of dolphins’ frequency of occurrence from interviews (N = 20) of fishers.





3.2.5 Mitigation Measures

All fishers interviewed (N=20) were aware of dolphin anti-depredation devices (pingers) and all of them were willing to explore and test possible mitigation measures. Fishers were then asked to report if they take any depredation mitigation measures. Fifteen fishers (75%) reported that they were not taking any measures to avoid dolphin depredation and only five (25%) reported they were using dolphin anti-depredation devices (Table 2). Another depredation measure reported which is a common practice among longline fishers was the avoidance of areas with high cetacean abundance and fishers moving to other fishing grounds.


Table 2 | Depredation mitigation measure (dolphin anti-depredation pinger) used by longline fishers and their effectiveness on mitigating dolphin interactions.





3.2.6 Fishers’ Experience and Empirical Knowledge

There is a common belief among fishers that since the beginning of the swordfish longline fishing in Cyprus in 1973, depredation levels have gradually increased over the years. They accept as true that the practice of depredation is taught and passed on to the new generations of dolphins. Fishers reported that in just two years after the beginning of the albacore tuna fishing in Cyprus in 2004, dolphins identified their fishing grounds and learned to depredate the catch. Six fishers reported that only in the last four years (since 2018) dolphins have learned to depredate the bait, whereas in the previous years’ depredation was only happening on the catch.

All fishers who participated in the interviews and have reported cetacean bycatch have also reported that in all cases the individuals bycaught were juveniles and, in most cases, they were drowned, indicating a high chance of mortality when bycaught. Some fishers have also reported that the pod did not leave the area until the bycaught dolphin was disentangled and released back to the sea. During these events, fishers have noticed sounds described as mourning coming from dolphins from the pod. One fisher has reported a rare event where other dolphins from the pod were observed carrying the dead young dolphin on their backs outside the water, presumably to allow it to breathe. In most cases of a dead dolphin, fishers reported a “vengeful” behaviour by the pod, where dolphins frantically removed caught fish from longlines and caused substantial damage to the gear.

Another common observation by fishers was that when the pod had consumed enough tunas caught on the longline, the pod displayed a playful behaviour, often swimming and “porpoising” around the boat and in some cases playing with the depredated tunas by throwing them outside the water and up in the air. In other reports, dolphin pods follow the boat during setting to depredate on the bait (sardine) and during hauling to depredate on the catch. Four fishers alleged that depredation events are more frequent during the full moon.

Two fishers have reported rare depredation events by the species G. griseus, mentioning that the species is very shy, not “showing off” and that its behaviour is not aggressive like T. truncatus and S. coeruleoalba. Fishers also mentioned that the latter has a more aggressive behaviour than the T. truncatus and even if depredation events are less frequent with this species, the damage on the catch and gear is higher when it happens.





4 Discussion

By examining the results of the self-reporting, the onboard observations and the interviews, the study confirmed for the first time the depredation by the common bottlenose dolphin, the striped dolphin and the neon flying squid on the albacore tuna pelagic longline fishery in Cyprus. To the best of our knowledge, this is also the first time that the two cetacean species and the cephalopod species have been reported to depredate on pelagic longlines worldwide. The study shows that depredation has been responsible for causing serious socioeconomic and ecological problems, often leading to catch and gear loss, cetacean bycatch and in some extreme cases, death. Most worrying is the rise on the frequency of depredation events and the increased negative impacts on both, fishers, and dolphins. The very few available estimates on depredation rates and economic loss found in the literature, followed different approaches, thus precluding any possible direct comparison with the current study.


4.1 Self-Reporting: Estimations of Depredation Rate and Economic Loss

The findings of this study have shown that the species that are most frequently involve in depredation and cause the highest impact on fishing operations are the common bottlenose dolphin and the striped dolphin. The common bottlenose dolphin is the most frequently reported species to interact with small-scale fishing activities in the Mediterranean Sea (Lauriano, 2004; Díaz López, 2006; Brotons et al., 2008; Rocklin et al., 2009; Blasi et al., 2015; Pennino et al., 2015; Snape et al., 2018; Pardalou and Tsikliras, 2020), probably due to its opportunistic feeding habits and wide spatial distribution (Barros and Odell, 1990). This species has a flexible and cosmopolitan diet (Shane et al., 1986; Barros and Odell, 1990; Connor et al., 2000) and its distribution is often related to prey distribution, which in many cases overlaps with the distribution of species targeted by a fishery (Barros et al., 2000), and thus, inevitably leading to conflicts between dolphins and fisheries. There are several reports worldwide of the common bottlenose dolphin interacting with fishing gear involving hook and line (Werner et al., 2015). Interactions between the striped dolphin Stenella coeruleoalba and fisheries have been also documented in the Mediterranean with small-scale and purse seine fisheries (Magnaghi and Podestà, 1987; Di Natale and Notarbartolo di Sciara, 1994; Bearzi, 2002; Northridge et al., 2013; Crosti et al., 2017; Bruno et al., 2021).

The results revealed that there is an estimated mean economic loss per day of about 313 EUR and an estimated annual economic loss for the entire fleet of about 260,000 EUR from depredation. In other regions, the economic loss by cetacean depredation on set demersal longlines targeting halibut (Reinhardtius hippoglossoides), arrowtooth flounder (Atheresthes stomias) and Patagonian toothfish (Dissostichus eleginoides) has been estimated to range between 1,034 USD to 8,449 USD per day (Roche and Guinet, 2007; Tixier et al., 2010; Hamer et al., 2012 and references therein), which shows substantially higher economic loss per day from the findings of the current study. Regarding the percentage of depredation rate (D%), we found that it ranges from 0 to 100 (mean D% = 17%), which is similar to the depredation rate (17.7%) found by Tixier et al. (2010) regarding the longline depredation on Patagonian toothfish, while other studies which included depredation on species of tuna, provided a broad range of depredation rates (0.5-100%) (Secchi and Vaske, 1998; Purves et al., 2004; Williams et al., 2009; Hamer et al., 2012) It has to be addressed that, the actual cost and rate of depredation from the current study, may be underestimated, as fish completely removed from the hooks were not possible to quantify. The rate of depredation may be affected either by the number of fish available or by the size of the group or from both factors. Both, D% and LPUE decrease from June to August, whilst the fishing effort increases. This can be explained by the albacore tuna migration at the end of the fishing season in August which corresponds to less catch  for fishers and LPUE, and subsequently less available depredation resources for dolphins and D%.

Currently, pelagic longline fishers in Cyprus are being compensated annually by the government 300 EUR per fisher, for the damage caused on their fishing gear due to dolphin depredation (Ministry of Agriculture, Rural Development and the Environment, Department of Fisheries and Marine Research, 2020). This is considered by the fishers to be very low compared to the actual damage they are experiencing. Our findings support their arguments since we estimated the mean economic loss, during the fishing seasons, to be 313EUR daily per fisher. Personal author’s communication with fishers, unveiled that many fishers expressed aggression towards dolphins, often considering harming them, especially during fishing trips on days with high depredation. However, this was not always the case as a minority of fishers consider themselves as “outsiders”, meaning that they did not naturally belong in the dolphin’s environment and that they should respect and protect them.



4.2 Onboard Observations: Identification Between Depredating Species

The photographic evidence collected from onboard observations confirmed the depredation by the common bottlenose dolphin and striped dolphin, the shortfin mako shark and the neon flying squid on albacore tuna. Depredation by the cetacean species was distinguishable from a shark- and squid-damaged fish. Odontocetes removed the entire torso and left only the head of the fish up to the gills and in some cases up to the jaw. In other cases, dolphins tore the body of the fish, leaving bites with ragged borders and with the head of the fish left on the hook. Also, in all cases, marks from their pencil-like teeth were visible on the wounded flesh (Figure 1A). Apart from that, depredation from dolphins is in almost all cases verified by the presence of dolphins close to the vessel.

The depredation caused by squid was distinguished from dolphins and sharks, by the small beak bites throughout the torso of the caught fish. In most cases, squids attack the belly and middle body of the caught fish, possibly aiming for the highly nutritious eggs (Figure 1B). Another distinguishable feature was the visible marks from the squid suckers on the body and head of the caught fish (Figure 1C). The squid was also reported by fishers to depredate on the bait and often get caught on the hook. Apart from the photographic evidence showing an individual neon flying squid that was bycaught during depredation (Figure 2), the fishers who participated in the interviews were asked to confirm the species by showing them pictures of the Mediterranean squids and they all identified it as O. bartrami. Fishers also reported catches of the neon flying squid of individuals weighing between 15 - 20 kg. Taking this information into consideration as well as the specimen photographed in Figure 2, no other known squid species in the Mediterranean can reach this body weight.

Shark depredation was distinguishable by the clean cuts, and bite-shaped portionsof flesh from the torso of the caught fish, leaving the surrounding body of the fish undamaged (Figure 1D). The species of the shark was identified by the observer since the depredation event happened exactly at the time of towing the longline. The shark arrived at the surface to depredate on the caught fish while towing the longline and dove back in the water. Similar results on the identification of odontocetes and shark depredation on the depredated catch with almost identical marks have been reported in the literature from other parts of the world (Dalla Rosa and Secchi, 2007; Gilman et al., 2007; Hamer et al., 2012).

Pelagic shark and squid species have been also reported in the literature to depredate on the catch on different fisheries and fishing gears. Shark depredation on the longline fishery targeting mainly different tuna species, swordfish and toothfish, has been previously documented (Gilman et al., 2008; Mandelman et al., 2008; Hamer et al., 2012; Rabearisoa et al., 2018; Tixier et al., 2021) however, such information was none existed in the Mediterranean Sea until very recently. Malara et al. (2021) reported for the first time shark depredation in the Mediterranean Sea on the swordfish harpoon fishery. The shark species reported in the study that potentially depredated on swordfish were the blue shark (Prionace glauca), the shortfin mako (I. oxyrinchus) and great white shark (Carcharodon carcharias) (Malara et al., 2021). The blue shark, the shortfin mako and the bigeye thresher (Alopias superciliosus) are the most commonly bycaught shark species in the Cypriot pelagic longline fishery (Department of Fisheries and Marine Research 2016 - 2021). The very limited published information on squid depredation mentioned the depredation by the colossal squid (Mesonychoteuthis hamiltoni) on longlines targeting the Antarctic toothfish in the Southern Ocean (Remeslo et al., 2015) and by the purpleback flying squid (Sthenoteuthis oualaniensis) on gillnets targeting tuna in the Northern Arabian Sea (Moazzam, 2019). However, squid depredation has never been reported before in the Mediterranean fisheries.



4.3 Interviews: Depredating Species, Bycatch and Potential Ecological Effects

The results from the interviews showed that the species causing depredation on the albacore tuna were the T. truncatus, followed by S. coeruleoalba, O. bartrami, I. oxyrinchus and G. griseus. The results from the interviews confirmed the findings from the logbooks and onboard observations. The interviews also revealed another species that is involved in depredation for which little is known about as it appears scarcer in the Levantine basin, the Risso’s dolphin (Boisseau et al., 2017). Even the though the depredation by this species is considered less frequent and rare as described by some fishers, there are a few known areas that this species is known to inhabit of which the fishers of the area know and try avoiding fishing there. The depredation by the neon flying squid is becoming a great concern for longline fishers as this species depredates on bait and on the albacore tuna as well as on swordfish (Xiphias gladius). However, the species is edible, not prohibited to catch and sell, and according to fishers, taste-wise it is highly valued. This could be an opportunity for fishers to target the species in the future and support their income, in case of available market niche.

The results also showed the high probability of dolphin bycatch during depredation on both bait and catch. Fishers reported that in most cases the bycaught dolphins were juveniles that often drowned. The entanglement and hooking of cetaceans on longlines have been previously reported as an occasional event often leading to serious injuries and mortality (e.g. Forney and Kobayashi, 2007; Garrison, 2007). Even if the fishers cut the branchline to release the bycaught dolphin, it is very likely that the hook and the line will be ingested, injure vital organs and hence, the animal will die as a result (Wells et al., 2008). Considering that fishers have reported a decrease in tuna and swordfish stocks and significant damage on gear, catch and bait from depredation, it is very likely that they resort to extreme measures, using harmful methods to prevent depredation and sustain their operational costs. Practices to prevent depredation, such as direct shooting or using explosives have been reported previously in the literature (e.g. Northridge and Hofman, 1999; Gilman et al., 2006; Zollett and Read, 2006). This is a major concern for cetacean conservation because mortality and injury resulting from those actions may have significant consequences on a population level, especially on small, isolated populations associated, with islands such as Cyprus. However, there are no official records of cetacean harassment in Cyprus.

Although both dolphin species are responsible for depredation, it is unclear from the data which species has the greater impact. Fishers participated in the study reported that depredation by the common bottlenose dolphin is more frequent than the striped dolphin, however, they mentioned that in many cases have observed both species in the same group. Therefore, it is particularly important to understand the precise depredation rate by each species as well as their population dynamics. This will require intense sampling of direct observations by trained and experienced observers.



4.4 Possible Mitigation Strategies

The study also aimed to understand fishing practices and strategies that are employed by fishers which seek to minimize interactions, depredation and bycatch of the odontocetes with the pelagic longline fishery. It was possible to identify several applicable mitigation measures that if applied alone or in combination could potentially decrease longline-dolphin interactions. However, cetaceans are well known for their adaptive capabilities and a single, universal solution is unlikely to exist.

The ‘move-on’ rule is another practical method to avoid longline-dolphin interactions that is applied among fishers and require collaborative behaviour on their part. When a triggered event occurs between dolphins and fisheries, all fishers of the area are informed and are expected to avoid this specific fishing ground for a specific period (Gilman et al., 2006; Dunn et al., 2014). This method requires good communication and coordination by the fishing industry and fishery associations (Gilman et al., 2006). The method is already practised by fishers in Cyprus as they retain good collaboration among them but with low effectiveness on avoiding dolphin interactions. This is mainly because the tuna fishing grounds are restricted to specific areas and the options for the tuna longline fishery are limited. Additionally, when a pod of dolphins identifies a vessel or a fishing activity it can follow the vessel for miles away.

Moreover, the cause of acoustic discomfort to dolphins with the use of acoustic deterrent devices is a promising mitigation technique, although scientific evidence of their effectiveness is contradicting (Northridge et al., 2003; Brotons et al., 2008; Gazo et al., 2008; Buscaino et al., 2009) and habituation to the acoustic harassment device may occur (Tixier et al., 2015). The current study identified deterrent devices that are currently used by longline fishers in Cyprus and their effectiveness in mitigating depredation (Table 2). Although no scientific experiment was conducted in the current study to prove their effectiveness, the feedback from fishers is that only one type of high-intensity acoustic deterrent devices (DDDs/DiD from STM industrial Electronics) seem to be effective in mitigating interaction with the common bottlenose dolphin and striped dolphin, even after a long period of usage (more than two years). Other studies have tested the DDDs devices and showed positive results on cetacean bycatch and depredation (Buscaino et al., 2009; Northridge et al., 2011). Based on fishers’ feedback, dolphin acoustic deterrent devices are considered for the moment as the only practical solution to mitigate interactions and depredation by dolphins. It is important to mention that in 2020 the government of the Republic of Cyprus announced a call for grant proposals for the purchase of repellent equipment (specifically dolphin anti-depredation pingers) for the protection of marine protected species. The percentage of co-funding to the beneficiaries (fishers) ranged from 30% to 80%, depending on the case and the remaining percentage was private participation (Thalassa 2014-2020, 2020). However, the potential ecological adverse effects of using high-intensity acoustic deterrent devices have not been assessed in the current study and the current knowledge on their short- and long-term effects is limited. It is likely that using such devices could alter the cetacean foraging strategies and distribution and in some cases damage hearing (Gilman et al., 2006).

Another alternative option, less invasive than deterrent devices, is the predictive forecasting; a method that identifies areas with fishing-dolphin conflicts to avoid these areas in the future through habitat modelling (Peterson and Carothers, 2013; Passadore et al., 2015). However, this method requires a high effort of data collection and analysis over a long period and the quality of such models is variable. In this study, a map (Figure 11) was developed to show areas of highly probable longline-dolphin interactions and the probability of dolphins’ occurrence in these areas based on fishers’ experience. This approach for data collection and analysis was low-cost and could be easily applied to other regions and fishing gears; these results could be used to inform fishers about conflict-prone regions and could also be applied for management measures, such as temporally spatial closures. It is also important to mention that areas identified as longline-dolphin conflict areas are also important fishing grounds with high catchability rates making any management recommendations of spatial closures difficult. It is strongly suggested that any decisions taken by policy-makers should ideally result in following consultations with stakeholders, in this case, the fishers.



4.5 Cetaceans’ Foraging Strategy and the ‘Dinner-Bell’ Effect

The current study showed that feeding on the albacore tuna caught on pelagic longlines represents an alternative foraging strategy for dolphins. The albacore tuna is not included in the diet neither of the common bottlenose dolphin (Blanco et al., 2001; Nowacek, 2002; Bearzi et al., 2005; Díaz López, 2006; Bearzi et al., 2009; Pardalou and Tsikliras, 2020) nor of the striped dolphin (Würtz and Marrale, 1993; Blanco et al., 1995; Spitz et al., 2006; Perrin et al., 2008; Matsuda et al., 2020), however, both species are known to exhibit high dietary plasticity. Other studies from the Mediterranean Sea and around the world have shown similar foraging strategies between cetaceans and static nets (Lauriano, 2004; Díaz López, 2006; Brotons et al., 2008; Bearzi et al., 2011; Maccarrone et al., 2014; Snape et al., 2018), trawling (Zollett and Read, 2006) and longlines (Dalla Rosa and Secchi, 2007; Ramos-Cartelle and Mejuto, 2008; Rabearisoa et al., 2015). Such findings support the optimal foraging theory where an animal makes foraging decisions according to prey type and availability and based on its individual fitness benefits with the aim to increase the net energy intake per unit of time spent foraging (MacArthur and Pianka, 1996). Considering that the literature on the diet of the common bottlenose dolphin and the striped dolphin the albacore tuna is not included; depredation as a foraging strategy intends to increase foraging efficiency while decreasing foraging energy costs.

All fishers interviewed in the study strongly believed that dolphins were able to identify their fishing ground by hearing the engine sound and even follow their vessels from hours to days. Fishers who had previously used low-intensity acoustic deterrent devices (from Fishtek Marine) reported that they were effective only at the beginning while after some time of usage they became ineffective which even acted as a signal for food for dolphins that were previously exposed and had learned the sound. Similar findings were reported by Pardalou and Tsikliras (2018). The behaviour of dolphins to relate acoustic signals from the vessel engines and acoustic deterrent devices to the presence of prey is clear evidence of the ‘dinner-bell’ effect (e.g., Visser, 2000; Cox et al., 2004; Carretta and Barlow, 2011; Wargo Rub and Sandford, 2020).

The gradual increase of depredation incidents could be the result of foraging decisions and due to cetaceans advanced learning abilities and knowledge transfer within populations (Whitehead et al., 2004; Pennino et al., 2013). However, depredation incidents may have also become more frequent due to the increased fishing effort as a result of the increasing demand for seafood worldwide (FAO, 2020). The increased incidents of cetacean depredation have also motivated researchers worldwide to study cetacean depredation and since the 2000s, the number of studies published on the topic has significantly increased (Hamer et al., 2012).



4.6 Study Limitations

The main limitation of the study is the data collection methodology. Certainly, logbooks cannot replace the quality and accuracy of the data that can be collected from onboard observations by experienced researchers. To achieve optimal coverage of onboard observations and collect sufficient data that are representative of the entire fleet, it is often very expensive, especially when fishers require compensation for their services. On the other hand, self-reporting (logbooks) and interviews are relatively inexpensive, but the data gathered can be inaccurate and biased. However, this approach is widely used and has proven to be an important tool of research if its adequately implemented and with clear protocols for the surveys (e.g. Azzurro et al., 2011; Azzurro et al., 2019; Lopes et al., 2019). To limit the factors that could lead to inaccurate and biased data, the participants in our study were carefully selected and under certain criteria (see Methods section). In addition, the fishers who participated in the self-reporting were previously actively participating and collaborating through the actions of the Cyprus Bycatch Project (2018 – 2022) and other projects (in previous years) and this was also an important criterion during the selection process. The existing trust and respect that was built between the authors of this study and the selected fishers also played a significant role in the quality of the data recorded in logbooks. We rule out any bias in the data arising from the professional relationship with the interviewees (i.e., reporting what is expected to conform to the norm); the onboard surveys confirmed the veracity of the data. This was also another reason why only four out of the 30 licensed vessels/fishers were selected for the self-reporting and anonymity was assured. Definitely, the more the participants the better the extrapolations and representation of the fleet. Nevertheless, the selected participants are among the most active pelagic longline fishers in Cyprus.

Even though the identification of the different depredators from the fish carcasses is in most cases obvious as shown in Figure 1, there might be cases which are not. For this reason, a possible misidentification might occur when fishers reported dolphin depredation in their logbooks. To limit this bias, fishers were asked to send photographic evidence of the depredated tunas when possible.

Another limiting factor is that the studies undertaken to assess the economic costs from cetacean depredation on pelagic longlines are very limited and for the Mediterranean do not exist yet. In addition to that, the lack of a standardized methodology that assesses depredation rate and costs is preventing any direct comparison with other studies.




5 Conclusion

The combination of the different data collection methodologies makes the study particularly dynamic and have strengthen the efforts made to understand the issue of depredation. In data deficient research topics and difficult-to-reach populations, it is important and efficient to combine a variety of data collection methods to address an issue. The results from the logbooks and interviews as well as personal communication from the leading author with fishers showed that depredation by the common bottlenose dolphin and the striped dolphin on pelagic longlines during the albacore tuna longline fishery is a frequent event in Cyprus. The findings of this study show for the first time the detrimental effects of species depredation on longline fisheries in Cyprus and vice versa, mainly from the cetaceans but also from other taxa including a shark and a cephalopod species. Considering the increasing competition between cetaceans and fisheries, mitigation of this problem should become a high priority by researchers and authorities whilst more effort should be placed by government bodies to support fishers and their fishing operations to mitigate interactions with dolphins, minimize economic loss and avoidance of dolphin bycatch on longlines. Alternative fishing methods and acoustic deterrent devices could support this action. The results could be used as a reference for future work on the taxa causing depredation on the catch to help the correct calculation of the damage caused from different depredating taxa and apply the suitable mitigation measures.

Beyond the economic consequences from depredation and bycatch, the evaluation methodology for depredation and the results from the current study can have important implications on the conservation and management of the albacore tuna stocks as losses due to depredation are not counted for in quota allocation processes and fish stock assessments. The results and the method developed here could also support the development of a standardised data collection methodology and methods for depredation assessment and quantification. Additionally, the data presented in this study could support national management action plans and set the foundations for future research on depredation and bycatch mitigation practices as well as to develop fishery-specific assessments on species interactions.

The empirical knowledge from longline fishers to reduce cetacean-longline interactions as well as to address other future industry problems should always be taken into consideration. Fishers have considerable ecological and empirical knowledge (i.e., traditional knowledge) that could significantly contribute to any scientific experiment and the development of potential management actions. We are certain that fishers should be active participants in fisheries research and collaboratively participate in the development of any management activities and best fishing practices to ensure the long-term effectiveness of these actions. However, this approach should never, in any case, replace scientific research by experienced researchers in the field but rather be used as a tool that supplements fisheries research and to build trust, cooperation and a sense of responsibility among fishery stakeholders.

Depredation from cetaceans is an evolving practice that seems to change from time to time. Research that aims to understand and quantify depredation must be continued. Future research that will aim to understand and quantify bait depredation and its associated costs as well as other indirect costs including gear loss, fuel, salaries, etc. is especially important. Most importantly, future research should aim to mitigate this global issue by testing new mitigation measures and technologies.
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Marine traffic has been identified as a serious threat to Mediterranean cetaceans with few mitigation strategies in place. With only limited research effort within the Eastern Basin, neither baseline species knowledge nor the magnitude of threats have been comprehensively assessed. Delineating the extent of overlap between marine traffic and cetaceans provides decision makers with important information to facilitate management. The current study employed the first seasonal boat surveys within the Eastern Mediterranean Sea of Turkey, incorporating visual and acoustic survey techniques between 2018 and 2020 to understand the spatial distribution of cetacean species. Additionally, marine traffic density data were retrieved to assess the overlap with marine traffic. Encounter rates of cetaceans and marine traffic density were recorded for each 100 km2 cell within a grid. Subsequently, encounter and marine traffic density data were used to create a potential risk index to establish where the potential for marine traffic and cetacean overlap was high. Overall, eight surveys were undertaken with a survey coverage of 21,899 km2 between the Rhodes and Antalya Basins. Deep diving cetaceans (sperm and beaked whales) were detected on 28 occasions, with 166 encounters of delphinids of which bottlenose, striped and common dolphins were visually confirmed. Spatially, delphinids were distributed throughout the survey area but encounter rates for both deep diving cetaceans and delphinids were highest between the Rhodes and Finike Basins. While sperm whales were generally detected around the 1000m contour, delphinids were encountered at varying depths. Overall, two years of monthly marine traffic density were retrieved with an average density of 0.37 hours of monthly vessel activity per square kilometer during the study period. The mean density of vessels was 0.32 and 1.03 hours of monthly vessel activity per square kilometer in non-coastal and coastal waters respectively. The Eastern Mediterranean Sea has several important shipping lanes within the study area. Two priority areas for deep diving cetacean and a large priority area for cetaceans were identified in the waters between Marmaris and Finike where high cetacean encounters and dense marine traffic overlapped. The current study revealed important habitats for cetaceans within the data deficient Eastern Mediterranean Sea and delineated potential risk area where marine traffic should be limited.




Keywords: cetacean, spatial distribution, sperm whale, beaked whale, delphinids, marine traffic, AIS



Introduction

The Mediterranean Sea is a semi-enclosed body of water that contains extensive areas of abyssal waters, deep basins and trenches bounded by steep slopes. The most easterly part of the Mediterranean Sea is also known as the Levantine Sea, of which Turkey’s coastlines covers 1577km. Previous studies have reported seven species of cetaceans commonly observed within the Eastern Mediterranean Sea of Turkey; sperm whales (Physeter macrocephalus), Cuvier’s beaked whales (Ziphius cavirostris), fin whales (Balaenoptera physalus), bottlenose dolphins (Tursiops truncatus), striped dolphins (Stenella coeruleoalba), common dolphins (Delphinus delphis), and Risso’s dolphins (Grampus griseus) (Güçlüsoy et al., 2014; Akkaya Baş et al., 2016; Öztürk et al., 2016; Akkaya et al., 2020).

Sperm whales and Cuvier’s beaked whales are deep-diving species that generally live in pelagic areas characterized by deep basins and trenches or steep slopes (Heyning, 1989; Praca and Gannier, 2008; Praca et al., 2009; Notarbartolo di Sciara and Birkun Jr, 2010). As such, their distribution is closely related to bathymetry, with distinctive preference for depths of 1000m and 500-1500m for sperm whales and Cuvier’s beaked whales, respectively (Frantzis et al., 2003; Boisseau et al., 2010; Frantzis et al., 2014). Sperm whales in the Mediterranean have been described as genetically different from the Atlantic population, with estimates of less than 300 individuals for the Eastern Mediterranean (Drouot et al., 2004; Engelhaupt et al., 2009; Frantzis et al., 2014; Lewis et al., 2018; Frantzis et al., 2019). Ozturk et al. (2013) reported 43 sperm whale sightings in Turkish waters between 1999 and 2014, with the majority of the sightings occurring between Fethiye and the Rhodes Basin in the Anadolu Submarine Canyon, one of the deepest parts of the Mediterranean Sea. The whales were, however, present from Gökçeada in the northern Aegean to an eastern limit of Alanya in Turkey (Öztürk et al., 2013). Evidence suggests that the Mediterranean subpopulation is declining and is currently listed as ‘Endangered’ under the IUCN Red List (Reeves and Notarbartolo di Sciara, 2006; Notarbartolo di Sciara et al., 2012; Pirotta et al., 2021). Cuvier’s beaked whales are also regularly observed in the Eastern Mediterranean Sea, specifically in the Finike (Anaximander) Seamounts, the Antalya Canyon and the Adana Trough (Akkaya Baş et al., 2016; Cañadas and Notarbartolo di Sciara, 2018) and strandings have occurred from Gökçeada to Karataş in the east of Turkey (Öztürk et al., 2011). The species have been recently categorized as ‘Vulnerable’ on the IUCN Red List (Cañadas and Notarbartolo di Sciara, 2018). Fin whales are also considered to be ‘Vulnerable’ with a declining population (Panigada and Notarbartolo di Sciara, 2012) and scattered sightings and strandings have been reported along the Turkish Mediterranean coast (Stephens et al., 2021). In addition to deep diving species, four species of delphinid have been recorded in the Turkish waters. Populations of bottlenose dolphins have become increasingly fragmented and are listed together with striped dolphins as ‘Vulnerable’ by the IUCN (Bearzi et al., 2012; Aguilar and Gaspari, 2012). Similarly, common dolphins have a patchy distribution in the Mediterranean and are considered ‘Endangered’ on the IUCN Red List (Bearzi, 2003; Bearzi et al., 2021). Additionally, Risso’s dolphins were recently recategorized from ‘Data Deficient’ to ‘Endangered’ by the IUCN (Lanfredi et al., 2021) due in part to an estimated 50% reduction in individuals over a ten year-period in some areas of the Mediterranean (Airoldi et al., 2015; Azzellino et al., 2016). Their abundance appears even scarcer in the Eastern Mediterranean Sea, with just a handful of documented sightings and strandings (Öztürk et al., 2011; Dede et al., 2012; Kerem et al., 2012; Ryan et al., 2014).

Anthropogenic threats and their impacts on the conservation status of cetacean species in the Mediterranean are of significant concern (Boisseau et al., 2010). An increasing population has developed the necessity for increased development along the coast (both for housing and for tourism), increased exploitation of natural resources (both for food and for fuel), and increased shipping for trade. This has resulted in threats to marine mammals in the Turkish waters of the Eastern Mediterranean Sea from habitat destruction, unsustainable fishing practices (Reeves and Notarbartolo di Sciara, 2006; Notarbartolo di Sciara and Birkun Jr., 2010), 
chemical and noise pollution (Frantzis, 1998; Frantzis, 2004; Notarbartolo di Sciara and Birkun Jr., 2010; Notarbartolo di Sciara et al., 2012; Fylaktos and Papanicolas, 2019) and ship strikes (Laist et al., 2001; Notarbartolo di Sciara and Birkun Jr., 2010; Frantzis et al., 2014). Marine traffic may contribute to the degradation and loss of cetacean habitat through temporal or permanent changes in habitat preference (Bejder et al., 2006a; Rako et al., 2013; Campana et al., 2015), short-term changes in behavior (Jahoda et al., 2003; Aguilar Soto et al., 2006; Bejder et al., 2006b; Tyack et al., 2011), or direct physical injuries due to collisions (Panigada et al., 2006). While local traffic tends to present a threat to coastal populations, maritime transport tends to follow direct routes around land masses with a safe distance from shore, often around the 1000m depth contour (Frantzis et al., 2019). As a consequence, deep-diving cetacean species are susceptible to the high intensity of shipping in the Mediterranean (Notarbartolo di Sciara and Birkun Jr., 2010; Frantzis et al., 2019). Over 6.2% of stranded sperm whales in Italy and Greece were caused by collisions with ships, as well as 6.6% of photo-identified individuals having visible injuries attributed to ship strikes (Pesante et al., 2002; Abdulla and Linden, 2008). Additionally, in the Pelagos Sanctuary, 3% of strandings were attributed to ship strikes between 1972 and 2018 with 59% of observed injured whales showing evidence of collisions with ships (Panigada et al., 2020).

Thus far, there has been an inequality in the collection of data between the eastern and western Mediterranean (Frantzis et al., 2003; Akkaya et al., 2020) which means that it is likely that patches of cetacean habitat remain unidentified and may overlap with a range of the aforementioned anthropogenic disturbances (Akkaya et al., 2020). The current study maps the distribution of the coastal and offshore cetacean species and identifies potential risk habitats that are likely to be under pressure from maritime traffic. The Eastern Mediterranean Sea suffers from a dearth of knowledge surrounding marine megafauna. Providing more knowledge on cetacean presence, critical habitats and anthropogenic threats will offer guidance to stakeholders forming policy and aid the development of species conservation action plans for cetaceans in the Turkish waters of the Eastern Mediterranean Sea.



Materials and Methods


Study Area

The study area includes coastal zones, the continental shelf and the high seas surrounding the Turkish coast within the Eastern Mediterranean Sea (Figure 1), extending 55 km offshore and approximately 470 km along the Turkish Mediterranean coast from Marmaris to Anamur. The main survey area covered an area of 16,396 km² in the Rhodes and Finike Basins with an additional section to the east of 5,503 km² in the Antalya Basin. In the south, there was partial overlap with the most northerly section of the Special Environmental Protection Area, “Finike Seamount Special Protected Area”, and in the west, a small area of overlap with the eastern edge of the Marmaris National Park. It also overlaps with two Important Marine Mammal Areas (IMMAs). The Hellenic Trench IMMA covers the entirety of the Hellenic trench in Greece as well as the Turkish submarine canyons (IUCN-MMPATF, 2017a; Notarbatolo di Sciara and Hoyt, 2020). A small portion of the Cilician Basin IMMA (IUCN-MMPATF, 2017b), designated for the presence of the Mediterranean monk seals, overlaps the survey area in the east (Figure 1).




Figure 1 | The main study area in the Eastern Mediterranean Sea which was surveyed using predetermined transects (shown in light blue) as well as the additional survey area (yellow), current marine protected areas (green) and Important Marine Mammal Areas (pink). The pre-determined transects are overlaid as dashed lines. Abbreviations: FB: Finike Basin, AC: Antalya Canyon, AT (inset): Antalya Trough, F(A)S: Finike (Anaximander) Seamounts, PRM: Piri Reis Sea Mountains, HSMPA: High Seas Marine Protected Area, MNP: Marmaris National Park, HT-IMMA: Hellenic Trench, Deep Divers’ Sanctuary Important Marine Mammal Area, CB-IMMA: Cilician Basin Important Marine Mammal Area.





Data Collection

Survey data were collected from a 13.95m sailing vessel with a 100hp diesel engine which typically travelled at 4 knots during search efforts. This speed was selected to avoid introducing significant hydrophone flow, propeller, or engine noise. The vessel followed equally spaced zigzag transects designed using DISTANCE software, Version 7.3 as well as the 1000m bathymetric contour line. The predetermined tracklines comprised 22 transects, with a total route of 644 km. The series of visual and acoustic surveys along these transect lines were carried out seasonally between 16th April 2018 and 14th January 2020. In addition, the eastern section of the survey area (Figure 1) was surveyed in April 2019 only.

Visual surveys were conducted during daylight hours, starting half an hour before sunrise and finishing half an hour after sunset, in Beaufort Sea states ≤4. Two observers with binoculars were stationed at the bow of the vessel, one scanning to port (270 to 10 degrees) and the other to starboard (350 to 90 degrees). The data logging software, Logger, Version 2010 was run continuously for the full duration of each survey. Effort status and environmental information were entered on an hourly basis or when conditions changed considerably. During the visual data collection, species identification, group size, group composition, behavior, group cohesion, group bearing and distance, photo-identification data and anthropogenic presence in the area were recorded.

The acoustic surveys were conducted 24 hours per day for the full duration of the survey, using a four omni-directional broadband hydrophone array towed 200m behind the vessel. The hydrophone elements can be used for high and low frequency monitoring and have a range between 10Hz – 200kHz. Acoustic signals were digitized using a Behringer U-Phoria UMC404HD sound card sampling up to 192kHz. The acoustic software PAMGuard, Version 1.15.15 Core (www.pamguard.org), was used throughout all surveys, scanning incoming signals for clicks and whistles. The PAM operators on the vessel were responsible for logging acoustic detections of cetaceans. The operator filled out an acoustic form at 15-minute time intervals for species presence, acoustic type and strength, and background noise. A scale from 0 (nothing heard) to 5 (nothing else can be heard) was used to quantify acoustic signals as in Ryan et al. (2014). Both visual and acoustic data were used in the subsequent analysis of the relative abundance of each species.



Data Analysis

During analysis, both acoustic and visual detections were classed as encounters and detected species were mapped at point of first detection for each cetacean group in QGIS (version 3.14). If a cetacean group was logged both visually and acoustically (determined by a difference in detection time of less than 2 minutes), then only the visual detection was used. This was to ensure that there was no overestimation of abundance. In order to perform spatial comparisons of different areas, a grid of hexagonal cells was created spanning the survey area. Hexagonal tessellation has shown advantages over the traditionally used square cells when visualizing data (Birch et al., 2007), as it offers a better representation of the visual and acoustic detection area around the vessel (Paradell et al., 2019). Further, hexagonal cells show a better connectivity, as the central point is the same distance from the central point of all neighboring cells (Birch et al., 2007; Paradell et al., 2019). The grid generated 286 hexagonal cells of height 10.746 km and width 10.746 km, corresponding to an area of 100 km2 per cell.


Cetacean Encounter Rates

When calculating the encounter rate, the number of groups in each hexagonal grid cell were summed using the ‘Count points in polygon’ tool in QGIS. The total distance travelled by the survey vessel in each cell was calculated using the ‘Sum line lengths’ tool in QGIS. In order calculate the encounter rates (ER), the following formula was used:

	

where n is the number of group encounters per cell and L is the survey effort (distance travelled by the survey vessel in kilometers). This value was then multiplied by 100 to get the encounter rate per 100km to make it comparable with other studies in the region (e.g., Boisseau et al., 2010; Ryan et al., 2014). The majority of encounters were detected acoustically, making group size more ambiguous as not all individuals in a group will necessarily be vocalizing at the same time. Thus, encounter rates were calculated as ‘number of groups of cetaceans per hundred kilometers’ rather than ‘number of individuals per hundred kilometers’. It is generally accepted that in order to avoid artificial inflation of encounter rates due to small sample biases, cells where a distance less than the diagonal of the cell has been covered by the research vessel (in this case 12.408km) should be removed from further analysis (e.g., Bearzi et al., 2006; Dinis et al., 2016). The total encounter rate was further pooled into delphinids and deep-diving cetaceans.

Depth data for each encounter was derived and integrated from the General Bathymetric Chart of the Oceans (GEBCO) using the ‘Sample from raster’ tool and distance to the nearest coast was calculated using the ‘Distance to nearest hub’ tool in QGIS.



Marine Traffic

Vessel density data were retrieved from the European Marine Observation and Data Network (EMODnet)’s Human Activities Data Portal (www.emodnet-humanactivities.eu). Full details on how vessel density by EMODnet is calculated are given in EMODnet (2019). In brief, EMODnet converts received Automatic Identification System messages from vessels (at a three-minute resolution) into reconstructions of ship track lines between these points. Each line is then intersected with a grid of cells at a 1km x 1km resolution and the length and duration attributes attached to each line are used to calculate the length of time spent by a vessel in each cell. As a result, vessel density for EMODnet data is expressed as hours per square kilometer per month (EMODnet, 2019).

Monthly raster data was retrieved from April 2018 until March 2020 (n=24 files) and data was mean averaged using the ‘Raster’ package in R (version 4.1.2) resulting in a single raster averaged across the two-year period. The zonal statistics tool in QGIS was then used to down-sample these data to match the resolution of the grid of 100km2 hexagonal cells to give the mean hours per square kilometer per month of each cell. In order to identify any seasonal variation present, monthly raster data was grouped into seasons [defined as spring: March, April, May; summer: June, July, August; autumn: September, October, November and winter: December, January, February (n = 6 files per season)]. For each season, the zonal statistics analysis used for the overall data was repeated to create four seasonal marine traffic density vector layers.

When comparing between coastal and offshore cells, coastal cells were considered those directly touching land or with a centroid that was 200m or shallower, whilst offshore cells did not intersect with land and had a centroid with a depth greater than 200m. In order to investigate which species were detected in cells with the most marine traffic, each detection was intersected with the corresponding seasonal marine traffic density vector layer using the ‘Join attributes by location’ tool in QGIS.



Potential Risk Areas

As this study represents the first two years of systematic cetacean surveys in this region, the dataset collected was not large enough to create species habitat suitability models as has previously been done when analyzing collision risk for larger datasets (e.g., Blondin et al., 2020). Thus, a simpler method was created to identify potential risk areas where both cetacean encounter rates and levels of marine traffic were high.

As deep diving cetaceans and delphinids travel considerable distances, a kernel density analysis was undertaken to create a raster surface first of deep diving cetaceans and then delphinids across the survey area. In order to do this, the centroid of each encounter rate cell created in 2.3.1 was created in QGIS. Using the encounter rate of each point as a weighting, a density raster was created using a ten-kilometer search radius and a 1km2 cell size (so as to correspond with the cell size of the existing marine traffic density raster).

Due to the skew of both marine traffic density and encounter rate data, a log-transformation was performed to coerce the data towards a normal distribution. During the log-transformation, raster cells with a value of zero for any raster, were given a ‘null’ value by QGIS as a result of trying to log-transform zero. As a zero value in any raster cell indicates there was no spatial overlap between cetaceans and marine traffic in this cell, it indicates there is no risk and so would have been given a null value in a later stage of the analysis, and therefore this was not considered an issue.

So that encounter rate and marine traffic had an approximately equal influence on the potential risk index, both encounter rate rasters were normalized between 0 and 1 using:

	

where zi is the ith normalized cell value in the raster, xi is the ith cell value in the original raster, min(x) is the minimum cell value in the raster and max(x) is the maximum value in the dataset. Potential risk index for each cell was then calculated as

	

where PRIi refers to the potential risk index for the ith cell, ERi refers to the transformed encounter rate for the ith raster cell is encounter rate >0 and MTDi refers to the transformed marine traffic density for the ith raster cell with marine traffic density >0. Values for potential risk index were then normalized between 0 and 1 to make them easier to interpret. A potential risk index was created for deep diving cetaceans and delphinids separately. All raster analyses were conducted in the raster calculator in QGIS. Due to the low percentage of cells with sufficient survey effort (>12.408km) at a seasonal scale, the potential risk index was only calculated for the total data and not for each season.



Critical Habitats

In order to identify critical habitats for deep diving cetaceans and delphinids, a kernel density analysis was again run in QGIS using the centroids of each of the hexagonal cells. The kernel density analysis was weighted using the potential risk index and used radii of 24.816km (i.e., twice the diagonal diameter of a hexagonal cell), and a cell size of 1km2. The ‘contour’ tool in QGIS was used to draw contours around the highest 20% of potential risk cells and then the ‘lines to polygons’ tool was used to convert these into polygons in order to measure the area of critical habitats for both deep diving cetaceans and for delphinids.





Results

Surveys with a total effort of 52 days were conducted from 16th April 2018 to 14th January 2020 which covered eight separate seasons (two surveys in each spring, summer, autumn and winter). Spring and summer were the seasons with the most survey effort (distance travelled by the research vessel) with 31.4% and 27.2% of the total survey effort, respectively. Autumn and winter were the least surveyed seasons with 16.2% and 24.6% of the survey effort in total (Table 1). During the study, 191 visual and acoustic detections were recorded, of which 25 were deep diving cetaceans, 25 were identified delphinids and 141 were unidentified delphinids (Table 1).


Table 1 | Summary of cetacean encounters by season.




Survey Effort

Considering the zig-zag nature of transects, survey effort was generally well distributed within the core survey area with a survey effort which was greater than the diagonal of the cell (12.408km) to allow encounter rates to be calculated in 114 out of 227 cells (50.2%) in the main study area and just 2 cells in the additional survey area (Figure 2).




Figure 2 | Survey effort in kilometres covered by the research vessel per cell in the Eastern Mediterranean Sea surrounding Turkey with darker blue cells showing areas with more than 12.408km of boat track line (suitable for encounter rate analysis), lighter blue cells showing less than 12.408km and white cells showing no survey effort.





Distribution and Encounter Rates of Deep Diving Cetaceans and Delphinids

Deep diving cetaceans were detected on 25 occasions, mainly to the west of the survey site between Rhodes and Kekova Island and consisted of sperm whales (n=22) and beaked whales (n=3). When accounting for survey effort (with insufficient survey effort removed), the median encounter rate for deep diving cells was 0 groups per 100 km due to a low number of overall detections with a mean of 0.31 groups per hundred kilometers. The highest encounter rate of 8.3 groups of deep diving cetaceans per 100km were in the waters off Fethiye. 60% of sperm whale detections (n = 13) occurred within 3km of the 1000m bathymetric contour. Sperm whale distribution had a median depth of 996.5m and a median distance from shore of 10.9km. Cuvier’s beaked whales had a slightly deeper median depth of 1,236m and were found at a similar median distance offshore of 9.6km (Figures 3, 4 and Table 2).




Figure 3 | (Upper) Groups of delphinids per 100 km in the Eastern Mediterranean Sea with darkening blue representing an increased number of delphinid groups. (Middle) The distribution of different delphinid species with bottlenose, striped, common and undetermined groups of delphinids denoted by blue circles, green diamonds, hollow circles and filled triangles respectively. Distribution is superimposed onto the average monthly marine traffic (hours per square kilometre) with darkening red signifying higher traffic. Marine vessel information used in this figure was made available by the EMODnet Human Activities project, www.emodnet-humanactivities.eu, funded by the European Commission Directorate General for Maritime Affairs and Fisheries. The 1000m contour is shown with a 3km buffer area around the contour. (Lower) Potential risk areas where the presence of delphinids and marine traffic were both high during the study period. Darkening purple shows an increased potential for risk.






Figure 4 | (Upper) Groups of deep diving cetaceans per 100 km in the Eastern Mediterranean Sea with darkening blue representing an increased number of delphinid groups. (Middle) The distribution of different deep diving cetacean species with sperm whales and Cuvier's beaked whales denoted in green and purple circles respectively. Distribution is superimposed onto the average monthly marine traffic (hours per square kilometre) with darkening red signifying higher traffic. Marine vessel information used in this figure was made available by the EMODnet Human Activities project, www.emodnet-humanactivities.eu, funded by the European Commission Directorate General for Maritime Affairs and Fisheries. The 1000m contour is shown with a 3km buffer area around the contour. (Lower) Potential risk areas where the presence of deep diving cetacean and marine traffic were both high during the study period. Darkening purple shows an increased potential for risk.




Table 2 | Summary of depths and distances from the nearest shore of deep diving cetaceans and delphinid species in the study area.



Delphinids were encountered throughout the entire survey area, from Marmaris to Alanya on 166 occasions (Figures 3, 4; Table 1). Bottlenose dolphins (n = 17) were found in shallower waters than other identified cetaceans, with a median depth of 692m and were also detected the closest to shore with a median distance of 7.4km. Common dolphins (n=6) and striped dolphins (n=2) were found at considerably deeper median depths of 1379m and 1899.5m, respectively. Whilst common dolphins were encountered at a similar median distance from shore to bottlenose dolphins (8.3km), striped dolphins had a median distance from shore of 16.2km. Unidentified delphinids had a median depth of 1756m and a median distance from shore of 18.6km (Figures 3 and band 4; Table 2). In comparison to the deep diving cetaceans, there was far less of a pattern in delphinid encounter rates, with encounter rates spread throughout the survey site. The median encounter rate for delphinids of 2.3 groups per 100 km was x times higher than that of the deep diving cetaceans. The median encounter rate for all cetaceans was 2.7 groups per 100 km and the highest encounter rate of 13.4 groups per 100 km was found in offshore waters between Fethiye and Kaş. There was no clear spatial pattern between the highest overall encounter rates, but 16 of the 20 cells with the highest overall cetacean encounter rate were found in the Hellenic Trench Important Marine Mammal Area. Marine Traffic

Retrieved vessel density showed vessel presence across the entire survey area (Figures 3, 4). The average monthly hours of marine traffic per square kilometer was 0.37 (median absolute deviation (MAD): ± 0.29) with density increasing to more than 300 average monthly vessel hours per square kilometer in four cells near major ports in Marmaris, Antalya and Fethiye (n=2). Traffic was also higher around the coastline in general and a shipping lane running east-west as well as either side of Rhodes. For the entire survey area, coastal cells had a median of 1.03 average monthly vessel hours per square kilometer (MAD: ± 1.50), whilst offshore cells (those not directly connected to the coast or adjacent to the coast with a depth of less than 200m) had a median of 0.32 (MAD: ± 0.21).

In areas where marine protected areas overlapped the study area, the average monthly vessel hours per square kilometer was 0.30 (MAD: ± 0.13) and 11.53 (MAD: ± 14) for the cells in Finike Special Protected Area and Marmaris National Park, respectively. For cells in the Hellenic Trench IMMA, average monthly vessel hours per square kilometer was 0.43 (MAD: ± 0.31) whilst in the Cilician Basin it was 0.26 (MAD: ± 0.21). There were large seasonal differences in marine traffic with summer having the highest monthly vessel hours per square kilometer with 0.65 (MAD: ± 0.34) and winter the lowest with 0.09 (MAD: ± 0.11). This seasonal difference was most evident in coastal cells where summer marine traffic density was more than 13 times that of winter marine traffic (Table 3).


Table 3 | Summary of seasonal differences in vessel density for different regions within the survey area.



Sperm whales were detected in cells with a median of 0.98 (MAD: ± 0.58) monthly vessel hours per square kilometer, whilst Cuvier’s beaked whales were found in areas with a median of 0.59 (MAD: ± 0.08). Of the delphinids, bottlenose dolphins were detected in areas that had the highest levels of marine traffic throughout the study period with a median of 0.80 (MAD: ± 0.87) monthly vessel hours per square kilometer. Common dolphins and unidentified delphinids were found in cells with relatively similar levels of marine traffic with median densities of 0.64 (MAD: ± 0.29) and 0.52 (MAD: ± 0.53) whilst striped dolphins were found in considerably less dense areas of 0.03 (MAD: ± 0.02) monthly vessel hours per square kilometer.



Potential Risk Areas

The highest potential for risk for deep divers were in the channel of water that runs between Turkey and Rhodes and in cells that surround the 1000m contour in Marmaris Bay to the West of Antalya Bay. The majority of the potential high-risk cells overlapped with the shipping lane identified during the marine traffic density analysis and also fell within the Hellenic Trench Important Marine Mammal Area. Cells further to the east had comparatively lower potential risk scores (Figure 3). Delphinids followed a similar patter with higher risk cells generally in the west of the survey area, along the same shipping lane. In addition, potential risk for delphinids was high around ports (Marmaris, Fethiye and Kaş). The potential risk index scores in Antalya Bay were generally much lower than in the west of the study area (Figure 4).



Critical Habitats

For deep diving cetaceans two critical habitats were delineated, the first in the waters between Marmaris and Fethiye, and the second in the waters off Kaş. The two critical habitats were roughly even in size (511.1 km2 and 664.3 km2 respectively). A single large critical habitat was identified spanning the waters from Rhodes Basin to the Piri Reis Sea Mountains (2516.7 km2) (Figure 5). Over 99% (1170.1 km2) of the deep diving cetacean critical habitat overlapped with the area identified as a critical habitat for delphinids. Nearly 85% (996.2km2) and 92% (2305.7km2) of deep diving cetacean and delphinid critical habitat overlapped with the Hellenic Trench IMMA respectively. None of the critical habitats overlapped with any existing protected areas (Figure 5).




Figure 5 | Areas of the Eastern Mediterranean Sea surrounding Turkey deemed critical for delphinids (blue) and deep diving cetaceans (pink). Note that both critical areas for deep diving cetaceans fell within the critical area for delphinids and thus are shown in a purple colour.






Discussion

The current study is the longest ongoing cetacean research project, spanning all seasons, in the Turkish Eastern Mediterranean Sea. This study builds off the preliminary results of Akkaya et al. (2020) to include two complete years of data collection. Of the seven cetacean species regularly found in Turkish waters (Öztürk et al., 2016), five were detected during this study, although bottlenose dolphins were the only species to be seen throughout all seasons (Table 1).


Distribution and Encounter Rates

As expected, the different species had varying distribution, albeit with considerable spatial overlap with each other and maritime traffic (Figures 3, 4). Deep diving species were encountered mainly in the west, with 23 out of 25 (92%) of the sightings occurring in the bathymetric irregularities that stretch east from the Rhodes basin to the end of the Finike Basin (Figure 3). Bathymetry has been shown to be important in relation to the distribution of the deep diving species (sperm whales and beaked whales) (Frantzis et al., 2003; Frantzis et al., 2019). The Hellenic Trench is considered by Podestà et al. (2016) to be the largest “high-density areas of occurrence” in the Mediterranean for Cuvier’s beaked whale as well as a core habitat with year-round presence of the eastern Mediterranean sperm whale population (Frantzis et al., 2011; Frantzis et al., 2019). (Frantzis. et al.’s 2019) study along the Hellenic Trench recorded 74% of the detected sperm whales to be within 3km of the 1000m contour with density decreasing as water depth gets shallower or deeper. The current study found that 60% of the deep diving species were recorded within 3km of the 1000m contour with a median respective depth of 999m, although individuals also occurred in much shallower (149m) and much deeper waters (2391m). Furthermore, in the Greek areas of the Hellenic Trench, Cuvier’s beaked whales have also shown a preference for depths of 500 to 1500m depth as well as any steep sloping bathymetry (Frantzis et al., 2003). The median value of 1236m found in this study aligned well with the findings in adjoining waters, although it should be noted that this is for just three recorded individuals, one of which was considerably deeper (2558m). Due to the close proximity and overlap of the Hellenic Trench to the current study area and similarities in depth parameters, it is more than likely that the home range of the sperm whales and Cuvier’s beaked whales extends across the waters surrounding both Greece and Turkey (Akkaya et al., 2020).

Delphinids were distributed throughout the entire survey area from Rhodes Basin to Antalya Basin, ranging from coastal waters to 50.3km offshore. In the Mediterranean, bottlenose dolphins are generally found in shallow waters along the continental shelf and in productive waters up to 600m depth (Bearzi, 2003; de Stephanis et al., 2008). However, the current study reported a median depth preference of 692m with detections of the species occurring up to a depth of 3,829m. Therefore, it is likely that as well as the commonly occurring coastal population, the Eastern Mediterranean Sea may also hold an offshore distribution of the bottlenose dolphins. Further research is needed to understand the reasons behind these offshore sightings as they may indicate that the home range of the coastal population extends to the deeper waters, that the species has separate offshore populations or that the species may show long-distance movement patterns, none of which have previously been reported in the Mediterranean Sea. Additionally, the majority of the delphinids which could not be identified to species level, were detected with a median depth of 1756m. Some delphinids depend on certain cephalopod species and abundance of these species needs to be investigated. Öztürk et al. (2007) examined the cephalopod remains from the stomachs of three striped dolphins and two Risso’s dolphins (Grampus griseus) taken as bycatch in the swordfish industry in the eastern Mediterranean Sea off the Turkish coast. In total, 478 lower beaks were identified as belonging to 14 cephalopod species, some of which are only found in deep seas. This stresses the importance of not just coastal waters, but also deep-sea ecosystems for delphinids within the Eastern Mediterranean Sea of Turkey.

In terms of seasonal distribution, sperm whales were mostly detected in spring and summer months with only one individual identified in autumn and none in winter (Table 1). The additional two seasons (autumn and winter) of data here, were further confirmation of (Akkaya et al.’s 2020) findings of seasonal presence of sperm whales in Turkish waters and corresponds with previous works in Turkey (Ozturk et al., 2013) and in Greece (Diogou et al., 2019) which both found higher numbers of sperm whales in spring and summer. When coupled with the fact that social units have been observed with calves in this area (Akkaya et al., 2020), it suggests that this area of the Eastern Mediterranean Sea may be an important breeding or nursing ground in warmer seasons. Although limited data meant that it was not possible to perform a potential risk index analysis for each season, the trends for increased marine traffic found in summer are concerning.

In contrast to Baş et al. (2016), who detected bottlenose dolphins, in just spring and summer in the coastal water of the Gulf of Antalya, this study detected bottlenose dolphins across all seasons. Common dolphins were only seen in summer months, however, this is possibly a result of limited data collection as they have been recorded year-round in the adjoining Greek (Milani et al., 2019) and Turkish (Akkaya et al., in review) areas of the Aegean Sea. There were not enough beaked whale or striped dolphin detections recorded to analyze their seasonal distribution but filling this important data gap should be considered a priority in the future.

The median encounter rate of cetaceans was 2.7 groups per 100km (2.3 groups and 0 groups per 100km for delphinids and deep diving cetaceans respectively) in the study area. This is much higher than previous recordings in the region with cetacean encounter rates of 0.68 (Boisseau et al., 2010) and 0.008 per 100km (Ryan et al., 2014). This is likely due to these studies covering different survey areas to this study and the fact that they consisted of single summer survey efforts, highlighting the importance of multi-seasonal, multi-year, local efforts (Akkaya et al., 2020).



Marine Traffic and Potential Risk

The Mediterranean is one of the world’s busiest waterways (Notarbartolo di Sciara and Birkun Jr., 2010), and thus it is important to understand the magnitude of overlap between cetaceans and marine traffic. This study highlighted the overlap in spatial usage of both the delphinids and the deep diving species with areas of heavy maritime traffic (Figure 3). The highest levels of marine traffic were along the coast, however, there was a notable presence of a shipping lane in the west of the study area along the 1000m contour of the Finike Canyon, presumably due to it being a safe depth for large boats (Frantzis et al., 2019). Whilst the median monthly hours of vessel traffic/km2 was much lower in the Finike Seamount Marine Protected Area than the rest of the core study area (0.3 as opposed to 0.37), this is likely due to the Finike Seamounts being further offshore rather than any specific protective measures. What is more concerning, is that the monthly median hours of vessel traffic/km2 within the Hellenic Trench IMMA was 0.43. When compared to the median for the entire survey area, this does not seem too high (~16% higher) but compared to other non-coastal cells (those cells not directly connected to land and with a centroid depth greater than 200m), it is a worrying 34% higher. The Hellenic Trench IMMA was ranked in the top ten most at risk of ship strike IMMAs of 114 IMMAs assessed globally (WWF-IUCN-IWC-OceanMind, 2019). The marine traffic density results in this study confirm the potential for increased ship strike. Thus, unsurprisingly, a high proportion of the cells considered to have a high potential risk index score were found within the Hellenic Trench IMMA. The western part of this IMMA has previously been proposed for a MPA (Agardy et al., 2007). The current study has now demonstrated the importance of the extension of Hellenic Trench and Anadolu Seamounts, and future protective measures must span across the international border between Greece and Turkey.

When considering the overlap between cetaceans and maritime traffic, sperm whales followed by bottlenose dolphins were detected in areas with the highest density of marine traffic. Sperm whales (Frantzis et al., 2019) and Cuvier’s beaked whales (Carrillo and Ritter, 2010) are known to be particularly vulnerable to shipping collisions (Panigada et al., 2006). The work of Frantzis et al. (2019) indicated that as a result of the major shipping route along the Hellenic Trench there is increased mortality rates of the sperm whale population due to ship strikes in this area. As there is only a low recruitment rate of sperm whales (~2.5/year) in the Eastern Mediterranean, even a small number of ship strikes would likely have population level effects (Frantzis et al., 2019). It has been found, however, that small changes in shipping routes could dramatically reduce risk (Frantzis et al., 2019). By rerouting or reducing vessel speed within these areas, the collision risk and noise pollution for sperm whales and beaked whales could be considerably reduced with minimal inconvenience for the shipping industry (Vanderlaan and Taggart, 2009; Frantzis et al., 2019). While ship strikes may be less of a direct threat to the bottlenose dolphins’ population, increased noise and pollution levels may come with direct and indirect consequences to the dolphin populations such as habitat shifts and behavioral alterations (Papale et al., 2012; Akkaya Bas et al., 2017).

Marine traffic considered within this study were retrieved from vessels using AIS which is only mandatory for ships with 300 or greater gross tonnage (International Maritime Organisation, 2021). According to the FAO, 82.9% of the fishing within the Mediterranean and Black Sea is done from small scale vessels (FAO, 2020), and this along with other small recreational boats suggest that the actual marine traffic is a lot higher than seen here, with smaller boats more likely to have a predominantly coastal distribution. The impact of small boats compared to large freight ships may vary and so it would be beneficial to have further studies looking into the combined impacts.

As well as the threat of increasing marine traffic, cetaceans are also subject to other anthropogenic disturbances. These include unsustainable fishery practices, sonar use, naval exercises and hydrocarbon exploration (Notarbartolo di Sciara and Birkun Jr, 2010; Fylaktos and Papanicolas, 2019). The latter is of particular concern with a recent rise in the number of oil and gas explorations taking place within the Eastern Mediterranean Sea. The year-round distribution and habitat use of cetaceans within Turkish waters of the Mediterranean encourages a reassessment of current levels of protections of the region to counteract excessive anthropogenic impacts.



Recommendations

The current study has delineated two habitats for deep diving cetaceans and one for delphinids that the authors deem critical where the area usage of cetaceans and marine traffic overlaps (Figure 5). The first deep diving cetacean is between Marmaris and Fethiye, the second between the Fethiye and Kaş and the delphinid critical habitat effectively encompasses the first two. These two deep diving habitats are different in terms of nutrient availability, which is important for primary production, thus consequently affecting the top predators. The cyclonic Rhodes Gyre causes nutrient enrichment, concentration of larval food distribution and local retention of eggs and larvae (Agostini and Bakun, 2002). In contrast to this, the Levantine Basin is oligotrophic, which results in extremely low values of phytoplankton abundance (Herut et al., 2017). Therefore, a research priority is to investigate the relation between oceanographic conditions and cetacean presence, especially within the Finike Basin.

Well-managed MPAs have been found to be a key tool for conservation through the regulation of anthropogenic activities in biologically valuable areas and can simultaneously be used as study sites for scientists (Edgar et al., 2007). According to Woodside et al. (2006) and Öztürk et al. (2013), the Finike (Anaximander) Seamount MPA is an important area for deep diving mammal species like sperm whales and Cuvier’s beaked whales. Whilst the current study did not detect these deep-diving species and no potential risk areas were identified within the MPA, small cetaceans were both acoustically and visually detected in this area. The lack of detections of deep diving cetaceans may be a result of very limited vessel coverage in this area and efforts should be made in the future to study these unique deep-sea habitats.

Another future research priority is the investigation of seasonal variation in the overlap between cetaceans and marine traffic as well as studying the magnitude of the impact of marine traffic on different cetacean species, particularly with the variation in seasonal marine traffic identified. Efforts have recently been made to study the Turkish waters to the east of the current study area to assess the species range and densities from west to east (Akkaya, 2021) and incorporate species like fin whales which are sighted only in the eastern part of Turkish waters (Stephens et al., 2021). Despite this, there are still few data available on potential risk areas where cetaceans are exposed to high shipping densities in the Eastern basin of the Mediterranean Sea. Dedicated long-term survey efforts prove essential to provide information on population, density patterns, and movement of cetaceans throughout the entire year and therefore reveal important cetacean habitats along the Turkish Mediterranean coast (Akkaya et al., 2020). In the meantime, this study has clearly shown the importance of the Eastern Mediterranean Sea for the cetaceans. Despite Turkey becoming a member of the Agreement on the Conservation of the Cetaceans of the Black Sea, Mediterranean Sea and contiguous Atlantic Area (ACCOBAMS), which commits the country to protect cetaceans from unregulated and uncontrolled anthropogenic activities, a lack of scientific knowledge and threat assessment persists resulting in unsustainable practices continuing within these waters (Akkaya et al., 2020). Several important international agreements including the Convention on Biological Diversity, which Turkey is a party to, require a precautionary approach to be taken and clearly there is enough evidence of the distribution of a range of cetaceans throughout this area, as well as evidence of potential risks to their prolonged survival.

Despite this study filling a considerable data gap, there is still a great dearth of information within Turkish waters. The findings of this work indicate a need for further study on cetacean response to different seasons and oceanographic variables to allow more advanced risk analyses to be performed as well as investigation into the magnitude of impact of the marine traffic on different species. It is imperative that Species Conservation Action Plans are created as soon as possible for each of these species based on current information and updated as data gaps are filled. This will allow relevant management measures such as rerouting marine traffic or creating marine protected areas to minimize exposure of cetaceans to anthropogenic threats. For highly migratory species such as cetaceans, transboundary cooperation is also essential for the sake of better conservation in this understudied area.
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Marine plastic pollution is one of the most concerning worldwide environmental issues, and research is day by day demonstrating its adverse effects on marine ecosystems. Nevertheless, little is still known about the toxic potential on marine fauna of chemical additives released by plastic debris. Here we investigated the cyto- and genotoxicity of the most used plasticizer in plastic production, di(2-ethylhexyl)phthalate (DEHP), on a skin cell line (TT) derived from the bottlenose dolphin (Tursiops truncatus), a species particularly exposed to the accumulation of this lipophilic pollutant, being a coastal top predator rich in fatty subcutaneous tissues. Dolphin cell cultures were exposed to increasing DEHP doses (0.01–5 mM) to evaluate effects on cell viability, cell death, and induction of DNA damage. On the hypothesis that bottlenose dolphin cells show greater resistance to DEHP toxicity than terrestrial mammals, as already shown for other pollutants, the same parameters were analyzed on exposed Chinese hamster ovary (CHO) cell lines. Both MTT and Trypan Blue assays showed no significant decrease in dolphin’s cell viability after 24-h DEHP exposure. No induction of primary DNA damage was detected by the comet assay, whereas the cytokinesis-block micronucleus assay revealed significant micronuclei induction and inhibition of cell proliferation starting from the lowest DEHP doses. DEHP had similar but sharper and significant effects on cell viability in CHO cells, also causing a much greater induction of necrosis than that recorded on dolphin cells. For both cell lines, the lack of induction of primary DNA damage (i.e., strand breaks) together with the increase of micronuclei yield after DEHP treatment suggests an aneugenic effect of the phthalate, that is, the loss of entire chromosomes during cell division. Overall, the potential chromosome loss detected could constitute a threat for species of marine mammals constantly exposed to plastic marine litter.
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1 Introduction

Marine debris contaminates the world’s oceans from polar regions to the equator (Zarfl and Matthies, 2010; Jambeck and Johnsen, 2015; Rangel-Buitrago et al., 2020). This debris can be found floating on the sea surface (Campana et al., 2018), on the seafloor (Hardesty et al., 2021), and on shorelines (Galgani et al., 2015). Plastic has been produced and used in large quantities by humans in the last decades, and, to date, it represents the main source of anthropogenic debris in the oceans (Law et al., 2010), contributing for 70%–90% to the marine litter (Andrady, 2011).

A wide range of marine taxa, including birds, sea turtles, and marine mammals, are affected by entanglement and ingestion of macroplastic debris, with consequences including impaired movement, decreased feeding ability, reduced reproductive fitness, gastrointestinal lesions, ulcerations, and, in the most severe cases, also death (Moore, 2008; Gregory, 2009; Parker et al., 2021). Due to physical and chemical degradation, work of atmospheric agents, and seawater, plastic is fragmented in micro (<5 mm) and nano debris (<20 µm) (Koelmans et al., 2015). Impacts caused by microplastic debris in the oceans derive from both fragmentation (i.e., secondary microplastic) and microplastics produced as such (i.e., primary microplastic). Fragments of small size are facilitated to enter the trophic chains, becoming a serious threat to aquatic organisms inhabiting both continental and marine ecosystems (Eriksen et al., 2013; Castañeda et al., 2014; do Sul and Costa, 2014; Gambardella et al., 2018; Costa et al., 2020). Indeed, laboratory studies have shown that invertebrates such as crustaceans, barnacles, polychaetes worms, mussels, and amphipods can ingest microplastic fragments (Browne et al., 2008; Graham and Thompson, 2009; Gambardella et al., 2017), and there is increasing evidence documenting the ingestion of plastic fragments by invertebrates also in the natural environment (Boerger et al., 2010; Murray and Cowie, 2011; Macali et al., 2018).

Although plastic polymers are considered to be chemically inert, in the last years, the scientific community has focused attention on the smallest plastic debris, since they can be vectors of lipophilic pollutants collected in the sea and then absorbed by feeding organisms (Koelmans et al., 2021). Moreover, plastic can contain plasticizer additives whose release is facilitated by plastic degradation in seawater (Paluselli et al., 2019). Phthalate esters (PAEs) are widely used as plasticizers in polyvinyl chloride (PVC) and other plastic polymers formulation, such as in the manufacture of construction products, medical devices, pharmaceuticals, and personal care products (Heudorf et al., 2007). PAEs are easily leached into the aquatic environment, as they are not chemically bound to polymers (Fromme et al., 2002). Moreover, wastewaters often contain relevant concentrations of PAEs (Tran et al., 2022), which are partly transported to the sea by river runoff. Among PAEs, di(2-ethylhexyl)phthalate (DEHP) is the most widely produced and used, as well as the most persistent phthalate found in seawaters (Chaler et al., 2004; Bergé et al., 2013). Indeed, DEHP was reported to reach a high concentration in the marine environment, up to 11,500 µg/kg dw in marine sediments, 4.35 µg/L in marine water, and 1,573 µg/kg ww in marine fishes (Stewart et al., 2014; Hermabessiere et al., 2017; Zhang et al., 2018; Malem et al., 2019; Hu et al., 2020). DEHP-related adverse effects on biota have been demonstrated for many organisms. DEHP has been reported to impair development and reproductive function through activation of the estrogen receptor (ER) and peroxisome proliferator-activated receptor (PPAR) in mammals (Lyche et al., 2009; Magdouli et al., 2013). The European Scientific Committee on Toxicity, Ecotoxicity and Environment (CSTEA) indicated DEHP as an endocrine disruptor, dangerous for reproduction in both mammals and aquatic species. Other studies focused on aquatic organisms, such as shellfish, crustaceans, annelids, and fishes (Oehlmann et al., 2009; Zhang et al., 2021). DEHP showed antiestrogenic activity in female medaka (Oryzias latipes), causing retardation of oocyte development (Kim et al., 2002), and it deeply impaired fecundity, oogenesis, and embryo production in female zebrafish (Danio rerio) by affecting signals involved in oocyte maturation (Carnevali et al., 2010). Furthermore, DEHP disrupted spermatogenesis by interfering with signaling pathways in the testis and the liver of adult male zebrafish (Uren-Webster et al., 2010). Additionally, DEHP caused endocrine-disrupting effects, altering sex hormone levels in some freshwater fish species, such as the Chinese rare minnow (Gobiocypris rarus) (Wang et al., 2013), carp (Cyprinus carpio) (Thibaut and Porte, 2004), and fathead minnows (Pimephales promelas) (Crago and Klaper, 2012). Finally, recent in vitro studies demonstrated DEHP hazard, emphasizing its cytotoxic, genotoxic, and aneugenic effects on marine organisms (Hermabessiere et al., 2017; Molino et al., 2019; Zhang et al., 2021). Although marine environments are heavily prone to phthalate pollution, studies on DEHP-related adverse effects on marine organisms are still relatively scarce. In particular, marine mammals can be subjected to such an accumulation of phthalates, which some authors consider concentrations of both DEHP and its metabolite MEHP in their tissues as a measure for assessing the levels of plastic pollution in the sea (Fossi et al., 2014). Indeed, marine mammals, such as cetaceans, are top predators of large dimensions, rich in subcutaneous adipose tissues in which pollutants tend to concentrate, due to the great quantities of contaminated food they ingest and to the processes of bioaccumulation and biomagnification of lipophilic xenobiotics (Zantis et al., 2021). However, marine mammals may exhibit higher resistance to the toxic effects of xenobiotics as compared to terrestrial mammals. For example, as reported by Chen and coworkers (2012), the exposure to chromium induced lower cytotoxicity and clastogenic effect in sperm whales’ skin fibroblast with respect to human fibroblast. Similarly, Taddei and coworkers (2001) detected a greater resistance of bottlenose dolphin leukocytes to the genotoxic effect of methyl mercury chloride when compared to human cells, demonstrating a higher DNA repair efficiency of dolphin cells. These results suggest the possible development of defense strategies to contrast both dietary and environmental exposure to pollutants in marine mammals (Taddei et al., 2001; Chen et al., 2012).

Among cetaceans, the bottlenose dolphin (Tursiops truncatus) is particularly exposed to pollution by plastic and its additives, inhabiting highly contaminated coastal areas, often in the proximity of the river mouths, where primary and secondary productivity is high (Cafaro et al., 2015). Despite this, to the best of our knowledge, there are no studies evaluating the toxic potential of phthalates on cetaceans.

This study aims to test the possible cytotoxic and genotoxic effects of DEHP in a bottlenose dolphin’s skin cell line. Cells were exposed to increasing doses of DEHP for 24 h, and effects were evaluated in terms of cell viability, cell death, primary DNA damage induction, and micronucleus formation. As a term of comparison, the same parameters were analyzed on Chinese hamster ovary (CHO) cells, an established cell line widely used in genotoxicity testing. This had the dual purpose of verifying whether DEHP produced comparable effects on different cell lines and whether bottlenose dolphin cells were more resistant also to the toxic effects of phthalates than those of a terrestrial mammal.



2 Materials and methods


2.1 Chemicals

Dulbecco’s modified Eagle’s medium (DMEM), Ham’s F10 Nutrient mix (F-10), phosphate-buffered saline (PBS) without Ca2+ and Mg+, and l-glutamine were purchased from Lonza (Rome, Italy). Penicillin/streptomycin and trypsin-EDTA were purchased from EuroClone (Pero, Italy). Bis(2-ethylhexyl)phthalate (DEHP, ≥98.0% purity, CAS: 117-81-7), 3-(4,5-dimethylthiazol-2-yl)-2,5-diphenyltetrazolium bromide (MTT), cytochalasin B, Trypan Blue solution (0.4%), dimethyl sulfoxide (DMSO), and sodium dodecyl sulfate (SDS) were purchased from Sigma-Aldrich (Milan, Italy). Fetal bovine serum (FBS) was purchased from Invitrogen (Milan, Italy).



2.2 Cell lines and culture conditions

Primary cell culture of T. truncatus (TT) derived from fresh skin tissue samples was collected during the post-mortem examination of a freshly dead stranded adult bottlenose dolphin. Primary cell culture was performed following an established laboratory protocol (Peruffo et al., 2004). To immortalize the cells, the primary cell culture was transfected with pSV3neo plasmid (LGC Promochem, Teddington, UK) by using the cationic lipid Lipofectamine 2000 (Invitrogen, Carlsbad, CA, USA), following the protocol by Suman et al. (2012). Resistant cells were selected with the antibiotic G418 (400 µg/ml; Gibco, Life Technologies BRL, Gaithersburg, MD, USA).

TT cells were grown in DMEM supplemented with 10% FBS, 1% l-glutamine, and 1% penicillin/streptomycin.

The CHO cell line was grown in Ham’s F10 supplemented with 10% FBS, 1% l-glutamine, and 1% penicillin/streptomycin. This epithelial-like cell line is routinely used in mutagenicity testing as recommended by the guidelines of European Economic Community (EEC) Council 79/831 and Organisation for Economic Co-operation and Development (OECD) for the test of chemical No. 471.

Both cell lines were maintained in an incubator at 37°C, 5% CO2, and 95% humidity.



2.3 Cell culture treatments

DEHP, purchased at a concentration of 100 mM, was diluted at 5 mM with DMSO. Further dilutions were freshly made before DEHP treatments in order to have a DMSO concentration not exceeding 1% in the culture medium. DEHP treatments were performed for 24 h in TT and CHO cell lines, and DEHP was used in a range between 0.01 and 5 mM in both cell lines.

The solvent sample was treated with 1% DMSO for 24 h, while the positive control was treated with 100 µM of H2O2 for 1 h. Each experiment was repeated at least two times, and the results are displayed as the mean of two independent experiments, showing good reproducibility and comparable outcomes.



2.4 Cytotoxicity


2.4.1 Cell viability assay

To study cell viability after DEHP treatment, the MTT assay was performed in accordance with Botta and collaborators (2019), with minor modifications. Briefly, for each experimental point, cells were seeded onto 96-well microplates at a density of 5,000 cells/100 µl for TT and 2,000 cells/100 µl for CHO and incubated for 24 h to allow cell adherence. The growth medium was then replaced by a fresh medium containing DEHP and incubated for a further 24 h. At the end of treatments, MTT was added to each well (0.5 mg/ml), and cells were incubated for an additional 3 h at 37°C. After incubation, the supernatant was replaced with 100 µl of lysis solution (10% SDS and 0.6% acetic acid in DMSO) to dissolve the formazan crystals and produce a purple solution. Optical density measurements were obtained using a scanning spectrophotometer DTX 880 Multimode Detector (Beckman Coulter, Brea, CA, USA). Readings were made using 630-nm (background) and 570-nm filters.

Cell viability, presented as the relative optical density (OD) at 570, was calculated using the following formula:

	



2.4.2 Trypan Blue exclusion assay

For each experimental point, cells were seeded onto 35-mm Petri dishes with 2 ml of the medium at a density of 1.5 × 105 cells/dish for TT and 1 × 105 cells/dish for CHO and incubated for 24 h. Cell lines were then treated with DEHP and incubated for a further 24 h. At the end of treatments, cells were harvested, and 10 µl of cell suspension was mixed with 10 µl of Trypan Blue Solution (1:1; w:w) for 5 min to allow cell staining; cells were then seeded on a slide and counted under an optical microscope (Molino et al., 2019). For each experimental point, 250 cells were counted by two different operators. The percentage of cell viability was calculated using the following formula:

	



2.4.3 Detection of DEHP-induced cell death by fluorescence staining

To evaluate DEHP-induced cell death, cells were seeded onto 35-mm Petri dishes at the same density of Trypan Blue exclusion (TBE) assay, incubated for 24 h, and then treated with DEHP for a further 24 h. At the end of treatments, cells were harvested, and to distinguish apoptotic and necrotic cells from viable cells, a combination of fluorescein di-acetate (FDA, 0.75 mg/ml), propidium iodide (PI, 0.25 mg/ml), and Hoechst (HO, 0.1 mg/ml) dyes were used (Proietti De Santis et al., 2001; Filippi et al., 2022). FDA and HO are vital dyes that stain, respectively, the cytoplasm and the nucleus of viable cells; PI staining identifies the necrotic and late stage of apoptotic cells; cells in the early phase (viable HO stained) and late phase (dead PI stained) of apoptosis displayed the characteristic pattern of chromatin fragmentation. For each experimental point, 500 randomly selected cells were counted by two different operators.




2.5 Genotoxicity


2.5.1 Single-cell gel electrophoresis analysis

To quantify primary DNA damage in terms of single-strand breaks, the alkaline version of the single-cell gel electrophoresis (Comet assay) was performed. Cells were seeded onto 35-mm Petri dishes with 2 ml of the medium at the same density of TBE assay, incubated for 24 h to allow cell adherence, and then treated for 24 h with DEHP. The test procedure was performed according to previous works (Egidi et al., 2018; Molino et al., 2019). After slide preparation and cell lysis, electrophoresis was conducted for 20 min at 25 V and 300 mA at 4°C preceded by a 15-min incubation in electrophoresis buffer to allow DNA unwinding. Slides were neutralized and stained with ethidium bromide (20 µg/ml, 50 µl), and nucleoids were analyzed at ×400 magnification with an automatic image analyzer (Comet Assay III, Perceptive Instruments, St Edmunds, UK) connected to a fluorescence microscope (Axioskop 2, Zeiss, Oberkochen, Germany). To evaluate the amount of DNA damage, computer-generated % DNA in the tail (tail intensity (TI)) values were used. For each experimental point, a total of 200 randomly selected cells were scored by two different operators.



2.5.2 Cytokinesis-block micronucleus assay

The cytokinesis-block micronucleus (CBMN) assay was carried out with the standard technique proposed by Fenech (1993), with minor adjustments (Meschini et al., 2018). For each experimental point, cells were seeded onto 60-mm Petri dishes with 3 ml of the medium at a density respectively of 2.5 × 105 cells/dish for TT and 3 × 105 cells/dish for CHO, incubated for 24 h, and then treated with DEHP for 24 h. At the end of DEHP treatment, cells were washed with PBS, and a fresh medium containing 6 µg/ml of cytochalasin B was added for a further 24 h in order to arrest cytokinesis. For each experimental point, 1,000 binucleated cells with intact cytoplasm were scored by three different operators for the presence of micronuclei (MN), a biomarker of chromosome breakage or loss. For the analysis of cell cycle progression, 1,000 cells for each sample were scored for the presence of one, two, or more than two nuclei.

Cytokinesis-block proliferation index (CBPI) was calculated using the following formula:   (1N means cells with 1 nucleus; 2N, cells with 2 nuclei; and >2N, cells with more than 2 nuclei).

The percentage of cytostasis was calculated with the following formula:  ,where t and c are treated and control samples, respectively (Lorge et al., 2008).




2.6 Statistical analysis

For viability tests (MTT, TBE, and cell death assays), statistical significance of raw data between treated samples and their relative solvent in each cell line was evaluated using one-way ANOVA followed by Sidak’s or Tukey’s multiple comparisons post-test. Data belonging to different experiments were represented and averaged in the same graph. The GraphPad Prism software package (GraphPad Software, San Diego, CA, USA) was used. Results were expressed as means ± SD. For the cytostatic effect (CBMN assay), the chi-squared test (χ2) was used to compare treated samples and their relative solvent for each cell line. For the Comet assay and the yield of micronuclei per cell, Student’s t-test was applied. For the comparison of cytotoxicity between the two cell lines, the data were analyzed with the Kruskal–Wallis test (KW). For pairwise comparisons (apoptosis, necrosis, and CBPI), the data were analyzed with the Wilcoxon test (WT). For comparisons, data were normalized with respect to the relative solvent, and the results of medium, positive, and solvent control were excluded. All analyses for the comparison of the two cell lines were performed with R. The levels for statistical significance were set at p ≤ 0.05 and p ≤ 0.01.




3 Results


3.1 Cytotoxicity


3.1.1 MTT assay

Figure 1A shows the results of cell viability measured by MTT assay in TT and CHO cell lines after 24 h of treatment with DEHP. The analysis revealed no significant effects of the solvent, whereas H2O2 (100 µM) caused a significant decrease in cell viability of about 70% in both cell lines (p ≤ 0.01). After DEHP treatments, a reduction in cell viability was observed in both cell lines. Only for the CHO cells the reduction was statistically significant (p ≤ 0.05; p ≤ 0.01), with respect to the solvent, starting at 0.02 mM. Conversely, in the TT cell line, no significant effect on the decrease of cell viability was detected. In both cell lines, the reduction reached a plateau at the three highest doses.




Figure 1 | Cellular viability in DEHP-exposed TT and CHO cell lines. (A) MTT assay results are displayed as a mean of the optical density (OD) at 570 nm, at each treatment level normalized to the relative solvent (DMSO) in each cell line. Data are expressed as mean ± SD of two independent experiments. (B) Trypan Blue exclusion assay results are expressed as the percentage of viable cells out of the total cells at each treatment level. Data are expressed as mean ± SD of two independent experiments. One-way ANOVA significance: #p ≤ 0.05 H2O2 vs medium in TT cell line; ##p ≤ 0.01 H2O2 vs medium in TT cell line; *p ≤ 0.05 H2O2 vs medium and treated vs solvent in CHO cell line; **p ≤ 0.01 H2O2 vs medium and treated vs solvent in CHO cell line. DEHP, di(2-ethylhexyl)phthalate; TT, Tursiops truncatus; CHO, Chinese hamster ovary; DMSO, dimethyl sulfoxide.





3.1.2 Trypan Blue exclusion assay

Figure 1B shows the results of cell viability measured by TBE assay in TT and CHO cell lines, after 24 h of treatment with increasing DEHP concentrations. The solvent did not affect cell viability in both cell lines, whereas the treatment with H2O2 (100 µM) caused a decrease in cell viability, which was 24.5% and 20.9% in TT and CHO, respectively. DEHP treatments caused a dose-dependent reduction of cell viability in both cell lines but of a greater and statistically significant (p ≤ 0.05; p ≤ 0.01) magnitude only for the CHO cell line.



3.1.3 Detection of DEHP-induced cell death by fluorescence staining

Results obtained by fluorescence staining are shown in Figures 2A, B for TT and CHO cell lines, respectively. TT cells showed about 10% of dead cells in both control and solvent samples, mostly due to necrosis (8.7% and 7.9%, respectively), whereas total cell mortality of CHO cells resulted in approximately 1% and 2% for the two aforementioned samples. In both cell lines, the positive control (H2O2, 100 µM) showed a significant increase in necrotic cells, with respect to the control (p ≤ 0.05 for both TT and CHO cells). After 24 h of DEHP treatments, the TT cell line displayed no significant increases in either apoptosis or necrosis in treated cells with respect to the solvent. Conversely, the CHO cell line showed a significant increase of necrotic cells at all DEHP concentrations (p ≤ 0.05; p ≤ 0.01), which appears to be dose-dependent at the four higher concentrations. No increases in apoptosis occurred at any DEHP concentration.




Figure 2 | Induction of apoptosis and necrosis in TT (A) and CHO (B) cell lines after 24 h of exposure at increasing doses of DEHP. Data are expressed as means ± SD of two independent experiments. One-way ANOVA significance: # p ≤ 0.05 H2O2 vs medium in TT cell line; * p ≤ 0.05 H2O2 vs medium and treated vs solvent in CHO cell line; ** p ≤ 0.01 treated vs solvent in CHO cell line. TT, Tursiops truncatus; CHO, Chinese hamster ovary; DEHP, di(2-ethylhexyl)phthalate.






3.2 Genotoxicity


3.2.1 Comet assay

Comet assay results are shown in Table 1. In both TT and CHO cell lines, control cells showed a mean TI of 6.70 and 5.76, respectively. In both cell lines, treatment with solvent did not increase TI with respect to the control, while treatment with H2O2 (100 µM) caused a significant increase in both cell lines (p ≤ 0.01), reaching 12.27 and 11.95 in TT and CHO cell lines, respectively. Conversely, DEHP treatments did not exert any increase of primary DNA damage with respect to the solvent, neither in the TT nor in the CHO cell line.


Table 1 | Tail intensity (%) values obtained through the Comet assay in TT and CHO cell lines treated for 24 h with DEHP.





3.2.2 Cytokinesis-block micronucleus assay

Table 2 shows the results obtained performing the CBMN assay in TT and CHO cell lines after 24 h of DEHP treatments. In both cell lines, no differences in either MN frequencies or CBPI values emerged in the solvent samples, when compared to controls. Treatment with H2O2 (100 µM) caused significant increases in MN frequencies (p ≤ 0.01) and significant decreases in CBPI values (p ≤ 0.01) in both cell lines, coupled with an increase in the percentage of cytostasis.


Table 2 | Induction of micronuclei (MN), cytokinesis-block proliferation index (CBPI), and % of cytostasis in TT and CHO cell lines treated for 24 h with DEHP.



After DEHP treatments, in the TT cell line, the CBMN assay revealed a statistically significant increase in the frequencies of MN at all DEHP concentrations (p ≤ 0.01), when compared to the solvent. Moreover, a plateau trending increase in the yield of MN was observed, as well as a dose-dependent decrease of CBPI values and a statistically significant (p ≤ 0.01) increase in the percentage of cytostasis with respect to the solvent.

In the CHO cell line, DEHP treatments induced a statistically significant (p ≤ 0.01) and dose-dependent increase in the frequency of MN when compared with the solvent. A dose-dependent decrease of CBPI values and a statistically significant increase in the percentage of cytostasis at all DEHP concentrations (p ≤ 0.01) with respect to the solvent were observed.



3.2.3 Statistical comparison of cytotoxic effects in the two cell lines

The comparison of the cumulative cytotoxic effect (MTT + TBE) detected in the two cell lines highlighted the greater effect exerted by DEHP on the CHO cell line in terms of cell viability reduction and cell death induction, which resulted in statistical significance (KW p ≤ 0.01) when compared to TT cells. Nevertheless, the higher CHO mortality was due to a significantly higher necrosis induction (WT p ≤ 0.01), whereas the TT cell line still overwhelmed the CHO cell line in terms of induced apoptosis (WT p ≤ 0.01). Lastly, the comparison of the inhibition of cell proliferation (CBPI) showed a higher effect exerted by DEHP on the TT cell line (WT p ≤ 0.05).





4 Discussion

In the last few years, plastic pollution has become a global problem. DEHP, a plasticizer used in various plastic products, is one of the most common PAEs detected in the environment and especially in the marine environment, where it derives mainly from rivers’ input and chemical and physical degradation of plastic litter (Selvaraj et al., 2015; Paluselli et al., 2018; Zhang et al., 2021). DEHP causes immunotoxicity, metabolic toxicity, neurotoxicity, and endocrine toxicity in both terrestrial mammals (Chang et al., 2017; Radke et al., 2020; Weaver et al., 2020) and aquatic organisms (Molino et al., 2019; Yu et al., 2019; Xu et al., 2021; Zhang et al., 2021). In the current study, results of in vitro exposure to DEHP on TT and CHO cell lines highlighted cytotoxic and genotoxic effects, confirming that this phthalate constitutes an important threat to both marine and terrestrial mammals.

Both cytotoxicity assays revealed an effect of DEHP treatments in both cell lines, which resulted in statistical significance only in CHO cells. Therefore, both tests highlighted a higher sensitivity in terms of DEHP cytotoxicity on the CHO cell line; results were also supported by the analysis of cell death. It is worth noting that the differences that occurred between the two cell lines were likely due to a different sensitivity to DEHP, given that treatments with H2O2 caused nearly the same detrimental effect in terms of both cell viability and cell death in TT and CHO lines. Indeed, hydrogen peroxide can have immediate cellular effects when diffusing through cells and tissues (Sies, 2017). Similarly, previous studies have shown that DEHP has direct cytotoxic and genotoxic effects on several eukaryotic cell lines (Caldwell, 2012; Peropadre et al., 2013; Erkekoglu and Kocer-Gumusel, 2014; Pournejati et al., 2021). DEHP is rather stable in the aqueous phase, degrading under the specific condition of UV radiation intensity, pH, and temperature (Chen, 2010; Huang et al., 2017). Therefore, considering the purity of the DEHP tested (≥98%) and that the experiments were carried out in stable environmental conditions, our results could be explained by a direct effect of DEHP on both TT and CHO cell lines with a greater sensitivity of the latter. Cytotoxicity results are in agreement with previous studies, which demonstrated the cytotoxic effect of DEHP on both fishes (Zheng et al., 2013; Molino et al., 2019; Wang et al., 2020) and mammals, including humans (Eljezi et al., 2017; Eljezi et al., 2019; Weaver et al., 2020; Radke et al., 2020; Zhang et al., 2021). Furthermore, it has been observed a greater resistance of marine mammal cells to the cytotoxic effect of persistent pollutants, which might be due to adaptations and the development of more efficient detoxification mechanisms (Chen et al., 2009; Chen et al., 2012; Gui et al., 2014). In this context, the results obtained in vitro in this study also suggest a higher resistance to the effect of DEHP treatment on the fibroblasts of the bottlenose dolphin cell line compared to the CHO epithelial-like cells.

As for genotoxicity, in both TT and CHO cells, a clear genotoxic effect of DEHP was observed, as revealed by micronuclei induction. The Comet assay, carried out to verify the potential clastogenic effect of DEHP, detected no effect in either cell line, whereas the positive control with H2O2 always induced a statistically significant increase in DNA strand breaks. Conversely, in both cell lines, the CBMN assay showed an effect of DEHP with an increase in the frequency of micronuclei coupled with an increment of cytostasis and a dose-dependent decrease in cell proliferation. Moreover, when compared with CHO cells, the TT cell line displayed a higher cytostatic effect of DEHP. This affects the expression of chromosomal damage in terms of micronuclei that are dose-dependent in the CHO cell line while reaching a plateau in TT cells. Thus, the higher cytostasis detected in TT probably did not allow to fully detect cytogenetic damage induced by DEHP on the TT cell line. Performing both the Comet assay and the CBMN assay allows to detect with high sensitivity clastogenic and aneugenic substances (Araldi et al., 2015); therefore, their comparison suggests that micronuclei formation after DEHP exposure was not due to chromosome breakage but potentially by the loss of the entire chromosomes, due to an aneugenic effect of DEHP. This result indicates that DEHP may represent a greater risk for the bottlenose dolphin.

Previous genotoxic investigation of DEHP effects in mammals (Caldwell, 2012; Erkekoglu and Kocer-Gumusel, 2014) and fishes (Khalil et al., 2016; Ma et al., 2018; Molino et al., 2019) demonstrated both an increase in DNA strand breaks and an induction of micronuclei. The comparison with other data on aquatic organisms, like the European seabass (Molino et al., 2019) and the zebrafish (Chen et al., 2014), emphasizes a higher sensitivity of teleosts when compared to the bottlenose dolphin. Higher resistance of marine mammals, compared to other aquatic organisms, has already been suggested for other xenobiotics (e.g., PCB and heavy metals), which has been ascribed as an adaptation in response to high levels of contamination to which marine mammals are subjected (Chen et al., 2009; Desforges et al., 2016). With regard to PAEs, it has been shown that their concentration in the body of high-trophic-level organisms is often lower than that of organisms at the lower trophic levels (Sun et al., 2016; Zhang et al., 2021). This suggests a higher metabolic capacity of high-trophic-level organisms to produce PAE metabolites, which usually results in less toxicity than their parent compounds (Ye et al., 2014; Zhang et al., 2021).

The concentration of anthropogenic xenobiotics in marine mammals’ blubber can be used as an indicator of the sea’s contamination levels since marine mammals play an important role at the top of the food webs (Bossart, 2011; Desforges et al., 2016). However, due to obvious ethical and conservation reasons, there is severe legislation aimed at protecting marine mammals (Habitat Directive, 1992; ACCOBAMS, 2001; Marine Strategy Framework Directive, 2008), which prevents in vivo studies on these organisms. Thus, in vitro experiments afford the opportunity to evaluate marine mammals’ cellular response to xenobiotics and to make hypotheses regarding ecotoxicology hazards to wild organisms. The present work pays attention to one of the main and, to date, still poorly investigated threats of marine plastic litter: the ecotoxicological risk of plastic additives and its potential threat to marine mammals. Our approach permitted the detection of the cytotoxic and genotoxic effects caused by DEHP exposure, showing its effects on both cellular viability and DNA integrity in T. truncatus. Therefore, DEHP might be considered an additional stressor to the multiple threats that act synergistically and undermine marine mammals’ conservation. It is also relevant to pay attention to the potential chromosome loss detected since it is considered a mutation, which could be particularly insidious for the species and the conservation of genetic patterns (Fenech, 2008; Fan et al., 2019). Indeed, genetic damage can potentially extend from the individual to the population (Fan et al., 2019). Moreover, a link between marine mammal death and chemical pollution in the sea cannot be excluded, as in the past epizootic events (e.g., Cetacean morbillivirus) were connected to immunosuppression caused by high levels of contamination in the organism (Beineke et al., 2005; Mori et al., 2008; Beineke et al., 2010).

In conclusion, this study showed relevant cytotoxic and genotoxic effects of DEHP on both TT and CHO cell lines, occurring mainly as cell death, inhibition of cell proliferation, and induction of micronuclei. Moreover, data indicated also a different effect of DEHP treatment on the two cell lines such as a higher cytostasis on TT cells and stronger cytotoxicity on the CHO cell line as well as a greater resistance of the former to the toxic effects of phthalates. Although relatively high, the DEHP concentrations applied in the present study are similar to those recently found in T. truncatus blubber samples of 26,068 ng/g (about 0.07 mM), which is in the lower range of our treatments (Baini et al., 2017). Therefore, the current study underlines the importance of learning more about DEHP’s potential threat to the bottlenose dolphin and possibly other marine mammals, which are constantly exposed to plastic marine litter. In this respect, ex vivo studies could represent an additional approach to further assess the effects of DEHP.
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Sociality and ecological drivers that can influence individual association patterns are infrequently considered in wildlife management, although they are essential aspects affecting animals’ responses to both human-related pressures and conservation strategies. In common bottlenose dolphins (Tursiops truncatus), sex-specific social dynamics and interactions with anthropogenic activities may affect grouping and induce changes in relationships between individuals. Out of a total of 347 individuals, we assessed the level of association among 68 bottlenose dolphins that have been sighted more than five times near the Roman coast (central Mediterranean Sea, Italy). The half-weight index (HWI) of dyadic associations, their network relations, and stability over time were investigated by using the SOCPROG software. Outcomes showed that females were more strongly associated than other individuals, with both preferred constant short-term associations and random long-term associations, possibly resulting in greater success in rearing young. Individuals interacting with the bottom trawl fishery showed weaker and short-term associations. Temporary disruption of individual associations during interaction with fishery and the relatively low number of females with calves participating in depredation seem to denote both the opportunistic nature of interactions with fishing vessels and the offspring-related protection strategy. The results show that the dolphins in this region maintain a complex but flexible social structure that varies with local biological requirements and is resilient to anthropogenic pressures.




Keywords: social structure, Tursiops truncatus, trawling fishery, conservation, ecology, Tyrrhenian Sea



Introduction

Differences in gregariousness and social relationships are features of many group-living mammalian species, influencing numerous traits of an individual’s life, from feeding success, mate selection, and grouping in different life stages, to habitat preference (Pace et al., 2014a; Majolo and Huang, 2018; Pace et al., 2018) and defense against predators (Heithaus and Dill, 2006; Wirsing et al., 2008; Miller et al., 2022). Group formation is a highly dynamic process subjected to many variations in size and member composition over different temporal scales. Groups can separate (fission) or merge (fusion) (Couzin, 2006; Couzin and Laidre, 2009), and this fluid joining and splitting possibly evolved as an adaptive strategy to minimize competition in relation to the fickleness of resources, the mating access, and the habitat type (Majolo and Huang, 2018). The flexible scheme, within fission–fusion societies, is assumed to enable mammals to react to highly mobile resources and/or rapid-changing pressures. It allows to adjust the number of associates and to shift the identity of the individuals with which they relate (Archie and Chiyo, 2012). However, ‘strategic’ non-random association patterns and long-term social preferences may emerge in specific conditions or contexts. They can guide, for example, the development of sympatric communities, as in some common bottlenose dolphin (Tursiops truncatus, hereinafter ‘bottlenose dolphins’) populations with specializations in hunting/foraging techniques (Chilvers and Corkeron, 2001; Wiszniewski et al., 2009; Daura–Jorge et al., 2012; Pace et al., 2012). In the fluid fission–fusion societies of bottlenose dolphins, the composition of group members changes over hours, days, or seasons (Gowans et al., 2007). Differences in interaction patterns and social affinity between and within genders are also recognized (Moreno and Acevedo-Gutiérrez, 2016). For example, sex-specific social dynamics, such as sex-age segregation (in Florida: Wells et al., 1987), hierarchical male alliances (in Australia: Randić et al., 2012; Connor and Krützen, 2015), strong or preferred associations between/within sexes (in New Zealand and Australia: Lusseau et al., 2003; Gero et al., 2005, respectively), and female–male affiliations with the absence of male alliances (in Ireland: Baker et al., 2020), may have effects on social structure.

Bottlenose dolphin social structure shows a high degree of flexibility and adaptations, with changes in the association patterns relative to different pressures acting on local populations (Papale et al., 2017; Louis et al., 2018). The environmental conditions, habitat features (Lusseau et al., 2003; Wiszniewski et al., 2009), behavioral states (Moreno and Acevedo-Gutiérrez, 2016), and prey availability and predictability (Gowans et al., 2007; Wiszniewski et al., 2009), are considered drivers for variations in bottlenose dolphin social structure (Díaz López and Shirai, 2008; Blumstein, 2010; Pace et al., 2012; Blasi and Boitani, 2014; Genov et al., 2019; Bonizzoni et al., 2021; Frau et al., 2021). Furthermore, anthropogenic factors and other mediating forces that alter resource accessibility and distribution can influence the association pattern among individuals. For example, individuals opportunistically exploiting both aquaculture cages and trawling fishery may form long-term preferred companionship (Pace et al., 2012). However, during opportunistic feeding behavior at marine fish farms, the number of dolphin associations is described to decrease, as it is easier to capture prey, and cooperation is not as necessary (Díaz López and Shirai, 2008). A trawler efficiently herds species that are part of the bottlenose dolphin diet, letting dolphins decrease the effort spent feeding, in both energy and time, thus enhancing foraging effectiveness (Fertl and Leatherwood, 1997; Pace et al., 2012). The energetic benefit of depredation (Tixier et al., 2015) comes with an increased risk of injury for individuals, incidental capture (bycatch), and/or mortality during the interaction with the fishing gear, leading to a risk–reward trade-off that can modify individual behavior and social dynamics (Santana–Garcon et al., 2018; Buscaino et al., 2021). Several common bottlenose dolphin populations are known to interact with different fishing gears (e.g., Blasi and Boitani, 2014; Pennino et al., 2015; Buscaino et al., 2021), and a number of reports are related to trawling boats (e.g., Pace et al., 2012; Genov et al., 2019; Bonizzoni et al., 2021; Bonizzoni et al., 2022), with individuals intentionally entering the nets and actively take advantage of fisheries through depredation (i.e., injuries or removal of captured fish from a fishing gear; Chilvers and Corkeron, 2001; Hamer et al., 2012).

The interaction with trawling vessels highlights conservation issues and management implications as well (e.g., Chilvers and Corkeron, 2001; Pace et al., 2012; Bonizzoni et al., 2021; Vella et al., 2021; Bonizzoni et al., 2022). It clearly influences social dynamics and changes the pattern of interactions at the group level, possibly affecting demographic parameters such as survival and reproduction (Maldonado-Chaparro and Chaverri, 2021). The disruption of groups and the loss of individuals that may play central roles within a social network, possibly holding key information (e.g., the location of food resources or the fulfillment of specific feeding strategies), could induce the loss of behavioral diversity (Kühl et al., 2019) and may result in a reduction of adaptability to changing conditions (He et al., 2019). Sociality and ecological drivers that affect population dynamics and select for individual association patterns are infrequently considered in wildlife management (Bolaños-Jiménez et al., 2021), although they affect animals’ responses to both human-related pressures and conservation strategies (Díaz López, 2019). Considering that different geographic units may have highly variable sizes, distribution patterns, degrees of exposure to potential anthropogenic threats, and flexible social structures, understanding drivers affecting association patterns could be crucial for dolphin conservation (Avila et al., 2018; Díaz López, 2019). Information on the social structure of bottlenose dolphin units in the Mediterranean Sea is scattered and not fully reported yet (Blasi and Boitani, 2014). Some of the available data seem to suggest that sex composition (Blasi and Boitani, 2014) and operational trawlers (Pace et al., 2012; Genov et al., 2019; Bonizzoni et al., 2021; Bonizzoni et al., 2022) may play a pivotal role in shaping social structure and patterns of individual arrangements. Here, the social structure of the bottlenose dolphins living nearby the Tiber River estuary (central Mediterranean Sea, Italy) is reported, with the aim of providing an initial assessment of the relationships between individuals in this geographical unit under local conditions. Furthermore, the following goals are achieved: a) evaluating the level of association between individuals within groups, b) examining if any evidence occurred for sex-specific patterns, c) assessing eventual changes in groups opportunistically interacting with trawlers, and d) discussing ecological implications and associated conservation issues.



Materials and methods


Study site

The study area (Figure 1) is located in the central Tyrrhenian Sea (Mediterranean Sea, Italy). The area is characterized by a variety of habitats (seagrass meadows; hard and soft bottom communities within coastal banks and cliffs; Ventura et al., 2015; Ardizzone et al., 2018; Ventura et al., 2018; Bonifazi et al., 2019; Casoli et al., 2019) and includes the Tiber River estuary. The southern portion of the seabed of the Tiber River’s mouths presents several habitats of biological importance (i.e., coralligenous outcrops and Posidonia oceanica meadows, extending on both sandy and rocky substrata), which are included in the EU Natura 2000 network Sites of Community Importance and the Marine Protected Area of Secche di Tor Paterno (MPA IT6000010, 1,387 ha).




Figure 1 | Study area in Central Tyrrhenian Sea (Mediterranean Sea, Italy). Black lines represent the 2017–2020 survey tracks, red dots correspond to the location of the bottlenose dolphin encounters, black dots identify the two single-point moorings (SPMs), and the yellow square delimits the Secche di Tor Paterno marine protected area (MPA).



At about 3 nautical miles off the two Tiber River mouths is situated a terminal including two single-point moorings (SPMs) handling crude and petroleum products. Navigation, anchoring, diving, and fishing are banned within a radius of 750 m from each SPM. These structures are reported to attract some dolphin species (Triossi et al., 2013; Todd et al., 2020), as confirmed by the regular presence of groups of bottlenose dolphins around them (Pace et al., 2019; Pace et al., 2021). Bottlenose dolphins are also commonly reported at the mouths of the Tiber River and the Secche di Tor Paterno MPA (Pace et al., 2019; Pace et al., 2021; Martino et al., 2021). Three hundred forty-seven unique individuals have been photo identified, with females showing a high degree of site fidelity, low levels of dispersion, and localized movements (Pace et al., 2021). Mother–calf dyads have been observed throughout all survey seasons (May–November). Bottlenose dolphin occurrence is possibly favored by the ecological conditions and heterogeneity of morphological features of the region (Ardizzone et al., 2018). Water mass circulation generates upwellings that support high productivity, making the area a suitable site for both feeding and nursing bottlenose dolphins (Pace et al., 2019; Pedrazzi et al., 2022). The study area is considered a valuable ground for the commercial fishery as well (Ardizzone et al., 2018) and is characterized by a high proportion of small-scale artisanal fishery and larger trawling vessels (Ardizzone et al., 2018). Bottom trawlers belonging to the Fiumicino fleet, consisting of 25–30 vessels typically 18–25 m long, operate on both the continental shelf and the slope, running 1-day fishing trips from Monday to Friday year-round. Interactions with fishery were commonly observed in the bottlenose dolphin population frequenting the area (Pace et al., 2019; Pace et al., 2021; Pace et al., 2022). Dolphins have been observed foraging almost evenly across all the study sites, where target prey species (Blanco et al., 2001; Bearzi et al., 2009) are distributed. These include demersal species (European hake, Merluccius merluccius; red mullets, Mullus barbatus and Mullus surmuletus), small pelagic fishes (sardine, Sardina pilchardus; anchovy, Engraulis encrasicolus), cephalopods (common octopus, Octopus vulgaris; horned octopus Eledone cirrhosa), and crustaceans (shrimps, Parapenaeus longirostris; Norway lobster, Nephrops norvegicus), which are also main fishery targets (Ardizzone et al., 2018). Prey abundance appears to peak in August, with anchovies representing more than 20% of the fishery catches (EMODnet, 2022; EUMOFA, 2022).



Data collection

Focal follows and photo-identification protocols over four survey seasons, from August 2017 to November 2020, were conducted. Data were collected onboard a sailing vessel Beneteau, model Oceanis, length 41.1 ft, powered by a 55-hp Volvo diesel engine. Daily surveys were carried out principally during summer, in favorable weather conditions (i.e., sea state ≤ 3 Douglas, wind force ≤ 3 Beaufort, no rain, and no fog). Surveys were conducted by three to six observers alternating between 7 × 50 and 7 × 80 binoculars and the naked eye, at a steady speed of 4–6 knots. Survey track lines did not follow a standardized scheme but an adaptive procedure (Dawson et al., 2008; La Manna et al., 2016; La Manna et al., 2020; Martino et al., 2021). Acoustic data were also collected (Papale et al., 2021; Pace et al., 2022).

A group of dolphins were defined as a number of individuals with relatively close spatial cohesion (i.e., each member within 10 m of any other member) engaged in similar predominant behavioral activities (Parra et al., 2006). When a dolphin group was sighted, location, time, direction, behavior, size, age classes (see below), and the presence of concomitant anthropogenic activities (e.g., fishing vessels, fishing gears, and pleasure boats) were recorded. More specifically, the occurrence of trawlers and the presence of dolphins interacting with the fishing vessels were evaluated. Dolphins were considered to interact with trawlers when following the operating vessel at a variable distance (from less than 100 to 400 m; similarly to Pace et al., 2012; Genov et al., 2019), alternating sequences of short surfacing with dives of different duration (from 2 to 6 min), and often showing surface behaviors (e.g., rushes and leaps).

Two observers collected photographs of the dorsal fins using Canon digital 5D and 6D cameras and Canon 70–300 and 100–400 mm f/4.5–5.6L lenses. Once observers were confident that the best possible photographs had been acquired, or the animals were lost, dolphin sighting ended. Total group size and age class composition were estimated in the field and then corrected (if needed) via photo-identification analysis. Age class was defined following Pace et al. (2021): adult = an individual generally of a length of about 2.8–3.0 m; juvenile = a poorly scarred and rarely nicked individual of about 2/3 the length of an adult; calf = an individual of about 1/2 the length of an adult, with often visible fetal folds, always in echelon swimming position close to an adult mid-lateral flank; and newborn = an individual of about 1/3 the length of an adult, with visible fetal folds, swimming uncoordinatedly always in echelon position, very close to an adult. Sex was determined whenever possible using the following procedures (Pace et al., 2021): the collection of photographs of the genital area of individuals or the observation of constant adult–offspring associations during one or more encounters (the adult was assumed to be a female). Each sighting and related photo-identification analysis were considered an independent sample.



Photo-identification analysis

Photographs were classified considering their quality (see Würsig and Jefferson, 1990), and a quality grade (G) of between 1 and 5 was assigned to each image. Only high-quality photos with G ≥ 4 were used. The occurrence and position of permanent natural markings on the dorsal fins (such as nicks and notches) and on the body were used to univocally recognize dolphins (Pulcini et al., 2014; Urian et al., 2015; Mariani et al., 2016; Mussi et al., 2021). The individual distinctiveness was scored as well-marked (individuals with highly distinctive dorsal fins and scars on the body), fairly marked (individuals with moderately distinctive dorsal fins), and unmarked (individuals with no distinctive features on dorsal fins) (see Pace et al., 2021 for further details).



Association patterns, social network analysis, and temporal patterns

The ‘gambit of the group’ (GoG) assumption, i.e., each animal in a group or a cluster is associating and interacting with every other animal in that group, was adopted to examine dolphins’ association patterns (Whitehead and Dufault, 1999; Whitehead, 2008a; Franks et al., 2010). To reduce biases (Chilvers and Corkeron, 2001; Bouveroux et al., 2019), and to include bottlenose dolphins regularly frequenting the study area, only distinctive individuals encountered on ≥5 occasions in two to four different years were used for the association analysis (all individuals, AI dataset; n = 68). The number of 68 individuals resulted in a powerful sample size considering an estimated abundance of 80 resident bottlenose dolphins in the study area (see Pace et al., 2021, for details on population abundance). The sample size was calculated using G*Power 3 software (Faul and Erdfelder, 1992; Faul et al., 2007). Then, association patterns were specifically examined in a) the subgroup of individuals classified as ‘females’ (females only, FO dataset; n = 23), b) the subgroup of individuals interacting with trawling vessels at least 70% of their total encounter occasions (individuals in the presence of trawls, PT dataset; n = 23), and c) the subgroup of individuals not interacting with trawling vessels at least 70% of their total encounter occasions (individuals in the absence of trawls, AT dataset; n = 27). We used the 70% threshold since about 30% of the sightings occurred when trawling vessels were not operating (every Saturday and Sunday, and during the fishing break period for biological recovery each year). Daily sampling periods were used to remove demographic effects occurring during the study period, such as birth, death, immigration, and emigration (Whitehead, 2008b; Bouveroux et al., 2019).

Three basic approaches were considered using the software SOCPROG version 2.9 (Whitehead, 2009a): 1) the dyadic association levels, 2) the network metrics, and 3) the type and temporal stability of the associations. Dyadic associations were evaluated with the half-weight index (HWI) (Cairns and Schwager, 1987). HWI measures the proportion of times a pair of individuals was associated, ranging from 0 to 1 (with 0 indicating a pair never observed together and 1 a pair always observed together). Following Quintana–Rizzo and Wells (2001), HWIs were classified into categories based on strength of associations. Mean and maximum levels of association (HWIave and HWImax, respectively) were examined for each individual. The social differentiation (S), i.e., the coefficient of variation (CV) of the true association indices, represents how varied the social system is. This was estimated by maximizing the likelihood of observed dyadic associations using the algorithm available in SOCPROG. S values close to 0 reveal a very homogeneous society, S close to 0.5 indicates quite well-differentiated societies, and S > 2 indicates extremely differentiated societies (Whitehead, 2008b).

To characterize social bonds between individuals, a mean linkage hierarchical cluster analysis was performed. Results were represented as dendrogram only if the cophenetic correlation coeficient (CCC, i.e., the correlation between real HWIs and the levels of clustering between individuals)—which ranges from 0 to 1—was greater than about 0.8 (which indicates a reliable separation among clusters; Whitehead, 2008b). The modularity clustering technique (Newman, 2006) was then applied to understand whether the population is divided into clusters of individuals based on social affiliations. The modularity coefficient (Q), i.e., the difference between the observed and the expected proportion of the total of the HWIs within clusters (Newman, 2006; Dungan et al., 2016), was calculated in SOCPROG. Q values ≥ 0.3 reveal strong divisions in the population (Newman, 2006).

The presence of preferred (non-random) associations among dolphins was tested through a modified permutation test against the null hypothesis that the dolphins were randomly associated. The Manly and Bëjder permutation technique (Manly, 1995; Bëjder et al., 1998) in SOCPROG—with extensions advanced by Whitehead (1999); Whitehead et al. (2005) and corrections introduced by Krause et al. (2009)—was used. The association matrices were randomly permutated 10,000 times with 1,000 flips per permutation, with HWIs being calculated after each permutation, at which point the p-values stabilized (Whitehead, 2009a and b). Since the p-value cannot be considered as a statistical threshold to identify significant associations (Whitehead, 2008a), an arbitrary threshold was fixed to identify the significant associations at twice the mean association index of the population, including zero values (Gero et al., 2005; Frau et al., 2021). The hypothesis of non-random associations (i.e., preferred companionships in the population) in the observed matrix was accepted if the value of the standard deviation (SD) and the coefficient of variation (CV) were significantly higher than those computed from the randomly permuted data (Whitehead and Dufault, 1999; Whitehead, 2008b).

Then, the social structure was examined through specific network metrics (Wey et al., 2008; Croft et al., 2011). To measure how individuals were connected and/or central in the groups (Whitehead, 2008b), the following parameters were estimated in SOCPROG. a) The strength: it indicates the gregariousness of each individual, so larger values suggest a broad preference for larger groups. b) The affinity: it measures if individuals are strongly connected to other individuals that have also strong connections, so an individual with high affinity has relatively high associations with individuals that have high strength. c) The eigenvector centrality: it determines an individual’s relevance (connectedness) in the network, so higher values indicate that individuals generally have high gregariousness and/or are connected to individuals with high gregariousness. d) The reach: it evaluates the indirect connectedness of an individual, so a high value indicates that individuals are indirectly linked to many others in the population. e) The clustering coefficient: it measures how well the associates of an individual are themselves associated, so a value of 0 indicates none of an individual’s associates are associated with each other, and a value of 1 indicates that are all associates of each other with equal weight (Whitehead, 2008b; Titcomb et al., 2015; Dungan et al., 2016). In a well-connected network, all these measurements are likely significantly higher than expected at random. To graphically display network relationships and illustrate the structure of each network, sociograms were obtained with NetDraw 2.123 (Borgatti et al., 2002) using double HWIave values and their multiples (Diaz-Aguirre et al., 2020).

Finally, to determine the stability over time of associations, the standardized lagged association rate (SLAR; Whitehead, 1995) was calculated for the AI, FO, PT, and AT datasets. The SLAR estimates the probability of resighting two individuals in association at t(x), after having found them associated at t(0). The following four exponential models in SOCPROG were fitted to SLAR to describe the temporal patterning of bottlenose dolphin associations at the Tiber River estuary. 1) Preferred companions: some pairs of individuals have a preference for associating, which is constant over time, suggesting permanent associations. 2) Casual acquaintances: some pairs of individuals associate for some time, disassociate, and may reassociate. 3) Constant companions and casual acquaintances: association followed by disassociation at some time lag to a lower level of associations where associations stabilize. 4) Two levels of casual acquaintances: association and disassociation occurring on two different time scales. The best-fitting model was chosen according to the lowest quasi-Akaike information criterion (QAIC) (Burnham and Anderson, 2002).




Results

A total of 137 surveys were conducted between 2017 and 2020, covering a total of 4,967 km on-effort within the study area (Figure 1). As reported in Pace et al. (2021), 105 bottlenose dolphin groups were encountered during surveys; their distribution within the study area is shown in Figure 1. Group size ranged from one to 65 animals, with an average value of 15. The typical group composition consisted of several adults, mostly accompanied by calves (70% of sightings). Three hundred forty-seven (347) unique individuals were identified from 104,781 high-quality images (40% of the total photographs collected). The maximum number of re-sighting was 30 for a single animal, while 65% of individuals (n = 226) were recorded only once or twice (Figure 2A). The discovery curve for the overall number of identified individuals regularly increased throughout the study, while the curve of the 68 identified at least five times (AI dataset) showed a stabilization over time (Figure 2B).




Figure 2 | (A) Frequency distribution of the number of encounters of individual bottlenose dolphins. (B) Cumulative discovery curves for bottlenose dolphin individuals over the study period. The solid line shows the discovery curve for the overall 347 individuals identified; the broken line represents the discovery curve for the 68 individuals seen at least five times.




Association level

The estimate of social differentiation (S) indicates a good representation of the social pattern, with a quite well-differentiated population (S = 0.54, SE = 0.06, n = 100 bootstrap replicates). The overall HWIave obtained for the individuals in the AI dataset (n = 68) was 0.18 ± 0.06, suggesting very low levels of associations. However, the overall HWImax was considerably higher (0.58 ± 0.13), with 14 individuals (21% of the total) showing HWImax ≥ 0.70. Five of these individuals with higher HWImax were females. Indeed, females (FO dataset, n = 23) showed a higher HWIave (0.25 ± 0.08) than the overall individuals, with 13 individuals (57%) strongly associated (HWIave > 0.5), including a pair (seen between 18 and 27 times) having HWIave > 0.7 (Figure 3, top panel, CCC ≥ 0.80). The modularity coeficient (Q = 0.11) also indicates divisions in the female network (the best division into clusters was at an association index of 0.3), resulting in two main clusters of six and 10 individuals.




Figure 3 | Hierarchical cluster analysis of female bottlenose dolphins (FO dataset, n = 23; top panel) and individuals mostly seen without interactions with trawling vessels (AT dataset, n = 27; bottom panel) using the half-weight index.



Monte Carlo permutation tests for equal variances (n = 10,000) showed a significant lower HWIave (F = 6.565; p = 0.0001) and HWImax (F = 2.418; p = 0.0087) for individuals mostly seen in association with trawling vessels (PT dataset; HWIave = 0.21 ± 0.04; HWImax = 0.57 ± 0.12) compared to dolphins preferentially observed without interactions (AT dataset; HWIave = 0.25 ± 0.11; HWImax = 0.65 ± 0.18). The modularity coeficient without trawling vessels (AT dataset; Q = 0.15) indicates divisions in the network (the best division into clusters was at an association index of 0.3), resulting in four main clusters of two, three, four, and 15 individuals; Figure 3, bottom panel; CCC ≥ 0.80).



Preferred/avoided associations

The results of the permutation tests on possible preferred or avoided associations in the population are reported in Table 1. In the overall population (AI dataset), in female individuals (FO dataset), and dolphins preferentially observed without interactions with trawling vessels (AT dataset), permutation tests hinted at preferred companionships, as revealed by a significantly higher SD and CV of the observed data compared with random data. The significantly smaller proportion of non-zero HWIs in the observed data (AI, FO, and AT datasets) seem to indicate that avoidance between individuals may also occur within the investigated population. Short-term preferred associations emerged in individuals mostly seen in association with trawling vessels (PT dataset), whereby random HWIave was lower than the observed data.


Table 1 | Permutation tests for preferred and avoided associations of bottlenose dolphins.





Social network

The values of the social metric parameters in the investigated datasets are shown in Table 2. The characterization of the social network of overall individuals (AI dataset) emphasized a well-connected network. All metrics (strength, affinity, eigen-centrality, reach, and clustering coeficient) were significantly different from random, indicating a general preference for larger groups, with individuals strongly connected to each other and indirectly linked to many others in the population. The same pattern was observed for female individuals (FO dataset) and dolphins preferentially observed without interactions with trawling vessels (AT dataset) as well, while all network metrics were not significantly different from random for individuals mostly observed in association with trawling vessels (PT dataset).


Table 2 | Network metrics for the different groups of individuals considered in this study.



The sociograms generated with levels of double HWIave showed the well-connected bottlenose dolphin network at the Tiber River estuary and confirmed several strong associations among females (Figure 4, upper panels). The networks in the absence or presence of fishing vessels (Figure 4, lower panels, respectively) were different, with the former characterized by multiple connections between female individuals and the latter by a lower number of links between individuals of unknown sex. Both networks showed a triad separated from the principal ones.




Figure 4 | Sociograms of individuals in the different datasets. Sociograms were set with HWI values at least twice the HWIave for all datasets. Top left: sociogram of overall individuals (AI dataset, HWI ≥ 0.36). Top right: sociogram of female individuals (FO dataset, HWI ≥ 0.50). Bottom left: sociogram of individuals not preferentially interacting with trawlers (AT dataset, HWI ≥ 0.50). Bottom right: individuals preferentially interacting with trawlers (PT dataset, HWI ≥ 0.42). Purple circles indicate females, and orange squares mark individuals of unknown gender. HWI, half-weight index.





Type and temporal stability of the associations

The best-fitting model (Table 3) obtained for overall (AI dataset) and female individuals (FO dataset) was ‘two levels of casual acquaintance’ (a short, casual level of association and a longer‐term one). However, in the female dataset, a model containing ‘constant companions and casual acquaintances’ strongly supported the SLAR as well, suggesting that sex-specific patterns of association may persist over time between females at two levels of association, one of ‘constant companions’(preferred and constant short-term associations) and one of ‘casual acquaintances’ (random long-term associations). Thus, although the social structure appeared to be driven by short‐term relationships, female individuals also had longer‐term and constant companions over the 4-year study period. A similar result was highlighted for individuals mainly observed in the presence of trawling vessels (PT dataset). The model containing ‘casual acquaintances’(random long-term associations) was the best-fitting one in the case of individuals principally sighted without trawls (AT dataset), although a model containing ‘constant companions and casual acquaintances’ strongly supported the SLAR as well.


Table 3 | Exponential decay models fitted to the standardized lagged association rate (SLAR) among bottlenose dolphin individuals at the Tiber River estuary.






Discussion

This study investigated for the first time the social structure of T. truncatus in the Tiber River estuary (Italy) over 4 years. The discovery curve for these individuals (AI dataset) showed a stabilization after 15 encounters, highlighting that the portion of individuals within the population showing a considerable degree of site fidelity was captured, similarly to bottlenose dolphins at the Shannon Estuary (Baker et al., 2018) and in a lagoon in the Gulf of Mexico (Morteo et al., 2017). Results also showed that common bottlenose dolphins in the Tiber River estuary were organized into a quite well-differentiated fission–fusion society encompassing both extremely fluid and stable associations between individuals, which seem to be a common pattern among bottlenose dolphin populations (e.g., Moreno and Acevedo-Gutiérrez, 2016; Morales-Rincon et al., 2019). HWIave was significantly higher in both females and individuals not interacting with trawling vessels if compared to the overall individuals. Association levels in female bottlenose dolphins are generally related to reproductive state (Connor et al., 2000), calf protection and food access (Mann et al., 2000; Möller et al., 2006), defense against predators and male coercion (Connor et al., 2000; Galezo et al., 2018), or lifetime fitness (Möller et al., 2006). Here, the stronger associations between females seem analogous to other populations (e.g., Papale et al., 2017), where females tend to associate with other females sharing similar energy requirements to obtain greater success in rearing the young and maximize the chances of offspring survival (Wells, 2003; Möller and Harcourt, 2008; Rendell et al., 2019; Diaz-Aguirre et al., 2020).

From a behavioral ecology perspective, the higher levels of associations here observed between individuals in the absence of trawling vessels could be related to possible benefits from 1) increased cooperation and reduced intragroup competition to advance information sharing when the patchy and uneven distribution of prey occur, since cooperative foraging strategies may increase the foraging efficiency (Methion and Díaz López, 2020); 2) safer contexts to improve calf care, social behaviors, or resting in females; and 3) foraging specializations preferences (not related to bottom trawling fishery) possibly transferred from mother to offspring through the social learning process (vertical transmission; Rendell and Whitehead, 2001; Weiss, 2006). Although our study did not find separate bottlenose dolphin ‘trawling’ and ‘non-trawling’ communities (Chilvers and Corkeron, 2001; Genov et al., 2019), despite overlapping spatial ranges, significantly lower association levels were obtained when individuals interact with trawls. The opportunistic interaction behind the trawling vessel makes it possible to feed on organisms captured by the trawl, picking out fish entangled in the nets or possibly feeding on fish passing through the net meshes (Fertl and Leatherwood, 1997), even behaviorally impaired (Ryer et al., 2004). Concentrated food sources and increased prey availability are key attracting factors for bottlenose dolphins (Fertl and Leatherwood, 1997), which may act individually with lower association levels. However, despite these positive aspects, animals are exposed to the risk of bycatch (dolphins that spend more time in the vicinity of fishing nets are more likely to get caught than dolphins that avoid the interaction; Fortuna et al., 2010), although there is no reported evidence of entanglement or bycatch in the study area (Carpentieri et al., 2021).

Similarly, to the estuarine population of bottlenose dolphins in the Indian River (Titcomb et al., 2015), social network structures governed by preferred and avoided companionships were not homogeneous. The networks varied from a few vertices with multiple links to only one or two links. The overall dataset (AI) network appeared cohesive and well-connected, showing multiple links between individuals. Females seemed to have a central role in this network, being strongly associated with each other. This pattern of association between females appeared clearer in the female-only network (FO) and in the network of individuals not preferentially interacting with trawls (AT), where central positions were occupied almost by the same female individuals. However, individuals not identified as females composed the network of animals mostly seen in association with trawling vessels. Non-random associations are common in many terrestrial and marine mammals that exhibit fission–fusion grouping patterns [e.g., African elephants, Loxodonta africana (Wittemyer et al., 2005); Indian ocean humpback dolphins, Sousa plumbea (Bouveroux et al., 2019); killer whale, Orcinus orca (Ford et al., 2000), particularly in female clusters [e.g., bottlenose dolphins (Connor et al., 2000); grey kangaroos, Macropus giganteus (Best et al., 2014); zebras, Equus grevyi (Sundaresan et al., 2007); and giraffes, Giraffa camelopardalis (Carter et al., 2013)]. Here, non-random associations within different groups may indicate that not all individuals have the same role in this society or play a similar part in the network’s cohesion (Lusseau et al., 2003). Individual female centrality and the strength of associations with other females, for example, are likely to change over time because of variable interbirth intervals (Mann et al., 2000; Barrett and Henzi, 2002), thus altering the networks’ configuration. It is known that kinship may also play an important role in shaping female associations (Diaz-Aguirre et al., 2020), but it is not known the degree of genetic relatedness between females in the study area. This aspect needs further investigations in the future.

The type and temporal stability of the associations of the bottlenose dolphin groups in the Tiber River estuary were best described by models containing a) associations or dissociations at two different time scales (‘two levels of casual acquaintances’), where the associations eventually decay completely, and b) short-term preferred mates and occasional long-term acquaintances with individuals that associate over a period of time, disassociate, and re-associate later (‘constant companions and casual acquaintances’). In females, the tendency to form strong temporary associations with other females appears to be a defense technique to reduce harassment by groups of males (Moreno and Acevedo-Gutiérrez, 2016; Galezo et al., 2018), but prey type may play an important role in the decision-making regarding leaving and/or bonding specific individuals in a group as well (Lusseau et al., 2004). Indeed, the wide-open habitat at the Tiber River mouths allows bottlenose dolphins both to pursue and circle schooling fish, with a few individuals at a time preying (Connor et al., 2000) and to individually target isolated prey items throughout the water column. These strategies may favor associations or disassociations at different temporal scales depending on changing foraging opportunities (Gregorietti et al., 2021).


Conservation implications

In the Tiber River estuary, bottlenose dolphins appear to be organized in a fission–fusion society characterized by both free and fluctuating, but also strong and preferred associations. Strong social bonds can be attributed to differences in habitat use and residency patterns of dolphin groups inhabiting the study region (Pace et al., 2021) and to the regular presence of females with their recent offspring (Pedrazzi et al., 2022). The River mouths are likely to represent a key nursery ground and a valuable habitat with an important availability of suitable food sources for bottlenose dolphins since nutrient transport influences primary production and the whole trophic web. These favorable local conditions also support the exploitation by trawling fishery, which in turn affects the social dynamics of the population. Furthermore, the presence of trawling vessels can influence relationships and bonds between individuals because the behavioral complexity required to advantageously complete this opportunistic feeding activity possibly implies a specific type of cooperation (Pace et al., 2012). Nevertheless, in this study, common bottlenose dolphins established weaker associations in the presence of trawling, letting us presume that they might prefer limiting the risk of bycatch by avoiding associating during this activity. This hypothesis seems to be also supported by the lower presence of identified females (prevalently recognized by the occurrence of associated calves) following fishing trawlers, suggesting that females with calves are possibly using other foraging strategies (not related to operating bottom trawlers) to secure food more easily when resources are generally abundant (as in the study area), in order to meet their daily energetic requirement and prevent unnecessary risk (Kovacs et al., 2017). From a conservation perspective, both aspects (weaker associations between individuals and mother–calf pairs avoidance) may be pivotal since they represent a temporary disruption of adult social bonds due to fishing activity but may also denote that dolphin’s social structure may be a complex adaptive system resilient to anthropogenic disturbance (Ansmann et al., 2012; Díaz López, 2019; Genov et al., 2019; Frau et al., 2021), as bonds are restored when fishing trawlers are absent. Different anthropogenic activities have been demonstrated to possibly alter population structure in terms of age and sex composition, by influencing the survival rate (Senigaglia et al., 2019; Tenan et al., 2020) or affecting the relationships among individuals (Marley et al., 2017), with the potential of eventually influencing population dynamics (Tenan et al., 2020). Thus, assessing how social structure changes and adapts in response to human activities is essential to investigate the possible consequences of anthropogenic disturbance on a population level. This study reports information on a bottlenose dolphin population over a 4-year period, which is a short time frame that does not allow for analyzing interannual or even generational changes. Further, long-term data collection is therefore needed to investigate population dynamics over a wider time frame (Pace et al., 2014b).

The present work provides new evidence on the common bottlenose dolphin that could be useful for future management plans and practical conservation efforts for the species. To date, current management approaches focus on the conservation of numbers of animals, yet this study emphasizes the importance of individual variations and the necessity to preserve behaviors that allow adaptation to the local environment. The bottlenose dolphin is included in Annex II of the EU Habitats Directive (92/43/CEE) as priority species and listed as Least Concern in the last International Union for Conservation of Nature (IUCN) Red List of Threatened species regional assessment (Natoli et al., 2021). This new assessment strongly indicated to monitor the effects of human-related stressors, to guarantee the preservation of intra-species diversity and the survival across its range (Natoli et al., 2021). In addition, the Tiber River estuary area was identified as an ‘Area of Interest’ for bottlenose dolphin during the first Important Marine Mammal Areas (IMMA) Mediterranean workshop organized by the IUCN Marine Mammal Protected Areas Task Force (IUCN, 2017). This was the first significant step toward the recognition of this discrete area as important for feeding and reproduction of the common bottlenose dolphin, thus having the potential to be managed for conservation.
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The Cetacean Migration Corridor is an important marine protected area for cetacean species in the Western Mediterranean, and part of its waters constitute the main fishing grounds for the Valencia region (East Spain) fishing fleet. Here we aim to assess the interactions between all active fisheries operating in the waters of the Valencia region and the cetacean species inhabiting this area. A total of 282 face-to-face interviews (51.37% of the total fleet) to fishers were held on 20 ports at the study area to gather information about cetacean by-catch and all types of interactions between fisheries and cetaceans. The interviewed bottom trawlers (n = 148 boats) reported a monthly by-catch rate (C) of 0.01 dolphins per vessel. Bottom trawling vessels operating at neritic zones only reported by-catch of common bottlenose dolphin (C = 0.009), while those fishing at oceanic zones by-caught striped dolphin (C = 0.006) and common bottlenose dolphin (C = 0.003). The interviewed artisanal fishers (n = 114 boats), the second most important fishery in the study area, only reported one dolphin by-catch event, but 90 of these boats communicated continued negative interactions with the common bottlenose dolphin, causing gear damage and catch take. The interviewed vessels gave an estimation of their annual economic loss produced by this interaction (mean ± SD: 2,998.10 ± 2095.02 € per boat). Other fisheries operating in the Valencia region were purse-seiners (n = 15 boats) and pelagic longlines, a fishery that has almost disappeared in the study area (n = 5 boats). The first one had the highest estimated dolphin by-catch rate (C= 0.04) and mainly interacted with common bottlenose dolphin, but also with striped dolphin. The information gathered from interviews was complimented with long-term stranding data (1990–2020). Despite the fact that only 7.80% of all recorded stranded cetaceans showed fisheries interaction signs, 26.72% of the common bottlenose dolphins recorded showed evidence of this interaction, thus confirming that it is the cetacean species most affected by fisheries in the area. Records of stranded striped dolphin (6.45%) also showed evidence of fisheries interaction. Based on both dolphin by-catch and gear damage, management plans are needed in the area to ensure cetacean conservation and also fisheries sustainability in waters inside and around marine protected areas at the Spain’s Mediterranean.
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1. Introduction

The Western Mediterranean basin hosts up to eight resident cetacean species. The striped dolphin (Stenella coeruleoalba) is the most abundant species in the area, but common bottlenose dolphin (Tursiops truncatus), short-beaked common dolphin (Delphinus delphis), Risso’s dolphin (Grampus griseus), long-finned pilot whale (Globicephala melas), fin whale (Balaenoptera physalus), sperm whale (Physeter macrocephalus), and Cuviers’ beaked whale (Ziphius cavirostris) also have stable populations in the area (Gómez de Segura et al., 2006; Boisseau et al., 2010). Moreover, other vagrant species have been reported in this area, such as the minke whale (Balaenoptera acutorostrata; Fraija-Fernández et al., 2015, and references therein) or the humpback whale (Megaptera novaengliae; Violi et al., 2021) among others. The area between East Iberian Peninsula and Balearic Islands harbors the Cetacean Migration Corridor, a Specially Protected Area of Mediterranean Importance (SPAMI). This marine protected area (MPA) covers 46.385 km2 and constitutes a key area for cetacean conservation in the Western Mediterranean. Active hydrocarbon prospections and extractive activity are banned at the demarcation of this MPA, except those related to research under permit (OceanCare, 2021). Despite the existence of this MPA, cetaceans still face several threats within the area, such as fisheries interaction. Thus, it is necessary to identify and quantify them to improve the effectiveness of this MPA for helping cetacean species conservation.

Anthropogenic threats affecting cetaceans worldwide include habitat degradation, many types of pollution, acoustic disturbances, marine traffic, and the incidental interaction with fisheries, among others (Nortarbartolo di Sciara, 2016; Nelms et al., 2021, and references therein). Fisheries by-catch is a persistent threat for cetaceans in many seas, with severe impacts on the health and viability of many populations. Cetaceans and fishing fleets usually share niche, and their distribution and fishing activities overlap geographically, entailing negative consequences for cetaceans (Avila et al., 2018; Carpentieri et al., 2021; Moore et al., 2021).

Interactions between cetaceans and different types of fisheries have been described in many places (Lewison et al., 2014). Fishery discards constitute an important food source for cetaceans, attracting them to fishing grounds (Bonizzoni et al., 2022). In areas such as the Atlantic Ocean, bottom trawling entails a high number of cetacean accidental catches (López et al., 2003; Fernández-Contreras et al., 2010). However, absent or low by-catch rates have been reported in the Mediterranean Sea (Gonzalvo et al., 2008; Fortuna et al., 2010). On the other hand, depredation events on artisanal fisheries by dolphins occur frequently, causing damage to nets and to commercial captures (Snape et al., 2018), although low by-catch rates on this fishery have also been reported (Lauriano et al., 2004; Díaz López, 2006; Brotons et al., 2008). Conversely, pelagic longline and purse-seine are fisheries with high levels of cetacean by-catch reported, particularly of small delphinid species, in the Western Mediterranean (Aguilar, 1991; Zahri et al., 2007; Macías-López et al., 2012).

The Valencia region (East Spain, Western Mediterranean) has a big fishing fleet that operates in waters inside and neighboring the Cetacean Migration Corridor SPAMI. This fishing fleet includes bottom trawling, artisanal (using several fishing gears), purse-seine, and pelagic longline vessels (Generalitat Valenciana, 2020). Despite the existing overlapping between fishing grounds and cetacean distribution and habitat use in these waters, there is scarce information about their interactions. To date, only one study described fisheries interactions between one species of cetaceans and artisanal vessels in the area (Revuelta et al., 2018).

Face-to-face interviews to fishers are considered a useful and cost-effective tool for identifying specific problematic interactions between fisheries and threatened marine species, although the results obtained with this methodology are highly dependent on the fishers’ reliability (Moore et al., 2010; Goetz et al., 2014). Data from interviews allow to estimate the minimum cetacean by-catch rates in a specific area (López et al., 2003). Prior studies across the Western Spanish Mediterranean denote the importance of such sources of information to analyze marine megafauna by-catch rates and the associated economic loss relative to such interactions (Carreras et al., 2004; Domènech et al., 2015; Revuelta et al., 2018).

Stranding data, although subject to several legal restrictions that constrain access to the animals and also to other caveats, when recorded over long periods and large areas, provide valuable information and have been, for long, a valuable source to determine the species’ population status. Considering that working with marine protected species with ocean-wide distribution is often costly and logistically difficult, stranding networks are crucial to evidence the threats to which marine megafauna is exposed, including fisheries interactions (e.g., Leeney et al., 2008; Tomás et al., 2008; Casale et al., 2010). The postmortem examination of stranded animals can unveil the relative mortality consequence of by-catch interactions for both resident and migratory cetacean species (Puig-Lozano et al., 2020; Duras et al., 2021; Peltier et al., 2021). Combining different sources of information, such as face-to-face interviews to fishers and long-term stranding data, can contribute to the obtainment of an accurate assessment of the magnitude at which cetaceans are exposed to fisheries interactions in a specific area.

Here we combine detailed interviews conducted in the fishing ports of the Valencia region with long-term stranding data to gain knowledge about the problem between local fisheries and cetaceans. The specific objectives of the present study are (1) to provide an assessment of the interaction between fisheries operating throughout the Valencia region (East Spain) and the inhabiting cetacean species, and (2) to determine specific areas of cetacean–fisheries interaction in waters inside and neighboring the Cetacean Migration Corridor MPA.



2. Materials and methods


2.1 Study area

The Valencia region coastline extends over 419 km (37°51′ N, 0°45′ W; 40°31′ N, 0°31′ E) across East Spain (Western Mediterranean). The coastal waters are not homogeneous, with a narrower continental shelf at the southernmost province (Alicante) that expands over the central province (Valencia) and is widest at the northernmost province (Castellón, Figure 1). The waters of the Valencia region are included within the Geographical Subarea n°6 from the General Fisheries Commission for the Mediterranean (GFCM GSA06) and comprises part of the Cetacean Migration Corridor MPA. The present study covered 20 ports distributed throughout the three provinces of the Valencia region to provide a heterogeneous sample and analyze potential differences in cetacean–fisheries interactions between provinces.




Figure 1 | Map of the study area (Valencia region, Western Mediterranean) showing the spatial clusters of fishing activity (hot spots) of bottom trawling (left) and artisanal fleets (right) during the interview survey period. Cold spots are not represented. The black symbols show the number of delphinid by-catch events reported by the interviewed bottom trawl vessels. The map includes the distribution of 20 surveyed ports in the three provinces. The bathymetry is depicted with darker shades of blue representing deeper waters and dashed light gray line of the 200-m bathymetric contour. The stratification of the study area in the subzones stablished for bottom trawling fishery is also shown in the map on the left.





2.2 Fishing fleet description

The bottom trawling vessels operating in the study area have a mean vessel length of 21.25 ± 3.41 m (range: 16.00–29.00 m) (Ministry of Agriculture, Fisheries and Food, 2020). This fishery has many demersal target species, such as European hake (Merluccius merluccius), red mullet (Mullus barbatus), monkfish (Lophius spp.), and Norway lobster (Nephrops norvegicus) (Sala et al., 2019). The Valencian bottom trawling fishing fleet is constituted by 209 vessels (Generalitat Valenciana, 2020), differenciating those fishing in coastal areas all year round from those targeting red shrimp, Aristeus antennatus, at deeper waters (400-800 m) at some periods of the year, similarly as described in the adjacent areas of Spain’s Mediterranean (Carbonell et al., 1999). This fleet discards a long list of species [see Carbonell et al. (1998)] that can potentially be used as a food resource by marine vertebrates (e.g., Tomás et al., 2001).

Artisanal vessels fish at less than 12 nautical miles from the coast, have a mean vessel length of 10.10 ± 2.00 m (range: 6.00–15.00 m) (Ministry of Agriculture, Fisheries and Food, 2020), and use different gears, mainly trammel nets and also gillnets, pots, and demersal longlines. A total of 294 artisanal vessels of this fleet are active (Generalitat Valenciana, 2020) and are distributed along all fishing ports of the study area. Only vessels using trammel nets and gillnets were included in the present study since they are the most commonly used fishing gears in this fleet and the ones previously described as interacting with cetaceans. The principal target species are common cuttlefish (Sepia officinalis), common sole (Solea solea), and red mullet (Mullus spp.) for trammel nets and Atlantic bonito (Sarda sarda), gilt-head bream (Sparus aurata), and white seabream (Diplodus sargus) for gillnets (Revuelta et al., 2018).

Purse-seine vessels are at least 11 m in length, operate at night in the continental shelf, and target basically European pilchard (Sardina pilchardus) and European anchovy (Engraulis encrasicolus) (Boubekri et al., 2019). This fishery only has 38 active vessels according to the census of the Generalitat Valenciana (2020). In the Valencia region, pelagic longline is also a minoritarian fishery (n = 5 boats) (Generalitat Valenciana, 2020). The pelagic longline boats have variable ranges of vessel length (12–27 m), and its fishing grounds, as purse-seines, cover a big area depending on fish school locations. Pelagic longliners in the Western Mediterranean target swordfish (Xiphias gladius), bluefin tuna (Thunnus thynnus), and albacore (Thunnus alalunga) (Macías-López et al., 2012).



2.3 Interviews to fishers

Interviews were carried out during October–December 2020 at 20 out of 21 ports with fishing vessels at the study area by a trained team of the University of Valencia. Despite the fact that the interviews were conducted after the COVID-19 lockdown situation, the Spanish government considered fishing as an essential activity; hence, fishing activity practically did not stop the year before the interviews. Then, we can assume that the COVID-19 situation did not affect the interview campaign and the results of the present study in the Valencia region. Fishers’ associations and port authorities of every port were contacted before conducting the interviews. The interview campaign days were maximized as well as adjusted to the routines of each fishery (Goetz et al., 2014). The interviews were made by large to more than 20% of the active vessels of the two main fisheries (bottom trawling and artisanal) in the study area, following the precedence of other studies in the area [Revuelta et al. (2018) and references therein]. However, in a few ports, the required 20% was narrowly missed: artisanals in Vinaroz and Santa Pola ports and bottom trawlers in Sagunto and Torrevieja ports (Table 1). One questionnaire session was held per boat, with the skipper being preferably the person interviewee, and the interview duration lasted approximately 20 min.


Table 1 | We represent the number of censed vessels, the number of interviewed vessels and the total engine power (kW) for bottom trawling and artisanal vessels (Generalitat Valenciana, 2020; Ministry of Agriculture, Fisheries and Food, 2020). We present the number of censed vessels, the number of interviewed vessels, and the total engine power (kW) for bottom trawling and artisanal vessels (Generalitat Valenciana, 2020; Ministry of Agriculture, Fisheries and Food, 2020).



Before the interview was started, the fishers were informed about the confidentiality of their answers and that the personal and professional information asked would be used only for this study. The fishers were asked about their hierarchical level in the crew, number of crew members, fishing gear used (in case of boats using different gears in different periods), and fishing characteristics (vessel length, minimum and maximum depth of fishing operations, five most common target species, spatial information about their fishing activities, and number of months of fishing activity in the previous year to the interview). We also gathered information about gear damage caused by dolphins, estimation of their respective annual economic loss due to this interaction, and cetacean by-catch events in that period. Finally, the interviewees were asked about their perception of cetacean population trends at their fishing grounds. The interviews were conducted with the support of photographs of cetacean species with a higher probability of interacting with fisheries in the area (common bottlenose dolphin, striped dolphin, common short-beaked dolphin, Risso’s dolphin, and long-finned pilot whale) to gather accurate information of interacting species (Moore et al., 2010; Revuelta et al., 2018). Only fully completed interviews were considered for further analysis.



2.4 Data analysis


2.4.1 By-catch

By-catch, defined as the unintended capture of marine biota in a fishery targeting different species (Gray and Kennelly, 2018), was related with bottom trawlers’ mean fishing depth (m). Mean fishing depth (m) per vessel was calculated using the maximum and minimum depth (m) reported by each interviewee. The waters of the study area where bottom trawlers operate were divided into two marine zones based on bathymetry, neritic (≤200-m depth) and oceanic (>200-m depth) (Hedgpeth, 1957). To analyze differences in the operations of bottom trawlers, we followed Domènech et al. (2015), stratifying information gathered by bottom trawlers in four fishing subareas according to reported fishing zones, the previously stated bathymetrical parameters, trawl fishing depth, and port distribution in these areas (see Figure 1).

Cetacean by-catch rate (C) was determined by dividing the reported annual captures of cetaceans (Cobs) by the reported fishing effort of a fishery (Fobs), which is the total number of reported months of fishing activity in the previous year to the interview. Annual cetacean by-catch (Cest) was estimated by multiplying C by the estimated fishing effort for a fishery (Fest).

	

Estimated fishing effort (Fest) was extrapolated by multiplying the number of total active censed vessels of a fishery by Fobs, which was respectively divided by the number of interviewed vessels.

	

Maximum and minimum 95% confidence intervals (95% CI) were obtained for annual cetacean by-catch estimation (Cest) following Greenwood (1996). Cetacean by-catch rates and annual cetacean by-catch estimations were also obtained for bottom trawlers and purse-seiners for those reported species, common bottlenose dolphin and striped dolphin. Additional cetacean by-catch rates were also given for bottom trawlers according to fishing bathymetric zones (Neritic/Oceanic) and fishing subareas (1-4). As artisanal and pelagic longline vessels only reported one capture of cetaceans each, descriptive information was given for both fisheries.



2.4.2 Gear damage: Economic loss in artisanal vessels

In order to evaluate the economic loss produced by cetaceans reported by interviewed artisanal vessels, an ANOVA test (Mangiafico, 2015) was performed to analyze differences between the three provinces. A Spearman correlation test was used to study the correlation between the reported economic loss and the number of months that the artisanal vessels used nets on the previous year to the interviews campaign. A chi-square test was used to compare the artisanal fishers’ perception on possible variation in dolphin abundance at their with the one of fishers from other fisheries. In order to establish areas of higher dolphin–fisheries interaction, we considered engine power (kW) of the active artisanal vessels at the 20 surveyed ports, gathered from the Ministry of Agriculture, Fisheries and Food (2020), as a proxy of fishing capacity (Crosti et al., 2017). Then, we related engine power with annual economic loss reported by fishers in each port. Significance for these tests was stablished at α= 0.05. Statistical analysis was performed using R 4.0.5.



2.4.3 Spatial analysis of bottom trawling and artisanal fleet

The use of fishers’ knowledge through geographical information systems (GISs) allows describing spatially accumulation of fishing activities and fishing grounds (Léopold et al., 2014; Aylesworth et al., 2017). Spatial information about the location of fishing activities was collected during interviews using a base map with a grid of 5 × 5 km cells, including bathymetry, relevant points of reference and localities names. Fishers were asked to draw on the map where they normally fish and each fishing polygon was digitized into GIS vector polygons. Aggregate fishing effort density per cell was expressed as the number of vessels identifying the cell as a fishing ground.

Hot Spot Analysis tool (Getis-Ord Gi*) was used to describe and to map statistically significant spatial clusters for the two main fisheries in the region (bottom trawling and artisanal fleets).

The Getis-Ord Gi∗ statistic (Getis and Ord, 1992) determines the spatial clustering of grid cell values that are higher (hot spot) than expected by random distribution. It performs significant tests between nearby cells in the surrounding neighborhood area using a z-score (Getis and Ord, 1992). The resultant z-scores and p-values indicate where features with either high or low values cluster spatially. We considered as hot spot the areas where cells with high z-score and low p-value were spatially clustered.

Distributional maps were created at three levels of confidence (99, 95, and 90%), and all clusters that were within the 99% confidence level were considered for displaying the more intensely hot clusters. All data analysis and a georeferenced distribution map of each fishery fleet were generated using the free open-source Geographic Information System program QGIS, version 3.4.6 (QGIS, 2021).




2.5 Analysis of cetacean strandings


2.5.1 Strandings with evidence of fisheries interaction

We compiled the cases of stranded cetaceans found along the Valencia region coast between 1990 and 2020 displaying fisheries interaction signs. Such stranding events were registered by the cetacean and marine turtle stranding network of the Valencian community that follows the protocol explained in Gozalbes et al. (2010). This network records dead or injured cetaceans and sea turtles stranded on beaches or found floating dead or in a weakened condition. It is coordinated via a 24-h telephone hotline by the Marine Zoology Unit of the University of Valencia (MZU-UV). Since a diagnostic necropsy was not performed in all recorded stranded cetaceans, only stranding cases with available photographs for visual external examination and/or those necropsied or directly examined by the personnel of the MZU-UV were considered to establish fisheries interactions.

The external signs of fisheries interactions in stranded cetaceans considered here were (1) entanglement in fishing gear still attached to the animal in the stranding or by-catch events directly reported by fishers, (2) net marks and superficial skin lesions clearly caused by fishing gear, (3) jaw/skull fracture and broken teeth (these kind of injuries are produced when fishers, particularly trawlers, drop the captures from the net over the ship deck), (4) amputations of different parts of the body with a human cause (e.g., strangulation of flippers by nets), (5) incisions/cuts into the body cavity or over the skin of clear anthropogenic origin, (6) long-term tail entanglement, and (7) remains of fishing gear inside the body cavity and/or the digestive tracts (Duras et al., 2021) (see the examples in Supplementary Figure S1A).

We analyzed trends of common bottlenose dolphin and striped dolphin strandings with fisheries interaction signs (the only two cetacean species with a sufficient sample size) over time through regression analysis. We used a linear regression t-test to determine whether the slope of the regression line differs significantly from zero. We explored these trends in two periods—a three-decade study period (1990–2020) and in the last decade (2009–2020)—to gather long-term and recent trends for these two species. We excluded data from the years 1990 and 2007 for striped dolphin since massive stranding of the species occurred in these years due to a Morbillivirus epizootic (Duignan et al., 1992; Raga et al., 2008).



2.5.2 Spatial analysis of stranding data

Kernel density maps were produced to describe the spatial distribution of strandings of common bottlenose dolphins and striped dolphins throughout the historical records in the Valencia region coasts between 1990 and 2020. This was only performed for these two species because they are the most abundant cetaceans in the area (Gómez de Segura et al., 2004; Gómez de Segura et al., 2006) and because both account for the vast majority of cetacean interactions reported during the interviews.

The kernel density tool calculates the magnitude per unit of area from point features using the kernel function to produce a more generalized density raster. This allows a visual representation of the density of strandings in an area by creating “hot spots”. This required the creation of point shapefiles from geographic coordinates of strandings as an input layer to generate a kernel density estimation (KDE) representing strandings per square kilometer.

Core-stranding areas were identified using fixed kernel density estimations (Worton, 1989) in QGIS version 3.4.6 Geographic Information System Software (QGIS Development Team, 2021). A rule-based ad hoc method was applied to estimate the appropriate smoothing parameter (h) for delineating kernel contours (Kie, 2013). We used 90% KDE to estimate the overall stranding range and 50% KDE to represent the core area of dolphin species’ strandings.

Since strandings have been previously related to fishing capacity (Byrd et al., 2014; Crosti et al., 2017), we mapped the engine power (kW) of the 21 fishing ports of the Valencia region to visually determine overlapping and assess the spatial relationships of common bottlenose dolphin and striped dolphin stranding (50% KDE) distributions and engine power as a measure of fishing capacity. We represented the proportion of engine power at which each port contributes to the total engine power of the fishing fleet from the study area in Figure 2.




Figure 2 | Kernel density estimations (KDE) of Tursiops truncatus (left) and Stenella coeruleoalba (right) stranding events from records of the Valencia region stranding network for the period 1990-2020, according to 5 × 5-km grid cells. The core stranding areas of both species (50% KDE) are represented. The legend inside the figure also shows the ports in five strata representing the proportions of engine power (kW) of each fishing port in relation to the total engine power of the Valencia region fishing fleet. Colored areas represent the municipality of the port. White circles show stranded individuals recorded with fishery interaction signs. Additional details of the study area are shown in Figure 1.







3. Results


3.1 Interview survey

A total of 282 interviews (one per boat) were held during the campaign on 20 out of the 21 ports of the studied area; thus, according to the 2020 census (Generalitat Valenciana, 2020), we surveyed 51.37% of the active censed fleet. The fishers reported 24 accidental catches of small cetaceans, all from the family Delphinidae. There were significant differences regarding by-catch and gear damage events reported among the different gears; therefore, the results per fishery are given below.


3.1.1 Bottom trawling: Fishing ground distribution and cetacean by-catch

The distribution map of the bottom trawling fishing grounds created from the information provided by fishers during interviews (Figure 1) was consistent with the map derived from the VMS data provided by the Spanish Government and North East Atlantic Fisheries Commission (ICES, 2008). The data show that bottom trawlers from the Valencia region ports operated at a mean ± SD depth of 168.30 ± 187. 25 m (range = 20.21–1,203.50 m). For the surveyed bottom trawlers (n = 148), there were significant differences between the mean fishing depth (m) among the four stratified subareas (ANOVA, F = 6.241, p< 0.001). Trawlers operating at subarea 3 (mean ± SD: 286.90 ± 223.30 m) and subarea 4 (mean ± SD = 298.70 ± 185.70 m) fished deeper than the ones in subarea 1 (mean ± SD= 141.74 ± 169.25 m). Trawlers operating at subarea 2 fished at a mean ± SD fishing depth of 249.58± 145.03 m, which did not show significant differences with any of the other subareas.

Based on the Getis-Ord Gi* statistic, significant clusters of fishing activity were identified in the waters of the Valencia region. Those higher z-score values defined as hot spots are shown in Figure 1. A hot spot area was found at the northern part of the study area located in the waters over the continental shelf near the 200-m isobaths. A second large hot spot area was detected at the south of the study area, showing that bottom trawling fishing grounds concentrate at both neritic and oceanic zones depending on the area.

Overall, the bottom trawl interviewees reported a by-catch of 16 dolphins for the period October 2019–November 2020, which meant a by-catch rate of 0.01 dolphins captured monthly per vessel. Extrapolating to the entire active fleet of this fishery, this meant an annual cetacean by-catch estimation in the Valencia region of 23 delphinids (95% CI = 7–39). The reported species composition was nine common bottlenose dolphins, four striped dolphins, and three unidentified dolphins by-caught, with differences in the captured species between the neritic and oceanic zones (Table 2). The common bottlenose dolphin by-catch rate was higher in vessels working in the neritic zone (C = 0.009) than in the oceanic zone (C = 0.003). The striped dolphin by-catch events were only reported by fishers operating in the oceanic zone (C = 0.006). There were also differences in by-catch rates between the bottom trawl fishing subareas as the common bottlenose dolphin by-catch rate was higher in subarea 1 (C = 0.012) and subarea 2 (C = 0.018), while for the striped dolphin by-catch rate, it was higher in subareas 2 and 3 (C = 0.006) (Table 2). On this fishery, no substantial gear damage due to dolphin feeding interactions was informed by the interviewees and did not represent a substantial economic loss for this fishery.


Table 2 | By-catch of Tursiops truncatus and Stenella coeruleoalba reported by bottom trawling vessels according to depth zones (neritic/oceanic), fishing subareas (1–4), and totally. The summary of total reported by-catch individuals, by-catch rates, and annual cetacean by-catch estimations with its respective 95% confidence intervals (95% CI) is shown per species. We also present the bottom trawling interviewed vessels, censed vessels, and the estimated fishing effort (Fest) for each stratum and totally.





3.1.2 Artisanal fleet fishing ground distribution and interactions with cetaceans

A total of 114 interviews were made to artisanal fishers (one per vessel) and were used to map the individual areas of artisanal fishing grounds. The spatial distribution of the interviewed artisanal vessels shows a prevalence of exploitation of the neritic zone. In fact, this fishery showed a mean fishing depth of 34.86 ± 18.80 m (8.52–140.00 m). Figure 1 shows the spatial cluster distribution using the Getis-Ord Gi* and those fishing grounds showing a higher density of artisanal vessels at the study. The larger areas identified by statistically significant Gi* showed the importance of a variety of fishing zones along the coast. The higher z-score values, in red, correspond to the area between Alicante and Santa Pola ports, the area between Denia and Cullera ports, and finally the area around the three northernmost ports (Peñíscola, Vinaróz, and Benicarló). Other hot spots were also evident around the port of Castellón.

Only one by-catch event of a dolphin that the interviewed fisher did not identify at a species level was reported. However, a total of 103 (90.35%) of the interviewed artisanal fishers reported negative interactions with dolphins. In all cases, common bottlenose dolphin was identified as the species causing this interaction. The fishers reported that dolphins cause economic loss by taking or damaging the target species in nets and/or captures and damaging their fishing nets. From all artisanal fishers who reported a negative interaction with dolphins, 90 (87.38%) gave an estimation of their annual economic loss. The mean annual economic loss reported per artisanal vessel was 2,998.10 ± 2,095.02 € (range: 100–9,000 €). Economic loss was significantly different between the three provinces (ANOVA, F = 3.205, p< 0.05), the lowest mean ± SD being reported at Castellón province (1,716.67 ± 1,617.17 € per vessel) and the highest at Valencia province (3,050.00 ± 2,246.89 € per vessel). This province has ports with high artisanal engine power, such as Gandía, Cullera, and Valencia city (total for Valencia province: 5,169.97 kW) (Table 1). The reported economic loss was also found to be positively correlated (r2 = 0.24) with the number of months that the artisanal fishers used nets (Spearman, S = 187,987, p< 0.05).



3.1.3 Interactions between cetaceans and other fisheries operating in the region

The purse-seine fishers interviewed (n = 15 boats) reported four common bottlenose dolphins and two striped dolphins in by-catch events, which supposed a by-catch rate of 0.04 dolphins accidentally caught monthly per vessel. The estimated annual delphinid by-catch for this fishery was 15 dolphin individuals (95% CI: 3–26) for the entire purse-seine fleet. The common bottlenose dolphin by-catch rate was 0.026, and the estimation of the annual by-catch was 10 individuals. The striped dolphin by-catch rate was 0.013, and the estimation of annual by-catch for this species was five individuals. We were able to gather scarce information about mortality due to by-catch for bottom trawling and artisanal and pelagic longline fisheries, although inconsistently. However, all purse-seine fishers interviewed did provide this information. The fishers reported that 33% of cetaceans accidentally caught by this fishery were released alive, while the rest were discharged already dead from nets. Regarding the purse-seiners’ gear damage produced by dolphins, four out of 15 interviewees (26.67%) reported sporadic damage on their fishing gear produced by striped dolphin and common bottlenose dolphin, with an associated economic loss (mean ± SD: 9700.00 ± 7596.05 € per vessel). In addition, negative interactions due to depredation by other species, such as tuna species, were reported during the interview campaign.

The pelagic longline vessels interviewed (n = 5) operate throughout the study area waters in a mean fishing depth of 201.20 ± 62.70 m (range: 101.86–283.36 m). One pelagic longline vessel reported one accidental capture of a Risso’s dolphin, with no gear damage produced by cetaceans at this fishery according to interviewees.



3.1.4 Cetacean population trends according to fishers

In the context of all fisheries, 42.91% of fishers perceived that the cetacean population abundance remains stable at their fishing grounds, while 44.70% assured that the presence of dolphin species has increased. The proportion of artisanal fishers perceiving an increase of dolphin population at their fishing grounds (63.55%) was significantly higher than the one for bottom trawling fishers (33.78%) (chi-square test, χ2 = 32.66, p< 0.001), purse-seines (13.33%) (chi-square test, χ2 = 74. 71, p< 0. 001), and pelagic longlines (20.00%) (chi-square test, χ2 = 41. 40, p< 0.001).




3.2 Cetacean stranding data in the Valencia region

Regarding the information gathered from the stranding network of the Valencia region, a sum of 1,411 cetaceans were stranded at the Valencia region coast between 1990 and 2020. The percentage of stranded cetaceans showing fisheries interactions evidence on the study area and period reaches 7.80% of the total number of cetacean stranding records (Table 3).


Table 3 | Number of cetacean individuals stranded on the Valencian Community coast between 1990 and 2020. Individuals showing fisheries’ interaction evidence are given per species, with its associated percentage (%) calculated according to the total strandings of each species.




3.2.1 Evidences of fisheries interactions in stranded cetaceans

Between 1990 and 2020, a sum of 110 cetaceans recorded by the stranding network of the Valencia region, either stranded or bycaught, showed different evidence of fisheries interactions. Fourteen of them were recorded entangled in fishing gears. One common bottlenose dolphin, one striped dolphin, and two unidentified cetaceans were reported to the network after being having been captured by bottom trawlers. One common bottlenose dolphin, two striped dolphins, and one Risso’s dolphin were reported after being entangled in the nets of artisanal vessels. One fin whale and one Cuviers’ beaked whale were found entangled in drift nets, and one common short-beaked common dolphin was recorded after being entangled in a longline fishing gear. Three unidentified delphinids were also recorded as by-caught in fishing gears not specified in the records of the network.



3.2.2 Common bottlenose dolphin and striped dolphin strandings’ density distribution

Striped dolphin and common bottlenose dolphin species both show a higher number of stranding records at the study area. From 1990 to 2020, the study period, stranding reports were filed for 166 common bottlenose dolphins and 759 striped dolphins throughout the Valencia region coastline. The mean annual common bottlenose dolphin stranding records during the study period was 5.35 ± 3.20, ranging from 0 in 1999 to 14 in 2003. A positive trend in strandings with fisheries interactions signs for the species was detected for the 1990–2020 period (t-test for regression slope, t = 4.295, p< 0.001) and also for the 2009–2020 period (t = 3.883, p< 0.01). Common bottlenose dolphin was the species that showed the highest percentage of strandings with fisheries interactions signs (Table 3).

For the striped dolphin, the mean annual stranding records during the study period was 24.50 ± 28.13, ranging from 6 in 1996 to 154 in 1990. For this species, a positive trend in strandings with fisheries interaction signs was found during the whole studied period (t = 3.355, p< 0.01), but not for the 2009–2020 period (t = 0.968, p> 0.05). Figure 2 shows the locations of the stranding records of individuals of these two species showing evidences of fisheries interactions from 1990 to 2020.

The spatial distribution of common bottlenose dolphin strandings in the region estimated by KDE indicated that the highest stranding densities occurred along the Alicante coastline (Figure 2). The estimates also showed two isolated clusters in the Valencia province, around Sagunto and at the south of Valencia city. There was no substantial stranding density for common bottlenose dolphins in the Castellón province (Figure 2).

The spatial distribution of striped dolphins stranded in the Valencia region coasts also reveals the lowest stranding density along the Castellón province coastline for this species (Figure 2). The highest stranding densities occurred between the ports of Valencia, Cullera, and Gandia. The estimates also showed a small concentration of strandings at the north of the Valencia province and at the southernmost port of the Castellón province. Another area of concentration of strandings was located at the south of the Alicante province, between the ports of Alicante and Torrevieja, and an isolated cluster around El Campello port (Figure 2).

On the other hand, the distribution of engine power contribution of the active censed fleet shows a concentration of ports with higher contribution at the south of the study area (Figure 2), as only Santa Pola and Villajoyosa ports accumulate 28.23% of the engine power of the Valencia region fishing fleet (Ministry of Agriculture, Fisheries and Food, 2020) (Table 1, Figure 2). This concentration of engine power at the south of the region seems to be associated with common bottlenose dolphin and striped dolphin stranding distribution there. On the contrary, some ports at Castellón province highly contributing to the total engine power of the study area seem not to be associated with the strandings of both the common bottlenose dolphin and the striped dolphin due to the absence of KDE core-stranding areas for these species. The lack of association between fishing capacity and stranding distribution can also be seen at ports found at the Valencia province, the province with the lowest fishing capacity contribution value, but with KDE core-stranding areas, especially for striped dolphin.





4. Discussion


4. 1 Problem of cetacean–fisheries interactions according to fishers

Despite the diversity of cetaceans in the Western Mediterranean waters and particularly in the Valencia region (Gozalbes et al., 2010), according to fishers’ perception, only two species exhibit an important interaction with fisheries in this area, the common bottlenose dolphins and the striped dolphins. Both species were defined as “Vulnerable” in the Mediterranean Sea, and fisheries interactions were already defined as a threat for them, especially for the common bottlenose dolphin (IUCN, 2021). This interaction seems to be negative in a twofold way. Firstly, fisheries may cause the accidental capture of these species, either because both share the same area or because dolphins may be attracted to fishing grounds by captures in nets or fishing discards, although the by-catch rates seem to be lower in the Valencia region waters compared to other areas (López et al., 2003). Secondly, when predating on captures, dolphins can produce economical loss by reducing the captures of target species and by damaging fishing gears during depredation events, thus increasing the fishers’ negative perception of these threatened species. Recent protection figures have been created to protect cetacean species in Spain’s Mediterranean waters, such as the Cetacean Migration Corridor (OceanCare, 2021). However, this large marine protected area mainly comprises open waters; thus, little protection may be offered to dolphins inhabiting or migrating throughout the coastal waters. Despite the existence of several marine protected areas in waters over the continental shelf at the Valencia region, even Sites of Community Importance were designated to specifically protect common bottlenose dolphin (Revuelta et al., 2018); those are much smaller than the common bottlenose dolphin distribution in the study area [see Gómez de Segura et al. (2004); Gómez de Segura et al. (2008)]. Marine protected areas also function as nurseries for many target species of regional fisheries, and fishing activity is intense around these areas. All these imply a frequent overlapping between dolphin distribution range and fishing grounds.

Bottom trawling is one of the two main fisheries operating in the area regarding the number of censed vessels, engine power, and fishing effort. Several cetacean species distributions (Gómez de Segura et al., 2004; Gómez de Segura et al., 2008) overlap with the estimated bottom trawling fishing hot spot areas. By-catch events of common bottlenose dolphins and striped dolphins by bottom trawls were reported also in low numbers in other areas of the Mediterranean Sea (Bearzi, 2002; Fortuna et al., 2010). The observed differences in the reported by-catch of cetacean species among subareas could be related to the mean fishing depth of bottom trawlers operating on each subarea. Subarea 1 has a wider continental shelf, which implies that the fishing activities of bottom trawlers concentrate at shallower waters. In fact, bottom trawlers fishing in subarea 1 and in the neritic zone of other subareas reported higher numbers of common bottlenose dolphin accidentally caught, supporting that depth is one factor ruling common bottlenose dolphin interaction with this fishery (Gonzalvo et al., 2008).

On the other hand, bottom trawlers working in the oceanic zone and in waters off subareas with a narrower continental shelf (subareas 2, 3, and 4) work at a higher mean fishing depth (m) and, therefore, reported striped dolphin accidental catches. This result may support the idea about how prey abundance and distribution influence the preferred habitats for cetaceans (Cañadas et al., 2002; Giannoulaki et al., 2016) and the consequent threats associated with the habitat of the species.

Striped dolphin has oceanic distribution in the region (Gómez de Segura et al., 2008, and references therein); however, in the last decade, this species seems to have changed its feeding habits in the Western Mediterranean, increasing the proportion of demersal preys (Aznar et al., 2017), also targeted by bottom trawlers. Moreover, long-term boat‐based surveys seemed to indicate a switching trend in the habitat preference of striped dolphin since 2008, expanding its range to the continental shelf (Fraija-Fernández et al., 2015). Despite the fact that more detailed studies on the current distribution and habitat use by striped dolphins in the area are needed, these evidence may explain the interaction of this species with bottom trawling in the present study. Further monitoring of both the striped dolphin habitat use and by-catch by bottom-trawling is necessary to avoid future conservation problems for the species related to its interaction with this fishery.

The artisanal fleet using trammel nets and gillnets also showed hot spot areas of fishing activity throughout the Valencia region coastal waters. In the present study, artisanal fishers reported little dolphin by-catch numbers as in a previous study held in the area (Revuelta et al., 2018) and in other areas of the Mediterranean Sea (Díaz López, 2006; Brotons et al., 2008; Gonzalvo et al., 2015; Pennino et al., 2015). This may be indicative that dolphins are able to detect and avoid the nets in most of the cases. This ability would let the dolphins approach the nets and take captures, therefore causing fishing gear damage and economic loss (Snape et al., 2018). Despite that there are no accurate common bottlenose dolphin population estimations in the studied area since almost two decades (Gómez de Segura et al., 2006), this species seems abundant and has been seen frequently in coastal waters (MZU-UV, studies in progress), often in hot spot areas of artisanal fishing grounds. Moreover, the opportunistic feeding strategy of the species includes demersal target species of this fishing gear (Blanco et al., 2001; Giménez et al., 2017). Overall, the high percentage of artisanal fishers that reported negative interactions with common bottlenose dolphin in our study (see also Revuelta et al., 2018) is not unexpected. The nearshore distribution of this fishery overlaps with common bottlenose dolphin distribution typically found at the continental shelf (Gannier, 2005; Gnone et al., 2011). However, as was described above, changes in striped dolphin distribution in the area could include this species in the conflict with local artisanal fishers, particularly because this fishing hot spot area is found at the south of Valencia province (Figure 1), located west to the most important area for this species in the waters off the Valencia region (Gómez de Segura et al., 2008).

Our results also show that there were differences between the three provinces. Ports at Alicante, as reported by Revuelta et al. (2018), but specially at Valencia province, seemed to have higher economic loss in contrast to those found at Castellón, the northernmost province. There was a generalized fisher’s perception that the interaction with dolphins is increasing throughout all the study areas in the last 5 years, which also has been recorded in other regions of Spain and in other areas of the Mediterranean Sea (Mónaco et al., 2020). In fact, the highest proportion of fishers perceiving an increase of dolphin presence in their fishing grounds belonged to artisanal fisheries (63.55%). However, the economic loss reported by artisanal fishers in our study was similar to the values registered by Revuelta et al. (2018) in interviews made in 2015; hence, despite that fishers have become more active in clamming for this issue with dolphins, the problem seems not to have economically worsened in the last years.

In order to have a complete assessment of the interaction between cetaceans and fisheries, we also took into consideration the two other minoritarian fisheries regarding the number of censed vessels: the purse-seines and pelagic longlines. According to interviews, purse-seiners had the highest by-catch rate compared with other fishing gears. The by-catch events of dolphins, more specifically of common bottlenose dolphin and striped dolphin, were reported. These species have also been captured by purse-seines elsewhere (Tudela, 2004; Zahri et al., 2007; Marçalo et al., 2015). The coastal distribution of purse-seiners targeting small pelagic fish schools again explains the interaction with common bottlenose dolphin. Striped dolphin by-catch events in this fishery could be explained because purse-seiners target species are part of the diet of this dolphin (Gómez-Campos et al., 2011; Aznar et al., 2017), and as explained before, by the potential habitat switch of striped dolphin in the area (Aznar et al., 2017).

The pelagic longline fleet at the study area currently has a small representation despite being bigger in the past (Generalitat Valenciana, 2020), and its involvement in by-catch events has decreased due to laws forcing changes in the fishing gear (Tomás et al., 2008). In the present study, one accidental capture of one Risso’s dolphin was reported by this pelagic fishery. It is possible that the interaction between this fishery and this species could have been underestimated or undetected in the past since the Risso’s dolphin distribution overlaps with the fishing grounds of this fishery in waters over the slope and in open waters, and the species has already been reported being by-caught by pelagic longlines in the Western Mediterranean (Macías-López et al., 2012).



4.2 Assessment of fisheries interactions according to strandings

Cetacean long-term stranding data (1990–2020) show a small percentage of cetaceans stranded with evidence of fisheries interactions. Only in a few of these cases could the specific fishing gear be identified. Common bottlenose dolphin and striped dolphin were the two species showing more strandings with fisheries interaction signs; however, our data gathering revealed that other species may interact with fisheries in the study area, although sporadically. This reduced number of records may be a consequence of the oceanic distribution of most cetacean species inhabiting Spain’s Mediterranean waters [see Gómez de Segura et al. (2004)], which makes it difficult for the carcasses of dead animals to reach the coast. Nonetheless, the stranding data support the information provided by fishers during interviews, particularly concerning the interaction with common bottlenose dolphin and also the striped dolphin. The increase in stranding events with fisheries interaction signs of individuals of these two dolphin species over the whole study period may be conditioned by the improvement of the network, particularly during the first 10 years, since no significant trend was found for striped dolphins in the latter years. However, this did happen for the common bottlenose dolphin.

The common bottlenose dolphin has been also reported as the species with a higher percentage of individuals stranded with fisheries interactions signs in a recent study carried out in the Catalonian coast, north to the Valencia region (Cuvertoret-Sanz et al., 2020). In that study, fishery interaction was the most frequent cause of death for the analyzed common bottlenose dolphins, thus confirming the magnitude of this threat in the Western Mediterranean [as informed by Hammond et al. (2012)]. As said before, in the present study, we detected a recent increasing trend in common bottlenose dolphin strandings with signs of fisheries interactions, which may support the perception of increase in abundance of common bottlenose dolphin stocks as reported by fishers during the interviews. This increasing trend in strandings could be linked to an increase in dolphin population size as reported elsewhere (e.g., Leeney et al., 2008) as well as to the increase in associated negative fishery interactions [see also Powell and Wells (2011)]. Moreover, Cuvertoret-Sanz et al. (2020) also reported striped dolphin as a species dying because of fishery interaction. In our study, this species has the highest number of individuals with fisheries interaction signs, even more than the common bottlenose dolphin, but it has a lower percentage probably because it is the most abundant cetacean in the area and, thus, in the stranding network. It has also suffered several episodes of massive strandings caused by a Morbillivirus epizootic (Van Bressem et al., 2014). Nonetheless, although for this species a recently increasing trend on stranding individuals with fisheries interaction signs was not detected, the total number of records could confirm the interaction level at which the species is exposed at the study area.

The high stranding density observed for the two species of delphinids at the south of the study area could be related with the location of the ports Santa Pola and Villajoyosa, both contributing to a high percentage of the engine power of the regional fishing fleet, a factor that has been correlated with strandings in other places (Byrd et al., 2014; Crosti et al., 2017). Areas with higher engine power are supposed to contain a larger fleet. Santa Pola and Villajoyosa are the ports with the highest bottom trawling fleet in the Valencia region. However, in other parts of the study area engine power does not match with strandings distribution. The high contribution of fishing capacity found at the northern ports is not associated with the strandings of striped dolphin, probably because this is not the preferred area of distribution for the species in the Valencia region waters (Gómez de Segura et al., 2006) and also because the continental shelf is much wider in this area, and this species is preferably distributed in waters over the slope. The fishing fleet engine power in Castellón is also not related with common bottlenose dolphin stranding distribution, probably because the local stocks can be found at waters further from the coast, over the wide continental shelf near Columbretes Islands (Revuelta et al., 2018). Carcasses of animals dead in open waters are less likely to reach the coast and be recorded (Leeney et al., 2008). The opposite situation seems to happen at Valencia province, where low engine power contribution values do not explain the clusters of striped dolphin strandings, probably associated with the proximity to the preferred area of distribution for striped dolphin in the region. Therefore, fishing capacity alone does not seem to explain the stranding distribution throughout the region The effect of other variables such as species distribution (Leeney et al., 2008), abundance of cetacean species and/or of their prey, or drifting conditions and migration of carcasses due to sea currents and winds (Peltier et al., 2014; Saavedra et al., 2017; Jog et al., 2022) should be also considered to explain cetacean distribution. In fact, at the study area, the stranding clusters of both dolphin species found at the south of the Valencia province could be explained by the existence of a main north–south surface coastal current, already described as a potential factor explaining loggerhead sea turtle stranding distribution in the area (Tomás et al., 2008).



4.3 Combination of methodologies and future management actions

As described in the previous section, stranding-based studies are subject to several gaps, and several factors could explain stranding aggregations at certain locations. As said before, interview-based studies depend on reliability of the interviewed fishers. However, working with marine protected megafauna is often costly and logistically difficult. Hence, combining data obtained from these relatively low-cost methodologies over a long period and large area, despite not fully accurate, may help in gaining knowledge on cetacean species and assessing threats that affect them in a certain area so as to help in their conservation. Through a combination of interviews to fishers, stranding records, and spatial analysis, we could assess cetacean–fisheries interactions happening in waters inside and neighboring the Cetacean Migration Corridor MPA, a key area for cetacean protection. Our results, especially for common bottlenose dolphin and striped dolphin, reflect the need of monitoring and applying management and conservation measures on waters inside and near this protected area.

The current situation of local fisheries is critical due to several factors, including the reduction of target species’ stocks, the increase of fuel cost caused by the current global situation, the recent COVID-19 pandemic situation, and the lack of generational handover. The economical loss caused by dolphins is already seen as another problem added to this situation and may result in illegal actions against this protected species. Valencia fishers are still very collaborative with conservation workers and aware of conservation issues; however, management actions are needed for both keeping the fishing activity sustainable and preserving the dolphin populations in the area. Future work must focus on updating extant knowledge in cetacean species abundance, distribution, behavior, and habitat use in order to assess spatial risk (Jog et al., 2022), but it is also necessary to implement management actions for reducing cetacean–fisheries interactions, such as the use of visual deterrent devices, acoustic deterrent devices, and gear modifications, also contributing with compensation funds to fishers in order to reduce these interactions (Jog et al., 2022).
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Assessing the distribution of marine apex–predators is pivotal to understanding community interactions and defining management goals. However, several challenges arise in both estimates and predictions considering the distinctive and mutable biological/ecological requirements of these species and the influence of human activities. Thus, efforts to study apex–predators’ spatial distribution patterns must deal with inherent uncertainty. Relying on different data sources (research programs and social media reports), physiographic and environmental covariates (depth, slope, surface temperature and chlorophyll–a), and specific source–related detection functions, this study selected a Spatial Log–Gaussian Cox Process to model the distribution patterns of an opportunistic apex–predator, the common bottlenose dolphin (Tursiops truncatus), over 14 years (2008−2021) in the Mediterranean Sea (Italy) using a total of 955 encounters. Both depth and slope showed a significant (95% significance) reduction effect in the encounters when deeper and steeper, respectively. Temperature (parabolic) shows a positive effect (90% significance), while chlorophyll–a values did not seem to have a significant effect on encounter intensities within each season. The estimated posterior mean and the coefficient of variation surfaces for the intensity by season showed higher intensity in summer near the Tiber River estuary than other regions. Almost homogeneous predictions were observed in winter, with marginal greater intensities where lower temperatures and higher chlorophyll–a concentration were observed. The relatively low variance was predicted in the more coastal parts of the study area within each season, while higher uncertainty was instead revealed in the southernmost offshore area. This study highlighted the persistent presence of the common bottlenose dolphin in the investigated area both winter and summer, with a coherent distribution within each season, and rare transient occurrences in deeper waters (where uncertainty increases). Thanks to its versatile characteristics, the species seems to well adapt to different seasonal conditions and maintain its distributional range.
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Introduction

Multiple roles are recognized for apex predators in the marine environment, fulfilling key ecological, economic, and cultural functions (Hammerschlag et al., 2019). Apex predators are indeed affected by bottom−up processes and can influence food webs via consumptive effects on prey (top−down effects) (Heithaus et al., 2008; Steneck, 2012; Kiszka et al., 2022). Hence, assessing their distribution is pivotal to understanding community interactions and defining management goals to be implemented (Hammerschlag et al., 2019). However, several challenges arise in both distribution estimates and predictions (Pace et al., 2019; Martino et al., 2021), generated by high movement ability and large home–ranges covered by these species, spatio-temporal knowledge gaps and the increasing use of different data sources to model their distribution (Watson et al., 2019). Considering also the distinctive and changing biological and ecological requirements of these species (Forcada, 2018; Pace et al., 2018), and the influence of threats related to human activities (Nelms et al., 2021), efforts to study spatial distribution patterns must deal with inherent uncertainty (Ansong et al., 2017; Stephenson et al., 2021).

The common bottlenose dolphin (Tursiops truncatus) is a cosmopolitan marine apex predator inhabiting a variety of habitats, including nearshore waters, harbors, estuaries, and deeper waters over the continental shelf worldwide (Wells and Scott, 2018; Wells et al., 2019). The species range poleward of 45° in northern Europe and southern New Zealand, but it has been reported as far south as 53-55°S in South America and as far north as British Columbia (50°N) (Wells et al., 2019). Different elements seem to drive its distribution in space and time and habitat use, being under the influence of environmental [e.g., sea surface temperature (SST) and bathymetry], ecological [e.g., prey distribution], social [e.g., inter- and intraspecific interactions/relationships] and anthropogenic variables [e.g., fishing activities and boat traffic] (e.g., see Bennington et al., 2020; Diaz Lopez, 2019; Greller et al., 2021; Haughey et al., 2021; Zanardo et al., 2017 and references herein). Considering their widespread distribution and prominent presence in the coastal marine ecosystems, common bottlenose dolphins could have a significant role in the structure and function of these ecosystems (Diaz Lopez, 2019). However, significant gaps impede our capability to fully determine several critical attributes of the function of these predators, particularly their fine–scale distribution and movements, feeding rates, and prey selection (Kiszka et al., 2022).

In the Mediterranean Sea (30-41°N), the common bottlenose dolphin is widespread across the entire basin, occurring primarily in coastal habitats with depths<100 m (Natoli et al., 2021), often in correspondence with highly productive systems with significant ecological importance in the marine life environment. In the basin, the species shows a remarkable level of ecological and behavioral plasticity, an erratic distribution, and variable habitat use and residency degrees depending on local conditions, resources availability and social factors (Blasi and Boitani, 2012; Giannoulaki et al., 2017; Vassallo et al., 2020; Pace et al., 2021). Several studies reported different distribution patterns, where individuals may present high site fidelity or, conversely, show movements on a scale of hundreds of kilometers (e.g., Gnone et al., 2011; Pulcini et al., 2014; Pleslić et al., 2019; Pace et al., 2021; Labach et al., 2022). Many environmental factors, physiographic characteristics, and seasonal patterns appear to drive the observed fine–scale coastal distribution and seem to best predict suitable habitats for the species (Blasi and Boitani, 2012; Marini et al., 2015; La Manna et al., 2016; Laran et al., 2017; Giannoulaki et al., 2017; Vassallo et al., 2020; Gnone et al., 2022). In addition, the highly opportunistic, versatile, and resilient nature of the common bottlenose dolphin diet and foraging strategies (Giménez et al., 2017; Borrell et al., 2021; Carmen et al., 2021; Natoli et al., 2021) enable the species to also adjust its behavior as a consequence of resources’ availability. This opportunistic behavior can be also applied to resources related to human activities (e.g., fisheries and aquaculture) (Bonizzoni et al., 2021; Pace et al., 2022a; Pace et al., 2019; Triossi et al., 2013). All these characteristics may facilitate the development of discrete geographical units in the Mediterranean population (Carnabuci et al., 2016; Vassallo et al., 2020), making distribution assessments more difficult and increasing the uncertainty when predicting scenarios.

The proximity to human activities in the Mediterranean coastal areas makes the common bottlenose dolphin susceptible to various anthropogenic threats (e.g., bycatch, vessel traffic, overfishing, contaminants, and noise pollution) (Natoli et al., 2021). Consequently, the species was included in Annex II of the EU Habitats Directive (92/43/CEE) as priority species and was listed as Least Concern in the last IUCN Red List of Threatened species regional assessment (Natoli et al., 2021). This new assessment imperatively recommended continuously monitoring the effects of human–related stressors on the common bottlenose dolphin to ensure the maintenance of intra–species diversity and the survival across its range (Natoli et al., 2021).

Considering the species characteristics and the variations of the natural and anthropogenic conditions, a large number of occurrence data is required to support studies investigating common bottlenose dolphin distribution, as well as a robust analytical approach capable of coping with heterogeneous data and the variability of predictors (Martino et al., 2021). Relying on different data sources (research programs and social media reports), physiographic and environmental covariates (depth, slope, surface temperature and chlorophyll–a), and specific source–related detection functions, this study select a Spatial Log–Gaussian Cox Process to model common bottlenose dolphin distribution patterns using 14-years data (2008−2021) collected in the Mediterranean Sea. Here, to effectively manage and solve the complex issue of presence-only data, the suggestions offered by Warton and Shepherd (2010) and, in the ecological framework, by Renner et al. (2015) were used, adopting a point processes approach where pseudo-absences generation is not required. Since anthropogenic pressures (i.e., coastal population, fishing and tourism; see Figures S5 and S6 in the Supplementary Materials; http://dati.istat.it/, https://www.politicheagricole.it) on the study area were constant within each season in the considered time window of 14 years, a spatial model with a seasonal effect was adopted. Applying the approach and the methodology developed and tested in Martino et al. (2021), this study investigates the common bottlenose dolphin seasonal distribution in a broader area than previously reported and discusses the flexibility of the species to ecological drivers and anthropogenic forces.



Materials and methods


Study site

The study area is located in the western Mediterranean Sea, within the Ligurian and central Tyrrhenian Sea (Figure 1), off the Tuscany and Lazio coasts (Italy). The area covers almost 60,000 km2 and is a complex marine region including various environmental features (e.g., continental shelf, slope, canyons, seamounts) and various habitats (seagrass meadows, hard‐bottom communities with coastal banks, cliffs, sand, and mud). The northern section spans mainly over the continental shelf. It is characterized by shallow waters and coastal shoals surrounding several islands, which form the Tuscan Archipelago (i.e., Capraia, Elba, Giannutri, Giglio, Gorgona, Montecristo, and Pianosa Islands). The Elba, Capraia, and Pianosa Islands area presents mainly shallow waters within the 100 m bathymetry. In contrast, the west–southern area of the Archipelago is characterized by steeper slopes and deep canyons, reaching more than 500 m depths (Ricevuto et al., 2011). Between Capraia and Gorgona Islands, the continental shelf is crossed by the Elba canyon, which descends deeply toward the North–West. The seabed between Elba and Argentario consists of a single basin, bordered to the west by the Elba ridge, to the east by the Tuscany coast, and to the north by the Piombino canal and Elba. The central–southern section of the study area includes the continental shelf areas off the Lazio coast and, toward the south, the islands of Ponza, Palmarola, and Ventotene (Pontine Archipelago).




Figure 1 | Study area in the Mediterranean Sea, Italy.



Many seamounts are included or border the entire study area, such as the Santa Lucia and Occhiali seamounts in the north, the Cialdi, Etruschi, and Tiberino in the middle, and the Albano seamount in the south (Würtz and Rovere, 2015). Seamounts attract a rich associated fauna and strongly influence the distribution of pelagic top predators, which can find optimal foraging areas around them (Würtz and Rovere, 2015; Bo et al., 2020). The several river mouths present in the area affect the coastal marine ecosystems as they are major sources of organic matter for the adjacent marine waters. They include the Arno river (in the northern part of the study area), the Tiber river (in the middle of the study area), and the Garigliano and Volturno rivers (in the southern part of the study area).

Part of the study area (Figure 1) is included in the international Pelagos Sanctuary for the protection of Marine Mammals and is classified as a Specially Protected Area of Mediterranean Importance (SPAMI) under the Barcelona Convention Protocol for Specially Protected Areas and Biological Diversity in the Mediterranean (SPA/BD Protocol). Additionally, many Marine Protected Areas, including several Sites of Community Importance and Special Protection Areas under the Natura 2000 European network of the Habitat Directive (92/43/EEC), are comprised in the study area. Twelve Natura 2000 sites are found in the northern portion (10 SCZ and 2 SCI), including the new designated Natura 2000 SCI site ‘Tutela del Tursiops truncatus’ − IT5160021, located just off the Tuscany coast, for the protection of the common bottlenose dolphin. Two marine protected areas (MPAs) can be found in the southern portion of the study area: the MPA Islands of Ventotene and S. Stefano in the Pontine Archipelago [recently acknowledged by the International Union for Conservation of Nature (IUCN) as Important Marine Mammal Area (IMMA, IUCN-MMPATF, 2017)] and the MPA Tor Paterno bank near Rome. The entire study area is under constant anthropogenic pressures only partially mitigated by the above-mentioned protective measures (see section S5 in the Supplementary Materials for further information on the demographic, fishing and touristic variations in the study area).



Data sources

Following the approach used by Martino et al. (2021), three types of sighting data over 14 years (2008–2021) were used considering two seasons (summer: April−September; winter: October−March). Data included: 1) information derived from conventional visual/acoustic research protocols (adaptive sampling) using motor/sailing boats (Pace et al., 2021; Pace et al., 2021; Papale et al., 2021; Pace et al., 2022a) the resulting dataset was labeled UNIRM; 2) information originated from standardized monitoring protocols (distance sampling) using platforms of opportunity within the project “FLT Mediterranean Monitoring Network” (ISPRA, 2016; Arcangeli et al., 2019; Pace et al., 2019); the resulting dataset was labeled FERRY-FLT; 3) information extracted from social media (Facebook and YouTube) using reports by sea–users (Pace et al., 2019); the resulting dataset was labeled SM. Detailed elements on SM data collection procedures and selection are provided in Pace et al. (2019) and Martino et al. (2021). As the SM dataset also included details on other cetacean species than the common bottlenose dolphin (see Table S1 in the Supplementary Materials), this information was used as a proxy to infer boat densities potentially able to record the animals’ presence (see the following ”Modeling approach” paragraph). The issue of estimating boats’ (especially smaller ones) density was here further developed to explore additional potential sources of information (see section S3 in the Supplementary Materials) to extend and enhance what already reported in Martino et al. (2021).



Physiographic and environmental covariates

The following covariates were initially selected as reasonable proxies for the species’ ecological needs (La Manna et al., 2016): salinity, depth, slope, sea surface temperature (SST), and chlorophyll–a. Salinity was not significant for modeling, thus only the last four were used. Depth data were downloaded from GEBCO (General bathymetric Chart of the Ocean – https://www.gebco.net); the slope was computed from depth data through the terrain() function of the R package “terra” (https://www.r–project.org/; Hijmans, 2022); SST and chlorophyll–a were retrieved from COPERNICUS platform (https://marine.copernicus.eu/) as monthly average. The retrieved datasets and data handling procedures are reported in Martino et al. (2021) and the Supplementary Materials (see section S1).



Modeling approach

Dolphin sightings were aggregated over time into two seasons (summer and winter) and viewed as two-point patterns over space. Therefore, a point process model was used to describe how those points are generated. To integrate data from all available sources and manage possible detection bias in each dataset (see section S2 in the Supplementary Materials), a Spatial Log–Gaussian Cox Process (LGCP) (Renner et al., 2015) incorporating different detection functions for each data source was built (see Martino et al., 2021 for details). It was assumed that sighting patterns, i.e., locations of dolphin groups in space ( s∈S⊂R2 ) and season t=1, 2 (t is the season), were properly described by a point process whose intensity function (s,t) is additive on the log–scale:

	

where X(s,t) is a set of covariates detected at location s and time t with linear effects β to be estimated, and ω(s) is a zero–mean Gaussian process with Matérn covariance function of order 1, describing the residual spatial variation. Notice that both the effect of covariates β and the spatial process ω(s) are assumed to be constant and are estimated jointly using data from both seasons.

The vector X included both time constant (depth and slope) and time dependent (SST and chlorophyll–a) covariates. Temperature has been included both as a linear and quadratic term. To distinguish between a possible seasonal effect and the spatial effect of the covariate within one season, we created a standardized version of both temperature and chlorophyll–a as:

	

	

where sst(t) and chl(t) are the seasonal means of surface temperature and chlorophyll–a over the whole domain of interest, defined as:

	

	

The model for the log intensity was then formalized as:



Where β0 is a global mean, β1 a seasonal effect and I(summer) is an indicator variable for the summer season and the rest of symbols are explained above.

It was assumed that the above process was observed in three different ways, conditionally independent given λ(s,t). Thus, three observed intensities were defined as:

	

where gj(s,t) is the detection function (with values between 0 and 1) which determines the thinning of the original process (Martino et al., 2021). The detection functions were defined as follows:

For the adaptive sampling (UNIRM) data:

	

where d1(s) is the distance (Km) between point s and the position of the boat when the groups were sighted. K = 4 Km was defined as the maximum distance measured between the location of the first visual sight of a dolphin group by researchers.

For the distance sampling (FERRY-FLT) data, the half normal detection function was used, defined as:

	

where, d2(s) is the perpendicular distance (Km) to the ferry track and ξ2 is a scale parameter.

Finally, for the SM data, the sighting probability was assumed to be larger with higher number of citizens’ small boats, so that the detection function was defined as:



Where Ф is the cumulative distribution function of a standard normal distribution, d3(s,t) is the log–intensity of small boats at point s and time t, and µ3 and ξ3 are location and scale parameters.

The intensity of the small boats d3(s,t) is unknown. Following Martino et al. (2021), this function was estimated using sightings of all cetacean species included in the SM dataset (see Table S1 and Figure S2 in the Supplementary Materials), and accounting for seasonality (more small boats in summer than in winter are expected). The parameters of the detection function ξ3 and µ3 were kept constant between seasons (see Supplementary S2 section for details).

An alternative estimation of the density of small boats d3(s,t) was attempted using images of Copernicus Sentinel–1 satellite radar. Such an approach was proposed in Martino et al. (2021) as a future development but has not been successful in the present study, as the intensity surfaces derived from satellite data reported several artifacts (see section S3 in the Supplementary Materials for details).

The model was fitted in a Bayesian setting using the inlabru R package (Yuan et al., 2017; Bachl et al., 2019). The approach allows for the estimation of all model components, jointly including the parameters in the detection functions, and therefore accounting for all uncertainties in a coherent way (see section S4 in the Supplementary Materials for prior specifications and details about the implementation).

Once the model was fitted, the estimated mean number of sightings was predicted over the whole area of interest as:



Such an integral can be estimated using Monte Carlo sampling from the fitted model.




Results

A total of 955 common bottlenose dolphin encounters was collected by research projects and social media reports (Table 1) over a period of 14 years, with a higher number documented in summer (N = 759) than winter (N = 196).


Table 1 | Total number of common bottlenose dolphins recorded by the two research programs [onboard ferries FLT Net (FERRY-FLT) and a dedicated survey platform UNIRM)] and by social media.



The total research effort in the two research programs (UNIRM and FERRY-FLT datasets) was 23,920 Km during summer (21,479 Km by FERRY-FLT; 2,441 by UNIRM) and 3,477 Km during winter (3,010 Km by FERRY-FLT; 467 by UNIRM). Total effort by season is shown in Figure 2.




Figure 2 | Total research effort by UNIRM (red) and FLT Net (blue) research programs and point location of social media sightings (green dots).



Maps showing covariates used within the model are shown in Figure 3 (depth and slope) and Figure 4 (seasonal sea surface temperature and chlorophyll–a). Estimated maps of observation process intensity used in the detection functions are presented in Figure 5. The estimated value for the posterior means together with 90 and 95% credible interval (CI) of the model’s fixed effects are shown in Table 2. Importance or significance of variables can be deducted by examining the overlap of their 90 or 95% CI with zero. Both depth and slope showed a significant reduction effect in the encounters when deeper and steeper, respectively (90 and 95% CI do not contain zero). The seasonal effect (Seasonal(β1) has fully positive 90 and 95% CI) indicated an increase in the encounter intensity during the summer season. The two space–time varying covariates, SST and chlorophyll–a values, were not significant within each season at the 95% significance level (CI contain zero). However, the parabolic effect of SST was significant at 90% level, suggesting a highly variable, but positive effect of the surface temperature. Spatial field’s parameters are reported in the Supplementary Material (see S4 section).




Figure 3 | Bottom depth (left panel) and slope (right panel) in the study area.






Figure 4 | Sea surface temperature (SST) distribution in winter (upper left panel) and summer (upper right panel), and chlorophyll–a log–scale values in winter (lower left panel) and summer (lower right panel) in the study area.






Figure 5 | Estimated maps of observation process intensity used in the detection functions (summer: left panel; winter: right panel).




Table 2 | Estimated posterior means together with 90 and 95% credible interval (CI) for the fixed effects parameters in Equation (1).



The estimated posterior mean and coefficient of variation (CV) surfaces for the intensity of the common bottlenose dolphin distribution by season are reported in Figure 6. In summer, the Tiber River estuary (nearly in the middle of the study area) showed higher intensity than other coastal regions. In winter, almost homogeneous predictions were observed, with marginal greater intensities at the two extremes of the study area (the Arno estuary in the northern part and Gaeta Gulf in the south), where lower temperatures and slightly higher chlorophyll–a concentration were observed. The relatively low variance was predicted in the more coastal parts of the study area within each season, while higher uncertainty was instead revealed in the southernmost offshore area.




Figure 6 | Posterior means of the predicted intensity surface for bottlenose dolphin distribution during the summer (upper left panel) and winter (upper right panel) seasons and the coefficient of variation (CV) for each season (summer: lower left panel; winter: lower right panel).



Finally, the distribution of the expected number of sightings by each season over the whole area, computed using Equation 3, is reported in Figure 7. While the expected number of sightings is fairly similar during summer and winter, a much larger variance is observed for the winter estimate.




Figure 7 | Distribution of the expected number of sightings over the whole area during summer (red) and winter (blue).





Discussion

The modeling approach of spatial data integration, able to carefully consider and minimize datasets biases, has been used in this study, offering a more precise picture of the seasonal common bottlenose dolphin distribution in the western Mediterranean Sea. As Dorazio (2014) pointed out, several statistical models have been proposed to integrate presence-only data from different research protocols to obtain reliable predictions of species distribution. However, these models have overlooked the effects of imperfect detectability and survey bias. Recently, Martino et al. (2021) showed that bias in these estimates, induced by multiple detection mechanisms related to data collection, could be reduced by correcting for detectability issues, thus allowing multiple sources of information to be integrated. In this study, new advancements with respect to Martino et al. (2021) were presented, testing a different approach to better define the presence–only (social media data source) detection function (see section S3 in the Supplementary Materials) and describing a possible seasonal effect thanks to a larger amount of data and a more extended study area. However, the relatively low number of sightings currently available, highly scattered in time, makes it difficult to connect to the detailed temporal pattern in the environmental covariates. The number of sightings per year seems insufficient to allow a full space-time modeling to capture possible temporal dynamics in the area.

The model here estimated includes all sources of uncertainty in one framework, allowing for a rigorous evaluation of the overall prediction uncertainty. It is known that when predicting animal distribution, uncertainty – both epistemic (i.e., the recognized ignorance due to imperfect knowledge; Brown, 2004) and stochastic (i.e., always present when dealing with nature; Walker et al., 2003) – is an unavoidable factor to deal with. This is obviously a critical point in the development of conservation and management measures, as without a proper uncertainty evaluation, weak and inefficient choices could be made (Stephenson et al., 2021). For the distribution of marine apex predators like the common bottlenose dolphin this is a crucial aspect, as these species can travel for great distances or reside in specific coastal locations. These versatile habits entail significant variations in the environmental characteristics and expose the species to a large variety of human pressures overlapping their ecologically important areas.

This study highlighted that the common bottlenose dolphin seems to well adapt to different seasonal conditions and maintain its distributional range, being constantly present along the coasts of the study area over the investigated 14-years period and showing differences in the intensities of its distribution between the two seasons (winter and summer), while the spatial pattern remain constant. A much larger variance for the winter vs summer estimates emerged, likely related to the reduced observation effort in the winter season due to bad weather conditions. Even not statistically significant, the lowering temperature and the slight rise of chlorophyll–a concentration detected in winter seem to increase the probability of dolphin presence. More specifically, the chlorophyll–a concentration was higher in two locations, near the Arno estuary in the north and the Garigliano/Volturno estuaries in the south of the study area, respectively. Being responsible for primary production, chlorophyll–a could be used as an indicator for other biotic features, such as the zooplankton distribution or plantophagous fish presence (e.g., La Manna et al., 2016). In the southern Mediterranean Sea, chlorophyll–a was found to be the second strongest predictor for bottlenose dolphin spatial distribution patterns, representing a good proxy for prey availability and thus a highly useful parameter in identifying relevant aggregation hotspots for dolphins (La Manna et al., 2016). Most likely, it is not by chance that the main estuaries in the study area were sites with the greatest predicted bottlenose dolphin densities, as estuaries have been shown to act as significant habitats for the genus Tursiops worldwide (e.g., Sprogis et al., 2016; Hartel et al., 2020). Estuaries are key aspects of the coastal ecosystems because of their unique characteristics and the variability induced by mixing and stratifying fresh and saltwater (McLusky and Elliott, 2004; Lin et al., 2013). Such processes are known to trigger fish aggregations and movements (Krumme, 2004) as they adapt to these changes, and dolphin paths as well, as they follow their prey (i.e., prey availability and distribution in turn influence common bottlenose dolphin distribution; Karczmarski et al., 2000; Soldevilla et al., 2011; Lin et al., 2013). In addition, other peculiar, fixed features of the study area such as islands, headlands and seamounts may have played a role in the constant distributional pattern over seasons here observed, as they are known to permanently generate eddies, fronts and water masses circulation, enhancing the amount of available nutrients and aggregating different species able to attract apex predators (Johnston and Read, 2007; Bailey and Thompson, 2010; Dinis et al., 2016).

Bathymetry is considered a proxy for prey availability indirectly linked to the common bottlenose dolphin distribution and habitat selection as well (Marini et al., 2015; Gnone et al., 2022). Here, bathymetry appeared to be the best predictor of the species distribution in the investigated area: the probability of sighting a group of common bottlenose dolphin increased in shallow (coastal) waters and decreased with increasing depth. This result is in accordance with the relatively consistent preferences in terms of bottom topography and water depth observed for the common bottlenose dolphin in the Mediterranean Sea (Natoli et al., 2021), although some transient occurrences in deeper waters, where uncertainty in predictions increases, were detected. Coastal waters may be more suitable habitats for common bottlenose dolphin mother–calf pairs than deeper ones, where females with newborns could form stable resident groups as observed in the study area near the Tiber River estuary by both researchers and sea users (Pace et al., 2019; Pace et al., 2021; Pace et al., 2022a; Pedrazzi et al., 2022).

Marine apex predators are, in general, highly mobile species, which raises issues in identifying their habitat boundaries for conservation actions (Cribb et al., 2015; Pace et al., 2018). The heterogeneous distribution over a wide range of habitats characterizes these species as indicators to estimate the effects of human activities on ecosystem functions (Arcangeli et al., 2015; Carlucci et al., 2016). Coastal dolphins are known to be affected by different anthropogenic threats such as bycatch, entanglement in fishing gears or marine litter, physical disturbance by shipping, unregulated dolphin watching or coastal development, anthropogenic noise, chemical contaminants, or overfishing (Natoli et al., 2021). These multiple pressures are acting in the highly anthropized study area (Gnone et al., 2022), although it encompasses several levels of spatial protection measures such as the SPAMI Pelagos Sanctuary for the protection of Marine Mammals, Marine Protected Areas, and Natura 2000 sites including the ‘Tutela del Tursiops truncatus’ − IT5160021 specifically established for protecting a recognized important site for bottlenose dolphin just off the Tuscany coast. To date, a complete assessment of species conservation status and intervention to assure the favorable status is reached or maintained is mandatory within the recently established Habitat Directive N2000 IT5160021 site (Arcangeli et al., 2021). Our findings underline the importance of the study area for the bottlenose dolphin also well outside the limit of the N2000 site and call for a reinforcement of effective mitigation measures to preserve the species especially along the whole coastal area. The results shown by our integrative modeling effort highlight the importance of using all available data to better understand the distribution of the species (Pace et al., 2014; Pace et al., 2019; Gnone et al., 2022) and, in turn, the characteristics of the marine ecosystem they are part of. Additional efforts to enlarge and reinforce the existing protective regulations in the study area are urgent priorities (to encompass at least the whole coastal area), as well as further investigations and continuous monitoring activities to identify effective mitigation actions for the local common bottlenose dolphin population.
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The assessment of the spatial overlap between eligible cetacean conservation areas (CCAs) and fishing grounds could be a strategic element in the implementation of effective conservation measures in the pelagic offshore areas. A multi-species bio-economic modelling approach has been applied to estimate the fishing traits in eligible CCAs in the Northern Ionian Sea (NIS, Central Mediterranean Sea) between 10-800 m of depth, adopting the Spatial MAnagement of demersal Resources for Trawl fisheries model (SMART). Four possible CCAs were defined according to the distribution of cetacean species, their bio-ecological needs, as well as socio-economic needs of human activities, identifying a Blue, Red, Orange and Green CCAs in the NIS. SMART spatial domain was a grid with 500 square cells (15×15 NM). The analysis was conducted for the period 2016-2019, considering the Otter Trawl Bottom (OTB) fleet activities in the study areas through the Vessel Monitoring System. The spatial extension of fishing activities, hourly fishing effort (h), landings (tons) and economic value (euros) for each CCA and the NIS were estimated as yearly median values. Fishing activities were absent in the Blue CCA, where the presence of the submarine canyon head does not offer accessible fishing grounds. The hourly fishing effort in the Green area accounted for about 22% (3443 h) of the total hourly effort of the NIS, while the Orange and Red areas were about 8% (1226 h) and 2% (295 h), respectively. The Green CCA corresponded to about 14% (36 tons) of the total landings in the NIS, whereas the Orange and Red areas represented about 9% (22 tons) and 6% (16 tons), respectively. The Green CCA accounted for about 13% (156 thousand euros) of the total economic value of the NIS, while the Orange and Red areas represented about 6% (69 thousand euros) and 4% (44thousand euros), respectively. Results showed no or negligible negative effects on trawl activities by potential spatial restrictions due to the establishment of CCAs highlighting the importance to consider spatially integrated information during the establishment process of conservation areas for cetacean biodiversity according to the principles of Ecosystem Based Management.
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Introduction

Spatial analysis of the distribution of key species and their interaction with human activities at sea is a key aspect of any ecosystem-based marine spatial planning (MSP, Foley et al., 2010). Moreover, the MSP approach emphasizes the importance of including both direct and indirect relationships with the legal, socio-economic and ecological complexity of governance when assigning a marine area to a specific use, as there is often a space of overlap between conflicting components that can and must be buffered in advance through measures of appropriate sizing, mitigation and compensation, ensuring greater acceptance and above all a real effectiveness in the conservation of marine biodiversity (Ehler and Douvere, 2009). Being able to harmonize these aspects is crucial if Blue Growth (https://s3platform.jrc.ec.europa.eu/blue-growth) is to be effectively supported. For their bio-ecological traits, the effectiveness of protection measures for cetaceans can be represented by the establishment of conservation areas that encompass large portions of the pelagic domain. Although Marine Protected Areas (MPAs) have been widely adopted in several marine ecosystems (Claudet, 2011), the institution of spatial conservation measures dedicated to the protection of the pelagic domain on a large scale is poorly applied (Wood et al., 2008; Game et al., 2010; Kaplan et al., 2010). On the contrary, the protection of coastal and pelagic offshore areas seems to be a fundamental corner for effective biodiversity conservation, because pelagic MPAs can ensure ecological connectivity between different coastal protected areas, such as those distributed in gulfs and bays (Guidetti et al., 2013). In addition, the ecological benefits derived from coastal MPAs are also often accompanied by positive effects on the rebuilding of fishing stocks, which have economic fallouts on the fishery and other associated activities, such as tourism (Stelzenmüller et al., 2007; Russo et al., 2019). Even more relevant could be the contribution of deep-sea pelagic conservation areas, as the restriction of fishing over large areas could result in minimal economic losses for the sector, but with the advantage of ensuring a more effective remedy against the processes of extinction and loss of diversity and key ecosystem services (Sumaila et al., 2007). In this regard, cetaceans have proven to be of maximum importance in the stability and resiliency of the marine ecosystems (Tromeur and Loeuille, 2017) and in the support of several ecosystem services (Pace et al., 2015), with positive reflection even on climate change (Sergio et al., 2008; Hooker et al., 2011; Roman et al., 2014; Mazzoldi et al., 2019). Therefore, due to threats to and risk of degradation in their status in the Mediterranean Sea (ACCOBAMS, 2020) there is a very urgent need to provide action favouring the maintenance of their critical habitat. However, the planning of cetacean conservation areas represents a real challenge mostly because the spatial overlap between the distribution of cetacean critical habitat and fishing activities is wide. In fact, the feeding preferences of cetaceans and their behavioural strategies could cause conflicts with the fishing activities that are classified as a competition for food resources (Bearzi, 2002; Jusufovski et al., 2019).

Under the umbrella of the European Common fisheries policy (CFP), the management of fishery resources in the Mediterranean Sea is largely based on the regulation of the spatial fishing effort distribution, that is the identification of areas in which to prohibit some or all types of fishing to protect the environment and resources (https://oceans-and-fisheries.ec.europa.eu/policy/common-fisheries-policy-cfp_en). However, the establishment of Fishery-Restricted Area leads to reallocation of fishing effort (displacement from closed areas to adjacent or new ones) that can significantly influence the final effects of this kind of management measures, both in biological and economic aspects (Bastardie et al., 2018; Russo et al., 2019; D’Andrea et al., 2020). Therefore, understanding the allocation of fishing effort displacement is an information to be taken into account when management regulations, which are characterized by temporal and/or spatial banning of fishery, need to be implemented. Several studies have adopted spatial modelling approaches to investigate the fishing exploitation pattern in terms of effort distribution, catches and economic production (Russo et al., 2014; Quijano Quiñones et al., 2021), to simulate possible spatial management scenarios of trawl fishery (Russo et al., 2019) or to investigate the risks of interaction between cetaceans and the fishery (Breen et al., 2017).

In the Northern Ionian Sea (NIS, Central Mediterranean Sea), cetaceans represent key elements in the ecosystem functioning supporting trophic regulations of the entire food web (Ricci et al., 2020a; Carlucci et al., 2021a). Several bio-ecological traits of cetacean species distributed in the NIS (Carlucci et al., 2018a; Carlucci et al., 2018b; Carlucci et al., 2020a; Carlucci et al., 2020b; Cipriano et al., 2022) have been investigated, as well as the potential competition with local fishing activities (Ricci et al., 2020b; Ricci et al., 2021a). This ecological knowledge acquired in the last decade is a focal point in the assessment of cetacean distribution and the interaction with anthropogenic impacts in the Gulf of Taranto, the northernmost part of the NIS (Carlucci et al., 2021b). This information supports the possibility to propose area-based management tools (ABMTs) for cetacean conservation (Notarbartolo di Sciara et al., 2016), such as Cetacean Conservation Areas (CCAs, Carlucci et al., 2021c), aimed at protecting these species and their critical habitats, mitigating anthropogenic impacts and promoting the sustainable development of human maritime activities. In particular, the NIS can be considered an eligible area for the implementation of ABMTs and CCAs, where underwater noise, marine litter, ship collision, and competition for prey by fishery are the main disturbances involved in interacting with cetaceans (Carlucci et al., 2021b). Although direct fishing impacts on the cetaceans (e.g. by-catches) are not recorded in the area (Ricci et al., 2021a), potential competition for food resources could arise with local fishing activities (Carlucci et al., 2021a). However, an investigation into the potential spatial interactions between fishing activities and eligible CCAs has never been explored, although long time series of data are available on species distribution and their life history traits (Maiorano et al., 2010; Capezzuto et al., 2010; Carlucci et al., 2018c; Ricci et al., 2021b) and the characterization of fishing grounds (Russo et al., 2017). Therefore, the main objective of this study is to set up an assessment of the spatial overlap between eligible CCAs and fishing grounds in the NIS using a multi-species bio-economic modelling approach. In particular, the assessment was conducted in the period 2016-2019 using the Spatial MAnagement of demersal Resources for Trawl fisheries model (SMART, Russo et al., 2014; D’Andrea et al., 2020). SMART was selected since it allows reconstruct, using a combination of different data sources, the spatial and temporal origin of catches or landings and their final faith in terms of landing harbour. In addition, given that is a spatial bio-economic model, SMART allows to estimate the economic indicators associated to different patterns of fishing effort, at the scales of both single vessels and fleets. In this way, SMART can be used to assess the economic and the biological value of a given fishing area, supporting quantitative analyses and evaluation in the framework of marine spatial planning. In this paper, SMART has been applied on the harbour-specific fleets of bottom trawlers operating in the study area in order to obtain an assessment of the potential bio-economic impacts of different spatial management actions involving the CCAs. According to Carlucci et al. (2021a), bottom otter trawling (OTB) represents by far the main fishery in the Northern Ionian Sea, both in terms of landings and profits and impacts.

CCAs were described through fishing traits inherent to the otter bottom trawl fleet, by using several indicators, such as fishing effort, landing, economic incomes, and the landing flows from the fishing grounds included within the CCAs towards the main harbours of the study area.



Materials and methods


Study area

The study area extends from Punta Alice to Santa Maria di Leuca covering a surface of about 14000 km² and reaching 1500 m in depth in the Northern Ionian Sea (NIS) (Central Mediterranean Sea). The hydrographic features of the area are characterized by up-welling systems (Bakun and Agostini, 2001) and decadal processes of deep-water circulation inversion with effects on the energy exchanges between benthic and pelagic domain (Ricci et al., 2022). The NIS includes several important habitats from a conservation point of view in shallow (including seagrass meadows and coralligenous outcrops), pelagic (upwelling sites) and deep-sea areas (including submarine canyon and cold-water coral banks) (Capezzuto et al., 2010; Bo et al., 2011; D’Onghia et al., 2016; Carlucci et al., 2018c; Castellan et al., 2019; Chimienti et al., 2019) ensuring favourable conditions for the support of a high biological diversity and providing diverse ecological services (Carlucci et al., 2021a). Moreover, the study area has been widely recognized as a critical area for the day-to-day life of striped dolphin Stenella coeruleoalba and common bottlenose Tursiops truncatus (Carlucci et al., 2016a; Carlucci et al., 2017; Carlucci et al., 2018b; Carlucci et al., 2018d; Ciccarese et al., 2019; Santacesaria et al., 2019; Azzolin et al., 2020). In particular, the spatial distribution and areas where these dolphins realize feeding, resting, socializing, and traveling activities have been identified (Carlucci et al., 2018b; Papale et al., 2020). In addition, other cetacean species occur in the NIS, such as the Risso’s dolphin (Grampus griseus, Maglietta et al., 2020; Maglietta et al., 2022; Maglietta et al., 2018; Renò et al., 2019; Carlucci et al., 2020a), the sperm whale (Physeter macrocephalus, Bellomo et al., 2019), the Cuvier’s beaked whale (Ziphius cavirostris, Podestà et al., 2016; Carlucci et al., 2020b) and the fin whale (Balaenoptera physalus, Dimatteo et al., 2011; Fanizza et al., 2014).

The habitat complexity of this NIS is accompanied by several anthropogenic pressures, which are represented by fishing activity and marine traffic, as well as the occurrence of navy exercises areas, and industrial activities (Carlucci et al., 2021b; Carlucci et al., 2016a). In particular, the geo-morphological and biological heterogeneity described so far, strongly influences the distribution of the fishing effort, distribution and the typologies of fishing gears adopted in the area. Fishing boats are frequently registered as polyvalent fishing vessels, often changing type of fishing according to the season and sea/weather conditions as well as to the variability in the availability of resources and market demand (Carlucci et al., 2016b). In particular, fishing occurs from coastal waters to about 800 m in depth and it is mainly characterized by the bottom otter trawls, that mostly exploit the shelf break and slope, and the small-scale fishery operating on coastal grounds (Russo et al., 2017). The most important fishing resources are the red mullet (Mullus barbatus) on the continental shelf, the European hake (Merluccius merluccius), the deep-water rose shrimp (Parapenaeus longirostris) and the Norway lobster (Nephrops norvegicus) on a wide bathymetric range; as regards the bathyal grounds, the shrimps (Aristeus antennatus and Aristaeomorpha foliacea) are the most important resources (Carlucci et al., 2018c; Maiorano et al., 2010; Carlucci et al., 2016b; Russo et al., 2017).

Information and data on the cetofauna occurring in the NIS have been available since 2009. This knowledge has led to the hypothesis of a delimitation of four possible CCAs based on different assumptions related to the distribution of cetacean species according to their bio-ecological needs as well as socio-economic constraints (Figure 1). The former area, hereafter called the “Red area”, has an extension of approximately 715 km2 and includes the persistent critical habitats of the striped dolphin (Carlucci et al., 2018d). The second, hereafter called the “Orange area”, encompasses approximately 1530 km2 being enlarged to include all the areas where behavioural activities of the striped dolphin population were observed from 2009 to 2017 (Carlucci et al., 2018d). The third, hereafter called the “Green area”, covers approximately 3170 km2 and includes areas where the highest abundances of both striped and common bottlenose dolphins were estimated through habitat modelling techniques (Carlucci et al., 2018a), together with all the sightings recorded up to 2020 for both the Risso’s dolphin and the sperm whale. The latter CCA, hereafter called the “Blue area”, covers 615 km2 and has been delimited according to the specific spatial needs indicated by the main stakeholders (e.g. maritime authority, navy, municipality, NGOs, research institutions) operating in the study area.




Figure 1 | Map of the Northern Ionian Sea (Central Mediterranean Sea) with sightings distribution of S. coeruleoalba (SC), D. delphis (DD), G. griseus (GG), T. truncatus (TT), P. macrocephalus (PM) and the spatial limits of CCAs (the black line indicates the border of the gulf).





SMART Modelling approach and fishing data

The assessment of fishing traits of each CCA and the Northern Ionian Sea was carried out through the SMART modelling approach, a method able to reconstruct the spatial and temporal fluxes of landings coming from well-defined areas (fishing grounds) and times to harbors to which they are delivered for sale (Russo et al., 2018; Russo et al., 2014; D’Andrea et al., 2020). The modelling of spatial fishing effort is based on the use of information obtained by the Vessel Monitoring System (VMS), which is applied to the remote control of fishing vessels with length overall (LOA) ≥ 15 m in European waters (EC, 2011). The VMS data are combined with information on landings acquired from fishing logbooks, where information on landing by species and harbors are reported by the fishers (Gerritsen and Lordan, 2011). All these data are collected within the Data Collection Framework since 2006 and they are provided by the Italian “Ministry of the Agricultural, Alimentary and Forestry Politics” (Russo et al., 2014). Starting from this information on the spatial effort and landings, it is possible to estimate the Landing Per Unit of Effort (LPUE, kg h-1 km-2) for each vessel length (D’Andrea et al., 2020). In addition, a reconstruction of the effort and production data for vessels with a LOA < 15 m was carried out using the European Common Fleet Register (EC, 2010) according to the method reported in Russo et al. (2018).

The spatial domain of the SMART model for the investigated area was defined as a grid with 500 square cells (15 × 15 nautical miles). The rationale of the model, as well as the workflow of the smartR R package, can be summarized in the following logical steps:

1. Analysing VMS data to assess the fishing effort by vessel/cell/time;

2. Processing landings data, combined with VMS data, to estimate the spatial/temporal productivity of each cell (or spatial unit), in terms of mean monthly LPUE by species, according to the method described and applied in Russo et al. (2018);

3. Estimating the cost per vessel/time associated with a given effort pattern and the related revenues, as a function of the landings by vessel/species/length class/time;

4. Combining costs and revenues by vessel, on the yearly scale, to obtain the profit, which is the proxy of the vessel performance.

Each of these steps corresponds to a different module of the smartR package (D’Andrea et al., 2020). A detailed description of the SMART workflow is reported in Russo et al. (2019) and D’Andrea et al. (2020), while a diagram of the approach used in this paper is represented in Figure 2.




Figure 2 | Diagram of the workflow, from input data to final output, applied in this study to assess the value of CCAs for the trawl fisheries operating in the area of study.



The analysis was conducted for the period 2016-2019 (48 months), considering the fleets of vessel performing bottom otter trawling (OTB) in the Northern Ionian Sea and belonging to three fleet segments defined by vessel length-over-all (namely LOA <12, LOA between 12-18 and LOA between18-24 m), being the main segments operating in the study areas (Maiorano et al., 2019; Maiorano et al., 2010; Russo et al., 2017). To avoid anomalies in the fishing production induced by fishing effort variations at the national scale which occurred during the SARS-CoV-2 coronavirus pandemic period (Russo et al., 2022) the years 2020-2021 were excluded from the analysis.

The combination of the different data sources (i.e. VMS data, Logbooks data, Common Fleet register and Price at market by species) allowed to estimate the Fishing effort and the related landings and revenues for the different CCAs. In addition, being known the harbour of departure/landing of each trawler, it was possible to estimate fishing effort, landings and revenues by harbour-specific fleets. In this way, the results of this modelling approaches represent estimates of the real values but simulations. Moreover, considering that the displacement of effort potentially determined by the CCAs was not predicted, the results of this study represent an assessment of the status quo (i.e. the present values of CCAs for trawl fishing).



Assessment of the fishing activities and production within CCAs and in the Northern Ionian Sea

The assessment of the OTB fleet fishing exploitation in the CCAs and the NIS was carried out considering the spatial distribution of fishing activities, the hourly fishing effort, and the production in terms of landing and economic revenue during the period 2016-2019. The spatial extension of fishing activities (expressed as km2) was calculated as the median of annual values estimated through VMS data for all OTB LOA segments. OTB swept areas by LOA segment were estimated in each year in the range of depth between 10-800 m. In addition, annual trends of the spatial coverage (%) of each VL segment were analysed.

The hourly fishing effort and the yield (landings) were estimated using data provided by the SMART model considering available OTB LOA segments during the investigated period. Therefore, monthly landings were combined with VMS data (using the fishing vessel and temporal range of the fishing activity as references) to estimate the monthly LPUE for each species and cell in the grid (see Russo et al., 2018, for an extensive description of this procedure). The LPUEs obtained were aggregated by the target species of the trawling (Table 1). In addition, data provided by the SMART model were used to calculate several indicators, such as the hourly effort (hours) by OTB LOA segment, the landing, the spatial LPUE and the economic value for each CCA and the NIS. Economic incomes of fishing landing were calculated by multiplying the landing value (kg) of main target species of trawl segment by their price (expressed as mean value in euros kg-1 per species) (Table 1).


Table 1 | Mean sales prices for target species indicated by FAO 3alpha code considered in the analysis.



Further analysis involved the estimation of production flows from the study areas to the main fishing harbours (Crotone, Cariati, Corigliano, Taranto, Gallipoli, Otranto) of the NIS, according to the method reported in Russo et al. (2018). Fishing harbours were aggregated at regional level (Calabrian and Apulian), which are precisely divided by the Taranto valley in the Gulf of Taranto, occupying the southwestern and north-eastern zones, respectively (Rossi and Gabbianelli, 1978). This choice is due to the difference in bottom trawling fleets in the two areas in terms of capacity and effort (Maiorano et al., 2022; Maiorano et al., 2010; Russo et al., 2017), as well as to the structure of the demersal assemblage (Carlucci et al., 2018c) and the food webs (Ricci et al., 2019).

Therefore, median, minimum, and maximum, interquartile range (IR) and the percentage values (% calculated on the median value) of each production indicator for CCAs and the NIS were analysed. A statistical comparison of the fishing and production indicators (hourly effort, landing and economic values) among all CCAs and the NIS was carried out using the multiple non-parametric Mann–Whitney (U) post hoc test, based on the Bonferroni correction (McDonald, 2014). The selection of the KW test was due to the non-normal distribution of the data tested by the Shapiro–Wilk test (Shapiro and Wilk, 1965) (Table S1). The statistical analysis was carried out using PAST 4.03 (Hammer et al., 2001).




Results


Spatial and temporal interactions of fishing activities within CCAs

The aggregated fishing footprint distributed in potential fishable areas between 10-800 m of depth is reported, together with the different CCAs of interest, in Figures 3–5 and Supp. Materials (Table S2; Figure S1).




Figure 3 | The total yearly spatial extension (km2 in Log scale) of the OTB fleet within CCAs and the NIS during the investigated period (2016-2019). Boxplots report the median (midline), quartiles (box limits); minimum and maximum values (whiskers out of boxes).






Figure 4 | Spatial distribution of the OTB effort (in hours) by VL 12-18 showing the overlap with the (A) Blue, (B) Red, (C) Orange and (D) Green CCAs. Values in hours are calculated as yearly averages for the period 2016-2019.






Figure 5 | Spatial distribution of the OTB effort (in hours) by VL 18-24 showing the overlap with the (A) Blue, (B) Red, (C) Orange and (D) Green CCAs. Values in hours are calculated as yearly averages for the period 2016-2019.



In the Blue CCA, fishing activity was detected for the OTB VL 15-18 only in 2018, with an absolute extent of 4 km2 (Figure 3). This indicated that the fishing activities are substantially absent in this area. In the Red CCA, the median spatial extent of the entire OTB fleet showed a value of 8 km2 (IR=8), representing a percentage of spatial extension of 0.9% with respect to the whole potential fishable area (Figure 3). In addition, the maximum percentage value of spatial extension was estimated for the OTB VL_18-24 in 2016 (32 km2, 3.7%), while other values in the remaining years were lower than 1.5% (Figure S1). In the Orange CCA, the spatial extension of the OTB fleet showed a median value of 237 km2 (IR=380; 17.0% of the Orange area total) (Figure 3). The highest spatial extension was estimated for the OTB VL 18-24 with a percentage value of 64.1% in 2016, while the lowest was estimated in 2018 (26.8%) (Figure S1). In the Green area, the median spatial extension was of 704 km2 (IR=992; 26.5% of the Green CCA total) and the highest value was observed in 2016 (82.9%) for the OTB VL 18-24 (Figure 3). Also in this area, percentage values decreased over time with the lowest value in 2018 (36.5%) (Figure S1). In the NIS, the spatial extension of the OTB fleet showed a median value of 3469 km2 (IR=522; 36.0% of the total NIS area) (Figure 3). The OTB VL 18-24 segment showed the highest percentage values in 2016, with values of 44.1%, while the lowest was detected in 2019 (28.5%) (Figure S1). In addition, OTB VL 12-18 vessel showed a spatial extension lower than approximately 36% in all years.

In the NIS, the mean total yearly effort of the whole trawl fleet showed a median value of 15925 hours (IR= 5174) (Figure 6A, Table S3). Considering the CC areas, the highest was estimated for the Green area (median value of 3443 hours, IR=3070), followed by the Orange area (median value of 1226 hours, IR=1385) and the Red area (median value of 295 hours; IR=199), which were significantly different between them (p<0.001; Table S4). In addition, the fishing effort in the Green area accounted for 21.6% of the total hourly effort of the NIS, and the Orange and Red areas were 7.7% and 1.9%, respectively.




Figure 6 | The total yearly fishing effort (hours in Log scale) of the OTB fleet estimated by SMART model. In (A) the hourly effort is reported for the overall OTB fleet in the CCAs and Northern Ionian Sea. The hourly effort by LOA segments is reported in (B) for the Red CCA, in (C) for the Orange CCA and in (D) for the Green CCA. LOA segments are split into vessels lower than 12 m (<12), vessels between 12-18 m (12_18) and those between 18-24 m (18_24). Boxplots report the median (midline), quartiles (box limits); minimum and maximum values (whiskers out of boxes).



Considering the hourly effort by VL segments, fishing activities in the Red CCA were almost exclusively performed by OTB 18-24 vessels (median value of 295 hours, IR=197; 91.4% of the total hourly effort) (Figure 6B), Differently, other VL segments were absent, as VL <12, or characterized by very negligible activities (less than 30 fishing hours estimated for VL 12-18). Similarly, the hourly effort in the Orange CCA showed the highest median value of 1102 hours (IR=865) for the OTB 18-24 segment, representing 52.7% of the total hourly effort in the CCA (Figure 6C). Lower median values were detected for other segments, where OTB<12 and OTB 12-18 vessels accounted for 18.2% (median value of 380 hours; IR=36) and 29.1% (median value of 609 hours; IR=725), respectively. In the Green CCA, the division of fishing effort by VL segments showed the highest median value for OTB VL 18-24 (2499 hours; IR=3205) accounting for 56.5% of the total fishing hourly effort of the CCA (Figure 6D). In the NIS, the OTB VL<12 vessels showed the highest median value of hourly effort (7535 hours, IR=3269) representing 49.0% of the total effort, followed by OTB 12-18 vessels (median value 4900 hours, IR=3761, 31.9%) and the OTB18-24 fleet (median value 2938, IR=5642, 19.1%).



Fishing production in the Northern Ionian Sea and CCAs

In the NIS, the median estimated production as landings and landing values corresponded to 254.8 tons (IR=124.6) and 1.253 mln euro (IR=580.1), respectively (Table S3). In the CCAs, the highest median value of landings was estimated for the Green area (36.1 tons, IR=26), followed by the Orange area (22.4 tons, IR=13.7) and the Red area (16.1 tons, IR=11.1). Thus, the Green area corresponded to 14.2% of the total landings in the NIS, and the Orange and Red areas represented 8.8% and 6.3%, respectively. Considering the economic revenue, median values estimated for the CCA were 156.3 thousand euros (IR=107.9) for the Green area, 69.2 thousand euros (IR=45.2) for the Orange area and 43.9 thousand euros (IR=25.4) for the Red one. Thus, the Green CCA accounts for 12.5% of the total economic value of the NIS, and the Orange and Red areas represented 5.5% and 3.5%, respectively. All median values calculated for the production indicators were significantly different between the CCAs and NIS (p<0.01) (Table S4).

Considering the composition of landings in the NIS, the most landed species were B. boops with a median value of 41.2 tons (IR=19.2; 16.5% of the total landing in the NIS), followed by T. mediterraneus (33.6 tons, IR=22.53, 13.4%), M. merluccius (32.4 tons, IR=14.37, 13%), M. barbatus (29.8 tons, IR=16.87, 11.9%), I. coindettii (26.2 tons, IR=20.18, 10.5%) and P. longirostris (25.9 tons, IR=12.34, 10.3%) (Figure 7 left plots; Table S5). In term of economic yield, A. antennatus was the most important species, with the median revenue value of 254.7 thousand euros (IR=132.47, 20.7%), followed by M. merluccius (151.0 tons, IR=67.06, 12.3%) (Figure 7 right plots). In addition, N. norvegicus, M. barbatus and I. coindetii each account for between 8 and 10% of the total economic value of the NIS.




Figure 7 | Landings (tons) and economic value (mln euro) by commercial species estimated for each CCA and the Northern Ionian Sea (NIS). Code species are reported in the Table 1. Boxplots report the median (midline), quartiles (box limits); minimum and maximum values (whiskers out of boxes).



The production pattern showed some differences in the CCAs compared to the NIS. In particular, the Red CCA showed the lowest number of species in the landing. P. longirostris was the most important landed and economic species, with median values of 7.2 tons (IR=4; 47.7% of the total landing in the Red CCA) and 26.8 thousand euros (IR=15.04; 65.5% of the total economic yield of Red CCA). Other relevant species in the landing were T. mediterraneus (4.0 tons; 26.5%) and B. boops (2.1 tons, 14.1%), but they were characterized by a very low economic value.

In the Orange and Green CCAs, the most important species in the landings were always P. longirostris, T. mediterraneus and B. boops, but an increase in the number of landed species was observed. Deep resources (A. foliacea, A. antennatus and N. norvegicus) were found, as well as commercial cephalopods (I. coindettii and E. cirrhosa). In the Orange CCA, P. longirostris showed the highest median values of landing (7.93 tons, IR=5.28; 36.1% of the total landing in the CCA) and economic yield (29.7 thousand euros, IR=19.8, 37.4% of the total economic value in the Orange CCA). In addition, A. foliacea and A. antennatus accounted for 12.4% and 11.2% of the total economic value in the Orange CCA (median values of 9.87 thousand euros, IR=5.2 and 8.92 thousand euros, IR=10.4, respectively). In the Green CCA, P. longirostris showed the highest median production values account for 25.8% of the landing in the investigated CCA (median value 9.19; IR=5.93) and for 22% of the economic value in the CCA (median value of 34.47 thousand euros, IR=22.25). In addition, A. antennatus and A. foliacea showed high median revenue values equal to 25.3 thousand euros (IR=24.30, 16.3%) and 23.0 thousand euros (IR=19.26; 14.8%), respectively.



Landing and economic flows from CC areas towards fishing harbours

The analysis of landing flows by species towards the main fishing harbours showed differences in the pattern of production among the CCAs and the NIS (Figures 8, 9; Table S6). Considering landing flows in the NIS, most of the production was landed in the Apulian region, with the highest median total landing of 108.93 tons in Gallipoli (43.4% of the total production of the NIS), followed by that of Taranto (median total value equal to 43.91 tons; 17.5%), and a very small fraction in Otranto (median total value equal to 6.29 tons; 2.5%) (Figure 9D). In the Calabria region, the landings flows were directed towards Corigliano (median total value equal to 65.82 tons; 26.2%) and Crotone (median total value equal to 26.18 tons; 10.4%). The main landed species in Gallipoli were B. boops (median value of 20.87 tons, IR=11.86; 8.3%), M. merluccius (median value of 16.22 tons, IR=9.17; 6.5%), M. barbatus (median value of 14.33 tons, IR=6.84; 5.7%) and I. coindetii and T. mediterraneus, each accounting for about 4-5% (Figure 8). A similar pattern was observed for the landing species composition in the remaining harbours with lower percentage values. Economic yields showed similar percentage values to the landing flows, with the highest total median value for the landing in Gallipoli (516.35 thousand euros, 41.6% of the total economic production from the NIS). Considering the species, A. antennatus showed the highest economic values in all harbours, excepted for Taranto, where A. foliacea showed the highest median value equal to 49.75 thousand euros (18.95). Other relevant species were M. merluccius, N. norvegicus, M. barbatus and I. coidettii in all harbours.




Figure 8 | Landing flows by species (expressed in %) from the CCAs and NIS towards the main fishing harbours. Species codes are reported in Table 1.






Figure 9 | Landings flows (tons) from (A) the Red CCA, (B) Orange CCA, (C) Green CCA and (D) the Northern Ionian Sea towards the main fishing harbours aggregated in the Calabrian (yellow) and Apulian region (violet). Thickness of arrows is proportional to the magnitude of flows.



In the Red CCA, P longirostris showed the highest fraction in the Taranto landings (median value 4.28 tons; IR=3.39) accounted for 27.5% of the total landing flow from this CCA (Figure 8). This species together with B. boops represented all species landed in Taranto from the Red CCA. In Corigliano harbour, T. mediterraneus showed the highest fraction in the landings (median value 3.99 tons, IR= 6.04; 25.6%), followed by P longirostris (median value of 3.03 tons, IR=2.33; 19.5%) and B. boops (median value 1.63 tons, IR=1.35; 10.5%). Other species landed in Corigliano were M. merluccius, Lophius spp. and M. barbatus.

Concerning the economic yield, P. longirostris was also the most important species in both harbours, showing median values of 16.06 thousand euros (IR=12.73; 38.5% of the total economic value) in Taranto and 11.36 thousand euros (IR=8.72; 27%) in Corigliano, respectively.

Overall, the median total landing from the Red CCA was higher within Corigliano harbour (66.9%) than Taranto harbour (33.1%) (Figure 9A). Similarly, the economic production accounted for 60.5% (25.23 thousand euros) in the Corigliano harbour and 39.5% (16.50 thousand euros) in Taranto, respectively.

In the Orange area, the most important species in the landing flows towards Corigliano harbour were T. mediterraneus (median value of 4.65 tons; IR=6.22; 19.8% of the total production of the area), P. longirostris (median value of 3.13 tons; IR=2.53; 13.3%) and B. boops (median value of 1.84 tons; IR=1.72; 7.8%). In addition, small amounts of A. foliacea (median value of 0.71 tons; IR=0.37; 3.0%) and A. antennatus (median value of 0.26 tons; IR=0.35; 1.1%) were detected in the landings (Figure 8). In Taranto harbour, the main landed species were always P. longirostris (median value of 4.70 tons, IR=3.44; 20.1%) and B. boops (median value of 2.45 tons, IR=2.52; 10.5%). Other relevant species were M. barbatus, M. merluccius and I. coindetii, and A. antennatus was detected in the landing. Concerning the economic revenue, P. longirostris, A. foliacea and A. antennatus were the main important species in the production flows of both harbours. The former species accounted for 20.5% (17.63 thousand euros) in Taranto and for 13.7% (11.74 thousand euros) in Corigliano harbour, respectively, as well as A. antennatus being equal to 8.4% (7.20 thousand euros) for the Taranto production and 5.6% (4.84 thousand euros) in that of the Corigliano. Finally, A foliacea represented 11.5% (9.87 thousand euros) in Corigliano. Overall, the median total landing from the Orange CCA was split into 13.66 tons in Corigliano (58.2% of the total landing from the CCA) and 9.80 tons in Taranto (41.8%), respectively (Figure 9B). Median total revenues were slightly higher in the Corigliano (56.7%) than in Taranto (43.3%).

The landings flow from the Green area was mainly directed to the Corigliano harbour (49.5% of the Green CCA total landing) and to Taranto (43.7%), while the lowest fraction was landed in Gallipoli (6.8%) (Figure 9C). In all harbours, P. longirostris and B. boops were the main landed species (Figure 8). In addition, T. mediterraneus showed a high median value exclusively in Corigliano (4.65 tons, IR=5.78; 11.3% of the total landing production). Other relevant species were M. merluccius, M. barbatus and A. foliacea with values which ranged between 3-4% in both Corigliano and Taranto harbours. Considering the economic yield, as observed in the Orange CCA, P. longirostris, A. foliacea and A. antennatus were the most important species in all harbours, representing overall about 54% of the total economic revenue (24.2% in Corigliano harbour, 25.8% in Taranto and 3.9% in Gallipoli). Other relevant species were M. merluccius and Lophius spp. in the production Corigliano harbour, with values of 4.0% and 4.5%, respectively. Overall, the median total economic yield from the Green CCA was slightly higher in Corigliano harbour (92.65 thousand euros, 47.7%), than in Taranto (86.60 thousand euros 44.6%), while Gallipoli accounted for 7.8% (15.10 thousand euros).




Discussion

The analysis developed in this study through a multi-species bio-economic modelling approach is the first attempt to quantify fishing exploitation patterns within eligible CCAs identified with the explicit purpose of protecting cetacean species in the Northern Ionian Sea. The SMART approach was used to obtain a quantitative reconstruction of fishing activities in the study area and to provide a baseline for the planning of spatial conservation measures, as well as for sustainable management of fishery. Indeed, the output obtained could be considered in the application of measures required for a sustainable management of the trawl fishery, as required by the Multi-annual Plan for the Fisheries exploiting demersal stocks (Sánchez Lizaso et al., 2020). In fact, effective management aimed at reducing discards and mortality of both target and non-target species require integrated strategies based on several kinds of regulation (Colloca et al., 2013). Although the main Annual Multiplan Fishery regulations are based on effort reduction in terms of fishing days, other restrictions could be planned to adopt spatial conservation tools able to synthetize multiple targets in the conservation of marine biodiversity and ecosystems (Pérez-Ruzafa et al., 2017; Russo et al., 2019).

The first main relevant output is the absence of fishing activities in the smallest CCA (blue) where the head of the submarine canyon does not offer accessible grounds. Thus, the area can be an interesting space for the planning of spatial conservation actions, without conflicts with the local fishery. In addition, the proximity of the Blue CCA to the coast should be evaluated from the socio-economic perspective, stimulating the involvement of different stakeholders for the planning of regulatory measures (Heck et al., 2011). Indeed, the growing interest in citizen science activities can find opportunities to develop ocean literacy activities in suitable locations such as marine protected areas and to promote Sustainable Development Goals in coastal communities (Ferreira et al., 2021). However, a critical issue could be represented by the small size of this CCA, which partially covers the head of canyons and could not provide and exhaustive protection of some cetacean species, such as Z. cavirostris, which is distributed in the offshore area of the NIS (Carlucci et al., 2020b). However, the level of conservation represented by the Blue CCA could be very beneficial for the protection of cetaceans and easily implemented in the area given the involvement of the main stakeholders. From an operational perspective, an increase in knowledge regarding other human pressures impacting in the CCA, such as naval traffic, should be acquired. Indeed, this pressure is an important source of impact for cetaceans, such as the accidental strikes (Pennino et al., 2017), which could be regulated through the adoption of specific spatial measures on the routes and speeds of the naval traffic (Guzman et al., 2020).

Considering the eligible CCAs, the results highlighted a growing fishing exploitation pattern moving from the Red to the Green CCA. This increase in fishing effort and production is expected, because the spatial dimensions of CCAs grow from red to green area, with the consequence of including additional fishing grounds. Furthermore, small changes in the species composition of the landing in each CCA were observed, showing the absence of the exploitation of deep commercial resources in the red CCA. Indeed, its landings composition is exclusively characterized by the shallowest species, such as P. longirostris, T. mediterraneus and B. boops. Though not negligible, the last two species are characterized by a low economic yield, and a high discard rate from trawl catches (Maiorano et al., 2019), and at the same time, they are prey of T. truncatus (Bearzi et al., 2010; Ricci et al., 2020a). Moreover, the fishing pressure in this CCA showed the lowest level of spatial coverage and hourly fishing effort, in line with the knowledge on the fishing effort displacement in the Northern Ionian Sea. Here, some fishing grounds are in the south-western zone between Taranto and the Calabrian area and in the south-eastern zone off Gallipoli (Russo et al., 2017). The western border of the CCA is located at the end of the former fishing ground, where the trawl vessels stop their hauls at the head of the canyon slope. This condition forces the trawl vessels towards the shelf platform up to 200 m in depth. Thus, potential fishing interactions in the Red CCA could interest mainly the common bottlenose dolphin, since the species is distributed in shallower areas (Carlucci et al., 2018a; Carlucci et al., 2016a) showing a trophic overlap with commercial species caught by several fishing gears (Ricci et al., 2020a; Carlucci et al., 2021a). A further noteworthy point is that the Red CCA, which defines a conservation level aimed at protecting the persistent critical habitats of the striped dolphin (Carlucci et al., 2018d), is partially overlapping with the blue area, covering the totally canyon head. Thus, the establishment of this CCA does not seem to particularly interfere with local fishing activities and the potential economic losses due to the banning of the area are very scarce. At same time, this CCA represents an efficient conservation level for the life cycle of the striped dolphin, as well as for deep-sea habitats requiring protection actions (Manea et al., 2020). Considering the importance of deep-sea habitats, future studies should investigate the occurrence of other impacts on the area, providing specific regulations of the human activities.

The Green and Orange CCAs differ from the Red one by a higher intensity of fishing activities and in the landing species composition, especially the occurrence of deep commercial species in the catches, which are target species of the Northern Ionian Sea (Maiorano et al., 2022). However, P. longirostris is always the main species in terms of landing amount and sale in both CCAs, and only in the Green area do deep-water shrimps seem to achieve an economic yield similar to that of the deep-water rose shrimp. This condition could be affected by the geographic traits and the position of this CCA, which is the only area that partially overlaps with south-eastern grounds, where the main exploited species are A. foliacea and A. antennatus (Russo et al., 2017; Maiorano et al., 2022). Observations of landings flows to harbours also support this explanation, which in the Green area also show the presence of the Gallipoli fleet, which is known for its exploitation of deep water shrimp on the south-eastern slope the Gulf (D’Onghia et al., 2005; Maiorano et al., 2022). Concerning fishery performances in the Green and Orange CCAs, hourly fishing effort in the former CCA was more than twice that of the latter (3342 against 1226 fishing hours, respectively). However, the landing and economic yield in proportion to the employed effort was lower in the Green CCA than the Orange one. This observation, like that observed at the global scale by Sumaila et al. (2007), should be considered within an overall costs and benefits assessment addressed to planning effective spatial measures to conserve the cetaceans and biodiversity. Indeed, in a scenario of low losses for the fishing industry, other incomes could be acquired by other ecosystem services, such as those performed by small cetaceans (Kiszka et al., 2022), compensating and improving the ecological conditions and the sustainability of the socio-economic systems linked to the marine resources (Hammershalg et al., 2019).

The need to establish conservation areas for cetaceans is a fundamental goal of several international protocols, such as Important Marine Mammal Areas (IMMAs, Notarbartolo di Sciara et al., 2016; Hoyt and Notarbartolo di Sciara, 2021) or the Cetaceans Critical Habitats (CCHs, Notarbartolo di Sciara, 2002). These protocols required several selection criteria of the eligible areas. For instance, IMMA selection criteria are focused on the distribution and abundance of cetacean populations, the key life cycle activities occurring in the considered areas, as well as the assessment of vulnerability of the resident cetacean populations (Tetley et al., 2022). Similarly, CCHs require information on the fishery interactions with the cetaceans to identify suitable habitats for these organisms (ACCOBAMS-ECS-WK Threats, 2017; IUCN Marine Mammal Protected Areas Task Force, 2018). In addition, other international initiatives in the Ionian basin, such as the EU Strategy for the Adriatic-Ionian Region (EUSAIR, 2014), includes among its objectives the implementation of MPAs, with particular attention to the identification of areas to create new MPAs or areas requiring special measures for the conservation of biodiversity, as well as the proposal of complementary measures for sustainable fishing in the conservation areas of the Adriatic-Ionian ecoregion (EUSAIR, 2021). These proposals as a whole should be driven by the application of quantitative methodologies useful to provide both information on the ecological consequences of the establishment of CCAs and the socio-economic effects linked to conservation areas. The quantification of these aspects is important because conservation plans often conflict with fishing activities and other uses of the sea (Grip and Blomqvist, 2020). This is particularly true in such complex exploited systems as the Gulf of Taranto, with multiple human use of the maritime space, relevant sensitive habitats, and high biodiversity at all ecosystem levels (Carlucci et al., 2021b). No less relevant, urgent planning of spatial conservation measures is required in the Adriatic-Ionian region because it is one of the least-protected areas in the Mediterranean Sea (EUSAIR, 2021). Despite all these factors, the analysis shows no or very negligible negative effects on trawling due to potential spatial restrictions on the establishment of CCAs, especially within the Blue and Red area delimitations. At the same time, the ecological benefits for cetofauna diversity provided by a more extensive protection level, such as that of the Orange and Green CCAs, could be accompanied by effects on demersal stock repopulation, reduction of fishing discards, as well as increased ecotourism activities with positive spill-over effects on other economic activities in a more sustainable use of maritime space. Therefore, the planning of spatial conservation measures for cetaceans could find points of agreement with a redefinition of the fishing areas in the Northern Ionian Sea without generating socio-economic conflicts.

The quantification of both fishing pressures and production in terms of economic value from CCAs is an important strength. Indeed, the identification of the level of fishing pressure in space and time, the amounts of landings and their species composition, could provide insight into the intensity of fishing disturbances to the cetaceans, due to competition for food resources (Kaschner and Pauly, 2005). Furthermore, such knowledge may provide data required in the processes of assessing the conservation status of cetaceans and their habitats (ACCOBAMS ECS‐WK Threats, 2017; Breen et al., 2017), as well as in the use of indicators that classify the environmental state of the marine ecosystem through cetacean biodiversity (Azzellino et al., 2014). On the other hand, the quantification of economic value represents a way of assessing the ecosystem service represented by the fishing resources production (Holmlund and Hammer, 1999; Pope et al., 2016). Such information could make it possible to manage and mitigate possible conflicts between the need for biodiversity conservation and fishing exploitation, especially in the case of fishing restrictions. In this regard, the results obtained from the SMART model allow for a better understanding of the dynamics of trawling activity in areas important for cetaceans living in the NIS. Not less important, future investigations should be addressed to quantify collateral impacts on cetaceans and the ecosystem derived from trawling activities, such as the underwater noise pollution produced by trawling vessels (Daly and White, 2021) and the spatial redistribution of the trawling fishing effort in response to the establishment of spatial closures (Powers and Abeare, 2009). The former impact represents a critical disturbance for cetaceans, which should be assessed in the framework of the of Marine Strategy Framework Directive (Descriptor 11) (EU, 2017) while the latter could lead to a potential increase in the fishing pressure around the banned areas and on other grounds (Elhani et al., 2018). However, it should be noted that the Blue and Red CCAs investigated in this study should not influence the redistribution of fishing effort, since trawling activity is almost entirely absent. Moreover, potential effects of spatial conservation measures adopted for cetaceans on the population dynamics of demersal resources (e.g. spill-over effects from CCAs) represent an important aspects to investigate through fisheries management scenarios.

The assessment of the value of conservation areas could be considered as part of the broader framework of assessing the ecosystem services provided by specific maritime areas with high biodiversity. To provide spatially integrated information on the fishing effort and the economic value could be a key point in planning based on the principles of EBM (Essington et al., 2018).
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The most eastern population of common dolphins (Delphinus delphis) in the Mediterranean Sea inhabits the southern coastal waters of Israel. They are mainly observed in the shallow waters off Ashdod and Ashkelon, between the 15-30 m isobaths, with no reported observations north or west of this area. These dolphins were observed and studied year-round between 2016-2021 using boat-based surveys and photo identification methods. Common dolphins were encountered and photographed 43 times during the study period, resulting in 2,851 identifications of 25 distinctive mature individuals and 12 calves. Most individuals (62%) were sighted over multiple years, with high yearly and monthly sighting rates, indicating long-term site fidelity and residency. Closed population mark-recapture models estimated a total abundance of 25 (95% CI 24 – 37) individuals in 2016 that declined to only 15 (95% CI 15 – 15) individuals in 2021. Social network analysis described these remaining individuals as one closed and well-associated social unit. Survival probabilities for this population appeared lower than those of other delphinid populations. The decrease in their abundance, coupled with their apparent isolation level, qualifies the local population for a re-assessment of their conservation status. This study first describes the Israeli local population of common dolphins, their dynamics and an assessment of their status based on the IUCN Red List framework.
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Introduction

Common dolphins (Delphinus delphis) were once one of the most abundant cetaceans in the Mediterranean Sea, inhabiting coastal and deep-water areas (Bearzi et al., 2003; Pace et al., 2016; Vella et al., 2021). However, culling and killing efforts since the early 19th century, followed by a reduction in prey abundance due to overfishing since the mid-20th century (Bearzi et al., 2003; FAO, 2018), has resulted in a dramatic decrease in their numbers. This trend led to their declaration as ‘Endangered’ in the Mediterranean Sea by the IUCN in 2003 (Bearzi et al., 2003), compared to their global status, classified as ‘Least Concern’ (Hammond et al., 2008). Furthermore, according to Natoli et al. (2008), genetic evidence of sub-population structure may indicate separate management units in the western and eastern Mediterranean Sea, thus differentiating between the “inner Mediterranean’’ sub-population of common dolphins and a north-eastern Atlantic population (Natoli et al., 2008; Moura et al., 2013; Bearzi et al., 2021). The “outer Mediterranean” population inhabits the north-eastern Atlantic and the Alborán Sea (Cañadas and Hammond, 2008), while the “inner Mediterranean” sub-population inhabits the Mediterranean waters east of the Almerìa – Orán thermohaline front and was reassessed as ‘Endangered’ in 2021 (Bearzi et al., 2021)

The ‘inner Mediterranean Sea’ sub-population is segregated into several small groups scattered in parts of the southern Tyrrhenian Sea, Sicily Channel, and Ionian Sea (Vella, 2004; Gannier, 2005; Arcangeli et al., 2013; Aissi and Vella, 2015; Santoro et al., 2015; Pace et al., 2016; Arcangeli et al., 2017) and more regularly in the northern and eastern Aegean Sea (Frantzis et al., 2003; Milani et al., 2021). These small groups will be referred to as local populations as they inhabit different habitats who are subjected to numerous anthropogenic effects (Bearzi and Genov, 2021). Most of them present decreasing trends in abundance (Bearzi et al., 2008; Gonzalvo and Costa, 2016; Mussi et al., 2019; Genov et al., 2020; Vella et al., 2021). In the Gulf of Corinth, for example, 22 (range 16 - 32) common dolphins are observed exclusively in mixed-species groups with the striped dolphin (Stenella coeruleoalba) (Santostasi et al., 2016). This local population was recently declared ‘Critically Endangered’ and faces a high extinction risk (≥ 50%, Santostasi et al., 2018). In the north Adriatic Sea, the numbers are even lower, as the local population underwent a dramatic decline in the 1970s, and between 2009 – 2012 only four individuals were observed (Genov et al., 2020).

The small size and separation between these local populations have led to the formation of different social structures. For example, a social study conducted in the Ionian Sea between 1996 and 1999 described a small population of 47 individuals in the area who presented a fluid social structure akin to a ‘fission-fusion’ society composed of a single social unit divided into groups with frequently changing memberships (Bruno et al., 2004). In the Tyrrhenian Sea, however, 38 individuals presented high site fidelity and stable association patterns (Pace et al., 2009), while females in the same reproductive state maintained strong and long-lasting associations for up to five years (Mussi et al., 2019).

Each local population described above might react differently to anthropogenic effects and other environmental changes in their habitats, as observed in other cetacean species worldwide (Ansmann et al., 2012; Blasi and Boitani, 2014; Genov et al., 2019). Therefore, they may be addressed to as different management units and understanding the dynamics of each one of them, such as their abundance, trends, distribution, and social structure, is necessary to inform conservation actions and apply appropriate management actions (Notarbartolo di Sciara and Birkun, 2010).

The most eastern common dolphins in the Mediterranean inhabits the southern waters of Israel, from south Tel Aviv to the southern Israeli border (Brand et al., 2019). They are mainly observed in the coastal waters off Ashdod and Ashkelon, at water depths of 15-30 m (2-4 km from shore), frequently in the same small area. Bottlenose dolphins (Tursiops truncatus) also range in this area, usually in deeper waters than the common dolphins, and the two species were never observed together. Common dolphins have been observed along the Israeli coastline since 1993, mostly during occasional sightings and second-party reports, containing a mean group size of 22.2 ± 19.1 (range 1 – 75) individuals (Kerem et al., 2012). These reports are prior to the study period, and they are the earliest known encounters with common dolphins in Israel. None of them observed the common dolphins northern or western of the study area, except for two reports north of Tel Aviv in 2009 and 2011. The southern border of their habitat is less clear as reports from north Egypt do not include this species (Farrag et al., 2019), and only rare sightings and few strandings of common dolphins have been reported from the Gaza strip in the last 20 years (Abd Rabou et al., 2021). These observations might indicate the presence of another group or groups southern to this research study area but could also be the same individuals that range the southern Israeli waters.

Several individuals have been stranded on the Israeli shore over the last two decades. Their stomach content reveals that their diet is mainly composed of the Balearic eel (Ariosoma balearicum), Klunzinger’s ponyfish (Equulites kluzingeri), and cephalopods (Brand et al., 2019), which are also common in the local fisheries catch. Dolphins are often observed feeding from the discards of the sorting process of the fishermen while pulling the net back to the boat.

The local population of common dolphins in Israel is subjected to many anthropogenic pressures as they inhabit a coastal area in proximity to a major port and a power station with various human activities such as fishing, sailing, and discharging of sewage. Additionally, their habitat is near the Israeli border with the Gaza strip, which increases the presence of navy ships in the area. Part of their ranging area has been approved as the Marine Protected Area ‘Evtach’ (Figure 1), but it is not yet declared and enforced; therefore, it is still subject to fishing pressure. Given their delicate status in the Mediterranean Sea and their regional decrease in abundance, this study aims to provide the first insight into the dynamics of the most eastern local population of common dolphins in the Mediterranean Sea, using mark-recapture models and social network analysis. In addition, this study provides a quantitative evaluation of conservation status following the IUCN Red List criteria (IUCN, 2012a; IUCN, 2012b) framework applied to the local population of common dolphins in Israel and performs a quantitative estimate of its probability of extinction.




Figure 1 | (A) Heatmap of survey effort. Colors represent effort in surveyed km in 2x2 grid cells. (B) Survey routs throughout the study period. Different colors represent different years. Yellow circles represent common dolphin sightings.





Methods


Sampling methods


Study area

The study area is spread along the entire 196 km of Israel’s coastline of the Mediterranean Sea (Figure 1B and Supplementary Figures 1–6). The continental shelf extends to a depth of 200 m; gradually widens from its narrowest part in the north, approximately 10 km from shore, towards the widest part in the south, nearly 20 km from shore. Survey transects started from the marina’s exit toward the open sea, usually between 10 - 60 m in depth with some effort in deeper waters, up to 1200 meters in depth (50 km from shore).



Data collection

Shipboard surveys were conducted year-round according to the protocol described by Scheinin (2010) as part of the long-term monitoring activity of Morris Kahn Marine Research Station (MKMRS) of the University of Haifa, in collaboration with the Israel Marine Mammal Research and Assistance Center (IMMRAC NGO), and Delphis NGO. The starting point of each survey was from one of eight locations along the coast grouped as South (Ashkelon and Ashdod), Center (Jaffa port, Tel Aviv, Herzliya, and Sdot–Yam), and North (Haifa, Akko, and Nahariya). The surveys were primarily opportunistic and dependent on collaborations with private yacht and boat owners, apart from a designated project funded by the Ministry of Energy between 2018 – 2020, which allowed regular surveys once a week from Ashdod, following the same protocol. On average, surveys were conducted two to five times a month throughout Israel’s continental shelf’s southern and central marine areas, while the northern area was surveyed less frequently due to fewer collaborations. The boat surveys were performed at the discretion of the research team, based on variables such as sea conditions, prior survey routes, and the locations of the last observations of dolphins. The sampling effort was distributed in an attempt to cover the entire study area equally, but due to the dependency on collaborations, that was not always the case. Areas closer to the main marinas were surveyed more frequently (Figure 1A), and during the funding time of the Ministry of Energy, there was a high concentration of effort in the south. The survey route generally followed a transverse zigzag approach between 30-60 m isobaths, parallel to the coastline, at a speed of 4-12 knots. Bottom trawlers, sailing at a speed of 3 knots, following the longshore 35-60 m isobaths, were opportunistically approached, searching for dolphins foraging nearby. Deep-water surveys were conducted aboard a commercial longline pelagic fishing boat fishing for tuna fish, traveling from Ashdod up to 50 km from shore, and deploying pelagic longlines between 800 - 1200 m isobaths.

The boat’s position was recorded along the route every 20 seconds during each survey, while environmental parameters and all wildlife encounters were logged using ‘Delphis’, a designated data collection mobile application (Marco, 2017). Once dolphins were sighted, they were approached to photograph and collect group focal follow data, logged into the ‘Delphis’ application as well. Disturbances to the dolphins were reduced by following them at minimum speed from 20 - 50 meters away and avoiding sudden directional or speed changes. Close approaches, < 20 m, were only initiated by the dolphins themselves, approaching the boat from curiosity or to bow-ride. The dolphins were kept in sight until high-quality photographs of all the individuals were achieved or until vessel constraints or sea Ficonditions forced the encounter to an end. Photographs of the left and right sided of the dorsal fin were taken using a Canon EOS 7D 18mp camera with 70-200mm f2.8 EF zoom lenses.

In addition to the data collected during this study, 11 observations of common dolphins were recorded and photographed by the marine unit of the Nature and Park Authority in Israel. These observations occurred in the same area as the study area, and the dolphins were photographed following the same protocol. To enlarge the database for this study, the locations and photographs of these 11 encounters were added to the data and were considered for the analysis, summing to a total of 43 photographed encounters between 2016 - 2021.

Three age classes were considered based on visual assessments, as suggested by Mussi et al. (2019): “calf below half of an adult length, constantly in close association with an adult, with a dorsal fin typically low and rounded, a dark, lead-grey coloration with visible fetal folds, and immature swimming style with stereotyped surfacing pattern when breathing; juvenile about two‐thirds of an adult, usually swimming in association with an adult, but sometimes independently, with a coloration slightly lighter than the adult; adult approximately 2 m long”. Sex was determined when photographs of the genital area were achievable (Smolker et al., 1992) or when an adult was consistently accompanied by a calf and assumed female (Shinohara et al., 1997). A group was defined according to Shane (1990), as a “group of dolphins observed in apparent association, moving in the same direction and often, but not always, engaged in the same activity”. Members of the group usually remained within 100 m from each other and were assumed to all have the same probability of being detected and photographed (i.e., captured). All survey methods remained consistent throughout the study period.



Photo identification

Common dolphins were individually identified based on long-lasting markings and coloration patterns on their dorsal fins (Würsig and Würsig, 1977). Photographs were first graded by quality (Q) (Wilson et al., 1999) from 1 to 5; where 1 is assigned to photographs with no dolphins but might contain other relative information, 2 to photographs that contain dolphins but not their dorsal fins or very bad angled dorsal fins, 3 was assigned to photographs which contained less focused and tilted angled dorsal fins but with clearly visible edge, 4 to focused and good angled dorsal fins and 5 to photographs containing well lit, straight angle and focused dorsal fins. Only photographs with a Q ≥ 3 were further processed and given an additional grade by the distinctiveness of the dorsal fin (Wilson et al., 1999). Highly distinctive dorsal fins with visible and long-lasting marks or irregularly shaped ones were graded as 1. Grade 2 was assigned to the moderately marked dorsal fin, which contains, for example, only one small notch, while smooth, mark-less fins were graded as 3. Minor scratches usually heal and therefore were only used for short-term identification between observations within the same month or two and were not considered in the distinctiveness grading. The best left and right photographs of each individual from every encounter were used to create a catalog, where all uniquely identified individuals were assigned a number. Each identification was considered final when approved by the independent evaluation of at least two researchers (Berrow et al., 2012). Matches could be determined by photographs of either side of the dorsal fin, but preferably both, when photographs of both sides were available. Calves were given identification numbers in reference to their mothers for easier follow-up. Only substantially marked individuals (distinctiveness grade 1 or 2) from good-quality photographs (Q ≥ 3) were considered in the analysis to avoid misidentification of individuals that can cause biased estimations of abundance and structure (Hammond, 2010). Five common dolphin individuals were stranded along the Israeli coastline throughout the study period: three adult males, one young male, and one young female. Their dorsal fins were checked for matches in the catalog.




Data analysis


Site fidelity

The site fidelity of the local population was estimated by calculating the mean yearly and monthly sighting rates for each individual as a proportion following the equation (Parra et al., 2006):

	



Abundance

The limited distribution of the local common dolphin population, the highly localized nature of their sightings, the high resighting rate of identified individuals, and the lack of new additions to the local population suggest the application of closed population mark-recapture models (Otis et al., 1978; Schwarz and Seber, 1999; Wilson et al., 1999). The output of such models includes estimations of capture (p) and recapture (c) probabilities, applied to estimate the abundance of the local population. To test the closure assumption, capture history from each of the studied years was tested for closure using ‘CloseTest’ software (Stanley and Richards, 2004), applying two different closure tests: the Stanley and Burnham (1999) test, which was developed under a null model allowing for time-specific variation in capture probabilities under closure, and the Otis et al. (1978) test, which was developed under a null model allowing for heterogeneity in capture probabilities under closure. A suite of closed population models was fitted to the five-year database, as listed in Table 1. These models include the following scenarios: constant capture probabilities, monthly varying capture probabilities, time changing probabilities, additive affect to capture probabilities, and behavioral response between capture and recapture. They were chosen in order to account for the dynamic environment of this local population’s habitat, being so close to shore and subject to varying human activities in the area. The R (R Core Team, 2020) package RMark (Laake, 2013) to construct models for the program MARK (Cooch and White, 2014) was used to fit the models.


Table 1 | List of models fitted to the common dolphin’s data.



Each year was divided into several sampling periods, one month each, to allow mixing within the local population while maintaining the closure assumption (Seber, 1982; Thomas et al., 1986). The models estimated capture and recapture probabilities for monthly sampling occasions between April and November (Table 2). Calves were not included as their capture probability is not independent of their mothers (Hammond, 2010). The Akaike Information Criterion corrected for small sample size (AICc) (Akaike, 1973; Burnham and Anderson, 2002) was used for model selection, considering models within ΔAICc ≤ 2 as the most supported and using model averaging to account for uncertainty in model selection when more than one model had an ΔAICc value less than 2 (Burnham and Anderson, 2002). The estimated abundance was then divided by the mark ratio, calculated as the estimated proportion of animals with long-lasting marks in the local population (Wilson et al., 1999).


Table 2 | Sampling effort used in the closed population models for the common dolphins.





Survival

Two Cormack-Jolly-Seber (CJS) models (Cormack, 1964; Jolly, 1965; Seber, 1965) were fitted to the data to estimate the survival and capture probabilities of the local population over the years. Between two following years, the time interval was set to 1 and between 2016 and 2018 the time interval was set to 2 as data was missing from 2017. The first model was applied to the entire population without age discrimination, and the second included age class (i.e., calf and adult) as a group covariate. The effect of survey effort (amount of surveyed km) on capture probabilities was tested in both models. The Akaike Information Criterion corrected for small sample size (AICc) (Akaike, 1973; Burnham and Anderson, 2002) was used for model selection as for the closed population models.



Trends in abundance

A statistical power analysis was performed on the data to determine whether the model outputs can detect a trend using linear regression (Gerrodette, 1987). The power of the test is affected by the accuracy of the estimates (CV), the sample size (n), the chance for Type 1 and Type 2 errors (α and β), and the rate of change in the local population (R). The power analysis was used to measure what is the lowest rate of change (R) that can be detected with a sufficient statistical power of 0.8 (Taylor et al., 2007b) given the duration of the study (5 yearly samples of common dolphin) and the precision of the estimates. Analyses were performed using the ‘fishmethods’ package in “R” (Nelson, 2019; R Core Team, 2020), setting the parameters following Santostasi et al. (2016): one-tailed test, linear trend, and a ≤ 0.05 probability of Type 1 error. The overall CV of the study period was calculated as the mean of the annual CVs (Santostasi et al., 2016). A trend was considered significant when the regression of abundance estimates over the study period had a slope significantly distinct from zero (Gerrodette, 1987).



Social structure

The social network of the local population was examined over time to observe its dynamics and the strength of the relationships between individuals. Social structure analysis was conducted on the entire network (2016 – 2021) and the network of individuals remaining in the area in 2021 after the decline in the local population size. Indices based on associations within the group were used to measure the relationship between individuals. Association was defined according to the “Gambit of the Group” assumption (Whitehead and Parijs, 2010), where two individuals observed in the same group during an encounter are assumed to be associating. The Half Weight Index (HWI) (Cairns and Schwager, 1987) was used to calculate the strength of the relationship between individuals: , when x is the number of sampling periods in which the two individuals were associated, yij is the number of sampling periods in which both were observed yet not associated. Yi or yj, are the numbers of sampling periods where only one individual was observed (Whitehead, 2008a). The HWI accounts for bias from pairs more likely to be identified when separate or when not all associations can be identified (Whitehead, 2008b). A zero value of HWI indicates that the dyad was never observed together as part of the same group, while the value of 1 indicates that the dolphins were always together. The HWI is then used to create the association matrix (N x N matrix containing the association index of each dyad of dolphins within the local population), which is the primary data structure for further social network analysis (Farine and Whitehead, 2015). Calculations were made using the ‘asnip’ package (Farine, 2013) and ‘igraph’ (Csardi, 2020) in R (R Core Team, 2020).

Network diagrams were constructed to visualize the social network’s social connections and complete structure. Each node describes an individual, and the associations between individuals are represented by lines (edges). The width of the line is relative to the strength of a dyad’s association (Farine and Whitehead, 2015), calculated by the HWI.




Application of IUCN red list criteria

According to the guidelines for the application of IUCN Red List criteria (IUCN, 2012a), five criteria can be used to classify a subpopulation or regional/local population as Vulnerable (VU), Endangered (EN), or Critically Endangered (CE) as described in IUCN, 2012b. Moreover, when dealing with regional populations, it is essential to address the degree of their isolation, as their extinction risk might resemble that of an endemic taxon (Gärdenfors et al., 2001; IUCN, 2012a; IUCN, 2012b; Santostasi et al., 2018). Given this local population’s restricted distribution and the limited data regarding the existence of neighboring populations, a precautionary approach is taken to consider this local population as isolated. Therefore, in addition to the analyses described earlier to study the local population dynamics, several other measures were calculated to assess the status of the local population of common dolphins.


Geographic range

The extent of occurrence (EOO) and area of occupancy (AOO) are two measures usually calculated to examine the distribution of a certain population. They are used to assess the distribution range of a specific population and, according to that range, how likely it is to be isolated and, therefore, at risk of extinction (IUCN, 2012a). The extent of occurrence is defined as “the area contained within the shortest continuous imaginary boundary which can be drawn to encompass all the known, inferred or projected sites of present occurrence of a taxon, excluding cases of vagrancy”, and it is calculated by creating a minimum convex polygon around the plotted tracked positions of common dolphin groups observed in the study area (IUCN, 2012b; Santostasi et al., 2018). The area of occupancy is described as “the area within its extent of occurrence which is occupied by a taxon, excluding cases of vagrancy” (IUCN, 2012b). This measure takes into account the fact that a taxon will not always occur throughout the entire area of its extent of occurrence, which may contain unsuitable or unoccupied habitats (IUCN, 2001). As the southern distribution range of the Israeli common dolphins’ is the Israeli border, it is not clear what is their full range of distribution. Therefore, these measures were not applied to the local population, and Criteria B was not considered in the analysis.



Population projection

Criteria E requires quantitative analysis showing the probability of extinction in the wild is at least 50% within ten years or three generations (IUCN, 2012b). The probability of extinction was calculated following the methods used in Santostasi et al. (2018) by multiplying the abundance estimated in this study by a range of biological plausible growth rates to cover a variety of scenarios caused by increasing levels of growth rate stochasticity (Morris and Doak, 2002; Currey et al., 2009). This is simulated by randomly drawing a growth rate value from a normal distribution where a higher SD represents a higher year-to-year variation of the growth rate. Scenario 1 indicates a constant growth rate (SD = 0), while scenarios 2 and 3 simulate increasing levels of stochasticity, a more realistic scenario considering the dynamic environment the local population inhabit, which is likely to have fluctuations (SD = 0.01 and SD = 0.02, respectively). The probability of extinction was then estimated under three quasi-extinction thresholds, chosen to provide a range of conservative values for extinction; two, four, and six reproductive individuals and over three-time scales; 45, 75, and 100 years (Taylor et al., 2007a). Modeling was programmed in R (R Core Team, 2020), as detailed in Santostasi et al. (2018).





Results

A total of 16,531.36 km was surveyed between 2016 –2021 (Figure 1B) during 368 boat-based surveys. Common dolphins were encountered and photographed 32 times, and together with the 11 photographed encounters from the NPA, the total number of observations is 43. No photographed encounters were obtained during 2017; therefore, this year was not considered in the analysis. Most of the observations were achieved during the warm season – between April and October, while only years 2019 and 2020 contained encounters during November and December (a total of six). In order to maintain uniformity in the surveyed months, these six encountered were not considered in the mark-recapture models (Table 2).

19,569 photographs of common dolphins were taken, containing 2,851 identifications of 42 common dolphin individuals. Of them, 25 presented substantial markings while 17 did not, including 12 calves and five adults. These five were not included in any further analysis as they could not be re-identified. Mean group size was 10.2 individuals (n = 43, range = 2 – 21, SD = 4.43). 23 individuals were sighted in multiple years, with a mean number of sightings of 11.8 (n = 37, range = 1 – 37, SD = 12.2) per individual. Of the 37 common dolphins (25 adults and 12 calves), ten were identified as females after being observed with a dependent calf, one adult was recognized as male after stranding on shore in September 2020, and one calf was recognized as male after obtaining a photograph of its genital area. All the others (n = 25) were of unknown sex. Of the five stranded dolphins, two were identifiable through photo ID and were recognized as previously observed individuals.

Of the 25 identified mature individuals, three (12%) were sighted only once during the study period, eight (32%) twice, three (12%) were identified four times, and 14 (56%) were observed seven times or more (Supplementary Figure 7). The most observed individual was ‘Lavian’ (number 37 in the catalog), with 37 observations during the five years study period. Mean yearly sighting rate was 0.54 ± 0.33 (range = 0.2 - 1) and mean monthly sighting rate was 0.36 ± 0.31 (range = 0.04 - 0.91). Three females were observed with multiple calves during the study period, with a mean inter-calf interval of 1.5 ± 0.58 years. The discovery curve of the common dolphins reached a clear plateau (Supplementary Figure 8), indicating a good representation of the local population (Wilson et al., 1999).


CJS models for survival estimations

The goodness of fit test for the CJS model to the data did not indicate a lack of fit (χ2 = 1.404, p = 0.924, df = 5). The best fitting model to estimate the survival probabilities for the entire population had constant survival and capture probabilities. An additional model was estimated within ΔAICc ≤ 2 from the best fitting model, with constant survival probability and effort variation in capture probabilities. Model averaging was applied to these two models to obtain the model-averaged parameter estimates, as shown in Table 3.


Table 3 | Averaged parameter estimates for the two models within ΔAICc ≤ 2 in the CJS analysis to estimate survival and capture probability.



The best fitting model to estimate adult and calf survival probabilities had constant survival and capture probability. Three other models had ΔAICc ≤ 2: 1) constant survival probability and effort variation in capture probability, 2) age varying survival and constant capture probability, 3) constant survival and group varying capture probability (Supplementary Table 1). Model averaging was applied to these four models to obtain the model-averaged parameter estimates, as shown in Table 4.


Table 4 | Averaged parameter estimates for the four models within ΔAICc ≤ 2 from the best fitting model in the CJS analysis for calves’ survival.





Closure test

The Otis et al. (1978) test found the local population to be closed (P > 0.05) in all of the study years, while the Stanley and Burnham (1999) test supports the population closure (P > 0.05) for the year 2016 but suggests an open population (P < 0.05) for years 2018 -2021.



Closed population models for abundance estimates

Closed population models were applied to each of the study years separately. Each year yielded different models within ΔAICc ≤ 2 from the best fitting model (Supplementary Table 2) that were averaged to extract the capture and recapture probabilities as shown in Table 5 and the estimated abundance as shown in Table 6.


Table 5 | Averaged parameters of the closed population models applied to each year.




Table 6 | Yearly abundance estimates for the common dolphins.





Trends in abundance

The mean CV of the estimates was 0.017. The minimum rate of decay of the population abundance that could be detected in five years with a 0.8 statistical power was a total decrease of 10%. The local population size in 2016 was estimated to be 25 (95% CI 24 - 37) individuals, while in 2021, there were only 15 (95% CI 15 – 15). A decrease of 40% was found in linear regression, as shown in Figure 2 (R2 = 0.76, P = 0.034, y = 3546.14 – 1.74x, n = 5), as a result of the disappearance of more than half of the local population observed at the beginning of the study period.




Figure 2 | Abundance estimates for the common dolphins’ local population. Estimates of abundance of the common dolphins, including 95% confidence intervals, from mark-recapture models applied every year. The presented N is the total abundance after dividing the estimated abundance bythe mark ratio. The linear model is presented on the graph.





Population projection

Population projection analysis placed the local population under more than 50% probability of extinction in 25 of the 27 projections (Table 7 and Figure 3). Thus, meeting criteria E for Critically endangered.


Table 7 | Quasi-extinction probabilities.






Figure 3 | Quasi-extinction probability for the common dolphins. Quasi-extinction probability for common dolphins along the Israeli coast for 100 years. The y-axis is the quasi-extinction probability; the x-axis is years. The different scenarios represent increasing levels of growth rates randomness modeled from a normal distribution with increasing standard deviation (from 0 to 0.02).





Social structure

From the 625 possible associations between the 25 mature individuals, 153 (25%) were zero, meaning no association was observed between the specific dyad. 188 were 0.1 (30%), indicating a low level of association, and the rest were distributed, as shown in Figure 4A. The mean association rate over the five-year study period was 0.35 ± 0.28 (range 0.05 – 1). When examining the association patterns of the local population in 2020 - 2021 (the remaining individuals after the decline in the local population size), the mean association rate rises to 0.76 ± 0.08 (range 0.5 – 0.92), and the individuals are all part of the same highly associated social unit. The remaining individuals contained six mature females, three mature individuals of unknown sex, and five calves (one of them is a male). They were all observed together more than 25 times in 72.4% of the observations between 2020-2021 (Figure 4B).




Figure 4 | (A) Histogram of HWI values. HWI values higher than 0.1 for mature individuals (n = 25). (B) Social network of the common dolphins in 2021. The network structure of the local population in 2021 includes calves (n = 14). Red nodes represent females, blue represents a male, and grey represents individuals with unknown sex. Square nodes represent calves, and circles represent adults. The width of the edge represents the strength of the association between the dyad according to the HWI values.






Discussion


Geographic range and level of isolation

The local population of common dolphins was observed in the southern region of Israel all year round throughout the five years of the study. The majority of individuals (62%) were sighted over multiple years with high yearly and monthly sighting rates, indicating long-term site fidelity and residency. During the last two years of the study, 2020-2021, the same group of individuals were observed in all encounters, repeatedly in the same area, in front of Ashkelon and Ashdod, and occasionally near Palmahim. This group’s small-ranging patterns and their high side fidelity indicate year-round residency in the area. The stabilization of the discovery curve (Supplementary Figure 8) and the high frequency of observations of the same individuals strongly suggest that this group is relatively closed and isolated, yet additional information is needed from south to the Israeli border to confirm this hypothesis and understand this local population’s complete distribution, and we take this opportunity to invite collaboration on this matter.



Apparent survival rates

The apparent annual survival rate was 0.77 ± 0.04 (Cl 95% 0.67-0.84), which appeared constant over the years, while capture probability rose with the increasing effort. As expected, calves had a lower survival probability and were observed in other dolphin species (Currey et al., 2009; Croft et al., 2017). Their capture probability was also low due to fewer marks on their dorsal fins. These are the first survival estimates described specifically for common dolphins and their different age classes, and they appear low compared to other cetacean species worldwide and in the Mediterranean. For example, the survival rate of bottlenose dolphins in the northeastern Adriatic Sea was estimated between 0.82 and 0.93 (95% CI 0.69 – 0.98) (Fortuna, 2007). A mixed-species group of common and striped dolphins in the Gulf of Corinth presented survival probabilities of 0.94 (95% CI 0.92 – 0.96) (Santostasi et al., 2016). Even along the Israeli coastline, with the same environmental conditions, the survival of bottlenose dolphins was estimated to be higher, with a probability of 0.92 (95% CI 0.89 – 0.93) (Yaly Mevorach, unpublished data). Attempts to study the factors affecting the survival probabilities of cetaceans in the Mediterranean Sea revealed various reasons. In the Strait of Gibraltar, a local population of long-finned pilot whales appeared to be affected by epizootic episodes of morbillivirus, causing a decrease in their survival probabilities, from 0.997 ± 0.003 in the years before the epizootic episodes to 0.831 ± 0.042 after the first one and 0.649 ± 0.085 after the second one (Pons et al., 2022). Another example from the Strait of Gibraltar is the survival estimates of bottlenose dolphins, which appears to be negatively correlated with ferry traffic and are assessed between 0.918 and 0.924 (Tenan et al., 2020). The low apparent survival rate of the common dolphins in Israel could result from emigration from the study area or frequent mortality events leading to a decrease in their abundance, similar to other regions in the Mediterranean Sea.



Abundance and trends

The close tests presented controversial results as one of the tests supported the closure (Otis et al., 1978) assumption and the second one did not (Stanley and Burnham, 1999). These results should be considered carefully as close tests are usually applied to a dataset comprising many more individuals. In addition, in all the cases where the Stanley and Burnham test did not support closure, the component statistics support that there may have been population losses (not additions) which is consistent with the death or permanent emigration of individuals. If the Stanley and Burnham test is correct, the estimates for the years 2018-2021 may be an overestimation of abundance as the model includes the present individuals (birth and immigration) but does not account for the ones that are no longer in the area (deaths or emigration). However, the characteristics of the local population, such as discovery curve, high resighting rates, high site fidelity, and no new additions, fit the ones of a closed population, and therefore these models were applied.

The common dolphin local population along the Israeli coastline was found to be small (< 50), similar to other “inner” Mediterranean local populations (Bearzi et al., 2021; Vella et al., 2021). Given the relatively high yearly site fidelity of the common dolphins and the stabilization of their discovery curve, an assumption can be made that most of the individuals within this local population were identified during the study period, which suggests that the local population in Israel is a small group of year-round residents. Similar abundance patterns have been observed in the Mediterranean as described before (Santostasi et al., 2016; Bearzi et al., 2020) and could result from similar environmental conditions and anthropogenic pressures. The size of the local population during the study years (15 – 25) meet criteria D for a ‘Critically Endangered’ population as it is lower than 50 individuals (IUCN, 2012b).

An alarming decrease in the local population’s size was observed in the study area during the five-year study period, with a 40% decline in size since 2016. Historical data from occasional observations describe larger groups of common dolphins (22.2 ± 19.1, range 1 – 75) ranging over a more extensive habitat, from Ashdod to Herzliya (Kerem et al., 2012). Such large groups are no longer observed along the coast, and about half of the individuals observed in 2016 have disappeared from the area during the study period. Based on this trajectory, the complete disappearance of this species from the local waters is expected by 2029. This significant trend cannot result from decreasing effort as both effort, and capture probability increased along the study years. A similar decline was documented for the common dolphin local population in western Greece, where the local population decreased by 90% throughout 13 years of study (1995 - 2007). This decline was found to be related to prey depletion in the area, resulting from overfishing (Bearzi et al., 2008). This might also be the case for this population, but further studies regarding their prey distribution in the area is needed to test this hypothesis.

Criteria A (population size reduction over ten years or three generations) requires a decline observed, estimated, inferred, or suspected over a more extended period than the period for this study (IUCN, 2012b). The absence of previous abundance estimates for this local population and the low power of abundance estimates based on small population size (Taylor et al., 2007a; Santostasi et al., 2016) make it harder to meet this criterion adequately. Nonetheless, sharp declines in other local populations of common dolphins all over the Mediterranean Sea has led to a regional classification of this species as Endangered (Bearzi et al., 2003; Bearzi et al., 2021). These observed declines, together with the precautionary principle promoted by the IUCN Red List (Mace and Stuart, 1994), support the assumption that the decline observed in the local population in Israel (40% over five years) might be similar and even stronger than the declines observed throughout the Mediterranean Sea (50% decline over three generations; Bearzi, 2012). Criteria C (small population size and decline) requires an abundance of fewer than 250 individuals and a decline of 25% or more in three years or one generation. The observed abundance and decline meet this criterion. Therefore, the local Israeli population should be defined as ‘Critically Endangered’ under Red List Criteria C and as ‘Endangered’ under Red List criteria A.



Probability of extinction in the wild

The majority of simulated scenarios yielded a ≥ 50% probability of quasi‐extinction (Table 7) for every time interval tested (45, 75, and 100 years). Furthermore, the scenario with zero temporal growth rate stochasticity also showed a ≥ 50% probability of quasi‐extinction after five generations and 100 years, suggesting that the local population is at high extinction risk even in the most optimistic scenario. Therefore, the local population should be defined as Critically Endangered under criteria E (quantitative analysis).



Social structure

In light of the reduction of the local population size between 2016 and 2020, as half of the local population disappeared from the area, it is likely that the common dolphin local population’s social structure changed during this time. Due to the low sample size in the early years of the study (2016 and 2018), it is hard to describe the social structure at the beginning of the study as the associations could not be measured with so few observations. In 2021, the local population was composed of nine mature individuals who maintain long-lasting and strong associations and are observed almost exclusively together in one social unit along with five calves (all above one year old).

This group of nine mature individuals and five calves were observed together more than 25 times during the last two years of the study in 72.4% of the observations. As these are the only individuals known to inhabit the area, they appear to maintain a strongly associated close social unit with high association indices. According to Vella et al. (2021), only 16 peer-reviewed studies have used photo identification to study common dolphins worldwide. From these, only three studied the social structure of a specific local population. Therefore, not much is known about common dolphin societies, and what is known varies greatly between populations. For example, in the eastern Ionian Sea, the common dolphin local population range over large areas of the neritic zone and present a fission-fusion social network with little evidence of long-term associations (Bruno et al., 2004). Similarly, the common dolphin local population in Hauraki Gulf, a semi-enclosed coastal body of temperate water located on the north-eastern coastline of the North Island, New Zealand, also presented a fluid social structure with a low mean association rate and very few long-lasting associations (Hupman, 2016). In contrast, the common dolphin local population’s social structure in the Tyrrhenian Sea contains a core group of 12 females that formed long-lasting associations over five years (Pace et al., 2009; Mussi et al., 2019), indicating a highly associated closed group.

The latter presents a more similar structure to the one in Israel, comprised mostly of females. However, two males were stranded ashore in 2020. Before his death, one of these males was part of the social unit and maintained strong associations with females, indicating a mixed-sex social unit. The social structure of the local population could reflect their level of isolation as observed in the bottlenose dolphin local population in Doubtful Sound (Lusseau et al., 2003), or the utilization of a specific resource as observed in the bottlenose dolphins local population in the north Adriatic Sea (Genov et al., 2019). It could also be the consequence of extensive segregation of the common dolphins in the Mediterranean, resulting in a separation into several small local populations (Bearzi and Genov, 2021).



Threats and conservation

The proximity of the Israeli common dolphin local population to the coast puts them in a constant state of vulnerability to human pressure. Several main threats have been identified in the Mediterranean Sea as the causes of the decrease in abundance of this species: historical culling and killing, bycatch in fishing gear, prey depletion, and contamination/pollution (Bearzi and Genov, 2021; Vella et al., 2021). In Israel, there is no historical data about killing of dolphins, but it can be assumed that the massive killing in the Mediterranean led to the segregation of the Mediterranean sub-population, resulting in separation to several small local populations, such as the one in Israel (Bearzi and Genov, 2021). Throughout the study years, two common dolphins have stranded ashore, showing clear signs of entanglement and drowning, thus indicating the presence of entanglement threat to this local population as well, as several fishing methods are used in their habitat, including nets, lines, and bottom trawlers.

Common dolphins are often observed feeding around trawlers while the net is being pulled back to the boat. Stomach content analysis revealed that their diet includes several species targeted or bycaught by the trawler industry (Brand et al., 2019), such as Ariosoma balearicum, which was found to be among the main prey species of common dolphins in Israel (Brand et al., 2019). This species is not abundant in the common dolphins’ diet in the Alboran Sea or the eastern Ionian Sea (Bearzi et al., 2006; Giménez et al., 2018), while the most abundant prey species in these areas are less common in the local population diet. The bottlenose dolphins in Israel also prey on Ariosoma balearicum, often from the trawler’s net as well. This behavior and prey preferences of the coastal dolphin species in Israel could indicate that the trawling industry is an important food resource in their diet (Scheinin et al., 2014; Brand et al., 2019). Further research on the abundance of common prey species of common dolphins in the area, as done in western Greece (Bearzi et al., 2008) is needed in order to understand the differences from other areas in the Mediterranean.

Contamination through the food web and pollution could also pose a threat to the local population as they inhabit an area with a busy port, power station, desalination, and sewage spill but the effects of these on the dolphins in the area are still unknown.

The Marine Protected Area, ‘Evtach’, is approved in part of the common dolphins’ habitat. Once declared, it will decrease the interaction rate between dolphins and commercial fishing boats and encourage public awareness and enforcement of conservation measures for this species. Whether it will improve the lives of the common dolphins in the area is remained to be discovered, but a change in their IUCN status will help promote the declaration of this MPA and the importance of their conservation in the area.




Conclusions

The local population of common dolphins in Israel presents a similar decline to other local populations in the inner Mediterranean Sea. Even with insufficient historical data, a clear trend is observed throughout the study years. These dolphins face a challenging environment and seem unable to adjust appropriately, resulting in almost half of them leaving the area or dying. A strong need for research collaboration with the neighboring countries arises to understand the full-ranging patterns and abundance of common dolphins in the Eastern Levantine Sea. The risk assessment provided in this study places the common dolphin local population in Israel as ‘Critically Endangered’ under criteria C, D, and E and as ‘Endangered’ under criteria A. Only one of these criteria needs to be met to reconsider the risk assessment of the local population (IUCN, 2012b). We highly recommend expediting this decision to promote the importance of this species conservation among the local influencing factors and the public. In addition, we encourage collaborations to construct innovative conservation actions to prevent the final disappearance of common dolphins from the most eastern part of the Mediterranean Sea.
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Information regarding bacterial diseases in Cuvier’s beaked whale (CBW, Ziphius cavirostris) is scattered and mostly incomplete. This report describes a case of septicemia by Morganella morganii in a juvenile male CBW with concurrent renal crassicaudiasis. The animal stranded along the Ligurian coastline (Italy) and underwent a systematic post-mortem examination to determine the cause of death. Histopathology showed lesions consistent with a septicemic infection, severe meningoencephalitis, and renal crassicaudiasis. An M. morganii alphahemolytic strain was isolated in pure culture from liver, lung, prescapular lymph node, spleen, hepatic and renal abscesses, and central nervous system (CNS). The antimicrobial susceptibility profile of the strain was evaluated with the minimum inhibitory concentrations (MICs) method and reduced susceptibility to Trimethoprim-Sulfamethoxazole is reported. Crassicauda sp. nematodes were retrieved from both kidneys. No other pathogens were detected by immunohistochemistry, serology, or biomolecular analyses. Toxicological investigations detected high concentrations of immunosuppressant pollutants in the blubber. The chronic parasitic infestation and the toxic effects of xenobiotics likely compromised the animal's health, predisposing it to an opportunistic bacterial infection. To our knowledge, this is the first description of M. morganii septicemia with CNS involvement in a wild cetacean.




Keywords: Cuvier’s beaked whale, Morganella morganii, Crassicauda, antimicrobial resistance, septicemia, pollutants(environmental)



Introduction

The Ligurian sea is listed as a high-density area for Cuvier’s beaked whales CBW (Ziphius cavirostris), the only commonly-observed beaked whale in the Mediterranean Sea (Podestà et al., 2006). CBW’s Mediterranean sub-population is listed as “Vulnerable” on the International Union for the Conservation of Nature (IUCN) Red List (Cañadas and Notarbartolo di Sciara, 2018). Being an elusive, deep diver predator, this odontocete is difficult to study in the field and most of the available biological data derive from strandings (Podestà et al., 2006; Heyning and Mead, 2009; Podestà et al., 2016; Carlucci et al., 2020).

Infectious diseases reported in stranded CBW include viral infection by alpha herpesvirus (Arbelo et al., 2010) or morbillivirus (Centelleghe et al., 2017; Felipe-Jiménez et al., 2022), crassicaudiasis (Díaz-Delgado et al., 2016; Febronio et al., 2021), and bacterial diseases (Alstrup et al., 2021; Febronio et al., 2021), including septicemia by Citrobacter freundii (Fernández et al., 2011).

Parasitic disease due to Crassicauda spp. has been increasingly reported as a significant cause of death in beaked whales (Díaz-Delgado et al., 2016; Febronio et al., 2021; Jerdy et al., 2022) and other cetaceans (Balbuena and Simpkin, 2014) worldwide. For most of the 14 species of the genus, life cycle and transmission are still unclear. Since other marine spirurids usually require intermediate hosts (Anderson, 1988), an indirect cycle involving crustaceans, cephalopods and fishes has been speculated (Lambertsen, 1986; Marcer et al., 2019). However direct transmission cannot be discarded as larvae and/or eggs have been reported in milk (Geraci et al., 2011) and urine (Lambertsen, 1986; Febronio et al., 2021) and transplacental infection has been documented as well (Lambertsen, 1986; Suárez-Santana et al., 2018). These nematodes show different tissue tropisms (urogenital, vascular, integumentary, respiratory) and pathogenic potential, playing a regulatory role in some marine mammal populations (Balbuena and Simpkin, 2014). Crassicauda boopis causes severe renal lesions in baleen whales (Lambertsen, 1986; Marcer et al., 2019), C. grampicola is associated with moderate to severe sinusitis in Risso’s dolphins (G. griseus) (Cuvertoret-Sanz et al., 2020) whereas C. anthonyi and C. magna migration produces verminous arteritis and chronic renal disease in beaked whales (Díaz-Delgado et al., 2016; Febronio et al., 2021; Jerdy et al., 2022). Moreover, several species of crassicaudid nematodes, including C. grampicola (Geraci et al., 2011) and C. fuelleborni (Kot et al., 2022) produce parasitic mastitis impacting the reproductive success of endangered cetaceans.

Furthermore, a chronic parasitic infestation may favor infection by opportunistic bacteria, such as members of the family Enterobacteriaceae (Paterson and Mathers, 2020), disrupting tissue integrity, translocating pathogens, and/or modulating the immune system of the host (Ashour and Othman, 2020).

Morganella morganii is a gram-negative bacillus, belonging to the Enterobacteriaceae family, found in the environment and the digestive tract of humans and animals. It is considered an unusual opportunistic pathogen in animals and nosocomial infections, frequently isolated from the urinary tract or skin wounds (Liu et al., 2016). Its zoonotic potential should not be underestimated, especially in hosts with compromised health status, considering the relatively high mortality rate in human hospitals and the emergence of virulent antimicrobial resistance (AMR) strains.

M. morganii has been identified as a pathogen in ocular lesions in pinnipeds (Thornton et al., 1998), and in two bottlenose dolphins (Tursiops truncatus) under human care (Elfadl et al., 2017; Sánchez Contreras and Biancani, 2021). In both cases, the strain exhibited resistance against several antibiotic classes, including new-generation cephalosporins, and in one case was linked to a fatal infection, causing fibrino-hemorrhagic bronchopneumonia and septicemia.

In cetaceans, higher concentrations of M. morganii were cultured from diseased or stranded animals compared with the relatively low numbers isolated from their free-ranging counterparts (Martineau et al., 2003; Buck et al., 2006). Moreover, the presence of high numbers of opportunistic pathogens, including M. morganii has been linked to immunosuppression in beluga whales (Delphinapterus leucas) living in the polluted waters of the Saint Lawrence Estuary (SLE) in Canada (Martineau et al., 2003).

Here we describe the findings of the post-mortem examination and the advanced diagnostic investigations performed on a juvenile male CBW stranded in Italy to determine the cause of death. A case of septicemia caused by M. morganii with concurrent renal crassicaudiasis is reported in a threatened cetacean inhabiting the highly polluted waters of the Mediterranean Sea. This study provides valuable information for the conservation of this species and strengthens the role of marine mammals as sentinels for human and ecosystem health (Bossart, 2011).



Materials and methods


Post mortem examination

On October, 3rd 2020, a CBW (IZS number 70726/20) stranded in Sanremo (Italy), along the Ligurian coastline of the Pelagos Sanctuary. A complete field post-mortem examination was performed according to standard protocols (Geraci and Lounsbury, 2005). The animal was a juvenile-subadult male of 498 cm (total length, TL) in good nutritional status, and in moderate decomposition (code 3 – Figure 1A). Blubber thickness was 6 cm. This animal did not display any evidence of interaction with fishing activities, and the stomach content was scarce, consisting of a few, highly-digested cephalopod beaks and lenses. Photo-identification (ID) analysis resulted in a positive match of an individual that was photo-identified in the Ligurian Sea in 2017 and 2018 (CIMA Foundation database, ID: 31705302). Age at first identification was estimated to be 3 or 4yo (weaned, totally brown colored, poorly marked). Photo-ID life history data and natural markings (from marking gain rate; Rosso et al., 2011) suggested an estimated age at death of about seven years.




Figure 1 | (A) Cuvier’s beaked whale carcass before retrieval. (B) Right atrioventricular valve - fibrinous valvular endocarditis. (C) Adult Crassicauda spp. nematodes retrieved from the renal parenchyma for parasitological analysis.



The necropsy was performed in the field under high environmental temperatures and, due to logistic issues, there was a significant delay between carcass retrieval, visual evaluation of the organs, and sampling. The tissue samples of all the major organs and lesions were collected and split into aliquots for subsequent analyses as previously described (Giorda et al., 2021). Blood serum, aqueous humor, and cerebrospinal fluid (CSF) were collected and kept frozen at -20°C for serological investigations. Parasites were collected in 70% ethanol and morphologically identified according to taxonomic criteria proposed by Anderson et al., 2009.



Histopathology and immunohistochemistry

Representative tissues (brain, tonsils, lung, prescapular and tracheobronchial lymph nodes, heart, liver, spleen, pancreas, intestine, skeletal muscle, skin, kidney, urinary bladder, adrenal gland, mesenteric artery, and reproductive system) were collected and fixed in 10% neutral buffered formalin, embedded in paraffin, sectioned at 4 ± 2 μm, stained with hematoxylin and eosin (H&E) and examined through a light microscope.

Immunohistochemistry (IHC) for Morbillivirus was performed on tissue sections using a monoclonal anti-Canine Distemper Virus (CDV) antibody (VMRD) (Di Guardo et al., 2010). Toxoplasma gondii IHC was carried out on the brain tissues, using a polyclonal serum of caprine origin (VMRD) (Di Guardo et al., 2010).



Microbiology

Tissue samples including brain, lung, lymph nodes, liver, and spleen were processed for standard aerobic, anaerobic, and microaerobic (5% CO2) bacterial culture and identification, by biochemical analyses (VITEK® MS, bioMérieux SA, Marcy l’Etoile, France) and matrix-assisted laser desorption ionization-time-of-flight mass spectrometry (MALDI-TOF MS, Bruker Daltonics, Bremen, Germany). Following international recommendations (World Organisation for Animal Health (WOAH), 2018), samples from target tissues underwent specific bacteriological procedures to screen for Salmonella spp., Listeria spp., and Brucella spp.

Urease test on M. morganii grown on Blood Agar Base (Liofilchem srl, Roseto degli Abruzzi, Teramo, Italy) was performed according to the manufacturer’s instruction (Microbiol srl, UTA, Cagliari, Italy). Intermediate checks of the vials occurred at 30 minutes, 60 minutes, and 4 hours.

To detect and evaluate biofilm formation by M.morganii, the Safranin Staining (SS) was performed as previously described (Ceri et al., 2001; Olson et al., 2002). Briefly, the bacteria were grown into Tryptone Soy Broth (Microbiol srl, UTA, Cagliari, Italy) added with 2% Glucose (Microbiol srl, UTA, Cagliari, Italy) aerobically at 37°C overnight, then resuspended in the same medium at a bacterial concentration of 106 CFU/ml and 2ml were dispensed in a 24-wells plate. The plate was incubated aerobically at 37°C overnight. The wells were washed three times with Phosphate Buffered Saline (PBS, Sigma-Aldrich Merck KGaA, Darmstadt, Germany) and then stained with 2 ml of Safranin 1% (Merck KGaA, Darmstadt, Germany) for 1 minute, due to its affinity to biofilm matrix components (polysaccharides, proteins, lipids, and nucleic acids). After overnight incubation aerobically at 37°C, the wells were washed with Acetic Acid 30% (CH3COOH, Sigma-Aldrich Merck KGaA, Darmstadt, Germany) to remove biofilm and 200 μL of well content were dispensed in triplicate into 96 wells-microplate and read spectrophotometrically at a wavelength of 492 nm. Pseudomonas aeruginosa ATCC27853 and Escherichia coli ATCC 25922 were used as positive control (strong biofilm former) and negative control (no biofilm former), respectively.



Antibiotic susceptibility testing

Antibiotic susceptibility of the cryopreserved M. morganii strain was tested using the minimum inhibitory concentrations (MICs) method according to the guidelines of the Clinical and Laboratory Standards Institute (CLSI) (CLSI, 2018b). Quality controls of the plates used for MIC were performed according to Table 5 of the CLSI VET01S supplement (CLSI, 2020). MIC breakpoints (expressed in μg/mL) were evaluated and interpretative criteria were retrieved from both human (CLSI, 2018b; CLSI, 2018a) and veterinary CLSI Standards (CLSI, 2020) and the European Committee on Antimicrobial Susceptibility Testing (EUCAST) (The European Committee on Antimicrobial Susceptibility Testing, 2022b).

M. morganii strain was tested with cefotaxime for evaluating the synergistic effects when combined with clavulanic acid, which inhibits ESBL β-lactamases, and cloxacillin, which inhibits AmpC β-lactamases. The Combination Disc Tests (Liofilchem srl, Roseto degli Abruzzi, Italy) are carried out using a 10mm paper disk containing cefotaxime alone or in combination with clavulanic acid, cloxacillin, or both of these inhibitors. The inhibition zone around the cefotaxime disc combined with inhibitors is compared with the zone around the disc without the inhibitors according to EUCAST guidelines (The European Committee on Antimicrobial Susceptibility Testing, 2017).

MIC values were also compared with EUCAST MIC distributions based on collated data from an increasing total of more than 30 000 MIC distributions from worldwide sources (The European Committee on Antimicrobial Susceptibility Testing, 2022a).

When available on the EUCAST website, Epidemiological Cut-off values (ECOFFs) that distinguish microorganisms without (wild type) and with (non-wild type) phenotypically detectable acquired resistance mechanisms to a specific pharmacological active substance, were reported and compared with the values obtained from M. morganii MIC tests.



Toxicology

Polychlorinated biphenyls (PCBs), hexachlorobenzene (HCB), and dichlorodiphenyltrichloroethanes (DDTs) were measured in blubber. Data were expressed in mg/kg dry weight (d.w) or mg/kg lipid weight (l.w) if the Extracted Organic Material percentage (MOE%) was considered. Measurements were made according to the Environmental Protection Agency method 8081/8082, with modifications (Marsili and Focardi, 1997). To assess the potential toxicological impact of these POP concentrations in the specimen, two different threshold limits proposed in the literature for PCBs were considered. Kannan et al. (2000) and Jepson et al. (2005) proposed the value of 17.0 mg/kg l.w. of ΣPCB in blubber as the tolerance threshold for no deleterious effects in marine mammals; Helle et al. (1976) and Jepson et al. (2016) prefer a much higher value (41 mg/kg l.w. ΣPCB in blubber) as a toxicity threshold for reproductive impairment in Baltic ringed seals (Pusa hispida).



Molecular and serological investigations

Molecular detection of Dolphin Morbillivirus (DMV) (Verna et al., 2017), Herpesvirus (HV) (VanDevanter et al., 1996), T. gondii (Vitale et al., 2013), Brucella spp. (Baily et al., 1992) and Photobacterium damselae sub. damselae (Osorio et al., 2000) was routinely performed on target tissues.

Serological investigations to screen for the presence of specific antibodies against DMV, Brucella spp. and T. gondii (Di Guardo et al., 2010) were performed on serum, CSF, and aqueous humor.

To corroborate bacterial ID obtained by MALDI-TOF MS, the MicroSEQ™ 500 16S rDNA PCR Kit (Thermo Fisher Scientific Inc., Waltham, USA) was used for the amplification of the first 500 base pairs(bp) of the 16S ribosomal RNA gene (rDNA) of the M. morganii isolate. DNA extracts were made from pure cultures of M. morganii by thermal lyses in PrepMan™ Ultra solution (Thermo Fisher Scientific Inc., Waltham, USA) following protocol for gram-negative bacteria described by the manufacturer. Positive samples were subjected to Sanger sequencing reaction using the MicroSEQ™ 500 16S rDNA Sequencing Kit (Thermo Fisher Scientific Inc., Waltham, USA). Sequencing products were analyzed on the Applied Biosystems® Sanger Sequencing 3500 Series Genetic Analyzers (Thermo Fisher Scientific Inc., Waltham, USA). Electropherograms were processed with the Bioedit 7.2.5 software (Hall, T.A. 1999. BioEdit: a user-friendly biological sequence alignment editor and analysis program for Windows 95/98/NT. Nucl. Acids. Symp. Ser. 41:95-98.) and the sequences (forward and reverse) were aligned to obtain a consensus sequence. The consensus sequence was uploaded to the GenBank® server and compared with available sequences retrieved from the National Center for Biotechnology Information (NCBI) database through the Basic Local Alignment Search Tool (BLAST, http://blast.ncbi.nlm.nih.gov/Blast.cgi, accessed on 10/08/2022)




Results


Post-mortem findings

The most significant gross findings at necropsy were observed in the vascular system and the kidneys. The vascular wall of the mesenteric arteries and their branches was hard, thickened with endothelial intraluminal pale-yellow plaques of fibrinous-purulent material, partly calcified. Greyish-yellow fibrinous deposits were attached to the right atrioventricular valve leaflets (fibrinous valvular endocarditis - Figure 1B). Light discoloration of the left myocardium was also observed. Multifocal pyogranulomatous lesions were observed in both kidneys, heavily parasitized by Crassicauda sp. nematodes. Multifocal abscess-like lesions of approximately 3 cm in diameter were observed in the perisplenic and perihepatic areas. Red discoloration of the blubber was reported in the cranio-dorsal region and in the melon, alongside multiple, light yellow, abscess lesions of about 0.5 cm in diameter. Upon the opening of the skull, meningeal fibrosis and hemorrhagic CSF were observed.

Renal nematodes were identified as Crassicauda sp. according to the morphometrics of the cephalic and terminal portions of adult parasites (Figure 1C).

Although specific investigations could not be performed, there was no evidence of gas emboli in the tissues examined, as a consequence of gas and fat embolic syndrome, known to affect this species in particular circumstances, such as military exercises (Fernández et al., 2005).



Histopathology and immunohistochemistry

Histologically, a mixed inflammatory infiltrate associated with foci of necrosis, partly mineralized, was observed mostly in the tunica media of arterial vessels. In the SNC, severe pyogranulomatous encephalitis associated with mild non-suppurative meningitis was diagnosed (Figure 2D). In all SNC areas, perivascular cuffings and vasculitis were observed (Figures 2A, B). Microabcesses, granulomas, and a mixed inflammatory infiltrate invaded the cerebral parenchyma (Figure 2C).




Figure 2 | Neuropathological lesions observed in the stranded Cuvier’s beaked whale. HE. (A) Thalamus. Severe encephalitis with several perivascular mononuclear cuffings. Inset: perivascular cuffing characterized by mononuclear cells infiltration. (B) Pons. Vasculitis with damage to the vessel wall causing leakage of red blood cells with formation of perivascular hemorrhages and presence of mononuclear inflammatory infiltration around it (arrow) and invading the underlying neuroparenchyma (asterisk). (C) Pons. Small granuloma, as an outcome of a microabscess, constituted of macrophages, lymphocytes, and plasma cells. (D) Parietal cortex. Focal and mild non-suppurative meningitis (arrow).



Multiple hemorrhages were scattered in the pulmonary parenchyma. The bronchial submucosa was filled with a mixed inflammatory infiltrate and the associated blood vessels were congested. In the mucosa of the first gastric chamber, foci of pyogranulomatous inflammation (gastritis) were observed multifocally. In the spleen and lymph nodes, lymphoid follicles were depleted and surrounded by multifocal hemorrhages. In all these organs, lesions were described alongside changes compatible with mild to moderate autolysis.

Several other internal organs presented with a severe grade of autolysis due to the delay in sampling and unfavorable environmental conditions. Heart, liver, kidney, and urinary bladder could not be evaluated due to advanced autolysis.

Immunohistochemical investigations against DMV and T. gondii were negative in all tissues examined.



Microbiology

M. morganii alpha-hemolytic strain was retrieved in pure culture from liver, lung, prescapular lymph node, spleen, hepatic and renal abscesses, and CNS. Pasteurella canis was also isolated from the lungs. There was no evidence of growth for Salmonella sp., Listeria spp., and Brucella spp.

Urease test performed on freshly cultured M. morganii strains gave positive results in less than 30 minutes. SS test revealed that the isolated M. morganii strain was a weak biofilm former (M. morganii OD Mean = 0.082; Negative control OD Mean = 0.057; Positive control OD Mean = 0.273).



Antibiotic susceptibility testing

The results of the MIC test performed on the M. morganii isolate, including both CLSI and EUCAST interpretative criteria (clinical breakpoints), are shown in Table SM1. The obtained MIC values were compared to the ECOFFs (and/or TECOFFs) available on the EUCAST site (“European Committee on Antimicrobial Susceptibility Testing. Data from the EUCAST MIC distribution website, last accessed 11/09/2022”. http://www.eucast.org).

The isolate showed natural resistance to the fixed-dose association Ampicillin-Sulbactam and Amoxicillin-Clavulanic Acid, Oxacillin, Ampicillin, Amoxicillin, most of the first- and second-generation Cephalosporins (Cefazolin, Cefalothin, Cefalexin), Macrolides, Lincosamides, Tetracycline, Nitrofurantoin and Colistin as reported in Morganellaceae. Combination Disc Tests for evaluation of Extended-spectrum β-lactamases (ESBLs) and/or AmpC β-lactamase producers gave negative results.

Based on ECOFF and TECOFF records on the EUCAST website, the strain exhibited MIC values suggestive of a non-wild type M. morganii for Trimethoprim-Sulfamethoxazole.



Biomolecular and serological investigations

The biomolecular analysis did not detect any DVM, Herpesvirus, T. gondii, and PDD DNA in target organs. Serological screening for the presence of DMV, Brucella spp, and T. gondii-specific antibodies retrieved negative results.

Amplification of the 16S rDNA region yielded an amplicon of approximately 530 bp. Sequence alignment with the BLAST tool allowed the identification of M. morganii species with homology greater than 99% (99,25%) with the M. morganii strain DG56-16 chromosome (accession number CP032295.1). The new sequence was deposited in GenBank® with the accession number OQ096688.



Toxicology

Blubber concentrations of organochlorine (OC) pollutants are reported in Table 1. MOE% was 92,9%. The blubber levels of organochlorine contaminants, in particularly polychlorinated biphenyls (PCBs) and dichlorodiphenyl dichloroethane and related compounds (DDTs), were extremely high reaching concentrations of 77.831 mg/kg l.w and 68.279 mg/kg l.w respectively,


Table 1 | OCs levels in the blubber of the stranded CBW.






Discussion


M. morganii septicemia

We diagnosed the stranded cetacean with a septicemic infection by M. morganii. Our diagnosis is supported by the systemic isolation of the bacteria in all major organs and by both macroscopic and microscopic lesions suggestive of septicemia such as multifocal hemorrhages, multifocal abscesses and granulomas, severe pyogranulomatous encephalitis, and endocarditis.

In human medicine, bacteremia and sepsis are quite common features (Bandy, 2020) of M. morganii infections whereas CNS involvement is rare. When the pathogen succeeds in trespassing the hematoencephalic barrier, meningitis and parenchymal abscesses are the main lesions observed (Abdalla et al., 2006). In animals, to date, this bacterium has been mostly associated with respiratory pathologies (Elfadl et al., 2017) and there are no reports of CNS involvement, unlike in this CBW that suffered from both meningitis and encephalitis.

All of these pathological conditions are reported more frequently in patients with underlying diseases and/or immunosuppression (Bandy, 2020). Urinary tract infections (UTIs) are frequently the original foci of the bacteremia, as biofilm formation and bacterial growth in the urinary tract are enhanced by the urease activity of this organism. Other typical sources of bacteremia in humans are soft tissues and hepatobiliary tract infections (Liu et al., 2016).

In this CBW, dermatological disease or deep wounds were not observed. Gross hepatobiliary abnormalities were not reported either, even though autolysis prevented exhaustive histopathological examination. Therefore, we hypothesize that renal crassicaudiasis and a high burden of organic pollutants have been the most likely predisposing factors for an infection by M. morganii.

A parasitized organ represents an optimal pabulum for bacterial growth. For instance, Suárez-Santana et al. (2018) described septic prostatitis and ascending cystitis in two spotted dolphins (Stenella frontalis) with heavy prostatic and urethral Crassicauda infestation, speculating that nematode parasitism might have favored bacterial colonization. Furthermore, our isolate was phenotypically capable of urease and biofilm production, and alpha-hemolytic strains produce a potent hemolysin with hemolytic and leucocidal properties similar to E.coli ones (Eberspacher et al., 1990). However, since autolysis did not allow to confirm or exclude a UTI, it is difficult to determine whether M. morganii retrogradely colonized the kidney via the lower urinary tract or if the pathogen could have been translocated during the parasitic migration from the intestine.

Interestingly, another opportunistic pathogen, P. canis, was isolated from the lung. This bacterium is also part of the microbiota of the oral and upper respiratory tract mucosa of animals, especially carnivores (biovar 1) and ruminants (biovar 2), and it has been rarely reported as a cause of pneumonia in patients with lung disease or immunodeficiency (Arun et al., 2019). P. canis could have overgrown on existing pulmonary lesions observed in this CBW, worsening the respiratory competence of the animal.

The health status of the animal was also compromised by a high burden of organic pollutants with demonstrated detrimental effects on the immune system (Marsili et al., 2004; Marsili et al., 2019; Centelleghe et al., 2019). Blubber concentrations of organochlorine compounds (OCs), particularly DDTs and PCBs, were very high both compared to the values found in other CBWs sampled in the Mediterranean basin (Hatzianestis et al., 1998; Baini et al., 2020) and compared to those measured in BWs from other parts of the world (Knap and Jickells, 1983; Bachman et al., 2014). The blubber PCBs concentrations in the studied specimen of Cuvier’s beaked (77.8 mg/kg l.w.) largely exceeded the PCBs toxicity thresholds reported (Kannan et al., 2000; Jepson et al., 2005; Jepson et al., 2016).

A chronic parasitic infestation and the toxic effects of immunosuppressant xenobiotics represented for this CWB a lethal combination that made the animal poorly immunocompetent, as confirmed histologically by the severe lymphoid depletion, and prone to succumb to a non-negligent opportunistic pathogen as M. morganii (Liu et al., 2016).



Antimicrobial susceptibility of the M. morganii isolate

Since the isolation of antibacterial-resistant (ABR) strains is also increasing in marine animals (Blasi et al., 2020), we performed additional testing to evaluate the antimicrobial susceptibility profile of our strain.

The isolate was confirmed to be sensitive to the antibiotics normally used to treat M. morganii infection: aminoglycosides, third- and fourth-generation cephalosporins, carbapenems, quinolones, chloramphenicol, sulfonamides and their association with trimethoprim.

Differently from our case, resistance to third- and fourth-generation cephalosporins has been previously observed in two M. morganii strains cultured from captive cetaceans lesions (Park et al., 2020; Sánchez Contreras and Biancani, 2021). However, ESBLs production was not demonstrated in these cases whereas is increasingly reported in strains related to nosocomial infections. ESBLs and AmpC production has been observed in most Enterobacteriaceae species, particularly E. coli and Klebsiella pnuemoniae (Sheng et al., 2013), and can be transferred to other bacterial species by horizontal gene transfer. Furthermore, apart from being plasmid-mediated, AmpC production can derive from the deregulation of natural genetically-encoded β-lactamase enzymes in response to antibiotic exposure (Mizrahi et al., 2020). As expected in a free-ranging wildlife species, our strain did not show any AmpC enzyme production since it is unlikely for a wild CBW to be directly exposed to β-lactam antibiotics.

Nevertheless, the natural wide distribution of M. morganii could be the direct consequence of its adaptability to the environment. Several mechanisms are involved in acquiring antibiotic resistance, even if, often, adaptive resistance is a reversible reply of the bacteria to gradual antibiotic increases (Liu et al., 2016).

On the other hand, the MIC value (1mg/L) that was observed for Trimetroprim-Sulfamethoxazole exceeded the (T)ECOFF value proposed by EUCAST of 0,5 mg/L to distinguish between wild and non-wild type microorganisms.

As occurred for Acinetobacter species exhibiting the highest abundance of sulphonamide-resistant strains (Xiong et al., 2015) or for bacteria isolated from fluvial sediment samples in India and Spain (Kristiansson et al., 2011; Marti et al., 2013), also for M. morganii, the relatively low but constant environmental concentrations of sulpha antibiotics could explain the elevation of the MIC of our strains versus Sulfamethoxazole-Trimethoprim and leading to classify it as a “non-Wild Type” strain.

Wastewaters, frequently insufficiently treated, produced in livestock and poultry breeding, aquaculture, and hospitals (Zhou et al., 2022) are one of the main sources of subinhibitory concentrations of antibiotics, favoring the rise and spreading of ABR bacteria and resistance genes (Lépesová et al., 2019).

Moreover, sulphonamides, apart from being widely used in human and veterinary medicine, including aquatic farmed species, exhibit strong hydrophilicity and easily persist in freshwater (Pruden et al., 2012; Danner et al., 2019) and marine ecosystems where they can exert acute or chronic toxic effects to a wide range of organisms, from algae to fishes (Zhou et al., 2022).

Sulfonamides toxicity has been proven in marine fishes (Zhou et al., 2022) but no ecotoxicological studies have been conducted on marine mammals regarding these antimicrobials. Moreover, the health status of marine species is not impacted just by chronic exposure to environmental levels of antibiotics. Still, it is threatened by other contaminants such as heavy metals, microplastics, OCs, and other chemicals.

In this scenario, the data reported in this study may contribute to the understanding of the combined effects of toxic marine pollutants and pathogens on the health status of an endangered species, such as the CWB, that is challenging to study at sea.




Conclusion

Information regarding bacterial infections in CBW is scattered and mostly incomplete, with no antimicrobial susceptibility testing reported before (Fernández et al., 2011; Alstrup et al., 2021; Febronio et al., 2021). Moreover, detailed and conclusive necropsies are rare for this species in the Mediterranean region (Podestà et al., 2016). In this report, we present the results of systematic post-mortem investigations stressing their importance to fill knowledge gaps and identify both non-anthropogenic and anthropogenic threats for cetaceans, especially for the elusive ones such as the beaked whales. This study expands information on infectious diseases and chemical contaminants affecting marine mammal health and gives new insights into the interaction between pathogens, host, and environment, whose understanding is still scarce to date (Di Guardo et al., 2018) and contributes to better conservation strategies for marine animals.

To our knowledge, this is the first description of M. morganii septicemia with CNS involvement in a wild cetacean. M. morganii can represent a threat to marine mammals, especially when they are immunocompromised and inhabit highly polluted environments, such as CBWs in the Mediterranean Sea (Baini et al., 2020). As occurred in terrestrial animals (Franzoni et al., 2022), further research is advised to investigate the cumulative and synergic effect of antibiotics and other contaminants on aquatic species. Although the isolate did not show any antibiotic resistance “sensu stricto”, a higher threshold of sensitivity for Trimethoprim-Sulfamethoxazole is reported in this study consisting of the first report of a non-wild M. morganii strain in a Mediterranean Cuvier’s beaked whale.

In addition, since adaptive resistance has been well established in Enterobacteriaceae (E. coli, S. enterica), while further investigation for M. morganii is suggested (Liu et al., 2016), this report should be the door opener for these studies both in human as well as in veterinary medicine in a One Health approach.
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In the framework of global and EU policies focused on stopping the loss of biodiversity process, deepening the genetic variability, especially of populations species identified as threatened, is crucial for defining conservation units and developing appropriate conservation strategies. This is more urgent for cetacean species in the Mediterranean because they assume a key ecological role in the marine food web and are severely affected by numerous and different anthropogenic pressures. This study aims to increase information on the genetic variability of striped dolphin in the Northern Ionian Sea by investigating the population structure, phylogenetic relationships and phylogeographic patterns using two mtDNA markers. From October 2020 to August 2021, a total of 88 skin tissue samples were collected from free-ranging dolphins in the Gulf of Taranto by applying the non-invasive technique of skin swabbing. An acceptable amount of DNA was extracted from 86 samples and used for subsequent genetic analysis conducted on the partial sequences of 421 and 704 bp in length of the cytb gene and D-loop control region, respectively. In addition, the sequences of the two mtDNA markers were joined together to compose a mtDNA concatenated sequence of 1125 bp for each sampled dolphin in order to investigate the genetic variability of the species population in the study area. Genetic analysis highlighted a low nucleotide diversity and high haplotypic diversity of the striped dolphin of the Gulf of Taranto, suggesting a population in rapid expansion after a period of reduction in size and diversity of the initial population. The phylogenetic analyses revealed the presence of at least two different lineages of Stenella coeruleoalba in the Mediterranean Sea, one specific to the Northern Ionian Sea and one shared with the Mediterranean population, confirming results already obtained for the local unit in the Gulf of Taranto. The results point out a potential problem of hybridization between striped and common dolphins which needs to be further investigated. Therefore, increasing the analysis of several markers may increase understanding of the genetic diversity of the population in the Ionian Sea and represent a useful tool to support the implementation of future effective conservation measures.
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1 Introduction

Biological diversity and richness are decreasing globally because of the massive impact of anthropogenic activities responsible for habitat destruction and fragmentation, pollution, exotic invasions, and climate change (Féral, 2002; Duffy and Stachowicz, 2006; Storch et al., 2022). This trend, if not quickly stopped or slowed down, will continue to negatively affect biodiversity which is strongly linked to human well-being as highlighted by the New Global Framework for Managing Nature Through 2030 from the Convention on Biological Diversity (CBD) (https://www.cbd.int/article/draft-1-global-biodiversity-framework), the Intergovernmental Science-Policy Platform on Biodiversity and Ecosystem Services (IPBES) with the Global assessment report on biodiversity and ecosystem services (IPBES, 2019) and the United Nations Sustainable Development Goals (Stange et al., 2021). Therefore, a quantitative evaluation of the status and trends of intraspecific and interspecific genetic diversity and that at the community level is necessary to point out possible adaptations to environmental changes in ecosystem services, resilience capacity and stability of functions (Prieto et al., 2015; Hunter et al., 2018; Hoban et al., 2020). This type of investigation can be carried out thanks to novel molecular and advanced genomic tools developed within conservation genetics, a discipline that helps us to resolve taxonomic uncertainties, to define evolutionarily diverged units such as subpopulations within the same species (de los Angeles Bayas-Rea et al., 2018) and to obtain information important for species conservation (sex, population structure, gene flow, inbreeding and outbreeding rates). It also allows us to integrate genetics with demographic and environmental variables to predict extinction risks and find proper conservation measures in order to slow biodiversity erosion (Allendorf et al., 2007; Frankham, 2010; Coker, 2017). More specifically, analyzing genetic variation over time [genetic diversity, differentiation, and distance (Taylor et al., 2010)], differentiations in specific local populations with a defined population genetic structure could be revealed as a result of low gene flow due, for example, to a recent geographic isolation or a divergence (Gaspari et al., 2019). This phenomenon is highly challenging for biodiversity conservation and mostly for that of highly mobile species such as cetaceans assuming a key ecological role in the marine food web (Roman and McCarthy, 2010; Ricci et al., 2019; Carlucci et al., 2021a) even as sentinel species for human and ecosystem health (Bossart, 2011) and a broad geographic range of distribution. Moreover, cetacean species in the Mediterranean Sea are subject to multiple stressors such as habitat fragmentation and loss, alterations to distribution and availability of resources, climate change, chemical and noise pollution as well as several other threats (Coll et al., 2012; Pace et al., 2015; Notarbartolo di Sciara, 2016).

Although genetic variability in some cetacean species has already been investigated, such as for the killer whale in the Northern Pacific Ocean (Barrett-Lennard and Ellis, 2001), the blue whale in southern Australian waters (Attard et al., 2015), the common bottlenose dolphin in the southern Pacific Ocean (de los Angeles Bayas-Rea et al., 2018), the striped dolphin (Bourret et al., 2007; Gkafas et al., 2017; Ciccarese et al., 2019; Gaspari et al., 2019) and the short-backed common dolphin in different areas of the Mediterranean Sea (Santostasi et al., 2021), increasing these studies in the Mediterranean Sea is very urgent given that genetic diversity generally underpins population resilience and persistence, thus determining the success and long term survival rate of a species in threatened and changing environments (Pace et al., 2015). Indeed, in-depth investigations on genetic variability of cetacean species might help recognize subpopulations or metapopulations, clarify possible connectivity between putative populations and prevent the decline of a species due to environmental and genetic threats such as inbreeding or hybridization as demonstrated for the striped dolphin and common dolphin in the Greek seas (Antoniou et al., 2018; Johnson et al., 2022). Moreover, further studies on this theme could provide more reliable information for the assessment of the extinction risk of species listed in the IUCN Red List even if, genetic information is currently used indirectly to assess the conservation status of species according to different criteria considered (IUCN, 2012; Garner et al., 2020).

In the Mediterranean Sea, studies on genetic variability of cetacean species have demonstrated, for all species regularly occurring in the basin, that the Mediterranean populations are differentiated from the Atlantic ones (ACCOBAMS, 2021). Within the Mediterranean, there is currently only evidence of genetic differences between groups living in the same area for the striped dolphin, Stenella coeruleoalba. In the Ligurian Sea, little differentiation is detected between offshore and inshore groups probably linked to different environmental factors and/or prey resources that reflect on group behaviour (Gaspari et al., 2007). In the Gulf of Taranto, the existence of an independent lineage was suggested by studies carried out on genetic variability of the cytb gene sequence (Ciccarese et al., 2019; Linguiti et al., 2021). However, a recent study comparing genetic information from both nuclear and mitochondrial samples from Gibraltar to Israel has revealed that the population of striped dolphins in the Mediterranean is structured with low levels of gene flow across the region (Gaspari et al., 2019).

This state of knowledge and the recent change in the conservation status of the species from Vulnerable to Least Concern (ACCOBAMS, 2021; Lauriano, 2021) in any case do not solve the question about the possible occurrence of subpopulations, as recently identified for the Gulf of Corinth (Bearzi et al., 2022), or metapopulations across the Mediterranean regions. Thus, further genetic investigations are necessary. Therefore, this study aimed to deepen understanding of the genetic variability of individuals of striped dolphin in the Gulf of Taranto through investigations of mtDNA sequences of two markers, the cytochrome b (cytb) gene and the D-loop control region (CR). The cytb gene was chosen as a coding marker of the mtDNA to compare the results with those of a previous study conducted in the same study area (Ciccarese et al., 2019). Moreover, improvements in the sampling activity and in laboratory protocols allowed us to analyze also the D-loop as mtDNA not coding region. This choice was also guided by the large number of cytb and D-loop sequences, both of the striped dolphin and of other Delphinidae species, available in the GenBank database.



2 Materials and methods


2.1 Study area

The Gulf of Taranto is in the northernmost part of the Northern Ionian Sea (Central Mediterranean Sea) encompassing an area of about 14000 km2 from Santa Maria di Leuca to Punta Alice (
Figure 1
). It is characterized by a narrow continental shelf with a steep slope and several channels in the western sector and by descending terraces toward the submarine canyon known as the “Taranto Valley” in the eastern one. The complex morphology of the area together with the circulation of water masses involve the occurrence of seasonal and decadal upwelling currents (Civitarese et al., 2010; Matarrese et al., 2011; Carlucci et al., 2014; Pinardi et al., 2016) playing a significant role in sustaining productivity (Capezzuto et al., 2010; Maiorano et al., 2010; Carlucci et al., 2018; Ricci et al., 2019) and favouring the occurrence of valuable habitats from the conservation perspective such as the Santa Maria di Leuca cold-water coral province (D’Onghia et al., 2016; Vassallo et al., 2017) and those inhabited by several species of cetaceans (Bellomo et al., 2019; 2020c; Carlucci et al., 2018b; Carlucci et al., 2018c; Carlucci et al., 2020a; Carlucci et al., 2020b; 2021a; Santacesaria et al., 2019; Cipriano et al., 2022). Unfortunately, the basin is potentially affected by several human pressures or threats resulting in possible direct and indirect impacts on cetaceans (Carlucci et al., 2021; Ricci et al., 2021).




Figure 1 | 
Map of the study area with indication of sightings of striped dolphin from which genetic samples were collected.





2.2 Sample collection

Skin tissue samples were collected during standardized vessel-based surveys carried out while investigating an area of 960 km2 in the northernmost portion of the Northern Ionian Sea from October 2020 to August 2021. Surveys were carried out only in favourable sea-weather conditions (Douglas scale ≤ 3 and Beaufort scale ≤ 4) applying an effort of approximately 5 h per day along 35 nautical miles and adopting a zig-zag line transect sampling (Buckland et al., 2004; Thomas et al., 2010). Genetic sampling was carried out under authorizations provided by Ministry of the Environment and the Protection of the Territory and Sea, under Authorization 367-REG-1570798753503, Prot. n. 28525, applying the non-invasive technique of skin swabbing (Harlin et al., 1999; Cosentino et al., 2015; Ciccarese et al., 2019; Linguiti et al., 2021). This method consists of applying moderate friction using a 4 x 4 cm synthetic fibre scrub pad on the dorsal-lateral region of an individual to collect the superficial layer of the skin, taking advantage of the moment at which, it approaches the boat during sightings and then came to the surface to breath. The scrub pad was attached with plastic fasteners to the tip of a 130 cm long telescopic aluminium stick covered with a soft sponge-like tissue to prevent hurting the animals. Although striped dolphins can react to the skin swab by swimming, jumping, or diving sometimes they came back close to the boat confirming that the sampling method did not cause any damage or irreversible stress. Individuals sampled are always recognizable by the light skin scratches caused by the scrub pad, preventing unwanted resampling of the same dolphin.

The skin tissue samples collected were then immediately removed with sterilized forceps from the scrub pad and transferred to a flask containing a 70% alcohol solution, labelled, and preserved at 4°C. At the same time as the genetic samples were taken, information about sighting date, geographic coordinates, depth (m), group size (number of individuals) and predominant activity state was collected. In particular, the collection of data concerning the predominant activity states of groups of striped dolphins encountered was carried out applying the focal-group protocol with instantaneous scan sampling (Mann, 1999; Neumann, 2001).

The sampling activities were performed with complete respect for the animals, respecting their space and trying not to interfere with their natural behaviour or their activities (also taking into account their attitude towards the research boats and the researchers on board).

Together with the skin tissue samples collected from live individuals, two samples were collected from two stranded striped dolphins found on 2nd March 2021 (on the Marina di Ginosa coast, west of Taranto) and on 27th April 2021 (on the Leporano Marina coast, east off Taranto), respectively. Sampling was carried out by directly taking the skin from the bodies using a sterile dermal biopsy punch curette and preserving the samples at 4°C in labelled flasks containing 70% alcohol (ACCOBAMS-MOP7/2019/Doc 33, 2019).



2.3 DNA extraction

Total genomic DNA from skin samples was extracted using a Chelex-100 (Sigma) resin suspension in Tris-EDTA (10 mM Tris HCl, 1 mM EDTA, pH 8.0). Chelex solution (500μL at 15%) was added to each tube containing the sloughed skin sample previously preserved at 4°C. Due to the fast sedimentation of the Chelex solution, it was crucial for it to be frequently stirred prior to pipetting and putting it in the tube. The tubes were vortexed and incubated at 100˚C for 20 minutes, and then placed on ice for 2 minutes. The skin samples were then centrifuged at 13000 rpm for 5 minutes, and the supernatant was transferred to new tubes. The DNA was purified using the standard phenol/chloroform method, quantified, and the quality was checked with a Nanodrop 1000 spectrophotometer from Thermo Scientific.



2.4 Sex determination

A protocol for sex determination was applied as an additional tool, to photography of sampled individuals, to ensure the uniqueness of the samples from individuals sharing the same haplotype within the same sampling group.

The sex of free-ranging and stranded dolphins was identified with a duplex PCR amplification of the striped dolphin ZFX/ZFY and SRY gene fragments.

A set of three oligonucleotide primers for multiplex PCR amplification of the ZFX and ZFY partial sequences was designed: a forward-orientated oligonucleotide primer designed to anneal to the ZFY, as well as the ZFX sequence (ZFYX0582F, 5’-ATAGGTCTGCAGACTCTTCTA-3’), and two reverse-orientated oligonucleotide primers placed within a polymorphic position between the ZFX (ZFX0923R 5’-AGAATATGGCGACTTAGAACG-3’) and ZFY sequences (ZFY00767R 5’-TTTGTGTGAACTGAAATTACA-3’). PCR amplification reactions were carried out in a 25ml reaction mixture containing 500 ng of sample DNA, 5X PCR buffer (with 15 mM MgCl2 and 5 mM dNTPs), 10 μM of each primer, and 1 U of Taq enzyme – yourSIALc HiFi Polymerase (S.I.A.L.). PCR thermo-cycling conditions consisted of an initial denaturation step at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 60 s, annealing at 56°C for 30 s, and extension at 72°C for 30 s with a final extension step at 72°C for 5 min.

Gender was determined by the banding pattern on a 2% agarose gel, stained with 0.5 μg/ml ethidium bromide, and visualized under ultraviolet light. The expected product size was a 382 bp single band, as determined by electrophoresis, for females and two bands (382 bp and 226 bp long) for males.

To verify the male gender, another primer set (SRYF 5’-GAGAATCCCCAAATGCAAAACTCAGA-3’, SRYR 5’-GGAATTGAGTTGCAAATGGCAGCAA-3’) was used to amplify a 418 bp fragment of the SRY gene. The PCR conditions were those described above.



2.5 mtDNA amplification and sequencing

2-mtDNA regions were amplified for all samples: the cytochrome b (cytb) gene and the mtDNA CR (D-loop), designed based on the striped dolphin mitochondrial genome.

A fragment of the cytb gene was amplified by a PCR reaction, in a volume of 50 μl, using Taq polymerase - Platinum (Life Technology). The primer set (F1cytb 5’-TAACAGTCATGGCCACTGCATT-3’ and R2cytb 5’-TGGTTTGATGTGTGCAGGGGTG-3’) was used under the following conditions: 500 ng of each DNA sample, 10 mM dNTP, 50 mM MgCl2, 1 U Taq, 10 μM of each primer, and 10X PCR buffer. PCR thermo-cycling conditions consisted of an initial denaturation step at 94°C for 4 min, followed by 35 cycles of denaturation at 94°C for 15 s, annealing at 60°C for 30 s, and extension at 72°C for 30 s, with a final extension step at 72°C for 5 min.

The PCR products were purified and fully-sequenced, in both directions, by a sequencing commercial service, using another forward primer (F2cytb 5’-CCAACCTCTTATCAGCAATC-3’) along with another reverse primer (R1cytb 5’-AGGGTGGAATGGAATTATGTCT-3’). The forward primer (F2cytb) and the reverse one (R1cytb) were drawn respectively downstream of the forward and reverse primers used in the PCR reaction. The sequences acquired were used to assemble and edit the sequence of 421 bp of the cytb fragment for each sample.

A different primer set was used to amplify a fragment of the mtDNA CR (D-loop). A forward primer dLp1.5L (5’-CACCCAAAGCTGRARTTCTA-3’) and a reverse primer dLp8scR (5’-TAGGGACGAAGCACTGTAGG-3’) were used under the same PCR conditions as above. The PCR program consisted of an initial denaturation step at 94°C for 2 min, followed by 35 cycles of denaturation at 94°C for 30 s, annealing at 60°C for 60 s, and extension at 72°C for 60 s with a final extension step at 72°C for 10 min. The PCR products were purified and fully-sequenced, in both directions, using a forward primer (dLpF2 5’-CAACATCACAGTACTACGTC-3’) along with another reverse primer (dLp5H 5’-CCATCGWGATGTCTTATTTAAGRGGAA-3’), designed downstream of the primers used in the PCR reaction. The sequences acquired were used to assemble and edit the sequence of 704 bp of the mtDNA CR (D-loop) fragment for each sample.

All cytb and D-loop haplotype sequences of individuals of striped dolphin sampled are available from GenBank database (Accession numbers ON959814 - ON959831).



2.6 Genetic, phylogenetic and phylogeographic analyses

The cytb and D-loop mtDNA sequences obtained from striped dolphins sampled in the Gulf of Taranto were aligned using Clustal Omega software (EBI). The genetic analysis was conducted on the partial sequences of 421 and 704 bp in length of the cytb gene and D-loop, respectively. The number of haplotypes and polymorphic sites as well as the type (single variable and parsimony information sites; transitions and transversions; synonymous and replacement changes, only for cytb coding sequence) of single nucleotide polymorphisms were assessed using Arlequin v. 3.5.2.2 (Excoffier and Lischer, 2010). Moreover, considering all samples from the Gulf of Taranto as incorporated into a single unit, the sample genetic diversity was estimated by calculating the haplotype diversity (h) and nucleotide diversity (π) with the same software package.

The Fu’s FS (Fu, 1996) and Tajima’s D neutrality (Tajima, 1989) tests, implemented in the program Arlequin v. 3.5.2.2 (Excoffier and Lischer, 2010), was performed in order to test past population expansion. A negative value of FS and Tajima’s D is considered evidence for excess of rare haplotypes over what would be expected under neutrality, as it would be expected from a recent population expansion or from genetic hitchhiking.

Pair-wise FST values among the considered taxonomic groups were also calculated.

The evolutionary relationships was investigated by building up phylogenetic trees based on the cytb and D-loop nucleotide sequences including samples of striped dolphin from the Gulf of Taranto (obtained in this work plus those reported in Ciccarese et al., 2019) and samples, retrieved from GenBank, of the same species from other geographic areas and of other phylogenetically comparable species such as Stenella clymene, S. longirostris, S. frontalis, S. attenuata, Delphinus delphis, Tursiops truncatus and T. aduncus. The corresponding cytb (GenBank ID: LC630882) and D-loop (GenBank ID: NC_012062) sequences from Grampus griseus were used as outgroup. Multiple alignments were carried out with the MUSCLE program (Edgar, 2004) both for the cytb and D-loop sequences. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000), and the units are in the number of base differences per site. Phylogenetic trees were built using the neighbor-joining (NJ) (Saitou and Nei, 1987) method implemented in MEGA X (Kumar et al., 2018; Stecher et al., 2020) and the grouping in the tree was supported by high bootstrap probability values. To support the phylogenetic inference additional phylogenetic analyses such as maximum likelihood (ML) and Bayesian Inference (BI) based on JModelTest (Posada, 2008) were carried out.

Phylogeographic networks were constructed using the sequences of cytb and D-loop of S. coeruleoalba. Networks were constructed adopting the median-joining algorithm implemented in the package Network 10.2.0.0 (Copyright 2004-2022 Fluxus Technology Ltd.). Haplotype frequency distribution in the considered major geographic areas were visualized through pie charts using different color codes. For better visualization of the network topology, branch lengths were not maintained proportional to the number of mutations.

Finally, to deepen knowledge of the genetic structure of the population of striped dolphin in the Gulf of Taranto the sequences of the two mitochondrial DNA-fragments, cytb and D-loop, were joined together to compose a mtDNA concatenated sequence of 1125 bp for each sampled dolphin. This allowed identification of the haplotypes and investigation of their variability.




3 Results


3.1 Sampling and sex determination

During the sampling period from October 2020 to August 2021, the number of individuals sampled during each survey varied between 1 and 9 for a total of 88 striped dolphins sampled. An acceptable amount of DNA for subsequent analysis, ranging from 18 to 120 μg, was only extracted from 86 samples from free-ranging individuals (
Supplementary Table 1
). Sex was determined for 56 individuals, showing a sampling bias in favor of males (42) over females (14) (sex ratio 3:1).



3.2 Genetic diversity and phylogenetic analysis



3.2.1 mtDNA cytb gene

The mtDNA cytb gene fragment of 421 bp was successfully amplified and sequenced in 85 out of the 86 samples extracted (99%) (
Table 1
). The sequences aligned were compared with those obtained in the previous work of Ciccarese et al. (2019) to verifying the possible match with haplotypes already identified. New haplotypes have been labelled with the abbreviation “Hap” and a progressive number. From this study, six cytb haplotypes were obtained (
Table 1
). Hap10 was identified in 80 of the 85 striped dolphin individuals (94%), confirming it to be the most common in the Gulf of Taranto as assessed in the previous work (Ciccarese et al., 2019). Haplotypes Hap-3, Hap-14, Hap-29, Hap-31 and Hap-32 were found in single individuals. While the Hap-3 had already been found in the Gulf of Taranto (Ciccarese et al., 2019), the other haplotypes were new findings in the area. In addition, Hap-31 and Hap-32 are new haplotypes also at the global level as they are not present in any database.


Table 1 | 
Sampling code and haplotypes of cytb, D-loop and concatenated identified from individuals of S. coeruleoalba sampled in the Gulf of Taranto.



The haplotype analysis indicated 23 polymorphic loci, including 6 single variable sites (34, 280, 286, 295, 388 397 bp) and 17 parsimony information sites (91, 94, 109, 130, 178, 181, 184, 217, 244, 250, 259, 304, 310, 329, 341, 350, 394 bp) (
Tables 2
, 
3
). Within the observed substitutions, 11 are transition changes and only one is a transversion (ratio 11:1) (
Tables 2
, 
3
). The ratio between transition and transversion is in line with ratios observed in mammalian mtDNA ranging from 10:1 to 20:1 (or more) (Irvine et al., 1981) and with previous data on the same species (Ciccarese et al., 2019). Substitutions are observed chiefly at third codon positions except for the transitions at the first codon position of 329, 341 and 350 polymorphic sites. All changes represent silent substitutions (
Table 2
). The analysis aimed to identify the genetic diversity of the Gulf of Taranto dolphin population showed a mean value of nucleotide diversity (π) equal to 0.000885 ± 0.000946 and a mean value of haplotype diversity (h) equal to 0.1148 ± 0.0475, which are both lower than the values observed in the previous study (Ciccarese et al., 2019). The combined group, i.e. haplotypes found in this (group 1) plus those identified in the previous study by Ciccarese et al. (2019), (group 2), containing all the samples of S. coeruleoalba from the Gulf of Taranto still gives low levels of both nucleotide and haplotype diversity (
Table 3
).


Table 2 | 
Haplotypes identified in the 421bp mitochondrial cytb gene sequences, along with sample size.





Table 3 | 
Nucleotide and haplotype diversity in mtDNA cytb and D-loop sequences of individuals of S. coeruleoalba sampled in the Gulf of Taranto.



The evolutionary relationship of the cytb haplotypes was investigated by comparing the sequences of S. coeruleoalba from the Gulf of Taranto with sequences, retrieved from the GenBank dataset, of the same species from other geographic areas, and of other phylogenetically comparable species, i.e. S. clymene, S. longirostris, S. frontalis, S. attenuata, D. delphis, T. truncatus and T. aduncus (
Supplementary Table 2
). The corresponding cytb sequence from G. griseus was used as an outgroup. In particular, the following selection criterion was adopted. Only one gene sequence for each haplotype of each species was included in the analysis. All sequences were combined in the same alignment to build a phylogenetic tree using the NJ method (
Figure 2
). Since the different methods applied gave overlapping results (data not shown for ML and BI), the NJ tree has been preferred in order to be in line with previous evolutionary analysis performed by Ciccarese et al. (2019), of which this represents an updated version. The grouping in the tree was supported by high bootstrap probability values. The addition of new haplotype sequences reinforces without modifying the paraphyletic distribution of S. coeruleoalba. As a matter of a fact, it is possible to recognize five different groups (
Figures 2A–E
) divided into two principal branches as indicated by an arrow. In the upper branch, group A is the largest and most represented, with five haplotypes (Hap-3, Hap-10, Hap-29, Hap-31 and Hap-32) identified in the Gulf of Taranto intermingled with sequences derived from other geographic areas such as the Mediterranean Sea, Northeast Atlantic, Pacific Ocean, Indian Ocean, Eastern and Northern Pacific. Among these, Hap-10 and Hap-29 are the only ones to be shared between the dolphins of the Gulf of Taranto and those of the other seas. As previously described (Ciccarese et al., 2019), other haplotypes exclusive to the Gulf of Taranto, Hap-1, 2, 4, 5, 6, 7, 8, and 9, form a separate group in the tree (
Figure 2E
), suggesting the possible existence of a distinct Ionian (sub)population. Moreover, these haplotypes are closer to Tursiops truncatus sequences than to other sequences of congeneric species. Instead, S. coeruleoalba haplotypes distributed in the other clades are closer to D. delphis haplotypes, with Hap-12 (
Figure 2C
) clustering with D. delphis haplotypes, and Hap14 apart (
Figure 2B
) and tightly related to S. clymene as Hap-11 and Hap-13 are (
Figure 2D
). Moreover, the results of the analysis show the expected species-specific clustering of the cytb gene sequences of S. longirostris, S. frontalis, S. attenuata, D. delphis, T. aduncus and T. truncatus, together with the polyphyletic distribution of the S. clymene, already described (Amaral et al., 2014). S. clymene seems to be the result of an ancient speciation by a natural hybridization between two other species of dolphin closely related to each other, S. coeruleoalba and S. longirostris. This conclusion is in line with our findings. In fact, the sequences of the haplotypes of S. clymene in the tree form monophyletic groups, with the corresponding sequences of S. coeruleoalba and S. longirostris.




Figure 2 | 
NJ tree inferred from Delphinidae cytb sequences. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2018). The optimal tree, with the sum of branch length = 0.52128464 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the number of base differences per site. This analysis involved 98 nucleotide sequences. Codon positions included were 1st+2nd+3rd+Noncoding. All ambiguous positions were removed for each sequence pair. There was a total of 421 positions in the final dataset. The colored circles indicate the geographic origin of the samples of the haplotypes of S. coeruleoalba. Every species is highlighted with a different colored square to enhance the distribution on the phylogenetic tree. The arrow indicates the paraphyletic branches containing the Stenella coeruleoalba haplotypes. Letters from (A–E) indicate striped dolphin clades.



The cytb haplotypes were further investigated to evaluate the genetic distances between the two paraphyletic groups of S. coeruleoalba, one exclusive of the Gulf of Taranto (
Figure 2E
), and one shared with other marine sites. Pair-wise FST comparisons confirmed significant differences between the two groups of S. coeruleoalba individuals. The observed FST value (0.67, 
Supplementary Table 3
) was lower than most of the interspecific comparisons, while being higher than the pair-wise FST distances observed between T. aduncus and S. attenuata, S. frontalis and S. attenuata, as well as between T. aduncus and S. frontalis.



3.2.2 mtDNA D-loop


The mtDNA D-loop fragment of 704 bp was successfully amplified and sequenced in 84 out of the 86 samples extracted (approximately 98%). The sequence analysis revealed 12 distinct haplotypes from the study area (
Table 1
). Hap-2 and Hap-3 were the most frequent, being represented in 40 (48%) and 26 (31%) of samples respectively, followed by Hap-8 identified in 4 samples (5%). Hap-4, Hap-5, Hap-7, Hap-9 and Hap-12 were each found in two individuals and the remaining four haplotypes (Hap-1, Hap-6, Hap-10, Hap-11) were found in single individuals.

The haplotype analysis indicated 21 polymorphic loci, including 3 single variable sites (positions 50, 54 and 215) and 18 parsimony information sites (positions 81, 95, 101, 133, 245, 262, 280, 289, 299, 366, 387, 390, 447, 453, 500, 521, 552 and 600) (
Tables 3
, 
4
). The frequency of substitution sites along the D-loop is lower (21 sites/704 bp, one polymorphism every 33 nucleotides) than the cytb (23 sites/421 bp, a polymorphism every 18.3 nucleotides) sequence portion. Within the observed substitutions, 19 are transition changes and three are transversions.


Table 4 | 
Haplotypes identified in the 704bp mitochondrial D-loop sequences, along with sample size.



The overall nucleotide diversity and haplotype diversity were 0.002908 ± 0.001826 and 0.6799 ± 0.0384, respectively, for the 84 D-loop sequences analyzed.

The evolutionary relationship of D-loop haplotypes occurring between samples of striped dolphin collected in the Gulf of Taranto and those of other geographic areas is shown in the phylogenetic tree reported in 
Figure 3
. The accession numbers of all D-loop sequences used for this phylogenetic analysis are listed in 
Supplementary Table 4
. This dataset was created by querying the GenBank database. Only one sequence for each haplotype was included in the analysis. Since most of the sequences available in the database covered 88% of the D-loop sequence used for the query, it was decided to shorten all sequences by 78 bp in order to compare them. It should be emphasized that the 78 nucleotides cut at 5’ of each sequence did not contain any polymorphic sites and therefore were not informative for the analysis. Thus, the D-loop region used in the phylogenetic analysis was 626 bp long instead of 704.




Figure 3 | 
NJ tree inferred from S. coeruleoalba D-loop sequences. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2020). The optimal tree, with the sum of branch length = 1.27736443 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the number of base differences per site. This analysis involved 281 nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There was a total of 638 positions in the final dataset. The red circles indicated the haplotypes of S. coeruleoalba identified in the study area. An asterisk indicates haplotypes in the Gulf of Taranto also identified in other geographic areas (
Supplementary Table 2
). (A, B) nodes indicate the distribution of the striped dolphin haplotypes from the study area as discussed in the text.



D-loop haplotype sequences of the Gulf of Taranto dolphins were distributed in two distinct groupings that separate at node A. One group contains only Hap-10 and Hap-12, distributed among haplotypes of striped dolphins sampled in the Mediterranean and in other seas, such as the Atlantic and Pacific Oceans. This confirms the high motility and extensive migratory patterns of this species through different and distant geographical areas between the Mediterranean, the Atlantic Ocean and the Pacific Ocean up to the Sea of China, also passing through the Gulf of Taranto. Node B forms a second monophyletic group containing most of the striped dolphin sequences sampled in the Gulf of Taranto (from Hap-1 to Hap-9 and Hap 11) intermingled with sequences of striped dolphins sampled exclusively in the Mediterranean Sea, confirming the idea of the distinct evolution of the Mediterranean dolphin population.

A second phylogenetic tree was built to identify evolutionary relationship between D-loop haplotypes of striped dolphins occurring in the Gulf of Taranto and those of different species belonging to the Delphinidae family (
Figure 4
). The D-loop sequences used for the phylogenetic tree retrieved from Genbank are reported in 
Supplementary Table 5
. The phylogenetic distribution of the D-loop sequences between and within the different Delphinidae species is broadly in agreement with the previous cytb evolutionary analysis (
Figure 2
). The tree shows the predicted species-specific clustering of S. longirostris, S. attenuata, and T. truncatus sequences, along with the only two S. clymene sequences available in the database intermingled between S. coeruleoalba sequences. The sequences of the haplotypes of T. aduncus also are distributed in two different clades and they both form a monophyletic group with the S. coeruleoalba sequences. In fact, molecular evidence supports T. aduncus as a species indistinct from but more closely related to S. coeruleoalba than to T. truncatus (LeDuc et al., 1999; Charlton et al., 2006; Nishida et al., 2007; Möller et al., 2008; Kingston et al., 2009; Xiong et al., 2009; Vilstrup et al., 2011). As in the previous tree, the sequences of the haplotypes of S. coeruleoalba show a paraphyletic grouping that separates sequences of striped dolphins sampled exclusively in the Mediterranean Sea from sequences of individuals also sampled in other sites. In addition, the greater phylogenetic affinity of S. coeruleoalba with D. delphis than other species indicates the possible cross-breeding between these two dolphin species as already reported in Greek seas (Antoniou et al., 2018).




Figure 4 | 
NJ tree inferred from Delphinidae D-loop sequences. Evolutionary analyses were conducted in MEGA X (Kumar et al., 2020). The optimal tree, with the sum of branch length = 0.44828118 is shown. The tree is drawn to scale, with branch lengths in the same units as those of the evolutionary distances used to infer the phylogenetic tree. The evolutionary distances were computed using the p-distance method (Nei and Kumar, 2000) and are in the units of the number of base differences per site. This analysis involved 76 nucleotide sequences. All ambiguous positions were removed for each sequence pair (pairwise deletion option). There was a total of 632 positions in the final dataset. Every species is highlighted with a different colored circle to enhance the distribution on the phylogenetic tree. S. coeruleoalba of the Gulf of Taranto and of other areas were highlighted with different shape but the same color. The haplotype sequences identified in the Gulf of Taranto are highlighted with a red circle. Some of them (Hap-2, Hap-3 e Hap-8) are marked with an asterisk to indicate that their presence has also been documented in other areas.





3.2.3 Concatenated haplotype analysis

A total of 84 concatenated sequences were obtained and analyzed to identify two-marker mtDNA haplotypes. The sequence analysis revealed 16 distinct haplotypes named with the acronym “Hap” followed by an alphabetical letter (
Table 1
 and 
Supplementary Table 6
). The number of concatenated haplotypes is higher than that found for both haplotypes that compose it (6 for cytb and 12 for D-loop), suggesting a remarkable heterogeneity that characterizes the striped dolphins in the study area. Of these, Hap-B (40/84, approximately 48%) and Hap-C (23/84, 27%) are the most represented followed by Hap-M identified in 4 individuals (approximately 4.8%); Hap-E, Hap-F and Hap-L identified in 2 individuals each; and the remaining haplotypes identified in single individuals. Analyzing the combinations in detail, the most frequent cytb haplotype, Hap-10, contributes mainly to the constitution of the two-marker haplotypes (11/16) and it is in combination with all D-loop haplotypes except one (Hap-11). On the other hand, the most represented D-loop haplotype, Hap-2, is always associated with cytb Hap-10 to form Hap-B, which is the most represented concatenated haplotype (
Table 1
 and 
Supplementary Table 6
).

Hap-3 is also a more represented D-loop haplotype and in most samples (23) it is combined with cytb Hap-10, but it has also been found in association with unique cytb haplotypes (Hap-14, Hap-29 and Hap-31) (
Table 1
 and 
Supplementary Table 6
). Moreover, the D-loop Hap-12 besides constituting the concatenated Hap-Q haplotype in combination with cytb Hap-10, determines the Hap-R haplotype when associated with cytb Hap-3. Finally, Hap-P is the only combined haplotype determined by the union of two unique haplotypes (cytb Hap-32 and D-loop Hap11) (
Table 1
 and 
Supplementary Table 6
).

The analysis of concatenated haplotypes indicated 35 polymorphic loci, including 12 single variable sites and 22 parsimony information sites (
Table 3
). Within the observed substitutions, 31 are transition changes and five are transversions. The nucleotide diversity is 0.002259 ± 0.001359, and the haplotype diversity is 0.7008 ± 0.0408 (
Table 3
).





4 Discussion

The need to increase information about the genetic variability of cetaceans occurring in a semi-closed basin such as the Mediterranean Sea is a crucial point to implement effective measures for the conservation of putative populations or local units in this basin. This study, increasing samples and improving the methodology applied in a previous work (Ciccarese et al., 2019), has allowed us to better understand how wide the genetic variability of this species is at the local and Mediterranean scale. Furthermore, it contributes to broaden the available data source that can be used in the future evaluation phase of the health status of the Mediterranean subpopulation, shedding light on the possible presence of at least two different lineages of S. coeruleoalba in the Mediterranean Sea.

The ability to extract a good quantity (efficiency of extraction of 98%) of high quality of DNA from 88 samples collected during the study period was achieved thanks to improvements in the skill of the on-board team and in the DNA extraction protocol. Great attention was paid to not letting the Chelex solution sediment before being adequately mixed with the skin sample. To prevent fast sedimentation, it was enough to frequently stir the Chelex solution before pipetting and putting it in the sample. Moreover, the time of incubation of the sample with the Chelex resin was prolonged to 20 minutes, 5 minutes longer than the protocol adopted in Ciccarese et al. (2019) because a better yield was observed.

The choice of analyzing the nucleotide sequences of the mitochondrial markers cytb and D-loop was driven by their different evolutionary mutational rate. Cytb changes its amino acid sequence more slowly than any other mitochondrial gene (Simmons & Weller 2001). The protein function limits the nucleotide changes of the gene, as confirmed by our analysis that showed how all nucleotide changes were silent variations. Conversely, D-loop, a non-coding region, tends to be widely used as a marker due to its higher variation than the remaining regions of the mitogenome (Cann et al., 1984; Wang et al., 2019) and thus, has been frequently used for phylogenetic studies of closely related groups, especially for determining intra-specific phylogenies. Both these mitochondrial markers have been widely and successfully used for population differentiation analysis in different species (Imsiridou et al., 2019) as well as in different species among different areas (Giantsis et al., 2014; Turan et al., 2015; Šegvić-Bubić et al., 2016).

Although the π value of D-loop sequences is a little higher (just over three times) than those calculated for the cytb gene sequences of the same samples, both π  values of the 2 markers indicate a low level of nucleotide diversity (<0.5%, as suggested by Grant and Bowen, 1998) and, consequently, little genetic divergence of the striped dolphin population in the Ionian Sea. On the contrary, the h value of D-loop sequences is to be considered clearly higher (about six times) than those calculated for the cytb sequences in the same sample group as well as in the combined group. Moreover, the h value calculated for the D-loop marker is >0.5, suggesting a large haplotype diversity (Grant and Bowen, 1998). This condition of high h and low π is attributed to a population in rapid expansion after a period of low effective population size as already suggested by Gaspari et al. (2019). The rapid growth of a population, in fact, enhances the retention of new mutations. The signature of the striped dolphin population expansion in the Ionian Sea was supported by the negative and significant (p<0.02) values of the neutrality Fu’s FS test statistics (
Table 3
).

The same trend about nucleotide (<0.5%) and haplotypes (>0.5) diversity values was observed for concatenated haplotypes confirming the hypothesis that striped dolphins in the Gulf of Taranto represent an evolving population. In detail, our results provide evidence of an increase in variability starting from prevalent haplotypes, represented by Hap-10 for cytb (94%) and Hap-2 for the D-loop (48%), along with groups of minor haplotypes that often derive from the founder haplotype after accumulating one or a few mutations.

A phylogeographic analysis reinforced this idea. Two median joining networks were constructed using, respectively, the 32 different haplotypes of striped dolphin (
Table 2
) based on the 421 bp cytb target region, and the 71 different haplotypes (
Supplementary Table 7
) based on the 626 bp D-loop target region.

From the point of view of phylogeographic analysis of the cytb sequences, Hap-10 and Hap-29 proved to be central haplotypes closely related to each other as indicated by only one mutational step that separates them (
Figure 5
). Hap-10, largely consisting of samples from the Gulf of Taranto, represents the Mediterranean haplotype, whereas Hap-29 is shared between individuals from the Mediterranean and other seas. Due to its co-presence in the Atlantic Ocean, Mediterranean Sea and Indian Ocean, Hap-29 could represent a junction point in the evolution between haplotypes of different areas and, due to the geographic continuity between the North-Eastern Atlantic and the Mediterranean Sea, it could have entered the Mediterranean evolving into Hap-10, the most represented haplotype in this area. The identification of Hap-29 in the Gulf of Taranto would confirm this hypothesis. The subsequent evolution of Hap-10 would have generated the grouping of the eight haplotypes (Hap-1, 2, 4, 5, 6, 7, 8 and 9) only observed in the Gulf of Taranto and significantly diverging from all the other haplotypes (Ciccarese et al., 2019). Pair-wise FST comparisons performed with mtDNA cytb sequences seems to support this hypothesis by showing a genetic differentiation between the S. coeruleoalba haplotypes exclusive from the Northern Ionian Sea and those found also in other areas, comparable to interspecific and even intergeneric distances observed in our study.




Figure 5 | 
Median-joining network of cytb haplotypes of S. coeruleoalba. Haplotype frequency distribution in the considered geographic areas is visualized through pie charts using different color codes (see the graphic legend). For better visualization of the network topology, branch lengths were not maintained proportional to the number of mutations. The latter are indicated by red labels describing the mutated nucleotide position with respect to the first sequence in the dataset (Hap-1).



The unique Hap-32 may also have been generated directly from Hap-10. In contrast, the other unique haplotype identified in the Gulf of Taranto, Hap-31, is related to Hap-29, as is the case with Hap-3. Whatever the evolutionary steps, our results suggest and confirm the presence of at least two different lineages of S. coeruleoalba in the Mediterranean Sea.

In line with those reported for the cytb gene, the phylogeographic analysis of D-loop haplotypes also revealed evidence of a genetic divergence between the Mediterranean population of striped dolphin and those occurring in other seas (
Figure 6
). The network topology distinguishes two main haplotype groups. The right group consists of individuals almost exclusively sampled in the Mediterranean Sea, confirming the existence of a Mediterranean lineage; while, the left part of the network, typically reticulated, shows the relationships and connections between different marine sites including the Mediterranean Sea. All haplotypes of the D-loop gene identified in the Gulf of Taranto (this study), except for Hap-10 and Hap-12, are present among Mediterranean haplotypes. Hap-2, which is the most represented among samples, occupies a central position. Its star-like appearance suggests the hypothesis of a Mediterranean population expanding from it, as in the case of Hap-10 of the cytb gene. Specifically, since Hap-2 is always associated with cytb Hap-10, resulting in the concatenated haplotype Hap-B, it might represent the founder of the Mediterranean population as well as of the putative Ionian metapopulation.




Figure 6 | 
Median-joining network of D-loop haplotypes of S. coeruleoalba. The network was constructed using 71 different sequences (
Supplementary Table 7
). Haplotype frequency distribution in the considered geographic areas is visualized through pie charts using different color codes. For better visualization of the network topology, branch lengths were not maintained proportional to the number of mutations. The latter are indicated by lines parallel to branch lines, each position line describing a mutated nucleotide position with respect to the first sequence in the dataset (Hap-1). Red circles indicate missing intermediate haplotypes.



Furthermore, another interesting result is the possibility of highlighting the presence of hybridization phenomena through phylogenetic analyzes. In effect, this type of analysis is useful to highlight phenomena of natural and anthropogenic hybridization (driven by anthropogenic disruption of biological genetic patterns) representing a crucial point for the implementation of effective conservation measures (Faria et al., 2022). In effect, understanding anthropogenic hybridization dynamics can help identify effective and timely management actions for threatened species avoiding genomic extinction potentially led by the presence of admixed individuals and by human disturbances that cause hybridization (Santostasi et al., 2020). In this light, to overcome limits of this study further future analysis on a wider number of mitochondrial and/or nuclear genetic markers could help to better understand and investigate genetic diversity of this species and, consequently, to assist in delineating conservation strategies of local units or putative metapopulations occurring in different regions of the Mediterranean Sea. However, it should be kept in mind that to collect larger amounts of nuclear DNA for genetic analysis it is necessary to apply other sampling methods such as biopsies which require specific permits.
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This paper summarises the occurrence of Risso’s dolphin (Grampus griseus) over 12 years (2009 to 2021) in the northwestern Mediterranean. The study was conducted off the central coast of Catalonia (NE Spain) in an area covering 8,026 km2 and featuring a system of submarine canyons. The habitat is suitable for a wide diversity of species, including deep-diving cetaceans. In addition, a different dataset from other projects was included to compare distances to the coast from different periods. A visual effort of 8,756 km was carried out with the recording of 17 Risso’s dolphin sightings. The relative mean density of Risso’s dolphin was 0.0078 individuals/km2 (SD 0.1, n = 17), and the densities were higher in the southern canyons than in the northern canyons. Furthermore, the distance to the coast and the depth of any sighting were compared by gathering data from different periods and surveys (first period 1985–2014; second period 2016–2021) with 34 sightings analysed. Significant differences were found related to the distance to the coast, showing a displacement of the animals to more pelagic areas between periods. The spatial distribution of Risso’s dolphins was investigated by applying a generalized additive model based on sighting data collected during standardized vessel surveys. Four predictive variables were considered, taking into account the local physiographical features. The model showed that the spatial distribution of Risso’s dolphin in the area was related to the slope and slope variation. The species showed preferences for offshore areas as significant differences were obtained in terms of the distance of sightings to the coast. This paper provides new insights into the distribution of Risso’s dolphin in the central western Mediterranean Sea and identifies the submarine canyons of northern Catalonia as an essential habitat for the species.
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1 Introduction

Risso’s dolphin, Grampus griseus (Cuvier, 1812), is a cosmopolitan cetacean species that occurs in temperate and tropical waters and that has a heterogeneous distribution in the Mediterranean Sea (Azzellino et al., 2008; Boisseau, 2010; Bearzi et al., 2011; Gaspari and Natoli, 2012; Azzellino et al., 2016). The species’ area of occurrence in the Mediterranean includes the Alboran Sea (Cañadas et al., 2002; Cañadas et al., 2005; Gannier, 2005), the Ligurian Sea (Di Sciara et al., 1993; Gannier, 2005; Azzellino et al., 2008; Moulins et al., 2008; Azzellino and Lanfredi, 2015; Azzellino et al., 2016), the Sardinian-Balearic Basin (Gómez de Segura et al., 2008; Arcangeli et al., 2018), Chicote et al., 2015 the Strait of Sicily (Corrias et al., 2021), the Tyrrhenian Sea (Raga and Pantoja et al., 2004; Arcangeli et al., 2012; Campana et al., 2015), the Adriatic Sea (UNEP MAP-RAC/SPA, 2014), and the Ionian (Frantzis and Herzing, 2002; Dimatteo et al., 2011; Carlucci et al., 2020; Menniti and Vella., 2022) and Aegean basins (Frantzis and Herzing, 2002). Very little is known about the waters of Levantine and North Africa (Kerem et al., 2012), although some efforts were done in 2018 in North Africa (ACCOBAMS, 2021).

The group size for the species has been described to vary between regions: six to 12 individuals around the British Isles (Evans et al., 2003; Evans, 2008); groups up to 20 individuals (modal six to 10), averaging 12.3 (1 to 55; N = 74) in the Azores; Pereira and Nuno (2008); 10–25 individuals in the Spanish Mediterranean (Cañadas et al., 2005; Gómez de Segura et al., 2008); 10–40 individuals in the Ligurian Sea (Airoldi et al., 2005; Azzellino et al., 2008); and the group size ranged between two and 42 Risso’s dolphin with a mean value of 19 ± 9 individuals in the Golf of Taranto (central-eastern Mediterranean Sea) (Cipriano et al., 2022). Association patterns occur in pairs and in numbers of three to 12 individuals and are defined as long-term, stable units of a stratified social organisation based on age and sex classes (Hartman et al., 2008).

Abundance estimates of Risso’s dolphin have been conducted at the local, regional, and basin scales. In the western Ligurian Sea (Northwestern Mediterranean), a long-term study of mark–recapture (1990–2014) resulted in a local population estimate of 100 individuals (95% CI of 60–220 individuals) (Azzellino et al., 2016). In the same study, the authors reported a significant decrease in the average population of Risso’s dolphin from 120 to 150 individuals (2000 to 2005) to 70 to 100 individuals (2010–2014). Also Airoldi et al. (2015) reported a decrease in the abundance of the population in the Ligurian Sea. Aerial seasonal surveys covering an area of 181,400 km2 of the northwestern Mediterranean Sea were conducted during the winter 2011–2012 and winter 2019 to provide estimates of abundance and distribution patterns for cetacean species, including Risso’s dolphin (Laran et al., 2021). The total estimated abundance of Risso’s dolphin was 2,000 individuals (95% CI: 700–5,900) in winter and 1,400 individuals (95% CI: 500–3,700) in summer. In the Spanish Mediterranean Sea, an abundance estimate based on line transect method was conducted in an area of 32,270 km², where aerial surveys in 2001–2003 yielded an estimate of 493 individuals (CV = 60.6%; Gómez de Segura et al., 2006). In the Alboran Sea, 864 individuals (CV = 15.65) were estimated between 2009 and 2012, based on modelling data from ship surveys, in an area covering approximately 45,000 km2 in the Alboran Sea (INDEMARES, 2013). In summer 2018, a large-scale Mediterranean Sea survey was conducted to estimate marine megafauna within the framework of the ACCOBAMS Survey Initiative (ASI project) framework. The abundance estimate for the Risso’s dolphins resulted in 24,106 individuals (95% CI = 13,986–41,548) (ACCOBAMS, 2021). The conservation status in the ACCOBAMS area for the Mediterranean population has recently been updated to endangered by the International Union for Conservation of Nature (IUCN) (Lanfredi et al., 2021).

The Mediterranean population of this species favours waters over steep slopes, submarine canyons, and seamounts (Cañadas et al., 2002; Azzellino et al., 2008; Bearzi et al., 2011; Azzellino et al., 2012; Azzellino et al., 2016) and prefers areas with depths of more than 500–2,500 m (Cañadas et al., 2002; Gómez de Segura et al., 2008). The range distance from the 200-m isobaths is around 5–30 km (Mangion and Gannier, 2002) and 14 km from the coast (Di Sciara et al., 1993). The depth range preferred by the species is explained by the trophic requirements of a mainly teuthophagus species occasionally foraging on fish and thaliaceans (Sekiguchi et al., 1992; Blanco et al., 2006; Luna et al., 2021). The adaptability of habitat use and evidence for genetic differentiation suggest the existence of various geographical units of the species within the Mediterranean (Gaspari, 2004; Jefferson et al., 2014).

A high degree of residency and site fidelity has been reported in different study areas from the Mediterranean Sea to the Atlantic Ocean based on the ecology and behaviour of the species and the availability of food resources (Hartman et al., 2008; De Boer et al., 2013; Remonato et al., 2013; Hartman et al., 2015; Maglietta et al., 2018). Studies based on photo-identification in West Provence (Golf of Lyon-Mediterranean Sea) for a part of the population called “resident” showed short movements; 63% of the individuals recaptured were within 50 km (Labach et al., 2015), sometimes recaptured after up to 18 years. However, the wide-range movements for “transient” animals, up to 493 km, were also recorded (Casacci and Gannier, 2000; Miragliuolo et al., 2004; Airoldi et al., 2005; Polo et al., 2009; Remonato et al., 2018). These long-distance movements, from offshore locations to the continental slope habitat, suggest that inter-regional movements are also possible (Delrocq and Gannier, 2016).

The range of species distribution in the Mediterranean extends from the eastern to the western end of the Mediterranean Sea, with a higher number of sightings in the western and northwest areas of the basin (Bearzi et al., 2011). Seasonal movements of the species have been monitored in the Ligurian Sea (northwestern Mediterranean Sea), where groups seem to follow a preferential route to the west, frequenting the same sites from year to year (Azzellino et al., 2008).

In this study, we analyse a long-term monitoring program on Risso’s dolphins from the central area of the northwestern Mediterranean to improve the knowledge on the ecology of the species by highlighting the relevance of the proximal areas of the submarine canyons as crucial habitats for the preservation of the species.




2 Methodology



2.1 Study area

The study area (8,026 km2) is located in the Catalano-Balearic basin in the northwestern Mediterranean Sea, off the coast of Catalonia (NE Spain). The area extends from the continental shelf to 20 NM from the coast. It includes three different systems of submarine canyons: Creus, Palamós and Maresme, which reach depths of up to 2,000 m. The study area also encompassed several Spanish Marine Protected Areas (MPA) (Figure 1).




Figure 1 | Map of the study area and nearby marine protected areas.



The Creus canyon is located at the western part of the Gulf of Lion continental margin and drags waters from the Rhône River. The head of the Creus canyon is located 5 km from the coast and reaches 6 km in width and almost 2,000 m in depth. The large amounts of organic material transported along the canyon play an essential role in maintaining biodiversity rates and its associated deep-sea ecosystems (Canals et al., 2009; Orejas et al., 2009).

The Palamós canyon is one of the most prominent topographical features of the Catalan Sea. This canyon is located 20 km south of Creus canyon and has a total length of 40 km and a maximum depth of 2,200 meters. The Palamós canyon is one of the most extensive and deep canyons in the northwestern Mediterranean and transports sediments from the coastal shelf to the open sea (Martín et al., 2006; Palanques et al., 2006; Palanques and Puig, 2007). This submarine canyon constitutes a notable “hot spot” for suspended and downward sediment flows in this margin (Martín, 2005; Martín et al., 2006).

The submarine canyon system of Maresme includes three different canyons, with one of them being the most relevant as it cuts deeply into the continental slope in a non-usual north–south direction (Díaz and Maldonado, 1990). The canyon’s width increases with depth, reaching up to 2,000 m with a width of 20 km (Canals et al., 2004).




2.2 Data collection

Data was collected from 2009 to 2021 in specific sighting surveys using sailing vessels 12–15 m in length. The research team included two observers at different heights, using a crow’s nest and an angle meter to calculate the perpendicular distance. Planned transects were designed as triangles to cross-depth contours as perpendicularly as possible (Figure 2A) and to cover as much of the area as possible (Figure 2B). The sighting effort was measured as the number of kilometres travelled with adequate sighting conditions (up to Beaufort Sea state 3) and observers at the lookout posts. The effort was recorded with a GPS navigation system, using Logger, the IFAW Data Logging Software (NMEA data automatically recorded every minute in a database), which continuously recorded the geographic position of the ship. Data on time, species, number of individuals, behaviour, presence of calves, movement to the vessel, and specific observations were also recorded. The group size was estimated by visual counts defined as the minimum number of individuals sighted at the same time (min), the maximum number of individuals sighted at the same time (max), and the most agreed number from the observers (best estimate). A group was defined as all the individuals that interacted socially and/or showed coordinated behaviour with a distance of less than five body lengths from the others (Whitehead, 2003).




Figure 2 | (A) Map with on-effort track legs during the sampling period. (B) Effort distribution calculated on a 5 × 5-km grid shape file (EPSG:25831).



The authors had access to the Proyecto Mediterráneo dataset (Raga and Pantoja, 2004) and the ACCOBAMS Survey Initiative dataset (ASI 2018), which included 17 sightings of Risso’s dolphin in the study area since 1985. These datasets were added to the authors’ dataset, resulting in 34 Risso’s dolphin sightings that were used for the depth and distance-to-the-coast analysis.




2.3 Data analysis



2.3.1 Relative density

The study area was divided into a grid of 338 squares with a cell resolution of 5 × 5 km each, and the effort was calculated for each grid cell. The effort was evaluated in terms of kilometres of track lines (Figure 2A) per cell unit. Only the effort in “favourable conditions” (i.e., wind not exceeding 3 on the Beaufort scale) was considered. The tracks corresponding to the time spent with the same group of animals were also excluded. The relative density [density per unit of effort (animals/km)] was calculated as the number of individuals per kilometre of effort within each cell unit. The encounter rate (ER) was also calculated as sightings per kilometre for the different years. Geospatial analysis was performed with ArcMap 10.6.1. The 31N UTM Transverse Mercator projection was used for all GIS analyses (EPSG:25831).




2.3.2 General additive model

Presence–absence habitat models are suitable to relate species occurrence with information on the spatial characteristics of locations where the species was found (Elith and Leathwick, 2009). In this case, we used a generalized additive model (GAM) with binomial distribution and a logit link, using as a covariate of response the presence (1) and absence (0) of Risso’s dolphin in each grid cell. The benefit of additive modelling resides in its flexibility in capturing non-linear species–habitat relationships. When the data is related to certain variables but the relationships fail to be simply linear, GAM uses a link function to establish a relationship between the mean of the response variable and the smooth function of the explanatory variables. Consequently, the association between response and explanatory variables derives from the data itself and not from the model because no kind of parametric assumption is made (Hastie and Tibshirani, 1990; Yee and Mitchell, 1991). In this study, the GAM approach was applied to determine whether the selected variables affect the distribution of Grampus griseus in the study area. Zero-inflated models (Poisson regression and negative binomial) are used to model count data that has an excess of zero counts. Our data responds to binary data (1/0) and not to count data with an excess of zeros. Therefore, binary logistic regression (family = binomial), with a logit function, was applied.

We start by fitting a linear model. Figure 3 represents the relationship between each possible pairing of environmental variables: depth, distance to coast, slope, and the variation of the slope. The relationship between variables (depth and distance to the coast) showed a covariance between them, tested through a Pearson correlation coefficient, so only one was included in the model. The selection of the model was based on the Akaike information criterion and the explanation of the model’s deviance. In all models, the significance of the deviance was tested with a χ2 test, and a visual inspection of the residuals was made, especially to look for trends.




Figure 3 | Linear correlation between environmental variables (DEPTH_MASK = depth, SLOPE = slope, SD_SLOPE = standard deviation slope, DIST COASt = distance coast).



The general structure of the selected model was as follows:

	

where p iis the proportion of positive observations in grid i, β0 is the intercept, fi is smooth functions of the predictor covariates, and zij is the value of the predictor covariate k in grid i. The models were fitted using the “mgcv” package version 1.7-26 for R version 3.0.2 (Wood and Wood, 2015), performing the manual selection.

A raster data layer of 1 km/1 km cell was created, combining effort and sighting in the study area. The cell value was indicated with 1 or 0 for the presence of Risso’s dolphin. The cell size was chosen since other studies in the Mediterranean indicate the size as appropriate for the spatial variation in environmental variables.

Due to data variation, only physiographical variables were measured for describing the presence/absence of Risso’s dolphin: depth, slope, slope variation, and distance to the coast. An environmental raster data layer of 1 km/1 km was created using a geographical information system (QGIS 3.14, QGIS Desktop 2.8.3). Physiographical variables were calculated for each cell, calculating the mean cell centroid coordinates. Depth was calculated from bathymetric data available at GEBCO (https://www.emodnet.eu/, 2020), using the GIS tool surf.contour, by calculating the difference between water isolines and the raster depth while avoiding the land parts of the raster. The slope was calculated with the Terrain analysis tool (Grass Package QGIS Desktop 2.8.4) and expressed in degrees. The variation in the slope was also calculated as the standard deviation of the slope. The distance to the coast was calculated with the r.neighbours tool (Grass Package 7.8.3 for QGIS).





2.4 Depth and distance to the coast

The depth and the distance to the coast of each sighting were compared to determine changes in Risso’s dolphin habitat distribution preference in the area. No data on Risso’s dolphin was registered in 2015. We established 2015 as the breaking point for the first and second study periods. Thus, data was clustered into two periods, according to the year they were recorded: first period 1985–2014 (n = 24) and second period 2016–2021 (n = 10) (Table 1).


Table 1 | Summary of the sightings for the different projects and years clustered into different periods.



A parametric test (t-test) was applied to test the difference for central values with depth and distances to the coast during the two different periods since the data was found not to differ significantly from a normal distribution (depth: Shapiro–Wilk test, W = 0.96545, p-value = 0.3479, n = 34; distance to coast: Shapiro–Wilk test, W = 0.96545, p-value = 0.3479).





3 Results

From 2009 to 2021, a total of 8,756.68 km of effort was surveyed within the study area, and data from 17 sightings of Risso’s dolphins was registered. The overall ER was 0.0019 sightings/km, although this number changed between years. Table 2 show a summary of the total effort and ER for the different years. The average group size was 5.7 individuals ± 3.8 SD.


Table 2 | Summary of the vessel surveys carried out in the study area showing the effort (km) and the number of schools of Risso’s dolphin (GGRI = Grampus griseus) observed and the encounter rate (ER = sightings/eff).



The mean relative density was 0.078 individuals/km2 (SD 0.1, n = 17) (Figure 4). The sightings were generally located in the southern and central submarine canyons, and no sightings were registered in the northern canyon.




Figure 4 | Map of the relative density of Risso’s dolphin.



The sightings occurred in a depth ranging between 100 and 1,900 m, with a mean depth of 1,754 m (SD 567, n = 17). The mean distance from the coast was 31.7 km (Table 3).


Table 3 | Results of the final model selected for the Risso’s dolphin.



Figure 5 represents the physiographical conditions in which the species was present (1) and absent (0), showing that Risso’s dolphins were present in deep zones, although they could be observed in shallower areas. The presence of Risso’s dolphin only occurred in offshore waters (>12 km perpendicular distance in the area), coincident with the presence of the submarine canyons in the area. The presence of Risso’s dolphin was also related to steep slopes.




Figure 5 | Physiographical conditions in which the species Grampus griseus is present (1) and absent (0).





3.1 GAM results

GAM developed for Risso’s dolphin reached 19.8% of explained deviance. Table 3 shows the results of the final model selected for the presence of Risso’s dolphin. The final occurrence probability model retained three covariates: distance to the coast, slope, and slope variation.

The spatial distribution of Risso’s dolphin was strongly related to the slope and to the slope variation (SD_SLOPE) (Table 3). These two variables are associated with the geomorphological features of submarine canyons within the study area, characterized by having steep slopes.

Figure 6 shows that the relationship with the distance to the coast was significant, indicating a direct relationship between the presence of Risso’s dolphin and the distance to the coast. The GAM identified that the habitat for Risso’s dolphin was an offshore one, with distances from the coast greater than 12 km and their presence increasing after 47 km from the coast. Medium slopes and slope variance, corresponding to the head and centre parts of the submarine canyons, also characterized it and were related to the presence of Risso’s dolphin in the model.




Figure 6 | Predicted smooth splines of the response variable presence/absence of Grampus griseus as a function of the validated explanatory variables. The degrees of freedom for non-linear fits are in parentheses on the y-axis. Tick marks above the x-axis indicate the distribution of sightings. Dotted lines represent the 95% confidence intervals of the smooth spline functions.






3.2 Depth and distance to the coast

The distance to the coast of Risso’s dolphin sightings differed significantly between the two study periods (t-test: t = -2.9302, df = 14.14, p-value = 0.01087). While in the first period (1985–2014) the average distance to the coast was 30.77 km (SD =12.6 km), in the second period (2016–2021) the average distance was 47 km (SD = 10.7 km). The mean depth of Risso’s dolphin sightings showed no significant differences between the two study periods, although in the second period the sightings occurred in deeper waters [1,366.6 m (SD = 441 m)] than in the first study period [918 m (SD = 372 m)] (t-test: t = -2.1458, df = 12.298, p-value = 0.0525). Figure 7 shows the localization of the sighting during the two study periods. Table 4 shows the descriptive statistics of Risso's dolphin total sightings related to the physiographic variables.


Table 4 | Descriptive statistics of the distribution by depth and slope (degrees), standard deviation slope (Std. Dev., slope), and the distance to the coast (Dist. coast) for Risso’s dolphin sightings.






Figure 7 | Map of the sightings in the different periods (1985–2014 and 2016–2021).







4 Discussion

The ER of Risso’s dolphin in the study area obtained in this study is consistent with the results obtained in the West Mediterranean Basin (Gómez de Segura et al., 2006; Laran et al., 2021) and Gulf of Taranto (Central-eastern Mediterranean Sea) (Carlucci et al., 2020) and higher than the ER from aerial surveys in a closer area (Gómez de Segura et al., 2008; ACCOBAMS, 2021). However, the ER value was lower than in the south-central Mediterranean Sea (Corrias et al., 2021).

On the contrary, the results from the ACCOBAMS report (ACCOBAMS, 2021) showed a density of 0.548 Risso’s dolphin/km2 for the Levantine Balearic area and 0.344 Risso’s dolphin/km2 for the Alboran Sea and northern Algeria. This data can be contrasted with the last estimate available for an area similar to these blocks, which was carried out by Gómez de Segura et al. (2006) with a result of 0.041 Risso’s dolphin/km2. These two values differ substantially, and given that the estimate using data from the ASI Project is based on information from only three sightings, this later density should be considered cautiously.

The relative density from our study shows that the highest values in the study area occurred in the southern and central submarine canyons (Maresme and Palamós canyons) (Figure 4), thus overlapping with the less protected area from the zone. These two submarine canyons have been included in the IMMAs proposal, but no specific binding protected figure has been established yet. Additionally, the SPAMI—Cetacean Migration Corridor, an MPA declared in 2018, is also farther away, only including a small area of the submarine canyon system.

The model explained a strong relationship between the presence of Risso’s dolphins with slope and slope variation, showing a preference for the steeper areas that, in the case of the study area, corresponds to the underwater canyons’ geomorphological features. Our findings are consistent with previous studies on Risso’s dolphin in the Mediterranean (Di Sciara et al., 1993; Cañadas et al., 2002; Gannier, 2005; Bearzi et al., 2011), which indicated a predilection for the continental slope with depths ranging from 500 to 1,500 m (Azzellino et al., 2012).

According to our model results, the distribution of Risso’s dolphins was also correlated with the distance to the coast as it was also found in the waters of Valencia and Murcia Regions (central Spanish Mediterranean) located southern to our study area (Gómez de Segura et al., 2008) but was not correlated with depth as it was in Gómez de Segura et al. (2006). This can be explained because distance from the coast is not related to depth in our area as it is more related into the southern area since the underwater canyons are quite close to the coast. Therefore, at the same depths, distances to the coast can vary substantially.

Our model explained 19.8% of the deviance; therefore, other factors could be related to the distribution of Risso’s dolphin in the area. Gómez de Segura et al. (2008) found that the second-best model for Risso’s dolphin incorporated the temporal variability of SST. Environmental variations could not be included in our model because of the big-scale temporal variability of the data. Moreover, data scarcity could explain the low adjustment of R2 and therefore the low deviance, thus producing a less accurate model.

Data analyzed from the different datasets (1985 to 2021) confirm that the species’ sightings in coastal areas and over the continental shelf have decreased while remaining stable in pelagic areas of the Western Mediterranean Sea ((Azzellino et al., 2016; ACCOBAMS, 2021). Data on the second period of the study (2016–2021) confirm that Risso’s dolphin sightings were made at a substantially greater distance from the coast (50 km, SD = 1.7 km) than those made in the first period of the study (1985–2014) (31.2 km, SD = 12.6 km), supporting the results from Azzellino et al. (2016) that suggest a displacement of the species to offshore areas.

The role of submarine canyon systems as a relevant habitat for the species is also supported by its feeding ecology. The species is considered mainly teutophagous: in the analyses of stomach content from individuals stranded in the northwestern Mediterranean conducted by Blanco et al. (2006), there was reported predation on cephalopod species from the middle slope, and more recently, Luna et al. (2021) identified cephalopod species associated to deeper waters of the continental shelf from stranded individuals along the study site. Considering trophic ecology, Borrell et al. (2021) conducted a study of stable isotopic niches of carbon, nitrogen, and sulphur for five species of cetaceans inhabiting the northwestern Mediterranean Sea, and the results placed the Risso’s dolphin in the highest trophic value, together with two deep-diver cetaceans—the long-finned pilot whale (Globicephala melas) and the Cuvier’s beaked whales (Ziphius cavirostris). Thus, similarities between the feeding strategies of the three species arise. The same study showed, for the species, a narrow range of isotopic sulphur values compared with the other deep-diver species, suggesting that Risso’s dolphin may occupy a relatively narrow range of the offshore habitat, primarily associated with submarine canyons, as has been suggested in distribution studies based on visual or acoustic data (Praca and Gannier, 2008; David and Di-Meglio, 2012).

Submarine canyon systems are marine ecosystems that support high levels of biodiversity (Fernandez et al., 2017; Santora et al., 2018). In the northwestern Mediterranean Sea, the submarine canyon systems and upwellings are two geomorphological and oceanographic features that encourage levels of productivity of outstanding biological and ecological relevance for the area. The interplay between the canyon topography and the oceanic currents has profound consequences for the high diversity that they support, affecting not only benthic communities but pelagic ones as well. In this sense, our results on the distribution of Risso’s dolphins show how relevant this deep habitat is for the species.

The results and data provided in this study will be incorporated into the conservation and management plans for the Risso’s dolphin in Spanish Mediterranean waters within the framework of the Marine Strategy Framework Directive. In a wider scope, our results will also contribute to establish the Important Marine Mammal Area of the North-West Mediterranean Sea, Slope, and Canyon System IMMA proposed by the International Committee on Marine Mammal Protected Areas, the IUCN, and World Commission on Protected Areas.
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Introduction

Conservation of cetaceans is challenging due to their large-range, highly-dynamic nature. The EU Habitats Directive (HD) reports 78% of species in ‘unknown’ conservation status, and information on low-density/elusive species such G.griseus, G.melas, Z.cavirostris is the most scattered.





Methods

The FLT-Net programme has regularly collected year-round data along trans-border fixed-transects in the Mediterranean Sea since 2007. Nearly 7,500 cetacean sightings were recorded over 500,000 km of effort with 296 of less-common species. Comparing data across two HD 6-years periods (2013-2019/2008-2012), this study aimed at testing four potential indicators to assess range and habitat short-term trends of G.griseus, G.melas, Z.cavirostris: 1) change in Observed Distributional Range-ODR based on known occurrence, calculated through the Kernel smoother within the effort area; 2) change in Ecological Potential Range-EPR extent, predicted through Spatial Distribution Models; 3) Range Pattern, assessed as overlap and shift of core areas between periods; 4) changes in ODR vs EPR.





Results

Most ODR and EPR confirmed the persistence of known important sites, especially in the Western-Mediterranean. All species, however, exhibit changes in the distribution extent (contraction or expansion) and an offshore shift, possibly indicating exploitation of new areas or avoidance of more impacted ones.





Discussion

Results confirmed that the ODR could underestimate the real occupied range, as referring to the effort area only; it can be used to detect trends providing that the spatio-temporal effort scale is representative of species range. The EPR allows generalising species distribution outside the effort area, defining species’ Habitat and the Occupied/Potential Range proportion. To investigate range-trends, EPR needs to be adjusted based also on the Occupied/Potential Range proportion since it could be larger than the occupied range in presence of limiting factors, or smaller, if anthropogenic pressures force the species outside the ecological niche.





Conclusion

Using complementary indicators proved valuable to evaluate the significance of changes. The concurrent analysis of more species with similar ecology was also critical to assess whether the detected changes are species-specific or representative of broader trends. The FLT-Net sampling strategy proved adequate for trend assessment in the Western-Mediterranean and Adriatic basins, while more transects are needed to characterize the Central-Mediterranean and Aegean-Levantine ecological variability.





Keywords: monitoring, conservation, habitat modeling, Risso’s dolphin, long-finned pilot whale, Cuvier’s beaked whale, habitat directive 92/43/EEC, MSFD Descriptor 1




1 Introduction

The conservation of cetacean species is extremely challenging due to the large extent of their range and their highly dynamic migratory nature. The European Environmental Agency (EEA) Report (No 10/2020) states that “marine mammals (including cetaceans) are among the species with the highest proportion of unknown assessments (over 78%)”. Data deficiency is mainly due to the fact that most cetacean species inhabit remote offshore areas which are more difficult to monitor due to logistical reasons linked to both the organisation of surveys and political barriers as coordinating effort in areas overcoming socio-political borders requires a functional international cooperation. Moreover, the high costs generally required for carrying out regular large-scale surveys limit the ability to gather sufficient information, especially on rare species.



1.1 Low-density cetacean species conservation status in the Mediterranean Sea

In the Mediterranean Sea, Risso’s dolphin (Grampus griseus, Gg), long-finned pilot whale (Globicephala melas, Gm), and Cuvier’ beaked whale (Ziphius cavirostris, Zc), are considered low-density elusive species. Their assessment status under the IUCN Red list of threatened species recently changed from ‘Data Deficient’ to, respectively, ‘Endangered’ (Gg, Lanfredi et al., 2021), and ‘Vulnerable’ (Gm, Gauffier and Verborgh, 2021; Zc, Cañadas and Notarbartolo di Sciara, 2018). A distinct subpopulation of long-finned pilot whales, limited to the Strait of Gibraltar area, and listed as ‘Critically Endangered’, was also identified during the last assessment (Verborgh and Gauffier, 2021). The three species are listed in Annex IV of the EU Habitats Directive (HD, Directive 92/43/EEC) as species requiring a special protection regime across their natural range, both within and outside the Natura 2000 sites, to enable their Favourable Conservation Status (FCS) to be maintained or, where appropriate, restored, in their natural range. The core areas of their habitat must be identified, designated as Sites of Community Importance, included in the Natura 2000 network, and managed in accordance with their ecological needs. Moreover, Member States must regularly report to the EU on their conservation status. Cetaceans are also a target species of Descriptor 1 (Biodiversity) of the Marine Strategy Framework Directive (MSFD, Directive 2008/56/EC), which aims at achieving a Good Environmental Status (GES) of EU marine waters by establishing a common approach and objectives for the prevention, protection and conservation of the marine environment. Thus, information about the preferred habitats of cetacean species and the early detection of potential changes in their distribution is essential to identify needed conservation measures.




1.2 Overview of approaches for assessing range and habitat trends

Despite the fact that the HD focuses on the conservation status of the species (i.e., the effects), and the MSFD on eliminating the causes (i.e., the threats) through mitigation measures that will restore the GES (Palialexis et al., 2019), the HD and MSFD have strong synergies. Under the MSFD, Member States are required to establish threshold values for each species through regional or sub-regional cooperation and, for species covered by the HD, these values shall be consistent with the Favourable Reference Values (FRV) established under the HD. Both HD and MSFD directives require reporting every six years equivalent parameters/criteria for the assessment of the species conservation status such as ‘Range’ (i.e., HD ‘The natural range of the species is neither being reduced nor is likely to be reduced for the foreseeable future’; MSFD D1C4 ‘the species distributional range and, where relevant, the pattern, is in line with prevailing physiographic, geographic and climatic conditions’) and ‘Habitat’ (i.e., HD ‘There is, and will probably continue to be, a sufficiently large habitat to maintain its populations on a long-term basis’; MSFD D1C5 ‘The habitat for the species has the necessary extent and condition to support the different stages in the life history of the species’). Similarly, the EO1 assessment within the Barcelona Regional Sea Convention (UNEP-MAP, EO1) is based on the Common Indicators (CI) 3 (‘Species distributional range’) and 1 (‘Habitat distributional range’). The IUCN Guidelines for the assessment of the conservation status of threatened species also foresee the assessment based on the criteria A2c (‘A decline in Area Of Occupancy-AOO, Extent Of Occurrence-EOO and/or habitat quality’) and B (‘Geographic range’). Specifically, the AOO is defined as ‘the area contained within the shortest continuous imaginary boundary that can be drawn to encompass all the known, inferred or projected sites of present occurrence of a taxon, excluding cases of vagrancy’ (IUCN, 2001), where ‘Projected sites’ are considered as the sites spatially predicted on the basis of habitat maps or models (area of potential habitat, also called Extent of Suitable Habitat, ESH). A suspected decline in the AOO could consequently be estimated based on the reduction of suitable habitat. In addition, also the Reporting Guidelines of the Habitats Directive (2017) suggest to evaluate the FRV as the AOO, or as the potential range in relation to available suitable habitat (‘Ecological potential’, the potential extent of range considering physical and ecological conditions).

Within such legal requirements, Species Distribution Modelling (SDM) is a promising approach to support the assessment of cetacean species. Indeed, as long as the amount/quality of input data is reasonably adequate, SDM can be used to support regulatory decision-making for conservation, i.e., by informing on spatial prioritisation through the identification of biodiversity hotspots, important areas for vulnerable species, or valuable habitats, overcoming the problems related to coarse or incomplete knowledge (Franklin, 2010; Maiorano et al., 2019). Time series of comparable data with sufficient statistical power, coupled with standardised SDM analyses, can help identify changes from a reference period. A significant reduction in the extent or a shift of species geographical distribution can then be related to environmental variability, habitat conditions or changes in population size, or to the effect of anthropogenic pressures. Moreover, the comparison of the suitable habitat predicted through SDM with the distributional range observed indicate potential suitable areas that are not used by the species.

However, relevant indicators or threshold values for assessing species range and habitat have not yet been developed (Palialexis et al., 2019), and some recommendations were only recently provided through an international scientific cooperation to define indicators, assessment methods, and data requirements for the assessment of marine turtles under the MSFD (Girard et al., 2022). Moreover, despite an increasing research effort, a limited number of studies attempted so far to infer temporal changes in cetacean distributional range or habitat use, and the ‘trend’ criterion for these parameters/criteria is still considered ‘unknown’ for almost all cetacean species in the Mediterranean Sea (last HD report 2013-2018), likely due to the lack of comparable data and standard methodological approaches.




1.3 Aim of the study

The Fixed Line Transect monitoring Network (FLT Med Net) has been operating in the Mediterranean basin since 2007 collecting cetacean data along fixed trans-border transects regularly surveyed throughout the years. Using the dataset gathered across twelve years, this study aims to improve the knowledge on three low-density cetacean species of the Mediterranean basin Risso’s dolphin (Grampus griseus, Gg), long-finned pilot whale (Globicephala melas, Gm), and Cuvier’s beaked whale (Ziphius cavirostris, Zc), and evaluate potential approaches to support legislative requirements. In particular, using the dataset collected during the third HD six-years reporting cycle (2008-2012) as baseline, the study aims to assess potential changes in the range and habitat of the three species over the subsequent periods (short-term trend) testing four potential indicators: 1) Observed Distributional Range, ODR: changes in the extent of ODR detected within the area covered by monitoring effort; 2) Ecological Potential Range, EPR: change in the extent of Ecological Potential Range predicted by means of SDM; 3) Range Pattern: percentage of overlap, and shifts of ODR and EPR between the two time periods; 4) ODR vs EPR: changes in the proportion of observed distributional range vs the ecological potential range between the two periods. Overall, the study aims to test and evaluate such methodological approaches and indicators to contribute to the species assessment under the requirements of the main European nature legislative framework.





2 Material and methods



2.1 Study area

Cetacean monitoring was carried out from passenger ferries travelling along 11 trans-border transects, covering the Mediterranean Sea within the latitudes 43.6° N - 35.8° S and longitudes -5.5° E - 20.8° E, and connecting Italy, France, Spain, Greece, Tunisia and Morocco. These transects are included in the Fixed Line Transect Mediterranean Network (FLT Med Net, Arcangeli et al., 2019), and are representative of a large proportion of the Western-Mediterranean, the Adriatic Subregions, and two portion eastern and western of Ionian Sea in the Ionian-Central Mediterranean Subregion. Transects considered for the baseline period (2008-2012) covered the effort area shown in gridded grey in Figure 1. In the second period (2013-2019) monitoring was also extended to the area in light grey along the east Spanish coasts and Gibraltar Strait on Western Mediterranean, and in the Adriatic-eastern Ionian Sea.




Figure 1 | Study Area with the survey effort performed by the FLT Med Net during 2008-2012 (I baseline period, gridded grey only) and 2013-2019 (II period, plain grey). The four Mediterranean MSFD Subregions are shown in the figure: Western-Mediterranean (WMED), central-Mediterranean (Central MED), Adriatic, Aegean-Levantine Sea (downloaded from the European Environment Agency www.eea.europa.eu). LS, Ligurian Sea; CLP Basin, Corso-Ligurian-Provençal Basin; SB, Sardinian-Balearc Basin; TS, Tyrrhenian Sea; SC, Sardinian Channel.






2.2 Data collection

The monitoring activity was performed on a seasonal basis with at least three surveys per season along each sampling transect. Seasons were defined as winter (January to March), spring (April to June), summer (July to September) and autumn (October to December). Data on cetacean species were systematically collected following a standard protocol applied from large vessels (ISPRA, 2015) (FLT Net data, Supplementary Table 1). Ferries provided an observation point at 20−29 m above sea level and travelled at a mean speed in the range of 19−25 knots. Two experienced observers were positioned on the two sides of the command deck scanning both sides of the ship within an angle of 130° ahead in order to avoid re-counting the animals; observations were performed by naked eye and binoculars; binoculars and cameras were used to correctly identify the species and the number of animals. A dedicated GPS was used for automatically recording the survey track at the finest resolution, marking the beginning/ending points and the locations of cetacean sightings. Monitoring was carried out during daylight hours only in optimum weather conditions (≤3 on the Beaufort scale).




2.3 Data analysis

All the analyses performed for this study considered the sighting as the statistical unit, regardless of the number of animals within the sighted group. However, the mean group size was also examined to assess differences between the two periods. Data were analysed considering the different Mediterranean Subregions of the MSFD (https://www.eea.europa.eu/): Western Mediterranean (WMED), Ionian Sea and Central Mediterranean (Central MED), Adriatic, Aegean-Levantine Sea (Figure 1). As data were homogeneously collected within the same set of conditions, detection probabilities were assumed the same across all surveys and between the two survey periods.



2.3.1 Observed distributional range, ODR

As suggested by the HD Guidelines (DG ENV, 2017), the Kernel Density Estimator (KDE) was used to spatially generalize the distribution of the species occurrence and identify the extent and the core areas of species within the region covered by effort. After an initial testing, the KDE analysis was set with a resolution cell of 500 m and search radius of 50,000 m. The 95% isopleth was used to define the extent of ODR, calculated in km2.

After calculating the area covered by the effort for each time-period (EffortArea), the proportion of species ODR inside the effort area was calculated per each Subregion and time-period. Then, the ODRs of the two periods were displayed and overlapped, and the temporal trend in the ODR extent was estimated as: Δ distribution = [(ODR/EffortArea(2nd period) – ODR/EffortArea(1st period)) x 100]. Following the OSPAR indicators for seals (Palialexis et al., 2019), threshold values were defined as: if index > 10% = increase, if index < -10% = decrease, otherwise = no change.




2.3.2 Ecological potential range, EPR

The changes in the EPR between the two periods were assessed based on projected sites of species occurrence using spatially predicted sites based on the habitat map models (also called Extent of Suitable Habitat) (IUCN Guidelines, 2001; IUCN, 2022). The following criteria were applied: i) use of adequate spatial resolution for the species knowing their range in the Mediterranean Sea, key variables, and appropriate model validation; ii) validation of suitable maps with independent datasets not used to build models; iii) estimate of the proportion of suitable habitat likely occupied by the species (within the area of effort).

Maximum Entropy (MaxEnt version 3.3.3, http://www.cs.princeton.edu/~schapire/maxent/) was applied to model the relationships between environmental predictors and the occurrence records and to build the Suitable Habitat Maps for each of species over the two periods. MaxEnt was chosen as it provided more consistent results than the most common modelling approaches (Arcangeli and Orasi, in prep), and it is generally considered more appropriate than other SDM methods for low presence records or deep divers or elusive species where the probability of detection is unknown. MaxEnt is a machine learning method commonly used in systems with restricted information based on a probability distribution with maximum entropy (the most spread out closest to uniform) subject to known constraints (Phillips et al., 2006). MaxEnt generates a probability distribution of suitable habitats over pixels in the grid starting from a uniform distribution and repeatedly improving the fit to the data. Since MaxEnt accounts for sampling biases via correction features that consider area of sampling effort used to generate pseudo‐absences points (‘background points’), a bias file of effort was built using the Minimum Convex Polygon (MCP) around the surveyed sites (Figure 1). The model was built based on heterogeneously distributed effort in the Western-Mediterranean Sea and Adriatic-eastern Ionian region, largely representing the variability of the environmental parameters in these areas and adequate for the species distribution and their known ranges. The projection was performed at a Mediterranean basin-wide scale, and the outputs were successively tested for reliability. Two dataset were used: 1) the dataset obtained from the systematic long-term monitoring along the FLT routes including the effort track lines to build the background file and sightings as presence points; 2) sighting data gathered by ORCA NGO during cruises in the Mediterranean basin (2016-2018), ACCOBAMS Survey Initiative at Mediterranean scale (2018), and local scale data from Ketos-MareCamp organisations (Catania Gulf – east Sicilian Ionian coast) as independent dataset for the validation of the model results. The preparation of data for modelling included: 1) a Bias file (background file) built as Minimum Convex Polygon (MCP) around the tracklines of effort; 2) presence data per each species with information on Species, Longitudes, and Latitudes; 3) environmental variables prepared as raster files with same scale, extension and resolution. Nine key predictor variables, known to be relevant for the biology of the species (e.g. Fullard et al., 2000; Moors-Murphy, 2014; Breen et al., 2020; Dede et al., 2022), were included in the model (i.e., Depth, Standard Deviation of Depth, Distance from the coast, Distance from seamount, Distance from Canyon, Slope, Aspect North, Aspect South, mean chlorophyll-a concentration - Chl-a, mean Sea Surface Temperature - SST) and used as proxies of the factors that could affect species presence and distribution. Depth and canyons were obtained from the GEBCO portal (GEBCO Compilation Group, 2020) while vector layer of seamounts was obtained from Würtz and Rovere (2015). Standard deviation of depth was derived with the Zonal statistic tool in ArcGIS, and the rasters of the Euclidean distances from the nearest features were computed using the Distance tool after projecting all rasters using the Universal Transverse Mercator coordinate system. Slope was derived from Depth through Spatial analysis tool in ArcGIS. The aspect parameter was derived from depth through the Slope tool and converted into two linear components to be included in the analysis: Aspect Easting (sine of the aspect value) and Aspect Northing (cosine of the aspect value). SST (°C) and Chl-a (mg/m-3) Aqua-MODIS high-resolution data were downloaded from NASA satellite data (https://oceancolor.gsfc.nasa.gov) on 4-km-grid cells and clipped to the study area. Seasonal composite rasters based on daily data were averaged for each of the two periods using the ‘Mosaic to new raster tool’ in ArcGIS. For the MaxEnt modelling, all the environmental layers were prepared in order to match to the same extension and resolution. After a preliminary test to verify correlation among variables, the standard deviation of depth was excluded as correlated with slope.

MaxEnt was run splitting the dataset into two periods using 2008-2012 as a reference baseline for comparison to the more recent 2013-2019 period (almost corresponding to the third and fourth HD reporting cycles). The effort area was consistent between the two periods, except for the Adriatic-eastern Ionian region, the Barcelona-Tanger route and the Strait of Gibraltar route, which were only surveyed during the second period (light grey area in Figure 1). Thus, two bias files were used to define the area from which to extract the background points. For each period, distinct MaxEnt models were run using the same settings and set of variables. After preliminary runs with different setting parameters, default recommended feature classes (hinge, linear, quadratic) and regularisation parameters (i.e., = 1) were used with 10,000 background points and maximum iterations up to 500 to reach convergence at a threshold of 0.00001. Duplicates were removed to reduce problems of pseudo-replication and spatial autocorrelation of samples. Random seeds bootstrap replication type over 34% test samples (Efron and Tibshirani, 1997) and 100 iterations were used to obtain a summary output and response curves with statistical indication on standard deviation and error bars. A Jackknife test was conducted to obtain alternative estimates of the variable contribution to the MaxEnt run. The logistic format was used to improve model calibration, displaying output maps that better highlight the continuum of differences in the suitable maps produced, so that large differences in output values correspond better to large differences in suitability (Phillips and Dudík, 2008). As suggested by Pearson et al. (2007), more than 15 presence points were used for each model (Figure 2 left): 86 presence points were used for Gg (N1st period = 27; N2nd period = 59), 68 for Gm (N1st period = 16; N2nd period = 52), 142 for Zc (N1st period = 27; N2nd period = 115). The descriptive power of each model was evaluated by the Area Under the receiver operating characteristic Curve, a threshold-independent metric of overall accuracy (AUC; Thorne et al., 2012), and by the ‘omission rate’, i.e., the proportion of test localities falling outside the prediction. The AUC metric determines model discriminatory power by comparing model sensitivity (i.e., true positives) against model specificity (i.e., false positives). The AUC values range from 0 to 1, with values below 0.5 indicating worse model predictions than random, and values over 0.5 indicating improved model precision. The output maps were visually inspected by expert judgement to check for overfitting problems and the general reliability of results. The suitable output maps of the whole study period were first visualised as continuous colour scheme of suitable-unsuitable prediction and then reclassified in binary suitable-unsuitable predictions under three threshold scenarios (i.e., Minimum training presence logistic threshold, Equal training sensitivity and specificity logistic threshold, Maximum training sensitivity plus specificity logistic threshold). The three thresholds were chosen among the most commonly used by MaxEnt (e.g., Merow et al., 2013), considering the balance between the proportional predicted area (proportion of pixels that are predicted as suitable for the species) and the extrinsic omission rate (proportion of test localities that fall into pixels not predicted as suitable for the species). The best threshold method was then chosen based on expert considerations, after visual inspection of the suitable maps, in order to include the area that likely reflects the range of the species, knowing the biology and ecology of the species, the confirmed sites of occurrence, and the species dispersal capability. An independent dataset of sighting data coming from different research projects (Supplementary Table 2; Figure 2 right) was also used to validate the predictive ability of the resulting binary maps.




Figure 2 | Dataset used for model building (left) and independent dataset used for validation (right).



To calculate the extent of suitable area (Ecological Potential Range, EPR), the output binary suitable-unsuitable predictions rasters were converted into polygon layers including the highest suitable class for each species and period and were then used to measure the EPR in km2. Then, the percentage difference in the EPR between periods was calculated for each species as: [(EPR(2nd period) - EPR(1st period))/EPR(1st period))].




2.3.3 Range pattern

The trend in distributional pattern was calculated in terms of shift either in the surface or in the centre of gravity (centroid) of range areas (ODR, EPR), assessing the: a) overlapping area between the two periods (for the ODR considering only the common effort area between the two periods); b) percentage of overlapping area compared to the first period calculated as [(Overlapping area/Area 1st period)*100] and c) direction and magnitude of shift in the centroids of the range area between the two periods (calculated through the geometric spatial zonal statistic in GIS).




2.3.4 Observed distributional range vs ecological potential range, ODR/EPR

The proportion of the suitable habitat effectively occupied by the species (ODR vs EPR) was calculated for each period considering only the areas covered by the effort identified by the MaxEnt bias files. Within these areas, the extent of suitable habitats (Ecological Potential Range, EPR) was estimated in km2. The percentage proportion of the predicted EPR occupied by the species (ODR) was calculated as: [(ODR/EPR) * 100], and differences between periods were computed as: [(%(2nd period) - %(1st period))/%(1st period))]






3 Results

During the twelve years between 2008 and 2019, the FLT Med Net covered almost 500,000 km of effort and recorded 296 sightings of Gg (86), Gm (68) and Zc (142). Group sizes of the species were not significantly different between the two periods, but they differed among species: Gg groups were composed by a mean of 5 individuals (5.7 ± 5.1 SD1st period/4.7 ± 4.3 SD2nd period), while Gm groups were generally larger (7.0 ± 9.5 SD1st period/7.0 ± 6 SD2nd period), and Zc smaller (mean group size of 1.67 ± 1.0 SD 1st period/1.87 ± 1.2 SD2nd period).



3.1 Observed distributional range, ODR

The area covered by the effort was the largest in the WMED Subregion, while very limited in the Central MED during the first period (i.e., eastern Sicily), and increased during the second thanks to the inclusion of new Adriatic routes covering also the Northern Hellenic Trench (Figure 1). No effort was performed in the Aegean-Levantine Subregion (Table 1).


Table 1 | Distribution and extent (in km2) of the area of effort per each Mediterranean Subregion, extent of observed species range calculated within the 95% KDE isopleth, and percentage of overlap between observed species range and effort area.



Between 10 to 37% of the effort area overlapped with the species observed range (ODR) in the WMED. In the Central MED instead, 99% of the effort area overlapped with Gg ODR during the first period (i.e., in the eastern Sicily), and a limited percentage with the ODR of Zc (2%) during the second period (i.e., in the Northern Hellenic Trench). In the Adriatic, 7% of the effort area intercepted the Gg ODR in the southern part.

ODR areas were mostly located in the northern part of the WMED Subregion for all the species (Figure 3) with ODR for Gg also located in the westernmost MED, the Tyrrhenian-Sardinian channel and the southern Adriatic, Gm in the westernmost MED, and Zc in the eastern Ionian (i.e., Northern Hellenic Trench). In the northern area, the ODR generally overlapped between the two periods, with a tendency to shift towards offshore in the Sardinian-Balearic basin for all the three species, and in the Ligurian Sea for Gg (Figure 3, left).




Figure 3 | Core areas highlighted by the 95% KDE isopleth within the area covered on effort during the two periods (in grey), used to define the Observed Distributional Range, ODR (Gg left, Gm centre, Zc right).



Considering only the common area of effort between the two periods, the trend calculated over the ODR extents revealed an expansion in all the three species with a significant delta index >10% for Gg (+16%).




3.2 Ecological potential range, EPR

Based on AUCs, validation data, and well-known sites of species presence, model outputs showed strong predictive skill at the basin wide scale. The ROC plots exhibited high average AUCs for both training and test datasets and small Standard Deviation and overfitting values for all models (Table 2), which indicates consistency and reliability. In general, performance of the prediction maps of the second period was higher compared to those of the first period when validated by the independent dataset collected during the same period. Performance was also higher for prediction maps for Gm2 (over 90% of correct prediction), while performance of Gg and Zc maps was fair-good in the WMED Subregion only (over 70% of correctly predicted sites).


Table 2 | MaxEnt Results for the first and second periods considered.



In general, the areas of suitable habitats highlighted by the MaxEnt output maps were consistent with previous knowledge on the species (Figure 4) with the highest incongruence noted for the Gm_2 prediction in the Aegean-Levantine Subregion. Standard Deviations were generally low (<0.4), especially for the unsuitable areas. However, uncertainty was highest in general in the Aegean-Levantine Subregion and in the central and southern areas of the Central MED Subregion for the Gg_1 and Zc_2 outputs.




Figure 4 | Output of the Suitable Habitats predicted based on 2008-2012 (Gg_1, Gm_1, Zc_1) and 2013-2019 (Gg_2, Gm_2, Zc_2) FLT Med Net data (left) with the relative Standard Deviation (right). The partition of suitable habitat is shown under three threshold scenarios defined by: ‘Equal training sensitivity and specificity logistic threshold’ (red), ‘Minimum training presence logistic’ and ‘Maximum training sensitivity plus specificity logistic threshold’ (values in Table 2). Blue colour displays the predicted unsuitable habitat. Striped lines identify the Subregions where the prediction must be considered with caution as based on limited or no effort.



The ‘Minimum training presence’ threshold produced binary maps restricted to the most suitable habitat only excluding a large number of presence sights. The values identified through the ‘Equal training sensitivity and specificity’ and ‘Maximum training sensitivity plus specificity’ thresholds resulted similar (Table 2), but the first approach was chosen as being more conservative and was then used to define the EPR.

Some differences in the EPRs were found between the two periods (Table 3) in the WMED, where the EPR of Gg decreased by almost -7%, while Gm increased by 57% and Zc by 4%. Results for the other Subregions were not reliable as they were based on very small probability of presence in those areas (<5000 km2).


Table 3 | Extent area of potential range (EPR, km2), based on Equal sensitivity plus sensitivity logistic threshold and percentage of change in the extent of suitable area (2008-2012: Gg_1, Gm_1, Zc_1; 2013-2019: Gg_2, Gm_2, Zc_2).



In general, Distance from Canyon, Chl-a, and depth were the most important predictors for all the three species, followed by seamount distance and SST, but only for Gm and Zc (Table 4). Chl-a was the most important parameter for the definition of Gg habitats, either as percent contribution or permutation importance, in both periods, followed by canyon distance during the first period and depth during the second. Distance from Canyon was the most relevant parameter for Gm during the first period, while Chl-a strongly contributed during the second period, followed by the distance from seamounts. Chl-a and distance from canyon were the most significant parameters also for Zc during the first period, while depth and distance from seamounts were the parameters that most affected the distribution of the species during the second period.


Table 4 | Measures of environmental variables contribution to the ecological models for the target species.






3.3 Range pattern

In addition to the investigated changes in the extent of range areas, the analysis of spatial pattern revealed some shifts in the location of the main range areas. Indeed, the percentage of overlapping spanned 40-70% for ODR for the three species reaching the maximum overlap for Zc, and 30-50% for EPR. The location of overlapping areas for ODR (Figure 3) and EPR (Figure 5) showed the permanence over the time of some well-known areas for the three species.




Figure 5 | Overlap of EPRs over the two periods. Points EPR of the first period, strips EPR second period, and in black the overlapping areas.



In particular for Gg, some well-known areas of the WMED were predicted in both periods (e.g., Alboran Sea, Balearic Sea, Corso-Ligurian-Provençal basin, several spots in Tyrrhenian Sea including the Pontine Archipelago, and eastern Sicily). The offshore waters of the Gulf of Lion were no longer identified as the most suitable during recent years, while some new areas emerged (Figures 4, 5). A general reduction of suitable habitat was identified in the Pontine Archipelago and around the Sicilian coasts. Other widespread spots of potential suitable habitat appeared dispersed in the WMED from the recent model. Outside the more reliable area of the WMED, some suitable areas with higher uncertainty emerged in the eastern Mediterranean basin such as the southern Türkish, the northern Aegean during the more recent period and the coasts between Lebanon and Egypt.

Suitable Gm habitats were predicted in the WMED Subregion, in the Alboran Sea and along the continental shelf of Balearic, Gulf of Lion and the Corso-Ligurian-Provençal basin. A small area was highlighted in the Pontine Archipelago, and other patch areas were predicted around Sardinia Island. During the second period, new ODR areas were identified over the Alboran Sea and the Strait of Gibraltar due to the added effort in this region which intercepted the known important areas for the species identified by the large EPR. Outside the WMED, the large prediction stretching from the Aegean to Libya seems unreliable given the current knowledge on the species distribution.

Some well-known suitable areas were highlighted in both periods for Zc in the WMED such as the Alboran Sea, Ligurian Sea, northern Tyrrhenian Sea, and Balearic Sea. In the Central MED and Adriatic Subregions, the Hellenic Trench, northern Ionian Sea, and southern Adriatic Sea were predicted during the second period only with higher uncertainty.

A shift of centroids’ core areas between the two periods was detected for the ODR and the EPR predicted over the WMED Subregion (Figure 6). The shift on EPR for the other Subregions or at all MED scale was not considered as based on a very limited predicted area in one or both periods (Table 3).




Figure 6 | Direction and magnitude shift of the centroids of the distributional area respectively of ODR, and EPR WMED. Gg red, Gm green, Zc black lines.






3.4 Observed distribution range vs ecological potential range, ODR/EPR

Results showed that all the species regularly occur in almost the same areas or in a smaller proportion of their ecological potential habitat during both periods (ODR equal or smaller than EPR), with the only exception of Gg, whose ODR in the second period was larger than the EPR (Table 5, SM Figure 1). In the WMED, the proportion of suitable habitat effectively occupied by the species ranged between 62% for Gm_1 and 158% of Gg_2. No significant changes were detected in the proportion of occupied vs potential habitat over the two periods for the Zc (-1%), while for Gg and Gm increased this proportion by 59% and 46% respectively. Limited area was predicted for Gg and Zc in the Central MED, effectively occupied by the Zc by 50%, while the Gg was recorded largely outside the predicted potential area. Gm was never detected either in the surveyed areas of the Central MED or in the Adriatic Subregions. The spatial pattern of observed and predicted potential areas showed large overlap, but with some local differences (SM Figure 1). Both the areas of observed and predicted range of Gg in the northern part of the WMED expanded mainly towards offshore waters and stretched in patchy suitable areas in the centre. However, the shift in ODR detected in the more recent years in the western portion of the Corso-Ligurian-Provençal basin brought Gg outside predicted suitable areas. A contraction in suitable areas was instead detected in the south Tyrrhenian, where the species was no longer present, while new areas emerged in the Sardinian channel. A suitable area was confirmed in eastern Sicily in both periods. Gm observed range was almost similar across periods in the northern WMED, except for an enlargement towards offshore waters in the Sardinia-Balearic basin, which almost corresponded with the predicted potential range despite the latter being more scattered and fragmented during the more recent years. On the other side, a relevant area potentially suitable for Gm was revealed in both periods not overlapping any ODR in the central Tyrrhenian Sea. No noteworthy changes in observed and predicted range were detected for Zc in the northern part of WMED, while a new area emerged in the Sardinian channel both for the observed and predicted range.


Table 5 | Percentage of the extent of Real Distribution (km2, 95% KDE isopleth) over the Ecological Potential Range (km2, based on Equal sensitivity plus sensitivity logistic threshold) calculated within the area performed on effort.







4 Discussion



4.1 Sampling strategy

The sampling strategy of the FLT Med Net was set in order to homogeneously cover large portions of the Mediterranean basin, with regular monitoring of the sampled areas during all the seasons (Arcangeli et al., 2019). A recent study revealed that sampling designed along multiple fixed ferry routes detected more species and were able to recover known patterns in species richness and distribution at smaller sample sizes better than unconstrained sampling points (Boyse et al., 2023). Results of this study confirm that the sampling design of the FLT Med Net proved adequate for catching the known distribution of the species, providing high modelling performance, and allowing trends analysis even for rare or elusive cetacean species such as Risso’s dolphin, long-finned pilot whale and Cuvier’s beaked whale. This was particularly the case for the WMED Subregion, and especially during recent years when new monitored transects also covered the westernmost portion of the basin, the Alboran sea and the Strait of Gibraltar area (roughly 80% of WMED covered by the effort). In the Adriatic Subregion, the effort strategy resulted in coverage of almost the whole region although with still some uncertainty in the northernmost area, as also assessed by Zampollo et al. (2022). The Central MED was instead only represented by the effort in the eastern Sicilian coast and the Greek Ionian portion, and no effort was performed in the Aegean-Levantine Subregion, which leaves open opportunities for improvement. Indeed, an adequate proportion of the effort area intercepted the main distributional range and suitable habitats of Gg, Gm and Zc in the WMED Subregion (between 10-37% for the observed distributional range, over 46% of the predicted ecological range), and a more limited proportion in the Central MED and Adriatic Subregions, in correspondence with some known important areas for Gg (i.e., eastern Sicily. e.g., ACCOBAMS, 2021) and Zc (i.e., Northern Hellenic Trench, e.g., Frantzis et al., 2003). Therefore, in the WMED the sampling design of FLT Net proved to be adequate to intercept the ecological variability of the area, producing reliable results also outside the area of effort, whereas more transects are instead required to improve reliability in understudied Subregion (e.g., Central and Aegean-Levantine Subregions). Moreover, as the distributional range and habitat use of species varies seasonally, the seasonal based temporal resolution of sampling strategy allowed including the potential seasonal displacement of the species and thus the entire species range. The approach was also effective in terms of monitoring costs vs. acquired information, and these methods and indicators are suitable to be replicated across all seas.




4.2 Main findings on species distributional range and habitat

Most of the Observed Distributional Range (ODR) of the species highlighted by the Kernel analysis and the Ecological Potential Range (EPR) predicted on the basis of suitable habitat modelling were consistent with previous knowledge on the species, especially for the WMED Subregion, further confirming the importance of the north-western Mediterranean for Gg, Gm and Zc (ACCOBAMS, 2021). Consistency in these areas was also found across periods, with a general enlargement in the areas of distribution, and a shift towards more offshore areas in the Sardinian-Balearic basin for the three species, and in the Ligurian Sea for Gg. Outside the WMED, some known important areas for Zc such as the Ionian Sea and the deep Hellenic Trench were predicted, even if for a limited extent, during the second period only, when monitoring effort was added in the Adriatic-eastern Ionian region. Higher uncertainties or unreliable areas were revealed, as expected, in unsurveyed areas of the Central or the Aegean-Levantine Subregion.

Findings of this study on both ODR and EPR of Risso’s dolphin (Gg) confirmed the permanence across the two investigated periods of some well-known important areas for the species in the WMED Subregion. The species is mostly found in the Western-Mediterranean Sea from the Alborán Sea, including deep offshore waters (Cañadas et al., 2002; Cañadas et al., 2005), to the south of the Provençal basin, with high values along the Algerian coast and the Balearic Islands (ACCOBAMS, 2021; Lanfredi et al., 2021). However, findings of this study no longer identified the offshore areas of the Gulf of Lion as most suitable during recent years, while highlighting new distributional areas in the offshore waters of the Sardinian-Balearic basin and Ligurian Sea. The species was considered favoured by the proximity of the continental slope, primarily in the north-western basin (Bearzi et al., 2011), with a very specialised niche and a habitat spatially restricted on the upper part of the continental slope (Praca and Gannier, 2008). A high fidelity for the Provencal continental slope, without strong seasonal pattern in abundance (Laran et al., 2010; Laran et al., 2017), and a transient use of the offshore area was also confirmed on a long-term basis between 1989-2012 by Labach et al. (2015). Nonetheless, during recent years Gg was sighted in more offshore environments than previously reported in literature (ACCOBAMS, 2021). This is also in line with the trend observed by Azzellino et al. (2016), who reported a significant decrease in Gg abundance between the early ‘90s and 2014 in coastal and continental slope areas of the Ligurian Sea, with stable occurrence in pelagic areas. The result was assumed as a loss of coastal group or a shift in animal distribution (Azzellino et al., 2016). Moreover, apart from the more defined sites, widespread spots of potential suitable habitats appeared dispersed in the WMED in the current study. A general reduction of suitable areas was also detected in the Pontine Archipelago, and around the Sicilian coasts and Ionian Sea, where only a portion of suitable habitat persisted eastern of Sicily and Taranto Gulfs where strong side fidelity was found by other studies (e.g., Monaco et al., 2016; Carlucci et al., 2020a; Cipriano et al., 2022). Relatively large groups of Risso’s dolphins were reported further east in the southern Adriatic and Ionian Seas and the deep Hellenic Trench from ASI visual surveys, but no sightings were reported from acoustic surveys (ACCOBAMS, 2021) in line with the uneven prediction produced by this study. During the first period, some suitable areas emerged in correspondence of the Türkish Mediterranean, Palestinian and Israeli coasts consistent with the few contemporary reports (Öztürk et al., 2011; Kerem et al., 2012). The absence of effort in this area prevents any conclusion on whether or not the predicted reduction reflects a true species negative trend. The few encounters of Gg in mixed-species groups with striped dolphins and short-beaked common dolphins in the deep waters of the semi-closed Gulf of Corinth (e.g., Frantzis and Herzing, 2002; Frantzis et al., 2003), and for the unique stranding record in the 2012 in the Marmara Sea (Dede et al., 2013) appear to confirm the minor prediction in these areas.

Findings of this study confirmed some of the existing knowledge on the long-finned pilot whale (Gm). The species is known to be found almost exclusively in the WMED (Verborgh et al., 2016; ACCOBAMS, 2021) with a strong preference for deep pelagic waters. Relative higher densities were reported in the Strait of Gibraltar and Alboran Sea (Cañadas et al., 2005; De Stephanis et al., 2008) and lower in Balearic and Corso-Ligurian-Provençal Seas (Raga and Pantoja, 2004; Gómez de Segura et al., 2006; Azzellino et al., 2008; Praca and Gannier, 2008). The ACCOBAMS survey of 2018 (ACCOBAMS, 2021) also observed larger groups of Gm in the Alborán Sea, along the coast of Morocco and in the Gulf of Lion, and relatively smaller pods in the Ligurian Sea. The species was never recorded in the central Tyrrhenian Sea (Arcangeli et al., 2013; Arcangeli et al., 2017), but a stable pod has been recurrently sighted in the Pontine Archipelago since 1995 (Mussi et al., 2000). In accordance with the literature, the ODR in this study for Gm was exclusive of the WMED, but with a tendency to shift towards offshore waters during recent years, especially in the Sardinian-Balearic basin. Suitable habitats were also mostly predicted in the Alboran Sea and along the continental shelf of the Balearic Archipelago, Gulf of Lion and the Corso-Ligurian-Provençal basin with a similar shifting trend towards offshore as the Observed Range. Smaller areas were predicted in the Pontine Archipelago, supporting the stable presence reported by Mussi et al. (2000), and around Sardinia Island. In the Tyrrhenian Sea instead, a relevant potentially suitable area was highlighted during both periods, although no sightings have been reported either from this study or by literature (e.g. Arcangeli et al., 2017). Further investigation could be directed to determine whether anthropogenic activities or other pressures are operating there as limiting factors for the species. During the second period, a reliable enlargement of suitable habitat was predicted in the WMED Subregion, especially over the Alboran Sea and the Strait of Gibraltar, most likely as a result of the new added monitored transects representative of the westernmost part of the basin and intercepting the Strait of Gibraltar sub-population (Verborgh and Gauffier, 2021). A large Ecological Potential area stretching from Gibraltar towards the northern African coast was indeed predicted by this study in the second period, consistent with the ACCOBAMS (2021) sightings of large pods and by some reported strandings in Morocco (Bayed, 1996; Masski and De Stephanis, 2018), Algeria (Boutiba, 1994; Bouslah, 2012) and Northern Tunisia (Attia El Hili et al., 2010; Karaa et al., 2012). The species was never detected either in the Central MED and in the Adriatic Subregions, and no EPR was predicted here, while the large prediction stretching from the Aegean to Libya seems unreliable given the current knowledge on the species distribution.

Known habitats of Cuvier’s beaked whale (Zc) were highlighted by the study in the WMED Subregion, while the south Adriatic and Hellenic Trench of the eastern Ionian Sea were only predicted during the second period likely due to the effort performed in those areas that allowed including some environmental features not considered by the environmental variability of the WMED effort area only. Zc is considered to inhabit both the western and eastern basins of the Mediterranean Sea (Podestà et al., 2016), and this species is mostly found in canyon areas in the Ionian Sea, the Hellenic Trench, the deep southern Adriatic Sea (Frantzis et al., 2003; Carlucci et al., 2020b), the central Tyrrhenian Sea (Gannier, 2015; Arcangeli et al., 2016), the Balearic and the Alborán Seas (Cañadas and Vázquez, 2014; Cañadas et al., 2018), and the Ligurian Sea (Moulins et al., 2007; Azzellino et al., 2008; Tepsich et al., 2014). The ACCOBAMS survey of 2018 confirmed the existing knowledge on the basin wide presence of the species and at the same time showed how Zc occur in relatively small patches at low densities (ACCOBAMS, 2021). In accordance with literature, this study highlighted the importance in particular in the WMED of the Alboran Sea, the central Tyrrhenian Sea and Ligurian Sea and also a permanent area of suitable habitat in correspondence with the Spanish-French continental slope coast and stretching offshore. However, despite being recognised by some studies (Raga and Pantoja, 2004; Gannier and Epinat, 2008; Praca and Gannier, 2008; Podestà et al., 2016; Arcangeli et al., 2017) and the records of the Accobams survey (ACCOBAMS, 2021), this latter area was not considered among the important areas for the species. This discrepancy could indicate either an underrepresentation of scientific literature or a minor occupancy of Ecological Potential habitat for the species.




4.3 Interpretation of trends

In general, the persistence over time of presence and suitable habitat of Gg, Gm and Zc in the WMED confirmed the importance of this Subregion for the species. However, the changes in the extent (whichever a contraction or expansion) and the shift highlighted on both the observed distribution and the suitable areas indicate changes in spatial distribution of the species across time periods (Table 6). This could be the result of exploitation of new potential suitable areas or an adaptation forced by existing pressures or changes in the distribution of habitat over time. In particular Gg enlarged the proportion of occupied area over the ecological potential by almost 50% distributing also outside the predicted suitable areas (i.e., in the Corso-Ligurian-Provençal basin). In addition, the new areas that emerged in the centre of the Sardinian Balearic basin or eastern Corsica coast, together with the contraction of the areas in the south Tyrrhenian Sea and around the Sicilian coasts, revealed changes that need further investigation. Moreover, results highlight a concurrent enlargement of the area of distribution of Gm and Zc, even if for a minor extent, that is not yet reported by other studies. If confirmed, this would be a signal of a general tendency towards a more dispersed distribution that surely deserves attention.


Table 6 | Summary results on assessed trends for the WMED Subregion.






4.4 Methodological approach and indicators

The indicators here tested helped to describe the main consistencies or changes in short-term range trends between periods. Results highlighted the advantages and weaknesses of each indicator and of the approach tested.

The Observed Distributional Range (ODR) indicator has the advantage of preventing difference biases by data processing, analysis settings or approximations and is closely related to the real observed distribution of the species. On the other hand, results are only representative of the area where the effort is performed, introducing the need for specific planning of the sampling design of the data collection if used as representation of species distributional range. Spatially extensive surveys covering the whole range of species would deliver an adequate baseline for detecting ODR, but they are cost-expensive and may lack the temporal resolution needed to detect the natural species variability avoiding output linked to occasional or seasonal fluctuations. Continuous local scale surveys could provide long-term series but lose the spatial representativeness. Local and large scale surveys could be merged to increase the spatial representation of outputs providing that appropriate metric is used to match data collected with different methodologies. Time extensive large-scale monitoring data collected in sampled areas spatially representative of regional ecological conditions could represent a suitable balance and can be used as an index of the real species range. A prior assessment of the ecological variability representativeness of monitored transects is needed to avoid bias in underrepresented regions.

With regard to the methods to represent the distributional range, if compared to the species occurrence mapped in a 10 x10 km2 grid as suggested by HD and MSFD, the Kernel density smoother proved to be a feasible tool to spatially generalize the distribution of species and define the area where the species is found. It is adaptable to the spatial scale (grain) and resolution of data through the adjustment of search radius and cell size resolution while still remaining relatively simple to apply. Moreover, when using high quality spatial data as those of this study, the use of KDE could be considered as more accurate than other coarser methods such as grid of occurrence or the Minimum Convex Polygon used by some EU Member States. Other approaches such as the Kriging could also apply to the same purpose and are worth exploring.

Finally, care must be taken when calculating the trend in the extent of ODR in cases when the monitored area changed between time periods. In this study, the trend was calculated as percentage of change of ODR vs Extent of Effort (i.e., it was normalised by the Effort), and the percentage of change didn’t vary if considering the entire effort areas for each period or the common area only. However, the second approach was chosen as more conservative. Indeed, a change in the investigated area could produce a bias if, for example, an area completely outside, or, vice versa, in the core of the species range, is surveyed during one period only. Given the long-term monitoring required by the legislative framework at the large-range spatial scale needed for cetacean species, changes in the monitored areas over time could occur for example in the case of new organisations or countries joining an international effort. This aspect should be carefully considered, and the trend detected should be investigated with a conservative approach within the common effort area only.

The Ecological Predicted Range (EPR) based on sites of known occurrences and extrapolated through habitat maps models proved to be able to generalize the spatial distribution of the species also outside the area of effort providing meaningful outputs especially in the WMED Subregion where sampling was spatially representative of regional ecological conditions. Results of this study further confirm that sampling effort must be designed in order to assure representativeness of the regional ecological variability, and the SDM outputs in not surveyed regions (e.g., as in the case of the Aegean-Levantine basin in this study) should be taken with caution. In addition, predictions and extrapolations should be validated whenever possible by independent datasets as soon as new data become available. Results of this study indicate a general correspondence of trends detected in the Observed and Predicted Range both in terms of shifts (e.g., towards offshore areas in the Western-Mediterranean Subregion for all the species) and extent of areas (e.g., enlargement recorded for Gm in both ODR and EPR). These results confirm the potential for using the EPR to indirectly determine the AOO as suggested by the IUCN Guidelines (IUCN, 2001). However, some differences were also detected such as the new areas detected by the ODR in the Sardinia channel for Gg that were not predicted by the EPR in the corresponding period. Thus, careful consideration is needed to correctly discriminate the meaning of the range predicted on the basis of SDM to investigate the species conservation status, as the Potential Range does not always correspond to the actual distributional range of the species. Output must be carefully validated and adjusted using the estimated proportion of ODR/EPR as suggested by IUCN (2001).

On the other hand, Suitable Habitat Maps can be directly used to define the extent, trend and pattern of the suitable habitats to answer the parameter/criteria ‘Habitat’ for the species (e.g., for HD and MSFD). By including information on the main ecological factors that drive their distribution, these models can also be used to investigate the “Habitat conditions” requirement if the pressures are added to the models.

Provided SDMs accurately reflect potential ranges, EPR can also be used to compare the Observed versus the Potential Range (IUCN, 2001; IUCN, 2022) as they indicate the area of occupied habitat and describe unoccupied habitats of suitable quality allowing the long-term survival of the species (DG ENV, 2017). If appropriate data are available, the comparison between the Observed and the Potential Range can also help to identify potential suitable areas that are not used by the species due to the influence of anthropogenic pressures or other limiting factors. Alternatively, EPR can also be used to determine if the species is pushed outside of the preferred suitable habitat as a consequence of a pressure, change in the distribution of habitat or the exploitation of new resources. Trend in the ratio between Observed vs Potential range could then be used to correlate the detected changes with other environmental or anthropogenic parameters and/or assess the effectiveness of mitigation measures.





5 Conclusions

Our results highlighted the strengths and weaknesses of the analysed indicators and approach as summarised in Table 7. In general, the ODR based on known occurrence can underestimate the real occupied range and needs to be referred to the area of effort, but it can still be used as an index to detect trends. Conversely, the EPR could be larger than the occupied range in presence of limiting factors, either environmental or anthropological, or even smaller in the case of pressures that force the species outside the ecological niche so that careful validation of output is required. Therefore, the parallel use of complementary indicators, such as the Observed and Ecological Potential Range, may be preferable to using a single indicator to disclose the significance of a change.


Table 7 | Summary of limits/weaknesses of the indicators and approach tested, and recommendations.



Based on our results, we also recommend the contemporary investigation of the Range Pattern as either the trends in extent (surface range) and shifts (range pattern). In this study, for example, the enlargement of the Observed surface Range could have been interpreted as positive, but it was associated with a shift towards offshore less suitable or unsuitable areas which instead deserve attention. Moreover, synoptic analyses performed on more species with similar ecology are suggested to assess whether a detected modification refers to just a single species or is likely representative of a more general change.

This study tested and discussed the most common approaches for assessing six-year trends, as required by the HD and MSFD, on range and habitat of rare cetacean species using the longest dataset available at large scale in the Mediterranean Sea. It should be noted that the comparison between two six-year periods may not be adequate to highlight biological and ecological trends for such long-lived species as cetaceans. Biological variability could indeed be revealed under different time scales, and further investigation, such as a moving average of shorter periods or longer time series, might be necessary to confirm the usefulness of the six-year time frames required by the legislative framework or to propose more appropriate time periods.

Overall, our analyses also contribute to assess the most effective methods to evaluate the Range and Habitat indicators in compliance with the international legislative requirements of, among others, the HD, MSFD, and Barcelona Convention.
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The summary of total reported by-catch individuals, by-catch rates, and annual cetacean by-catch estimations with its respective 95% confidence intervals (95% CI) is shown per species. We
also present the bottom trawling interviewed vessels, censed vessels, and the estimated fishing effort (F,) for each stratum and totally.
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Species Stranded Individuals showing %

individuals fisheries
interactions
Non-identified cetaceans 374 17 4.54
Tursiops truncatus 116 31 26.72
Stenella coeruleoalba 759 49 6.46
Delphinus delphis 27 3 11.11
Grampus griseus 42 3 7.14
Globicephala melas 23 0 -
Balaenoptera physalus 19 2 10.53
Balaenoptera acutorostrata 4 0 -
Physeter macrocephalus 37 4 10.81
Megaptera novaeangliae 1 0 -
Ziphius cavirostris 9 1 11.11
Total 1411 110 7.80

Individuals showing fisheries interaction evidences are given per species, with its
associated percentage (%) calculated according to the total strandings of each species.
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Cell line Medium Solvent H,0, DEHP doses (mM)

0.02 0.05 0.2 0.5 2
IT 6.70 £ 1.74 749 +0.07 12.27 + 1.44% 752 071 676 % 0.12 525 +0.21 5.54 + 043 5.85 +3.22
CHO 5.76 £ 0.10 6.46 + 132 11.95 +2.35% 653 121 6.40 = 1.03 633 174 521+ 0.06 6.31 % 1.90

Data are presented as means + SD of two independent experiments for each treatment. Significance of Student’s #-test (ts): §$ p < 0.01 H,0, vs medium.
T'T, Tursiops truncatus; CHO, Chinese hamster ovary; DEHP, di(2-ethylhexyl)phthalate.

5.27 £ 0.66
5.76 + 1.02
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Treatment Harvesting time after cyto-B

Medium
Solvent
H,0,
0.01 mM
0.02 mM
0.05 mM

24h
24h
24h
24h
24h
24h

MN/1000 BN * SE Student’s ¢-

test (ts)
TT CHO
215 +0.03 17 + 0.08
19.5 + 0.08™ 183  0.05™
752 £ 0.72% 84.6 £ 0.04%
358+ 0.18* 39.9 +0.12%
49.0 + 0.28* 447 £0.15%
45.8 + 0.09* 51.9 +0.06*

CBPI + SE Chi-squared test

(X2)
TT CHO

1.65 + 0.0006 1.69 + 0,002
1.64 £ 0.0007™ 1.67 + 0.003N°
1.31 £ 0.002% 1.28 + 0.0006%
1.54 + 0.001% 1.67 + 0,002
1.52 + 0.002* 1.62 + 0.003*
149 + 0,001 1.57 +0.003**

% Cytostasis + SE

T CHO

0+ 0.00 0+ 0.00
24+004 34x0.1
53.0 £0.40 59.6 + 0.06
163 +£0.13 3.6 + 0.03
166 £0.19 8.1 + 0.02
224 £0.10 16.2 +0.04

Data are presented as means + SE of two independent experiments for each treatment. Significance of Student’s t-test (ts) and chi-squared test (x2): NS, not significant; ** p < 0.01 treated vs
solvent; *° p < 0.01 H,0, vs medium.

T, Tursiops truncatus; CHO, Chinese hamster ovary; DEHP, di(2-ethylhexyl)phthalate.
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We represent the number of censed vessels, the number of interviewed vessels and the total engine power (kW) for bottom trawling and artisanal vessels (Generalitat Valenciana, 2020;
Ministry of Agriculture, Fisheries and Food, 2020).
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Quasi-extinction probabilities after three generations (45 years), five generations (75 years) and 100 years for different thresholds for extinction (2, 4 and 6 mature individuals).
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Year Estimated N SE 95% CI Ccv Mark ratio Total N

2016 20.85 1.80 20.07 - 30. 97 0.09 0.83 25.02
2018 15 0 1515 0 0.83 18
2019 14 0 14 - 14 0 0.7 20
2020 10 0 10 - 10 0 0.55 18
2021 9 0 9-9 0 0.6 15

Abundance estimates from the closed population models applied to the common dolphin yearly data set. Estimated N, estimated abundance from the model; SE, standard error; 95% CI,
confidence intervals; Mark ratio, estimated proportion of animals with long lasting marks in the local population. Total N, estimated N divided by the mark ratio; CV, coefficient of
variation.
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Year Sampling occasions (months) Encounters Marked individuals Km surveyed

2016 2 2 20 944.52
2017 0 0 0 2036.05
2018 3 3 15 2247.46
2019 4 5 14 3897.75
2020 5 17 10 3955.5
2021 6 10 9 2450.06
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sites sequences
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“The position in the sequence where the substitution occurred is numbered in the header. The posi
labelled with a “*",

n of polymorphic sites within codons and the encoded ammino acids are also reported. The haplotypes described by Ciccarese et a. (2019) are also inserted and the sample size:
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Sampling code Cytb haplotype D-loop Concatenated

haplotype haplotype
1 1-8518/10 Hapl0 Hap 1 Hap A
2 2-5524/10 Hap10 Hap 2 Hap B
3a 3851 Hap10 Hap 2 Hap B
3b ss2 Hap10 Hap 3 Hap C
53 Hapl0 Hap 3 Hap C
4a SS1 grpl Hap10 Hap 3 Hap C
83 grpl Hapl0 Hap 3 Hap C
4b 8-5S2 grp2 Hapl0 Hap 3 Hap C
9-554 grp2 Hap10 Hap 3 Hap C
10-885 grp2 Hap29 Hap 3 Hap D
5a 11-SS1 grpl Hapl0 Hap 3 Hap C
12-582 grpl Hap10 Hap 3 Hap C
13-883 grpl Hapl0 Hap 3 Hap C
14-S84 grpl Hap10 Hap 3 Hap C
15-585 grpl Hap10 Hap 3 Hap C
16836 grpl Hap10 Hap 4 Hap E
5b 17-887 grp2 Hap10 Hap 5 Hap F
18-SS8 grp2 Hap10 Hap 6 Hap G
19-889 grp2 Hap31 Hap 3 Hap H
Hapl4d Hap 3 Hap I
SS10 grp2 Hap10 Hap 3 Hap C
SS11 grp2 Hap10 Hap 3 Hap C
SS12 grp2

6 23-881 Hap10 Hap 7 Hap L
7 24-584 Hap10 Hap 8 Hap M
8 ss1 Hap10 Hap 2 Hap B
SS2 Hap10 Hap 2 Hap B
83 Hapl0 Hap 2 Hap B
54 Hap10 Hap 8 Hap M
9 Ss1 Hapl0 Hap 2 Hap B
$S2 Hap10 Hap 2 Hap B
83 Hap10 Hap 2 Hap B
Ss4 Hap10 Hap 2 Hap B
SS5 Hap10 Hap 2 Hap B
10 ss1 Hapl0 Hap 2 Hap B
52 Hap10 Hap 2 Hap B
11 37-8S1 Hap10 Hap 2 Hap B
12 SS1 Hap10 Hap 9 Hap N
52 Hapl0 Hap 2 Hap B
13 40-581 Hap10 Hap 2 Hap B
14 SS1 Hap10 Hap 3 Hap C
ss2 Hap10 Hap 2 Hap B
15 43-851 Hap10 Hap 2 Hap B
16 44-851 Hap10 Hap 8 Hap M
17 SS1 Hap10 Hap 2 Hap B
ss2 Hap10 Hap 2 Hap B
$83 Hapl0 Hap 2 Hap B
S84 Hap10 Hap 2 Hap B
18 49-881 Hap10 Hap 7 Hap L
19 sc2 Hap10 Hap 9 Hap N

| SC3 nd nd nd
SC4 Hap10 Hap 2 Hap B
SCs Hapl0 Hap 2 Hap B
19 ss1 Hapl0 Hap 2 Hap B
52 Hap10 Hap 2 Hap B
83 Hapl0 Hap 2 Hap B
20 57-SC2 Hap10 Hap 2 Hap B
21 sS1 Hap3 Hap 12 Hap R
ss2 Hapl0 Hap 2 Hap B
SS3 Hapl0 Hap 8 Hap M
61-S54(1) Hap10 Hap 2 Hap B
22 et Hap10 Hap 2 Hap B
sC2 Hapl0 Hap 3 Hap C
23 SC1 Hap10 Hap 2 Hap B
sC2 Hap10 Hap 2 Hap B
e Hap10 Hap 2 Hap B
SC4 Hap10 Hap 4 Hap E

SCs Hapl0 nd nd
SCe6 Hap10 Hap 12 Hap Q
SC7 Hap10 Hap 2 Hap B
Ne Hap10 Hap 2 Hap B
SC9 Hapl0 Hap 2 Hap B
24 74-8S1 Hapl0 Hap 3 Hap C
25 75-8S1 Hap10 Hap 2 Hap B
26 sS1 Hap10 Hap 3 Hap C
ss2 Hapl0 Hap 5 Hap F
27 ss1 Hap10 Hap 10 Hap O
$S2 Hap10 Hap 3 Hap C
83 Hapl0 Hap 2 Hap B
Ss4 Hapl0 Hap 3 Hap C
SS5 Hap10 Hap 3 Hap C
36 Hapl0 Hap 3 Hap C
$s7 Hap10 Hap 2 Hap B
28 SS1 Hap32 Hap 11 Hap P
§S2 Hapl10 Hap 3 Hap C
SS3 Hap10 Hap 2 Hap B
S84 Hap10 Hap 3 Hap C

Nd, not detectable.
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mg/kg d.w mg/kg lL.w.

HCB 0.396 0.426
DDTs 63.431 68.279

PCBs 72.305 77.831

Total OCs 136.133 146.538
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Limits/weaknesses Recommendati

ODR

EPR

ODR
& EPR

Range
Pattern

Six-year
periods

Species

Sampling
design

Results only representative of the effort area, can underestimate the real
occupied range

Spatial generalisation method (e.g., KDE) could better define the range
that other coarser methods (e.g., grid, MCP) but needs to be fit to data.

Potential bias linked to data processing

Representativeness of prediction outside the surveyed region

Could be larger than the occupied range or smaller by effect of
anthropogenic pressures.

Not ‘one-for-all’ SDM approach.

Potential bias linked to changes in monitored area if e.g., a core species
area is surveyed during one period only.

The observed distribution can be driven by different ecological and
anthropogenic factors.

The extent of range could remain equivalent but shifted in different
areas over time.

May not be adequate for cetaceans: biological variability could be
revealed under different time scales.

Higher uncertainty if trend is based on only one species per species
group.

Spatial resolution:
Potential bias linked to underrepresentation of surveys.

Potential bias due to change in investigated areas e.g, if a species core
area is surveyed in one period only.

Temporal resolution:

Potential bias due to species variability such e.g., seasonal-related
displacements, intra-period occasional change in distribution, early-sign
of climate-related changes.

Difficulties in delivery homogenous data in the long term (e.g.,
monitoring programmes can vary in methods, timing, area investigated)

Can be used as an index to detect trends given that there is a sufficient coverage
of sampled range consistent over time.

Needs to be adjusted for spatial scale (grain) and resolution of data.

Test for the best SDM approach over the specific type of data/sampling strategy/
species. Validate also by independent dataset

Sampling design representative of regional ecological conditions. Extrapolation
considered with caution and validated by independent dataset and as soon as
new data become available.

Investigate potential limiting factors. Adjust e.g., using the estimated proportion
of ODR/EPR (IUCN, 2001).

SDM approaches set, tested, and chose for the dataset used through reliable
validation process.

Calculate trend within the common area of effort. Normalize ODR by the effort.

Parallel use of complementary indicators.

Contemporary investigation as either the trends in extent (surface range) and
shifts (range pattern)

Test shorter periods (e.g., moving average) or longer time series.

Synoptic analyses on more species with similar ecology could help assessing
whether a detected modification refers to a single species or is likely
representative of a more general change.

Sampling design in order to be representative of species range and ecological
conditions.

Design of sampling to be representative of known species key areas (or take it
into account during the assessment)

Yearly or biennial surveys including all seasons or at least two seasons
representative of main species migratory/displacement distribution.

International coordination for the harmonisation of all the phases of the
information chain.

Cost-effective approach that can endure over time.

Deal with uncertainty (e.g., enhance metrics able to deal with integrated
heterogeneous data)
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‘The term ‘Attention’ refers to situations, such as a shift in distribution or where the ODR is larger than the EPR, that could indicate a displacement of the species outside the suitable areas.





OPS/images/fmars.2023.1116829/table5.jpg
WMED Central MED Adriatic
Gg_1 99% 114% NoEffort NoEffort
Gg 2 158% e & NoEffort
Gm_1 62% < NokEffort NoEffort
Gm_2 90% 2 2 NoEffort
Zc 1 115% [ . NokEffort NokEffort
Zc 2 112% ° e NokEffort

2008-2012: Gg_1, Gm_1, Zc_1; 2013-2019: Gg_2, Gm_2, Zc_2. ° not reliable results as based on very limited predicted area in one or both periods.
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Aspect-E
Aspect-N
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36
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Gm_2
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16

18

% cont
8.5

6.9

JAS 7
Perm. 9% cont. Perm.
19 29 33
7.9 ‘ 47 36

Dist. coast 6.1 33 7.2 7.1 27 6.4 111 42 4.6 4.6
Depth 135 7.8 18.2 26.8 28 12 13.4 152 20.7 8
Slope 11.1 34 6.1 33 27 0.9 33 22 7.6 6.3 33 1.6
Seamount dist. 48 10.3 9.7 134 18 22 19.9 253 4.8 6.5 17.3 11.7
SST 58 10.3 4.4 37 22.4 33 08 ik 0.4 0.7 14.5 21.3

Percentage contribution (% cont) and permutation importance (Perm) derived from Maximum Entropy models. In dark and light grey respectively the first and second contributing variable.
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Extent of Ecological Potential Range (km?)

% change

WMED Central MED Elild Aegean-Levantine Sea

Gg_1 182,910 12,859 0 87,212

Gg2 170,028 4,581 50 1,785

Gm_1 101,305 20 0 1,275

Gm_2 159,226 48,888 4,724 88,960
Ze_1 92,218 591 0 0

Zc2 96,136 1,781 2310 5,879
Gg_2/Gg_1 7% ° @ §
Gm_2/Gm_1 57% 2 % 8
Ze_2/7c_1 4% d g s

In Italic are indicates the very small extension of predicted suitable habitat (less than 5,000 km®); ° not reliable results as based on very limited predicted area in one or both periods.
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Minimum Equal training Maximum training

training pre- sensitivity and sensitivity plus
#Training #Test AUC AUC AUC sence logistic  specificity logistic specificity logistic
Species  samples  samples Train Test SD  overfitting threshold threshold threshold
Gg 1 18 9 095 086 ‘ 006 0.10 0.19 026 0.19
Gm_1 11 5 094 | 090 ‘ 0.04 0.04 0.18 042 0.42
Zc_1 18 9 097 092 | 003 005 0.06 027 030
Gg.2 39 19 090 081 ‘ 005 0.09 0.08 038 029
Gm_2 32 15 096 092 ‘ 003 004 0.06 0.17 0.14

Zc2 75 38 0.95 091 ‘ 0.02 0.04 0.01 0.16 0.16
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WMED Central MED Adriatic Aegean-Levantine Sea
1 period 191,658 1,579 NokEffort NoEffort
Effort Area
2 period 208,088 9,126 19,165 NoEffort
Gg_ 1 38,415 1,568 NokEffort NoEffort
Gg 2 77,173 00 2,595 NoEffort
Observed Distributional Range Gm_1 19,664 00 NoEffort NoEffort
(KDE, km?) Gm_2 32,818 00 00 NoEfort
Zc_1 29,169 0,0 NokEffort NoEffort
Zc 2 37,496 632 0,0 NoEffort
Gg 1 20% 99% NA NA
Gg 2 37% 0% 7% NA
Observed Distributional Range Gm_1 10% 0% NA NA
Extent of Eﬁ":rt area (km?) Gm_2 16% 0% 0% NA
Zc 1 15% 0% NA NA
Zc 2 18% 2% 0% NA

NA, Not Available.
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Range (Mean = SD) June July August

LPUE 0-625 (110.6 + 115.3) 119.8 £ 115.9 1128 + 84.4 105.5 + 138.7
DPUE 0-195.6 (34.0 + 52.8) 57.0+71.0 43.3 + 58.9 179+ 325
CPUE 2.5-659.3 (144.6 + 136.6) 176.8 + 150.9 166.2 + 98.9 123.4 + 158.4
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Respondent Pinger Brand Model Effectiveness Effective on Not effective on
1 STM industrial Electronics DDDO3U/DID 01 Very effective T. truncatus; Don't know
S. coeruleoalba
2 STM Industrial Electronics DDDO3U/DID 01 Very effective T. truncatus; Don't know
S. coeruleoalba
3 STM Industrial Electronics DDDO3U/DiD 01 Very effective T. truncatus S. coeruleoalba
4 Fishtek Marine Dolphin Anti-Depredation Pinger (40kHz) Moderate effective T. truncatus Don't know
5 Fishtek Marine Dolphin Anti-Depredation Pinger (40kHz) Slightly effective T. truncatus Don't know
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Economic Loss (EL)
= (No. of individuals depredated per fishing trip
% Average weight of tuna in the specific ishing trip)
% price per kilo
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Slope ev., slope Dist. coast (
Mean 1,074 103 2.8 31,748.40
Standard deviation 567 84 176 12,675.50
Max 1,950 26.5 6 54,203.30
Min 100 15 038 13,341.70

Median 1,143 6 2.7 28,635.60
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Edf Ref. df alue
S(SLOPE) 2334 2.861 17.75 ‘ 0.000511
s(SD_SLOPE) 1.001 1.002 14.07 ‘ 0.000176
s(DIST_COAST) 4.897 5.561 1540 ‘ 0.010109* *

Variables: distance to coast, slope, and SD of slope. R-sq.(adj) = 0.017. Deviance explained = 19.8%. Akaike information criterion = 252.4452. Significance codes: 0 *** 0.001 **” 0.01 *’ 0.05 * 0.1
g
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Year Number of surveys (days) Effort ER (sightings/eff)
2009 8 513275 4 000779309
2010 15 1,026.768 3 000292179
2011 7 521.345 1 000191812
2013 5 228.754 2 000874302
2014 7 2,102,749 1 000047557
2015 13 2,683.139 0 0
2016 1 63.548 1 001573614
2020 16 679.928 2 000294149
2021 12 937.174 3 000320111
Total 72 8,756.68 17 000194138
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OPS/images/fmars.2022.860242/table1.jpg
Season  Total Survey Total Deep Diving Cetaceans Delphinids
Days (km) Encounters

Sperm whales Cuvier's beaked Bottlenose Common Striped Unidentified

whales Dolphins Dolphins Dolphins Delphinids
Spring 17 (1972km) 41 7 0 6 2 0 26
Summer 14 (1712 km) 63 14 1 7 4 0 37
Autumn 11 (1021 km) 39 1 1 3 0 0 34
Winter 10 (1584 km) 48 0 1 1 0 2 44
Total 52 (6289km) 191 22 3 17 6 2 141
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Species Median Mean ( = SE) Range
Sperm whales (n=22) Depth (m) 996.5 235.8 (+ 139.9) 149 - 2391
Distance (km) 109 12.6 (+ 1.9) 0.9 - 40.0
Beaked whales (n=3) Depth (m) 1236.0 1497.3 (+ 552.6) 698 - 2558
Distance (km) 9.6 13.0 (+ 4) 83-21.0
Bottlenose dolphins (n=17) Depth (m) 692.0 1087.1 (+ 276) 23 - 3829
Distance (km) 7.4 104 (+2.7) 0.2-39.1
Common dolphins (n=6) Depth (m) 1379.0 1713.3 (+ 454.8) 574 - 3057
Distance (km) 8.3 10.3 (+ 2.4) 45-185
Striped dolphins (n=2) Depth (m) 1899.5 1899.5 (+ 852.5) 1047 - 2752
Distance (km) 16.2 16.2 (+ 10.7) 55-26.8
Unidentified delphinids (n=141) Depth (m) 1756.0 1816.7 (+ 87.4) 41 - 3992
Distance (km) 18.6 19.2 (= 1) 0.4 -50.3
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Season All Cells

Spring 0.34 (+0.29)
Summer 0.65 (+ 0.54)
Autumn 0.28 (+0.32)
Winter 0.09 (+0.11)
Yearly median 0.37 (£ 0.29)

Units are median hours of vessel activity per square kilometer per month with median absolute deviations in brackets.

Coastal Cells

0.62 (+0.86)
2.06 (+2.96)
0.97 (+ 1.35)
0.15 (£ 0.23)
1.03 (+ 1.50)

Offshore Cells
0.30 (+0.24)
0.60 ( +0.42)
0.23 ( 0.25)
0.08 (+0.08)
0.32 (+0.31)

Cilician IMMA
0.39 (+0.34)
0.30 (+0.22)
0.16 (+ 0.06)
0.14 (+0.14)
026 +(0.21)

Hellenic Trench IMMA

0.38 (+ 0.26)
0.77 (£ 0.59)
0.42 (+0.34)
0.43 (£ 0.15)
0.43 (+0.31)
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Date Sex Length (m) Weight (t) Location Source
23/01/1986 Female 125 N/A On bow Raga et al., 1991,
Panigada et al., 2006
10/08/1986 N/A 12 N/A On bow Raga et al., 1991,
Panigada et al., 2006
09/05/2002 Male N/A N/A Floating in port REUTERS
14/04/2016 Male 135 145 Floating port Degollada pers. obs.






OPS/images/fmars.2022.867287/table2.jpg
Vessel type 2016 2017 2018 2019 2020 2021
Cargo 1,190 1,102 1,141 1,036 827 972
Tanker 238 247 243 270 248 431
Passenger 782 911 957 934 430 421
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CPUE = LPUE + DPUE + other discrads
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Percentage Depredation rate (D%) =

(Summed depredated. individuals |

(Summed depredated individuals +
summed landed individuals)) % 100
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LPUE = Total weight of fish landed (kg) x
(1000 hooks (standardised) / No.. of hooks set per fishing trip)
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