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Sublethal Injuries and Physical Abnormalities in Maldives Manta Rays, Mobula alfredi and Mobula birostris
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Manta ray populations worldwide are vulnerable to sublethal injuries resulting from human activities, e.g., entanglement in fishing line and boat strikes, which have the potential to impact an individual’s health, fitness, and behaviour. Sublethal injuries and physical abnormalities also occur naturally from predation events, deformity, parasites, and disease. To determine the type and frequency of anthropogenic and natural originated injury events affecting Mobula alfredi and M. birostris in the Maldives, we examined data from the Manta Trust’s Maldivian Manta Ray Project (MMRP) database, which contains 73,638 photo-identification (photo-ID) sightings of the two manta ray species from 1987 to 2019. The likely origin of each injury or physical abnormality was determined based on visual assessment of the photo-ID images. Multiple injuries to an individual originating from the same event were grouped for analysis. Generalised linear mixed models (GLMM) were used to investigate the relationship between the occurrence of injury events and the explanatory variables sex and maturity status for both species, with the additional variable site function (cleaning, feeding, cruising) investigated for M. alfredi. Spatial and temporal variations in M. alfredi injury events, and their origin and type, were investigated by calculating the percentage of injury events per sighted individual at each Maldivian atoll, and per re-sighted individual in each year from 2005 to 2019. For both species, injury events were predominantly of natural origin, with predatory bites being the most frequent type. The most common anthropogenic injury type was entanglement in fishing line. Injuries to M. alfredi were significantly more likely to be observed on juveniles than adults, males than females, and at cleaning stations as opposed to feeding or cruising sites. Neither sex nor maturity status were significant explanatory variables for the occurrence of injuries to M. birostris. Highest percentages of anthropogenic injuries per sighted M. alfredi were recorded in North Malé, South Malé, Baa, Addu, and Laamu Atolls, where boat traffic, fishing, and tourism activities are concentrated. Overall, this work greatly improves understanding of the sublethal threats faced by manta rays in the Maldives; identifying focus areas where conservation management actions are required to ensure more effective protection of this threatened species group.
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INTRODUCTION

The zooplanktivorous reef and oceanic manta rays (Mobula alfredi and M. birostris, respectively) are two of the ocean’s largest species (Marshall et al., 2009; White et al., 2018). Fragmented populations of M. alfredi are widely distributed throughout the tropical and sub-tropical waters of the Indo-West Pacific Oceans, where they frequent coastal reef habitats, but also use offshore environments and the mesopelagic zone (Kashiwagi et al., 2011; Couturier et al., 2012; Braun et al., 2014; Jaine et al., 2014; Stevens et al., 2018a; Hosegood, 2020). Mobula birostris are distributed throughout all tropical oceans and also range into temperate waters. They are more oceanic in habitat use than M. alfredi, visiting shallow coastal areas infrequently (Kashiwagi et al., 2011; Couturier et al., 2012; Stewart et al., 2016a; Stevens et al., 2018a). Both species demonstrate long-term site fidelity, and form seasonal aggregations at key habitats (Dewar et al., 2008; Jaine et al., 2012; Braun et al., 2015; Stewart et al., 2016b, 2018a; Couturier et al., 2018; Setyawan et al., 2018; Germanov et al., 2019; Perryman et al., 2019; Harris et al., 2020; Pate and Marshall, 2020).

As large-bodied, slow growing, late maturing animals, manta rays are among the least fecund of all vertebrates (Dulvy et al., 2014; Stevens, 2016; Stewart et al., 2018b). These life history traits make manta rays particularly vulnerable to increased mortality rates, as populations cannot easily recover from depletion (Dulvy et al., 2014; Lawson et al., 2017). The predominant threat to manta rays worldwide is overexploitation by fisheries, which have, in part, been driven by the high demand for mobulid gill plates in Asian markets (Ward-Paige et al., 2013; Croll et al., 2016; Lawson et al., 2017; O’Malley et al., 2017). To address the growing threat of the gill plate trade, both manta species were listed on Appendix II of the Convention on International Trade in Endangered Species in 2013, and they are also listed on Appendices I and II of the Convention on the Conservation of Migratory Species (Lawson et al., 2017). Despite these protective measures, targeted and incidental bycatch of manta rays in small- and large-scale fisheries remains a persistent threat (Dulvy et al., 2014; Croll et al., 2016; Lawson et al., 2017; Fernando and Stewart, 2021). Less directly, impacts of the climate crisis and reef degradation threaten manta ray food supply and habitat (Richardson, 2008; Stevens and Froman, 2019), while unregulated tourism operations can impact feeding, alter behaviour, and inflict lethal and sublethal boat strikes (Anderson et al., 2011a; Venables, 2013; Venables et al., 2016; Murray et al., 2020). These anthropogenic threats, coupled with the vulnerable life history traits of the species, have led to population declines in recent decades (Lewis et al., 2015; White et al., 2015; Rohner et al., 2017). As a result, M. alfredi is listed as Vulnerable to extinction on the IUCN’s Red List of Threatened Species (Marshall et al., 2019), with M. birostris recently uplisted to Endangered (Marshall et al., 2020).

Manta ray populations are also threatened by sublethal injuries (Stewart et al., 2018b), which can originate directly from anthropogenic activities, such as fishing and tourism, or occur naturally through predation, disease, or deformity (Stevens et al., 2018a; Stewart et al., 2018b; Stevens and Froman, 2019). Anthropogenic originated injuries are apparent in every monitored mobulid population across the world, predominantly resulting from interactions with fishing gear and vessel strikes (Deakos et al., 2011; Stewart et al., 2018b). Entanglement in fishing line, nets, and mooring ropes can cause serious injury and death (Couturier et al., 2012; Carpentier et al., 2019). Spending considerable time at the surface (Braun et al., 2014, 2015), e.g., while feeding, manta rays are especially susceptible to severe injuries from boat strikes and from contact with propellers (McGregor et al., 2019; Stevens and Froman, 2019).

Due to their large size, only large predatory sharks (e.g., tiger Galeocerdo cuvier and bull Carcharhinus leucas) and some cetaceans (e.g., false killer whales Pseudorca crassidens and orca Orcinus orca) are known to predate on adult manta rays (Gannier, 2002; Visser and Bonoccorso, 2003; Alava and Merlen, 2009; Marshall and Bennett, 2010; Stevens et al., 2018a). Unsuccessful predation attempts can leave permanent injuries (Marshall and Bennett, 2010; Stevens et al., 2018a) ranging from small quick-healing flesh wounds, with little or no tissue loss, to severe bites which truncate or disfigure pectoral fins (Marshall and Bennett, 2010; Stevens et al., 2018a).

External wounds in elasmobranchs are known to heal well (Towner et al., 2012; Chin et al., 2015; McGregor et al., 2019; Pate and Marshall, 2020; Womersley et al., 2021), likely due in part to their unique adaptive immune systems (Marra et al., 2017). Manta rays have shown resilience to a range of sublethal injuries (Marshall and Bennett, 2010; Pate and Marshall, 2020), including wounds from boat propellers (McGregor et al., 2019). However, such recovery will likely incur significant energy cost and conduct certain metabolic processes, which may shift energy allocation from reproductive effort, growth, and ability to feed, thereby reducing individual fitness (Archie, 2013; Chin et al., 2015; Harvey-Carroll et al., 2021; Womersley et al., 2021). Stress-responses to injury, entanglement, noise pollution, or tourist interactions in elasmobranchs and other marine megafauna taxon are often high energy behaviours, thus also detrimental to fitness (Pankhurst and Van der Kraak, 1997; Renshaw et al., 2012; Wilson et al., 2014; Rolland et al., 2017; Harvey-Carroll et al., 2021), and may even compromise wound healing (Archie, 2013). Moreover, as manta rays often inhabit areas of high, and increasing, human activity, the resulting sublethal injuries and/or physiological stress inflicted (Stewart et al., 2018b; Stevens and Froman, 2019; Pate and Marshall, 2020) are of increasing concern for the conservation management of these threatened species (Stewart et al., 2018b).

Assessment of the origins of sublethal injury to individuals provides a method for investigating the relative impact of different types of threats to a species (Archibald and James, 2018). Researchers have investigated sublethal injuries to M. alfredi in Mozambique, Hawaii, French Polynesia, Australia, and Indonesia (Marshall and Bennett, 2010; Deakos et al., 2011; Carpentier et al., 2019; Germanov et al., 2019; McGregor et al., 2019), and to M. birostris in southeast Florida, United States (Pate and Marshall, 2020). Previous studies have analysed only a single injury origin type in detail, e.g., predatory bites in Mozambique (Marshall and Bennett, 2010) and boat strikes in Australia (McGregor et al., 2019), or provided only a limited quantification of the injuries observed (e.g., Deakos et al., 2011 in Hawaii). Moreover, variations in the temporal, spatial, and demographic trends in the frequency and type of sublethal injuries have not been examined in detail. Furthermore, the fitness cost of sublethal injuries to manta ray individuals and populations is currently unclear and has been identified as an important knowledge gap in mobulid research and conservation efforts (Couturier et al., 2012; Stewart et al., 2018b).

Studies of other marine megafauna species identify various consequences for the health, fitness, and behaviour of an individual, which may impact post-injury survival (Johnson et al., 2005; Andersen et al., 2008; Bansemer and Bennett, 2010; Cassoff et al., 2011; Moore and Van der Hoop, 2012; Moore et al., 2013; Wilson et al., 2014). For example, foraging ability can be significantly impaired when fishing gear damages, or is attached to, a cetacean’s mouth, and has led to starvation in some cases (Andersen et al., 2008; Cassoff et al., 2011). Increased drag from carrying fishing gear can incur considerable energetic costs (Moore and Van der Hoop, 2012; Van der Hoop et al., 2016), while severe tissue damage can result in haemorrhage or debilitation (Cassoff et al., 2011; Moore and Van der Hoop, 2012), and open, unresolved wounds can lead to serious infection (Borucinska et al., 2002; Cassoff et al., 2011). Injured whale sharks (Rhincodon typus) exhibit less evasive behaviours toward tourists and boats than non-injured individuals (Quiros, 2007; Haskell et al., 2015), which suggests that injuries may reduce their agility, or that individuals are choosing warmer surface waters, where tourism activities are concentrated, to aid wound healing (Womersley et al., 2021). Injuries have also been found to disrupt social behaviours of bottlenose dolphins (Tursiops truncatus), which may compromise their long-term survival, or make them more vulnerable to predation (Greenfield et al., 2021). The presence of sublethal injuries is not thought to substantially impair reproductive capacity, unless the reproductive organs are damaged (Jessop et al., 2004; Andersen et al., 2008; Wells et al., 2008; Germanov et al., 2019). However, it is unclear whether injury has an impact on the rate of reproduction or level of reproductive success, which could have implications for population health (Heithaus, 2001b; Andersen et al., 2008; Wells et al., 2008). For example, major injuries to an organism can delay the age at sexual maturity (Harris, 1989), and physiological stress (e.g., from capture or entanglement) can lead to abortion in elasmobranchs (Adams et al., 2018).

The Republic of Maldives in the Indian Ocean (Figure 1) supports the world’s largest known population of M. alfredi, which occur throughout all 26 geographical atolls of the archipelago (Kitchen-Wheeler et al., 2012; Stevens, 2016; Harris et al., 2020). Mobula alfredi predictably migrate across the archipelago following areas of enhanced zooplankton availability, driven by the biannual reversal of the South Asian Monsoon winds (Anderson et al., 2011b; Harris et al., 2020). Aggregations of M. alfredi occur at locations where food becomes seasonally abundant, often in shallow bays and channels (Armstrong et al., 2016, 2021a; Harris et al., 2020). They also visit nearby cleaning stations where cleaner fishes remove parasites and clean wounds (Foster, 1985; Marshall, 2008), and where courtship and mating interactions occur (Stevens, 2016; Stevens et al., 2018b). Predator avoidance and thermoregulation may also be functions of shallow coral reef site use (Stevens, 2016). Mobula birostris are less frequently sighted, except during a few months each year (March–April) at Addu and Fuvahmulah, the two southernmost atolls of the archipelago (Stevens, 2016; Maldvian Manta Ray Project [MMRP], 2019a; Nicholson-Jack et al., 2021). These areas are close to deep-water oceanic habitat (Stevens, 2016), where M. birostris are most commonly encountered throughout their range (Kashiwagi et al., 2011; Stewart et al., 2016a). In the Maldives, individual M. birostris are rarely re-sighted, which suggests the population is transient, and predominantly uses habitat away from the reef systems there (Maldvian Manta Ray Project [MMRP], 2019a).
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FIGURE 1. Map of the Maldives archipelago located to the southwest of India. Diagram shows the 26 geographical atolls illustrated in green.


There has never been a targeted commercial fishery for manta rays in the Maldives, and in 2014 the Maldives government declared all species of ray protected nationally (MEPA, 2014; Stevens, 2016). However, like manta ray populations worldwide, they are still vulnerable to sublethal injuries and associated stressors resulting from human activities (Stevens et al., 2018a; Stevens and Froman, 2019). As such, this study offers an opportunity to assess the sublethal threats to an unfished population, but one which is still affected by issues such as bycatch, tourism, and natural predation (Stevens and Froman, 2019). The level of impact from these issues, and the measures required to mitigate their effects, may vary depending on the locations frequented by the manta rays, temporal visitation patterns, and the sex and maturity status of the individuals. Therefore, we use photographic identification data to investigate the origin and type of sublethal injuries (and physical abnormalities) observed in M. alfredi and M. birostris in the Maldives, and if these injuries vary demographically, spatially, or temporally. This information will enhance understanding of the likely impact of sublethal injury to manta rays, and highlight what conservation action is required to address the problem.



MATERIALS AND METHODS


Injury Identification

Surveys to record sightings of M. alfredi and M. birostris were performed via SCUBA or freediving by trained Manta Trust Maldivian Manta Ray Project (MMRP) staff1 and citizen science contributors between 1987 and 2019. Surveys were carried out across the whole archipelago throughout the year, in all study years, although known M. alfredi and M. birostris aggregation sites were surveyed most frequently, creating some sampling bias.

Photographs collected during surveys were compiled into a photographic identification (photo-ID) database which records all manta ray sightings. A “sighting” is defined as a confirmed photo-ID (an image/video which captures the ray’s unique ventral spot pattern) of an individual manta ray on a given day at a defined location (Marshall, 2008; Marshall and Pierce, 2012; Stevens, 2016; Harris et al., 2020). During each sighting, the primary behavioural activity of the manta ray (cleaning, feeding, courtship, cruising, or breaching) (Stevens, 2016, Stevens et al., 2018b) was recorded, as well as the individual’s species (Marshall et al., 2009), sex, size (approx. disc width), and maturity status (Stevens, 2016; Harris et al., 2020). Sex was determined by the presence of claspers in males, which are absent in females (Deakos et al., 2011; Stevens, 2016). Males were considered sexually mature only when their claspers extended well past the posterior edge of the pelvic fins and were fully calcified (Stevens, 2016). Females were considered mature if they were visibly pregnant, if dorsal mating scars or ventral mating wounds or scars were observed, or if the animal was estimated to be > 320 cm in disc width (Deakos et al., 2011; Stevens, 2016). Manta rays of unknown sex and maturity status were excluded from all analyses.

All photographs were visually analysed for the presence of permanent sublethal injuries or physical abnormalities (collectively referred to as injuries hereafter) which, once healed, leave substantial permanent scars, disfigurements, or missing tissue that remains visible for the rest of an animal’s life (Figures 2, 3; Marshall and Bennett, 2010). Superficial injuries or abnormalities, such as small cuts or scars, fibropapillomatosis growths, or the presence of a lightly embedded fishing hook, were excluded from all analyses. Injuries were categorised according to their likely origin (natural or anthropogenic) and type (Table 1 and Figures 2, 3). Categorisation criteria (Table 1) was determined by the characteristics and placement of the injury on a manta ray’s body, based on two decades of direct observations by the study authors on thousands of the individuals included in this study. Injury types of natural origin include semi-circular bite wounds or scarring from predation attempts; lesions or scarring resulting from infections, diseases, or parasites; and birth deformities which could not be attributed to any other injury type, e.g., a misshapen head, cephalic lobes, or tail. Anthropogenic injury types include distinctive lacerations or scars attributed to boat strikes; straight knife-life cuts, slices, or scars from entanglement in fishing line; small, equally spaced cuts or scars from net entanglement; and thicker, more localised cuts or scars caused by entanglement in rope. If the origin and type could not be determined, for example, if poor image quality precluded identification, it was recorded as “unknown (Supplementary Figure S1).” To accurately record sublethal events throughout a manta ray’s life, multiple injuries, if determined to originate from a single incident, were grouped together and classed as one injury “event” (e.g., damage to the right cephalic fin and right pectoral fin resulting from a single fishing line entanglement). Thus, an injury event may consist of multiple injuries of the same type, or of just a single injury. Each injury was only recorded once, during the first sighting it was observed on the individual. Multiple injury events may be recorded during a single sighting if the injury types are determined to be different (e.g., one predation bite and one boat strike scar are present), or if the injury events occurred at different times (e.g., two predation bites were present; one a healed scar, the other a fresh wound).
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FIGURE 2. Anthropogenic Mobula alfredi and M. birostris sublethal injury types: (A–C) Boat strike. (A,B) Fresh wounds within days of strike, and (C) several weeks after strike. (D–F) Fishing line/hook. (D) Fresh wound days after line cut free, (E) left cephalic fin three-quarters severed and functionless, and (F) left cephalic fin amputated and scarring around mouth, down gill slits and on trailing edge of left pectoral fin. (G–I) Net entanglement. (G) Regularly spaced gill net scarring down ventral surface of right pectoral fin, (H) ghost net entangled in left cephalic fin, and (I) scarring to entire dorsal body surface, increasing around body edges and extremities. (J–L) Rope entanglement. (J,L) Left cephalic fins with deep laceration (injuries recorded directly after rope was cut free), and (K) large scarring from rope entanglement over left shoulder. All images collected in the Maldives during this study. Images © Manta Trust.



[image: image]

FIGURE 3. Natural Mobula alfredi and M. birostris sublethal injury types: (A–C) Predatory bites. (A) Large semi-circular shark bite scar to left pectoral fin, (B) predation bite amputation of right pectoral fin, and (C) very large shark bite scar to left pectoral fin, resulting in a large section of missing fin. (D–F) Deformity. (D) Right eye and head severely deformed, (E) left cephalic fin smaller, bent and with reduced functionality, and (F) tail abnormally bent along length. (G–I) Disease, infection, and parasitism. (G) First and second gill slits severely damaged and gill chamber infected, (H) fifth right and left gill slits scarred and damaged by juvenile sharksucker remora (Echeneis naucrates) seeking shelter inside the ray’s gill cavity, and (I) second left gill slit with a large wound resulting from repeated intrusion into the gill cavity by a giant remora (Remora remora). All images collected in the Maldives during this study. Images © Manta Trust.



TABLE 1. Description of manta ray sublethal injury origins and types.
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Data Analysis


Generalised Linear Mixed Models

To investigate the relationship between the occurrence of M. alfredi injury events and explanatory variables, generalised linear mixed models (GLMM) for sex, maturity status, and site function (cleaning, feeding, or cruising) were used via the “lme4” R package (Bates et al., 2020). Site function was determined by the predominant primary behavioural activity of manta rays sighted there. A binary response was established for each sighting; with injury event (=1), and no injury event (=0). Each model was fitted with a logit link function and contained the manta-ID as a random intercept to account for any correlation due to individual manta rays being repeatedly observed. Three separate models were built, with the response variables (1) all injury events recorded (natural, anthropogenic, and unknown), (2) natural injury events only, and (3) anthropogenic injury events only. All combinations of sex, maturity status, and site function were tested to identify the most informative explanatory variables (Supplementary Table S1). Model performance was assessed using Akaike information criterion (AIC) test statistic (Burnham and Anderson, 2002) using the “MuMin” R package (Kamil Bartoń, 2018). The model with the lowest AIC value for each response variable was interpreted in terms of odds ratios (ORs), and the significance of each explanatory variable was determined by the 95% confidence interval (CI). There is a significantly lower likelihood of an injury event being recorded if the CI range is below one, and a significantly higher likelihood of an injury event being recorded if above one. A CI that crossed one is considered non-significant. Any ORs with p > 0.05 are not reported. These values were then converted to percentage likelihood using (OR−1)x 100. The same analysis was conducted for M. birostris sightings, but without the inclusion of site function (as it could not be established) in the GLMM.



Spatial and Temporal Trends

Spatial variations in M. alfredi injury events, their origin, and type were assessed by calculating the percentage of injury events per sighted individual at each atoll (total number of injury events in each atoll/total number of individual manta rays sighted in the atoll × 100). Atolls where < 50 individual manta rays were sighted during the study period were excluded from spatial analysis to reduce bias (Supplementary Table S2).

Temporal trends were analysed by calculating the percentage of injury events per re-sighted individual each year between 2005 and 2019. Pre-existing injuries recorded on a manta ray’s first sighting are not reported for temporal variations, as it was not possible to estimate the years in which these injury events first occurred. Only injury events which were recorded on re-sightings of an individual (i.e., new injury events) are reported. Years in which < 100 individual manta rays were sighted were excluded from temporal analysis to reduce bias.

Spatial and temporal trends in M. birostris injury events were not investigated as most sightings were recorded in one atoll and very few re-sightings have occurred.





RESULTS


Injury Profile for Mobula alfredi

A total of 4,901 M. alfredi were individually identified (male = 2,442, 49.8%, female = 2,459, 50.2%). Of these, 3,746 were sighted more than once and 44 were sighted as both a juvenile and an adult. Overall, 1,432 individual M. alfredi were observed with injuries, which equates to 29% of the population, of which 683 (48%) were males (adult = 569, juvenile = 114) and 749 (52%) were female. Of the 749 females, one was observed with injuries as both a juvenile and an adult. Therefore, when summarised by life stage, adult females = 412, and juvenile females = 338. The number of injury events per injured M. alfredi individual ranged from one to five, with 13% (n = 180) of injured individuals having suffered two or more. The mean number of events for injured individuals was 1.14 (SD 0.40), while this figure for the population as a whole was 0.33 (SD 0.56).

A total of 1,635 injury events were documented from 1,597 of the 72,912 (2%) sightings recorded between 1987 and 2019. Of the sightings where injury events were recorded, 489 were of adult females (31%), of which five individuals were observed to have injuries from both a natural and anthropogenic origin. Juvenile females were sighted with injuries on 364 (23%) occasions, of which three individuals were observed to have injuries of both natural and anthropogenic origins. Injury events were recorded for adult males during 625 (39%) sightings, of which nine individuals were observed to have injuries from both a natural and anthropogenic origin. Juvenile males were sighted with injuries on 119 (7%) occasions, of which one individual was observed to have injuries from both a natural and anthropogenic origin.

Of the 1,635 injury events recorded for M. alfredi (Figure 4), 207 (13%) were of unknown type and origin, 518 (32%) were of anthropogenic origin, and 910 (55%) originated naturally. Of the identified injury types (n = 1,428), the most frequently observed injuries were predatory bites, with 789 (55%) injury events recorded, while injuries caused by fishing line or hooks accounted for 32% (n = 456) of injury events and were the most frequently observed anthropogenic injury type. A total of 53 (4%) boat strike injury events were also recorded.
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FIGURE 4. Breakdown of sublethal injury events to Mobula alfredi and M. birostris by origin and type. A comparison of the percentage of each injury event type, of either anthropogenic (oranges), natural (blues), or unknown (grey) origin, recorded for M. alfredi (n = 1,635) and M. birostris (n = 143) in the Maldives.




Generalised Linear Mixed Models: Mobula alfredi


All Injury Events

The best fit GLMM model included all three explanatory variables (sex, maturity status, and site function). The results indicate that injuries were most likely to be observed at cleaning stations; 35% more likely than at feeding areas (OR = 0.65) (Figure 5). Injuries were also more likely to be observed on juveniles (OR = 1.2), which were 20% more likely to have an injury than adults, and males were 25% (OR = 1.25) more likely to have an injury when sighted than females.
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FIGURE 5. GLMM odds ratio plot for Mobula alfredi injuries. Relationship between injury events and significant explanatory variables (p < 0.05). Plots show relationship for all injury events (left), anthropogenic injury events only (middle), and natural injury events only (right). Results are plotted in terms of odds ratio (OR) indicating the likelihood of presence in comparison with the reference category shown in the legend. Odds ratio values are plotted with 95% confidence intervals (CI) where applicable (CI; solid horizontal lines). Where the CI does not span 1, the explanatory variable is significantly more likely when OR > 1, and significantly less likely when OR < 1.




Anthropogenic Injury Events

The best fit GLMM model included only sex. The results (Figure 5) suggest anthropogenic injuries were more likely to be observed on males (OR = 1.26), which were 26% more likely to have an injury than females.



Natural Injury Events

The best fit GLMM model included only site function. The results (Figure 5) indicate that natural injuries were most likely to be observed at cleaning stations, which was 32% more likely than at feeding areas (OR = 0.68).




Injury Profile for Mobula birostris

A total of 663 M. birostris were individually identified (male = 363, 54.8%, female = 300, 45.2%), of these, 52 were sighted more than once. Overall, 134 individuals were observed with injuries, which equates to 20% of the population, of which 76 (57%) were males (adult = 68, juvenile = 8) and 58 (43%) were female (adult = 42, juvenile = 16). The number of injury events per injured M. birostris was either one or two (recorded for 7%, n = 9, of injured individuals) with a mean of 1.07 (SD 0.25) for injured individuals and 0.22 (SD 0.44) for the entire population.

A total of 143 injury events were recorded during 134 of 726 (18%) sightings between 1996 and 2019. Of the sightings where injury events were recorded, 42 (31%) were of adult females, of which one individual was observed to have injuries of both natural and anthropogenic origins. Juvenile females were sighted with injuries on 16 (12%) occasions. Injury events were recorded for adult males during 68 sightings (51%), of which two individuals were observed to have injuries from both a natural and anthropogenic origin. Juvenile males were sighted with injuries on 8 (6%) occasions, of which one individual was observed to have both natural and anthropogenic injuries.

Of the 143 injury events recorded for M. birostris (Figure 4), 37 (26%) were from an unknown origin and type, 35 (24%) were of anthropogenic origin, and 71 (50%) originated naturally. Of the identified injury types (n = 106), the most frequently observed injuries were predatory bites, with 65 (61%) injury events recorded, while injuries caused by fishing lines or hooks accounted for 30% (n = 32) of injury events and were the most frequently recorded anthropogenic injury type. No boat strike injuries were observed for M. birostris.



Generalised Linear Mixed Models: Mobula birostris

The best fit GLMM for all three models (all injury events, anthropogenic injury events only, and natural injury events only) included sex. However, all three indicated that there was no significant difference (p > 0.05) between the occurrence of injuries on male and female M. birostris.



Spatial and Temporal Trends in Mobula alfredi Injury Events

Between 1987 and 2019, North Malé Atoll had the highest percentage of injury events (anthropogenic, natural, and unknown) per sighted M. alfredi (37%), followed by Laamu (35%), Lhaviyani (28%), Baa (28%), and Thiladhunmathi Atolls (28%) (Figure 6). Injuries caused by fishing lines or hooks were highest per sighted manta in Laamu Atoll (11%), followed by North Malé (10%), Addu (10%), and Baa (9%). Boat strike injury events were recorded in eight atolls, with South Malé having the highest percentage per sighted individual (4%), followed by Addu (1.3%), North Malé (1.2%), and Baa (1.2%). Predatory bites were most frequent at North Malé (19%), Ihavandhippolhu (18%), Lhaviyani (17%), and Thiladhunmathi Atolls (17%). At very low frequencies, injuries from entanglement in fishing nets (n = 8) were recorded in five atolls and rope entanglement (n = 1) in just one. Natural deformities (n = 84) were recorded in 14 of the 15 atolls reported, while scars from infection, disease, or parasites (n = 37) were observed in seven atolls.
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FIGURE 6. Percentage of injury events per sighted Mobula alfredi throughout the Maldives atolls (1987–2019). Distribution of anthropogenic (oranges), natural (blues), and unknown (grey) injury events (n = 1,635), grouped by injury type, per individual sighted. Records from 15 of the Maldives’ 26 geographical atolls, listed north (left) to south (right).


Overall, there were no clear annual trends in the percentage of injury events per re-sighted M. alfredi between 2005 and 2019 (Figure 7). Injuries caused by fishing line or hooks per re-sighted individual remained consistent between 2005 and 2017, before gradually declining from 2017 (1.3%) to their lowest frequency in 2019 (0.3%). However, a fluctuation in fishing line injury events occurred between 2011 and 2013, declining by a factor of 2.8, from 1.1% in 2011 to 0.4% in 2012, before the figure rose again to 1.3% in 2013. Boat strikes were of comparatively low frequency and fluctuated throughout the study period but were most frequent in 2018 (0.6%). An increase in predatory bites by a factor of 2.9 occurred between 2007 and 2018, rising from 0.8 to 2.3%, before falling to 1.4% in 2019. The remaining natural and anthropogenic types accounted for few injury events on re-sightings in each year (n < 4).


[image: image]

FIGURE 7. Percentage of annual injury events per re-sighted Mobula alfredi (2005–2019). Distribution of anthropogenic (oranges), natural (blues), and unknown (grey) injury events (n = 623), grouped by injury type, per re-sighted individual.





DISCUSSION

During this study, all permanent sublethal injuries within the Maldives M. alfredi and M. birostris populations were recorded and identified to type and origin (where possible). This is the first time all the sublethal injuries and physical abnormalities of a manta ray population have been studied in this way. Overall, we were able to identify seven types of injuries, accounting for 87% (n = 1,428) of all injury events recorded for M. alfredi and 74% (n = 106) for M. birostris. Unknown injuries which could not be categorised accounted for 13% (n = 207) and 26% (n = 37) of injury events for M. alfredi and M. birostris, respectively. Sublethal injuries were observed on 29% (n = 1,432) of the M. alfredi population and 20% (n = 134) of M. birostris.

For both species, the injury type resulting in the greatest proportion of the total injury events were natural predatory bites (M. alfredi = 48%, M. birostris = 45%). However, despite being the most prevalent sublethal injury in the Maldives, the overall percentage of the populations that exhibited predatory bites (M. alfredi = 15%, M. birostris = 10%) were considerably lower than was recorded in a M. alfredi population in southern Mozambique in 2010 (76%) (Marshall and Bennett, 2010) and 2020 (68%) (Venables, 2020). Predatory pressure on the Mozambique population appears high, especially when compared with other documented M. alfredi populations in Maui, Hawaii, and eastern Australia, where 33% (Deakos et al., 2011) and 23% (Couturier et al., 2014) of individuals were observed to have shark-inflicted injuries. In Ningaloo, Western Australia, just 2.7% of the M. alfredi population had injuries which unambiguously originated from predation events (McGregor et al., 2019), while in French Polynesia, this was the case for just two individuals (Carpentier et al., 2019). Many of these study sites, including in the Maldives, are shallow, protected coastal reefs which favour resident manta ray behaviour (Stevens, 2016; Venables, 2020). It is possible that shallow feeding, cleaning, or nursery sites (e.g., in lagoons or bays) offer manta rays some reduction in predation risk, giving large sharks fewer opportunities to successfully attack because they are less able to approach the ray from below (Heupel et al., 2007; Stevens, 2016; Stevens et al., 2018a; Stewart et al., 2018a). In contrast, the southern Mozambique coastline is predominantly exposed with strong currents and deeper rocky reefs (Venables, 2020), and M. alfredi exhibit wide-ranging movements within the region (Marshall et al., 2011; Venables et al., 2020). It is thought that their major food sources are further offshore in deeper water, so they may be less resident to inshore reefs (Venables, 2020; Venables et al., 2020). Spending more time in open water is likely to increase a manta ray’s exposure to predatory attack (Stevens, 2016). Indeed, predatory attacks on R. typus are thought to mainly occur in the open ocean (Speed et al., 2008; Lester et al., 2020).

Large predatory sharks which are known to attack and consume manta rays, such as C. leucas and G. cuvier (Dicken et al., 2017), are common in southern Mozambique, where predatory attacks on manta rays are relatively common (Marshall and Bennett, 2010; Venables, 2020), and a G. cuvier “hotspot” has been identified (Daly et al., 2018). Throughout most of the Maldives, large predatory shark species are rarely sighted in shallow reef habitats (Clarke et al., 2012; Sattar et al., 2013), which may also contribute to why the proportions of M. alfredi with predatory bites were considerably lower than in Mozambique (Marshall and Bennett, 2010; Venables, 2020). Shark fisheries in the Maldives intensified from the 1970s onward (Anderson and Ahmed, 1993), and pressure from three types of shark fishery led to concerns of overexploitation of shark stocks (Martin and Hakeem, 2006; MRC, 2009) and diminishing shark sightings by divers (Sinan et al., 2011; Ali and Sinan, 2014, 2015). Indeed, Ward-Paige (2017) reported that the Maldives had the highest shark catch per kilometre squared (between 1950 and 2010) when compared with 10 other (now) shark sanctuaries. Various shark management measures were introduced in the Maldives between the late twentieth and early twenty-first century, culminating in a complete ban on killing, capture, and extraction of any shark species in 2010 (Ushan and Wood, 2010; Sinan et al., 2011). Although some illegal shark fishing continues (Ali and Sinan, 2014), shark populations are slowly recovering in most, but not all, atolls (Sattar et al., 2013; Zimmerhackel et al., 2018). An increase in shark numbers, particularly G. cuvier, following the implementation of the shark fishing ban has been reported by local fishers and divers, which suggests conservation efforts are having a positive effect (Maldivian Manta Ray Project [MMRP], 2014, 2015; Zimmerhackel et al., 2018). Therefore, it is possible that the increase in predatory bite injuries per re-sighted M. alfredi found in this study is a result of increasing shark abundance in the region. Moreover, it is important to note that while assessing sublethal predation injuries can provide an indication of predatory pressure for a species, these scars are only a marker of failed predation attempts, so the true frequency of shark attacks on M. alfredi and M. birostris is likely to be much higher than recorded (Heithaus, 2001a,b). Manta rays’ quick healing capacity may also prevent identification of predation attempts in some cases.

In this study, predatory bites per sighted M. alfredi individual were highest in North Malé, Lhaviyani, Ihavandhippolhu, and Thiladhunmathi Atolls. Before the shark fishing ban was announced in 2010, a 10-year moratorium on shark fishing was introduced in seven major tourism atolls, including North Malé and Lhaviyani (Ushan and Wood, 2010; Sinan et al., 2011; Ali and Sinan, 2014). Although these measures were not properly enforced, and some shark fishing did continue in these areas (Martin and Hakeem, 2006; Ushan and Wood, 2010), tourism levels were high, and many resorts were monitoring illegal shark fishing. Therefore, sharks in these areas were subject to some protective measures even before the ban, which could explain why more predatory bites per sighted M. alfredi were recorded there during our study period. Moreover, fewer predatory bites per sighted M. alfredi were recorded in atolls which have historically experienced high shark fishing pressure, such as Raa and Baa Atolls (Anderson and Ahmed, 1993; Sattar et al., 2013). Throughout the 1990s, shark fishing effort was higher in the north-central atolls (Anderson and Waheed, 1999), and studies reported a considerable decline in reef shark numbers there prior to protection (Martin and Hakeem, 2006; Sinan et al., 2011). By 2010, sightings of large predatory shark species in Raa and Baa Atolls were extremely rare, and populations still have not recovered in these areas (G. Stevens, pers. obs.). Following the ban, Sattar et al. (2013) reported that the average number of sharks per survey was among the lowest in Baa Atoll, suggesting that fishing pressure there may have caused a population decline. Moreover, while it is impossible to know for certain where an injury event occurred, M. alfredi exhibit high site fidelity in the region, with 70% of the 4901 individuals in this study sighted in just one atoll, and 23% sighted in two atolls (the second atoll is usually the closest geographically to the first sighted atoll). Therefore, the high levels of residency recorded suggest the sighting location is the area where the recorded injury is most likely to have occurred.

Variations in predation rates between populations and study sites have been reported for other species of marine megafauna. For example, R. typus at Ningaloo Reef had more predatory bites (44% of individuals) than those in Mahé, Seychelles (21%) and southern Mozambique (15%), which was attributed to the abundance of G. cuvier and other species of Carcharhinidae sharks regularly sighted during peak R. typus seasonal sightings (Speed et al., 2008). However, R. typus individuals are highly migratory (Hearn et al., 2016), so healed predation injuries could have occurred in other locations within their range (Speed et al., 2008). Studies investigating shark bite scarring frequencies in dolphins (e.g., Tursiops spp.) have suggested predation pressure may be influenced by the availability of other shark prey (Heithaus, 2001a; Smith et al., 2018), spatial and temporal overlap of dolphins and sharks (Melillo-Sweeting et al., 2021), similar habitat selection (e.g., the use of sheltered semi-enclosed waters) (Sprogis et al., 2018), reduced fishing pressure for large sharks (Castelblanco-Martínez et al., 2021), or differences in dolphin and shark species or sizes, and the resulting probability of a lethal shark encounter (Heithaus, 2001b; Heithaus et al., 2017; Wilkinson et al., 2017).

Injuries originating naturally from infections, diseases, or parasites were recorded for < 1% (n = 37) of the M. alfredi population in the Maldives, and one M. birostris individual. While these types of injuries were not common in either species here, batoid rays infected with parasites can suffer a variety of health consequences, which may prove lethal in some species (Caira and Healy, 2004; Garner, 2013; Murie et al., 2020). These include skin lesions, inflammation, necrosis, bacterial and viral infections, and respiratory disease (Caira and Healy, 2004; Garner, 2013; Murie et al., 2020). However, manta rays are known to visit cleaning stations for the removal of dead or infected tissue (to control infections) and parasites by cleaner fish (Foster, 1985; Grutter, 1999; Marshall, 2008; Armstrong et al., 2021b).

Mobula alfredi and M. birostris are commonly sighted in association with smaller hitchhiker species (e.g., sharksucker remora Echeneis naucrates and giant remora Remora remora) (Nicholson-Jack et al., 2021), which utilise their hosts for benefits such as increased food availability and shelter from predation, in exchange for removing parasites from their hosts’ bodies (Cressey and Lachner, 1970; Flammang et al., 2020; Solleliet-Ferreira et al., 2020). While remoras are often described as a beneficial symbiont for manta rays (Stevens et al., 2018a), this study is the first to describe injuries, sometimes severe, which can result from close association with these hitchhikers. For example, remoras (often juveniles) seeking shelter inside a manta ray’s gill cavity can cause significant damage to the gill slits, particularly if repeated intrusion occurs (Figure 3).

Natural deformities (e.g., misshapen head, cephalic lobe, or severely bent tail) were recorded for 1.7% (n = 83) of M. alfredi and < 1% (n = 5) of M. birostris. It is unclear whether these physical abnormalities have implications for the health or fitness of individuals; however, a misshapen cephalic fin has the potential to reduce feeding efficiency (Deakos et al., 2011).

Of the four anthropogenic sublethal injury types identified in this study, fishing line injuries and boat strikes accounted for 98% of the total for M. alfredi and 91% for M. birostris. Although manta rays are not targeted by Maldivian fisheries (MEPA, 2014; Stevens, 2016), entanglement in fishing line was the most common anthropogenic injury event recorded for both species, with 9% (n = 432) of all recorded M. alfredi, and 5% (n = 32) of all M. birostris having sustained these sublethal injuries. While these figures are comparatively lower than M. alfredi sighted within the Nusa Penida marine protected area (MPA) (∼14%) (Germanov et al., 2019), and M. birostris studied in southeast Florida, United States (27%) (Pate and Marshall, 2020), it indicates that incidental bycatch remains a significant threat to manta rays in the Maldives. Deakos et al. (2011) reported 10% of a M. alfredi population in Hawaii had an amputated or non-functioning cephalic fin, likely caused by entanglement in monofilament fishing line. Here, similar damage to the cephalic fins was recorded in 23% (n = 105) of injury events involving fishing line. Severe injuries to the cephalic fins may impair feeding efficiency and reduce the fitness of those afflicted individuals (Deakos et al., 2011). As in Deakos et al. (2011), individuals in the current study with only one functioning cephalic fin appeared to be healthy, although further research should investigate how the loss of a cephalic fin may affect an individual’s growth rate, size, or reproductive success. Incidental capture by fishers is also likely to cause considerable stress to a manta ray, even if the resulting injuries are minimal (Wilson et al., 2014; Pate and Marshall, 2020).

Injuries from interactions with fishing line were highest per sighted M. alfredi in Laamu, North Malé, Addu, and Baa Atolls. A likely reason for this is that fishing pressure on reef fish species is highest in areas where tourism is concentrated (Sattar et al., 2014). Although the offshore tuna fishery historically maintained low levels of reef fishing in the Maldives, the expansion of the tourism industry and rising demand for reef fish in Asia led to the emergence of a reef fishery in recent decades (Adam, 2004; Jaleel, 2013; Yadav et al., 2020). Kaafu Atoll (the administrative division which includes North and South Malé) was the first atoll where the tourism industry was introduced and developed, and is the most heavily populated, so reef fishing has been carried out within the atoll for longer (Sattar et al., 2014). Big game fishing is also popular among tourists in these atolls, targeting larger pelagic species (e.g., sailfish Istiophorus platypterus, dogtooth tuna Gymosarda unicolor, and wahoo Acanthocybium solandi) (Sattar et al., 2012; Ahusan et al., 2017), and the lines used (e.g., troll lines) are the types manta rays often get caught in (G. Stevens, pers. obs.). Compared with the central atolls, the tourism industry is less developed in the northern atolls and levels of exploitation of reef fish are lower (Sattar et al., 2014), which is likely why fewer fishing line injuries per sighted M. alfredi were recorded in these atolls during our study period. Quantifying the variation in anthropogenic impacts, tourism, and human population across the Maldives may be a useful future study area to further this work.

Overall, the frequency of fishing line injuries per re-sighted M. alfredi individual declined during our study period. However, the temporal variations found in this study should be interpreted cautiously, as calculations could only include injuries which were recorded on re-sightings of individuals, which only accounted for 38% of the total injury events observed for M. alfredi.

Entanglement in fishing nets is considered a key threat to manta rays worldwide (Stewart et al., 2018b). However, in this study, injuries of this type were rarely observed for both manta ray species. Indeed, a recent study on injuries to R. typus observed in South Ari Atoll in the Maldives reported that only 1.1% of injuries recorded for 82 resident individuals originated from entanglement with fishing nets, ropes, and hooks, although the atoll is not a major fishing region (Allen et al., 2021). The Maldives has a ban on all net fishing (Nizar and Ibrahim, 2019), except for the use of small baitfish nets. Although illegal gill net fishing does occur (G. Stevens, pers. obs.), and ghost drift nets are also a problem (e.g., Stelfox et al., 2019, 2020), overall, the impacts of destructive net fishing practices are greatly reduced in the region because of these protective measures. However, the potential for net entanglement to result in the death of an individual may mean that its prevalence is underreported here.

While rope entanglement injuries were rarely observed in this study for both M. alfredi (n = 1) and M. birostris (n = 2), entanglement mortality from boat mooring and buoy lines has been identified as a serious threat (Manta Trust, 2019a). Entanglement in a mooring line, which can easily occur, will most likely lead to asphyxiation and death for a manta ray. Mooring ropes are less frequently used in the Maldives than other locations worldwide (e.g., at dive sites). However, increasing development of resorts, dive, and water-sports centres have led to the installation of hundreds of new mooring lines in the last few years, resulting in an increase in manta ray entanglement, mortality, and mitigation measures (Manta Trust, 2019a,b; Stevens and Froman, 2019). In 2019, the Manta Trust published Manta Ray Entanglement Protocol and simple mitigation measures which help ensure mooring lines are “manta safe” (Manta Trust, 2019a,b). If these measures are widely adopted, the threat of entanglement in a mooring line would be greatly reduced.

Vessel strikes have been identified as a major concern for M. alfredi (Stewart et al., 2018b), and although these kinds of sublethal injuries were not as common in this study (3%, n = 53) as fishing line injuries, they still pose a significant risk to this population, especially as boat traffic continues to rapidly increase in the Maldives (Stevens and Froman, 2019). Indeed, Allen et al. (2021) reported that abrasions and lacerations accounted for 77% of injuries to R. typus resident in South Ari Atoll, with lacerations being the most common type of major injury observed. These injuries were often caused by boat strikes with characteristic propeller marks, and a large proportion can be attributed to high numbers of tourist vessels searching for megafauna in the area (Allen et al., 2021). In this study, the number of boat strike and propeller injuries per re-sighted M. alfredi has increased since 2016. This increase is also likely linked to a rise in boat traffic resulting from increased tourism activities (Anderson et al., 2011a; Venables, 2013; Stevens and Froman, 2019; Murray et al., 2020; Allen et al., 2021). Indeed, the highest percentage of boat strike injuries recorded occurred in some of the busiest tourism atolls (e.g., North Malé and South Malé) (Maldivian Manta Ray Project [MMRP], 2019b). These observations are consistent with a study in French Polynesia, which found M. alfredi were more likely to be injured around inhabited islands with more marine traffic than at remote uninhabited areas (Carpentier et al., 2019). Here, no boat strike injuries were observed for M. birostris, probably because M. birostris in the Maldives, unlike M. alfredi, rarely visit nearshore lagoonal or reef habitats, where heavy boat traffic occurs (Maldvian Manta Ray Project [MMRP], 2019a; Stevens and Froman, 2019).

Boat strike injuries were most frequent per sighted M. alfredi in one lagoon (Guraidhoo Falhu) and channel area in South Malé Atoll. This site is a busy highway for boat traffic and a key aggregation site for juvenile M. alfredi, which exhibit extremely high site fidelity (Couturier et al., 2018; Germanov et al., 2019; Setyawan et al., 2020). Therefore, any injuries to these juvenile M. alfredi are likely to have occurred in the close vicinity of this site. At Guraidhoo Falhu lagoon, the juvenile M. alfredi feed at the surface and unfortunately often get hit by speedboats with outboard engines often traveling at speeds > 30 mph (G. Stevens, pers. obs.). Direct impact with a manta ray at this speed is likely to prove lethal to the ray (Deakos et al., 2011; McGregor et al., 2019). However, quantifying lethal injuries is challenging because dead manta rays sink, and are rarely observed in the field (Deakos et al., 2011). It is also possible that manta rays are experiencing blunt force trauma from boat strikes, without showing obvious external injuries (Pate and Marshall, 2020).

In this study, juvenile M. alfredi were more likely to have injuries than adults, which may be a result of life-stage segregation in habitat-use. Juvenile manta rays in the Maldives (Stevens, 2016), Indonesia (Germanov et al., 2019; Setyawan et al., 2020), Palmyra Atoll (McCauley et al., 2014), southeast Florida, United States (Pate and Marshall, 2020), and the Gulf of Mexico (Stewart et al., 2018a) have been shown to reside in shallow reef habitats for longer periods than adults, and in higher numbers, and exhibit long-term habitat use of these areas. It has been suggested that lagoons serve as important nursery grounds for juvenile manta rays, providing benefits such as reliable food availability, refuge from predators (e.g., large pelagic sharks), or the opportunity for thermoregulation via basking behaviour after deep foraging dives (Heupel et al., 2007; McCauley et al., 2014; Stevens, 2016; Stewart et al., 2018a; Germanov et al., 2019; Pate and Marshall, 2020). However, these sheltered and easily accessed lagoons are often areas of increased human activity, such as coastal development, pollution, fishing, and boat traffic (Blumenthal et al., 2010; Pate and Marshall, 2020). The juveniles which rely on these habitats are, therefore, directly exposed to these threats (McCauley et al., 2014), which would increase the likelihood of injury from anthropogenic sources (Pate and Marshall, 2020). Indeed, in southeast Florida, United States, boat propellers (30%) and fishing line (27%) were the most common sources of injuries to the population of juvenile M. birostris which frequent the shallow coastal waters in the region, where human activity is heavily concentrated (Pate and Marshall, 2020). Unfortunately, throughout the Maldives, M. alfredi, especially juveniles, aggregate in shallow lagoons where increasing boat traffic is likely to lead to greater sublethal injuries and mortality events if protective management measures are not introduced (Stevens, 2016; Maldivian Manta Ray Project [MMRP], 2017; Harris et al., 2020). To reduce the impact of tourism and fishing activities on juvenile M. alfredi, these important nursery aggregation sites should be protected through speed limits, outboard engine restrictions, and no-take fishing zones (Carpentier et al., 2019; Germanov et al., 2019; Stevens and Froman, 2019).

Injuries were also more likely to be observed on male M. alfredi than females. Males reach a smaller maximum disc width than females which may make them more vulnerable to predatory attack (Marshall et al., 2011; Stevens, 2016). Sexual segregation of the use of shallow lagoons may also explain why anthropogenic injuries were more likely to be observed on males than females. Studies have suggested males are more likely to aggregate in these sheltered habitats than females, for reasons like predator avoidance and reliable foraging opportunities (McCauley et al., 2014; Stevens, 2016; Germanov et al., 2019). Thus, adult males may be more vulnerable to human activities than adult females (McCauley et al., 2014), with a higher risk of anthropogenic injury in these shallow areas.

In the current study, injuries were more likely to be observed on M. alfredi at cleaning stations. This is likely because manta rays are known to visit cleaning stations to promote wound healing and remove parasites (Foster, 1985; Marshall, 2008), with individuals regularly returning to specific stations over long periods of time, and sometimes spending hours there during the day (Dewar et al., 2008; O’Shea et al., 2010; McGregor et al., 2019; Armstrong et al., 2021b). Cleaner fish are thought to assist with wound healing by removing injured tissue from their hosts which may prevent further infection (Foster, 1985). It has been suggested that injured manta rays may exhibit greater site fidelity, and may remain in an area to visit cleaning stations more regularly (Marshall, 2008; Marshall et al., 2011).

In contrast to M. alfredi, neither sex nor maturity status were significant explanatory variables for the occurrence of injuries to M. birostris. Potentially, these results reflect the contrasting life history of the species, for example, the more wide-ranging nature of M. birostris compared to M. alfredi (Kashiwagi et al., 2011; Stewart et al., 2016b; Marshall et al., 2020). However, similar to M. alfredi, sex and life-stage segregation of habitat-use by M. birostris has been reported, for example, in southeast Florida (Pate and Marshall, 2020), Indonesia (Beale et al., 2019) and the Gulf of Mexico (Stewart et al., 2018a). Juvenile M. birostris were found to aggregate in shallow reef habitats, which serve as nursery grounds (Stewart et al., 2018a; Pate and Marshall, 2020), and a female bias was found at cleaning stations (Beale et al., 2019). In the Maldives, sightings and re-sightings of this species, particularly of juveniles, are much less frequent than M. alfredi and predominantly occur around Fuvahmulah Atoll (Maldvian Manta Ray Project [MMRP], 2019a). Therefore, future studies would benefit from the inclusion of a more extended and spatially comprehensive dataset, similar to that of M. alfredi, to assess whether the occurrence of injuries to M. birostris is influenced by sex and maturity status.

Although injured manta rays have high wound healing capacities (McGregor et al., 2019; Pate and Marshall, 2020), sublethal injuries have the potential to affect their long-term health and fitness. For example, truncated pectoral fins or a trailing fishing line could impair a manta ray’s swimming efficiency, or their ability to evade predation (Germanov et al., 2019); a slower, weaker manta ray is also more of a target. An amputated tail may reduce an individual’s ability to detect predators approaching from behind (Stevens et al., 2018a). Damage to a manta ray’s sexual organs can impact, or even prevent, reproductive success (Marshall and Bennett, 2010). Loss or reduced functioning of the cephalic fins from entanglement in monofilament line may impair feeding success (Deakos et al., 2011). Capture, entanglement, and predation may also induce premature birth or abortion in elasmobranchs, which could have implications at the population level (Adams et al., 2018).



CONCLUSION

Globally, sublethal injuries to manta rays add pressure to populations which are already under threat from targeted fisheries and incidental bycatch (Stewart et al., 2018b), the climate crisis, tourism pressures, and reef degradation, which combined greatly impact their food supply, reproductive opportunities, and suitable habitat (Richardson, 2008; Stevens and Froman, 2019). This is the first time a study has attempted to categorise all sublethal injuries and physical abnormalities for these species. Although manta rays in the Maldives are protected nationally and have never been targeted by a commercial fishery in the region (MEPA, 2014; Stevens, 2016), here we show that incidental bycatch and boat traffic present a significant threat to these animals. Overall, higher incidences of anthropogenic injuries to M. alfredi were recorded at Baa, North Malé, South Malé, Laamu, and Addu Atolls, which corresponds to where tourism activities, fishing (commercial and leisure), and boat traffic are more concentrated. As the tourism industry in the Maldives continues to expand, so too will the demand for recreational fishing and fish as a source of food (Sattar et al., 2014). Although individual manta rays have shown resilience to a range of sublethal injuries (Marshall and Bennett, 2010; McGregor et al., 2019; Pate and Marshall, 2020), the continued increase in marine traffic and fishing activities in the region will likely lead to more frequent injuries, which could have implications for the health and fitness of these populations.

While the Maldives contains 42 MPAs, these only cover 0.5% of the country’s total area (Stevens and Froman, 2019), and only 3 of 48 key manta ray aggregation sites fall within an MPA with active enforcement (Harris et al., 2020). To help safeguard these vulnerable species, all mooring and buoy lines in manta ray aggregation areas should be modified to reduce the risk of entanglement, which often proves lethal (Manta Trust, 2019a). The establishment of no-take fishing zones and speedboat exclusion (or restriction) zones in areas of critical manta ray habitat (e.g., feeding and cleaning aggregation sites, and juvenile nursery habitat) would greatly help reduce the frequency that these animals become entangled in fishing line, or hit by vessels (Carpentier et al., 2019; Germanov et al., 2019; Stevens and Froman, 2019).
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Injury characteristics

Lacerations or scars (predominantly on the ray’s dorsal surface: pectoral fins, head, back, etc.) in distinctive equally spaced parallel
lines (caused by boat outboard engine propeller) with a single (often larger) laceration or scar running perpendicular to the parallel
injuries (caused by the outboard engines’ keel). Injuries can be minor or result in extreme loss of tissue to the trailing edge of
pectoral fins.

Straight knife-like cuts, slices or scars to cephalic fins, head, mouth, gill slits, leading, and/or trailing edges of pectoral fins, usually
running lengthways down the animal’s body. Injuries originate from hook/s becoming embedded in the leading edge of the ray’s
body (e.g., upper jaw, gill slit, pectoral fins) whereupon the trailing line becomes knotted or entangled, cutting into tissue, often
deeply. If line becomes entangled around a cephalic lobe, cuts may sever (resulting in a loss of function) or completely amputate fin.
Series of small, equally spaced, knife-like cuts or scars to the head and/or leading and trailing edges of pectoral fins. Across dorsal
surface, especially the body’s edges, extensive abrasions, scarring or skin pigment discolouration. Sometimes net becomes
entangled around cephalic fin, causing injuries or amputations similar to fishing line.

Similar to fishing line entanglement, but cuts/scars thicker and usually entanglement occurs around one of the cephalic lobes,
resulting in more localised cephalic and pectoral fin injuries.

Semi-circular bite wound or scarring to the trailing edge of the pectoral fins (predation injuries occasionally also occur to cephalic
fins and other areas of the ray’s body), often resulting in sections of missing tissue. Injuries can be large (>50 cm in diameter, e.g.,
tiger shark) or small (<10 cm, e.g., cookie cutter shark). Large bites to pectoral fin may result in complete amputations, with a loss
of as much a 1 m of pectoral fin-tip. Cuts and scarring of the predator’s individual teeth often remain visible around the injury edge.
Multiple bite injuries can occur during a single predation event.

A deformity resulting in @ misshapen head, mouth, cephalic lobe/s, or severely bent or wavy tail which cannot be attributed to any
other injury type described in this studly.

Lesions, damage or scarring on gill slits and gill chamber resulting from infection or remoras (often juveniles) seeking shelter inside
gill chamber. Inflammation or lumpy growths on the ray’s body, often deforming the outer surface of the pectoral fins.
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