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Summary

The European tropical tuna purse seine fishery incidentally captures three highly migratory and endangered
species of devil rays, spinetail devil ray Mobula mobular, sicklefin devil ray M. tarapacana, and bentfin devil ray
M. thurstoni in the Indian Ocean. Due to their global decreasing populations, understanding the factors of their
spatial and temporal distributions and the associated environmental conditions are fundamental for their
management and conservation. Yet, the spatial and temporal distribution of devil rays in the Indian Ocean is
poorly understood. Here we developed a habitat suitability model for devil rays in the Western Indian Ocean
depicting the seasonal and interannual changes in their spatial distributions and underlying environmental
conditions. We used bycatch data collected between the period 2010-2020 by the EU tropical tuna purse seine
observer programs to determine which environmental variables influence the occurrence of devil rays using
generalized additive models. A separate modelling was done for the spinetail devil ray, and for the three species
of devil rays combined, since many individuals are only recorded at the genus level. The environmental variables
associated with the presence of devil rays were chlorophyll, sea surface height and sea surface temperature fronts.
When modelling the habitat suitability for spinetail devil ray, the most influential environmental variables were
net primary production of phytoplankton and sea surface temperature fronts. Both the interannual and seasonal
variability in habitat suitability of devil rays were explained by these environmental variables. We also showed
that devil rays are associated to permanent hotspots in the Mascarene Plateau and Central Indian Ridge, and to
seasonal hotspots in the Western Arabian Sea and Equatorial regions where there is a high occurrence of devil
rays during winter monsoon. We found that setting on large tuna schools decreases the chances of devil ray
bycatch. Both models predicted a higher probability of incidental catch of devil rays in fishing sets on free
swimming schools of tunas than in sets on fish aggregating devices. The identified hotspots and associated
environmental characteristics provide information about the habitat use and ecology of the devil rays in the
Western Indian Ocean. Furthermore, the habitat suitability models, and biological hotspots identified in this study
could also to be used to inform the development of future spatial management measures, including time-area
closures, to minimize the interaction of pelagic fisheries with these vulnerable species.
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1. Introduction

Tuna fisheries constitute a significant portion of the total fishery volume and value globally. In 2018, the industry
contributed 5.2 million metric tons of volume, amounting to a value of approximately US$11.7 billion (McKinney
et al. 2020). Consequently, tuna fisheries are crucial for providing food security and livelihoods, generating socio-
economic benefits for many developed and developing countries around the world (Galland et al. 2016; McKinney
et al. 2020). Despite this valuable provision of goods and benefits, sustainably managing tuna fisheries still faces
many challenges in protecting vulnerable species interacting with these fisheries. Tuna fisheries can have large
impacts on incidentally caught species of sharks, rays, sea turtles, sea birds and marine mammals (here referred
as bycatch species), some of which can be particularly sensitive to overexploitation due to their intrinsic low
productive rates (Duffy et al. 2019). Effective governance of bycatch is necessary to avoid the ecological
consequences of fishing on marine ecosystems and undesirable socio-economic consequences on fisheries
(Gilman et al. 2014).

Regional Fisheries Management Organizations (RFMOSs) in charge of managing fisheries targeting tunas,
billfishes and some oceanic sharks have had limited progress governing bycatch of vulnerable species throughout
the years (Juan-Jordé et al. 2018). While tuna RFMOs have adopted a wide range of management and conservation
measures to control and mitigate bycatch on vulnerable species, these measures have been perceived as
insufficient, difficult to enforce and considered piecemeal since their joint implementation do not consider
potential conflicts among them as well as their potential mutual benefits (Gilman et al. 2014). The management
measures to mitigate bycatch of vulnerable species adopted in the five tuna RFMOs have mostly focused on either
changing gear configuration and fishing methods to reduce bycatch or by establishing best handling and release
practices to increase their probability of post-release survival (Clarke et al. 2014). In contrast, the establishment
of bycatch limits and time-area closures for fisheries to reduce bycatch impacts have been very limited to none in
tuna RFMOs (Hall et al. 2013; Clarke et al. 2014). Bycatch limits have only been applied to limit dolphin mortality
in purse seine fisheries in the eastern Pacific Ocean (Juan-Jorda et al. 2018). Moreover, the small number of cases
where area-time closures have been established in tuna fisheries have the main objective of reducing the catch of
main target tunas, such as juvenile yellowfin and bigeye tunas in purse seine fisheries and juvenile swordfish in
longline fisheries (Boerder et al. 2019).

There is increasing need to understand the spatial, temporal and environment factors determining high bycatch of
vulnerable species interacting with tuna fishery operations. Furthermore, it is also important to examine to what
extent the use of fixed or temporal time area closures would be an effective complementary measure in reducing
bycatch in tuna RFMOs (Boerder et al. 2019). Towards this aim, Species Distribution Models (SDM), also known
as ecological niche models, have increasingly been developed to understand the relationships between the
presence and abundance of a vulnerable species caught in tuna fisheries and its environment predictors using a
wide range of statistical learning methods (Sequeira et al. 2014; Montero et al. 2016; Cruz et al. 2018; Stock et al.
2019; Thorne et al. 2019; Lezama-Ochoa et al. 2020a; Lezama-Ochoa et al. 2020b; Lopez et al. 2020; Navarro et
al. 2020; Stock et al. 2020; Diaz-Delgado et al. 2021). Having good knowledge of the species distribution and
their habitat use is essential to minimize the interaction of fisheries with the most vulnerable species, and
potentially useful to inform effective management regulations involving time area closures. SDMs have been
developed for target tunas (Arrizabalaga et al. 2015), yellowfin tuna Thunnus albacares (Lan et al. 2017), skipjack
tuna Katsuwonus pelamis (Druon et al. 2017; Putri et al. 2019), and non-target species including sailfish
Istiophorus platypterus (Martinez-Rincon et al. 2015), whale sharks (Sequeira et al. 2014), silky shark
Carcharhinus falciformis and rough triggerfish Canthidermis maculata (Lezama-Ochoa et al. 2016), olive ridley
Lepidochelys olivacea (Montero et al. 2016) and spinetail devil ray (Lezama-Ochoa et al. 2019; Lezama-Ochoa
et al. 2020a; Lezama-Ochoa et al. 2020b). These studies have mostly used fisheries dependent data such as the
catch in log books (Oyafuso et al. 2017; Forrestal et al. 2019) and are increasingly using fisheries observer data
from onboard commercial vessels (Sequeira et al. 2014; Lezama-Ochoa et al. 2016; Montero et al. 2016; Lezama-
Ochoa et al. 2019; Lezama-Ochoa et al. 2020a; Lopez et al. 2020; Martinez-Rincon et al. 2015), with Generalized
Additive Models (GAMSs) being the most frequent statistical method used for modeling the distribution and
environmental preferences of large pelagic fish and non-fish species.

The application of SDM to vulnerable species interacting with large scale tuna fisheries in the open ocean, has
traditionally been challenging. This is due in part by the large spatial distributions of these migratory species, the
lack of recorded occurrences, and the low observer coverage rates required in most of these fisheries (Hall et al.
2013; Gilman et al. 2014). However, in contrast to longline fisheries, the level of observer coverage in purse seine
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fisheries has considerably increased in the last 10-20 years, from the minimum mandatory 5% observer coverage
for all pelagic fisheries to sometimes 100% observer coverage all year round in some of RFMOs such as the
Western and Central Pacific Fisheries Commission (WCPFC) and Inter American Tropical Tuna Commission
(IATTC) or during specific periods such as during Fishing Aggregating Device (FAD) moratoriums or for specific
fisheries (bluefin tuna fisheries) in other RMFOs such as International Commission for the Conservation of
Atlantic Tunas (ICCAT) (ICCAT 2019). Moreover, some tuna purse seine fleets, such as the EU tropical tuna
purse seine fleet, have also been increasing voluntarily its observer coverage to close to 100% using a combination
of human observers and Electronic Monitoring System (EMS), with the objective to obtain ecolabel certifications
among others (Ruiz et al. 2018). In this study, we take advantage of the recent increases in the observer coverage
in the EU tropical tuna purse seine fishery operating in the Western Indian Ocean to advance our understanding
on the spatial, temporal and environment factors determining high bycatch rates of vulnerable species interacting
with this fishery.

In the Western Indian Ocean, the purse seine fishery targets tropical tuna species and incidentally catches diverse
bycatch species (Lezama-Ochoa et al. 2015). Purse seine fisheries, relative to other fishing method, have broad
spatial coverage, high intensity of effort, and high bycatch documentation (Martin 2020; Orue et al. 2020). In this
type of fishing gear, tuna is targeted in either Free-Swimming Schools (FSC) or Fish Aggregating Devices (FADs)
depending on the location of fishing sets (Davies et al. 2014). FSC sets are sets of mono or pauci-specific schools
of tuna detected by birds, sonar marks, jumpers, or breezes in surface waters, while drifting FADs sets are done
either on natural or man-made floating objects that attract tuna and other species (Lezama-Ochoa et al. 2015). The
main targeted tuna species are skipjack Katsuwonus pelamis, yellowfin Thunnus albacares, and bigeye tuna T.
obesus (Davies et al. 2014). Baez et al. (2018) reported that the average targeted tuna species composition of the
tuna catches of Spanish purse seiners in 2017 was dominated by skipjack 84432t (56%), followed by yellowfin
54513t (36%), and bigeye 12345t. The bycatch species includes those non-targeted neritic tunas, billfishes, other
bony fishes, sharks, rays, whale shark, cephalopods, and turtles (Ruiz et al. 2018). Among the rays, several Mobula
species are incidentally caught in the European purse seine fishery in the Western Indian Ocean including Mobula
mobular, M. tarapacana, M. thurstoni, and M. birostris. This recorded Mobula species can be divided into devil
rays (Mobula mobular, M. tarapacana, M. thurstoni) and manta ray (M. birostris) (White et al. 2018; Hosegood
etal. 2020). All of them are classified as endangered in the International Union for Conservation of Nature (IUCN)
Red List of Threatened Species. They are also listed in the Appendix Il of the Convention International Trade of
Endangered Species of Wild Fauna and Flora (CITES) (IUCN 2018a; IUCN 2018b; IUCN 2018c; IUCN 2018d;
IUCN 2019). To regulate the species international trade, they are also listed in Appendices | and Il under
Convention on the Conservation of Migratory Species of Wild Animals (CMS) (Lawson et al. 2017). Because of
their global steep population declines, there has been increasing research for manta rays in the past years
(Hacohen-Domené et al. 2017; Couturier et al. 2018; Beale et al. 2019; Thovyan et al. 2020). Yet research has
been limited for devil rays which has focused mainly on spinetail devil ray Mobula mobular in the Pacific and
Atlantic Oceans (Fortuna et al. 2014; Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a). In contrast, basic
research on the ecology, distributions and habitat use of devil rays in the Indian Ocean has lagged behind (Stewart
etal. 2018; Lawson et al. 2017) . Therefore, this study focused on advancing our knowledge on the spatio-temporal
distributions of devil rays in the Indian Ocean.

Population declines of devil rays in the Indian ocean have been reported by Indian Ocean Tuna Commission
(10TC), the tuna RMFOs in charge of managing tunas and tuna-like species in the Indian Ocean. Large declining
trends for the population of spinetail devil ray Mobula mobular with increasing fishing effort have been
documented in several areas of the Indian Ocean while the population status of sicklefin devil ray M. tarapacana
and bentfin devil ray M. thurstoni remains unknown due to poor data availability (O’Malley et al. 2017; Shahid
et al. 2018; Flounders 2020; Martin 2020; Lawson et al. 2017; Moazzam 2018). The four main drivers of decline
in devil rays’ populations are their high catchability in different fishing gear, high market demand, their intrinsic
biology, and aggregation mechanisms, which makes them highly vulnerable to fisheries. Firstly, they are
susceptible in a wide range of fishing gears including industrial longliners and purse seiners as targeted or
incidental catch (Shahid et al. 2018) and also in artisanal or small-scale fisheries mainly using drift gillnets
(Temple et al. 2019). Thus, their overlapping distribution with tuna species which are capture in different fishing
gears, made devil rays to be highly susceptible to fisheries (Martin 2020). Secondly, the high fishing pressure on
these species is driven by the high demand of their meat, skin, and gill plates. The dried gill plates of devil rays
are used as the main ingredient of immune boosting tonic in Asian market (Lawson et al. 2017). Based on a survey
conducted in fishers and traders of mobulid gill plates, gill plates became difficult to source despite increasing
fishing effort (O’Malley et al. 2017). Thirdly, devil rays are also exceptionally susceptible to overexploitation
because of their slow growth, long maturation and presumed high longevity (Croll et al. 2016; Stewart et al. 2018).
Moreover, their fecundity is extremely low producing only one pup at a time every one to three years (Couturier
etal. 2012). Furthermore, because of their k-selected life history, the populations are unlikely to withstand current
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levels of fishing mortality and that their ability to recover from high fishing pressure is also likely to be low (Dulvy
et al. 2014). Lastly, their aggregations, slow movement, and fragmented populations has likely contributed to
several severe population declines (Couturier et al. 2012) . The formation of devil rays aggregations may be
determined by an optimal set of environmental factors which affect primary productivity, or by courtship and
breeding during specific periods (Couturier et al. 2012). In addition, substantial site fidelity has been observed
(Couturier et al. 2012; Rohner et al. 2017b). All these factors may be contributing to population declines of devil
rays raising the need to better identify their spatial and temporal distribution and associated environmental factors,
together with their overlap with fisheries for designing appropriate conservation and management measures.

The feeding, aggregation and migration behaviors of devil rays have been associated to different environmental
variables and processes (Fortuna et al. 2014; Stewart et al. 2018; Lezama-Ochoa et al. 2019; Lezama-Ochoa et al.
2020a) . Devil rays are generally attracted to highly productive regions with high concentration of chlorophyll
and primary production. This is because of their passive filter-feeding planktivorous behavior with a diet mainly
on zooplankton. Moreover, they may also exhibit some piscivorous behavior consuming some fish and crustaceans
(Couturier et al. 2012; Rohner et al. 2017a). Because of this behavior, devil rays can be viewed as indicator species
(Fadool 2020) and that their removal on marine environments can result in significant, cascading species
composition changes (CMS 2016). Regarding the spatial and temporal distributions of devil rays, predictable
aggregations have mainly been associated with local productivity, food availability, current circulation patterns,
seawater temperature, or mating behavior (Rohner et al. 2013; Hacohen-Domené et al. 2017; Lezama-Ochoa et
al. 2019; Lezama-Ochoa et al. 2020a). Furthermore, Mobula species have been associated to coastal areas and
continental shelves (Alfaro-Cordova et al. 2017; Hacohen-Domené et al. 2017; Lezama-Ochoa et al. 2019;
Lezama-Ochoa et al. 2020a; Peel et al. 2020), current patterns (Barr et al. 2019), EI Nifio—Southern Oscillation
(ENSO)-related climate phenomena (Beale et al. 2019), daylight hours (Venables et al. 2020) ,lower sea surface
height (Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a), moon illumination (Couturier et al. 2012),
seamount and islands (Mendonga et al. 2018), shallow depth (Palacios et al. 2021), shallow mixed layers or cold
sides of thermal fronts (Graham et al. 2012; Belkin 2021), and upwelling zones (Lezama-Ochoa et al. 2019;
Lezama-Ochoa et al. 2020a). These environmental conditions affect both the spatial distribution of their food
(plankton) which in turn influence their behavior and distribution (Barr et al. 2019; Martin 2020). However, most
of these studies have been conducted in the Pacific and Atlantic Oceans. The feeding, aggregation, and migration
behaviors of devil rays in the Indian Ocean remain largely understudied.

The 10TC have adopted several management and conservation measures such as 2019 Resolution 19/03 on the
conservation of mobulid rays caught in association with 10TC fisheries and best handling and release practices
to minimize bycatch of devil rays in the Indian Ocean (Poisson et al. 2012; IOTC 2019a; Maufroy et al. 2020) .
But still, the release strategies upon capture of devil rays cannot guarantee their survival given the current handling
practices (Swimmer et al. 2020). Moreover, there is limited information available about their post-release survival,
which based on anecdotal evidence, it may be very low (Francis et al. 2017; Martin 2020). Due to limited data on
post release survival of devil rays, the bycatch of species belonging to this group are considered as mortality by
the IOTC even if released (Martin 2020). The unknown post-release survival magnify the pressing concern to
identify areas of aggregation and ultimately limit fishing activities in these areas (Francis et al. 2017). As such,
understanding the key factors governing their distributions and interactions with fisheries is critically needed to
be able to effectively mitigate the impacts of fishing on devil rays in the Indian ocean (Stewart et al. 2018; Martin
2020).

Here, we developed a habitat suitability model for devil rays in the Western Indian Ocean and modelled the
seasonal and interannual changes in their spatial distributions. For this purpose, we used the bycatch data collected
by the EU tropical tuna purse seine observer program between the period 2010-2020 to determine which
environmental variables influence the occurrence of devil rays bycatch using a GAM modelling approach. Habitat
modelling can improve our knowledge on the ecology and habitat use of devil rays across large spatial and
temporal scales. We hypothesize that the spatio-temporal distribution of devil rays is associated with seasonal
productive regions in the Western Indian Ocean. The predicted habitat suitability maps can be used to detect
hotspot areas of high incidental bycatch of devil rays which can contribute to inform more holistic spatial
management strategies to reduce bycatch of vulnerable and threatened species caught by pelagic fisheries in the
Western Indian Ocean.
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2. Material and Methods

2.1 Study area

The ocean circulation in the Western Indian Ocean (between 37°W-83°E, and 22°N-30°S) is mainly driven by two
currents systems, the North Equatorial Current (NEC) or the monsoon current, and the South Equatorial Current
(SEC) (Figure S1). The north hemisphere is characterized by the NEC or monsoon current while the southern
hemisphere by the SEC. SEC is a current that moves westward and is largely supplied by the Indonesian
Throughflow (ITF). The SEC splits to form the Northeast and Southeast Madagascar Currents (NEMC, SEMC)
at the east coast of Madagascar at 17°S. NEMC when approaching the Northern Coast of Mozambigque splits into
Mozambique channel eddy (flowing south) and East African Coastal Current (EACC, flowing north). SEMC can
make westward eddies towards Southern Mozambique Channel (Schott et al. 2001; Schott et al. 2009).

Wind monsoon regulated the seasonal variation in the current circulation in Western Indian Ocean (Schott et al.
2001; Schott et al. 2009). During summer monsoon (Figure S1a), the northward Somali current are being supplied
by both SEC and EACC. Somali current can become a different gyre system when it recirculates into the equator
and become the Southern Gyre (SG). The second gyre is called the Great Whirl (GW) which is formed north of
SG. The third gyre is called Socotra Eddy, which frequently appears in the Northeast of Socotra. Summer blooms
arise because of the strong upwelling in coastal waters of Somalia and Arabia during the summer monsoon (Schott
etal. 2009). Furthermore, other mesoscale processes such as eddies, filaments, fronts, and whirls can also increase
the primary production controlled by chlorophyll abundance and variability brought by eddies and filaments (Tew-
Kai & Marsac, 2009). During winter monsoon (Figure S1b), the previously northward Somali current flows
southward and meets the EACC which flows northward at 2 to 4 °S and is supplying the South Equatorial Counter
Current (SECC). The SECC is present year-round however it becomes subsurface due to overlying westward
Ekman transport during the summer monsoon. The winter monsoon blooms occur in the Western Arabian Sea,
because of enhanced evaporation and reduced incoming solar radiation. Moreover, the high salinity (~36) in
surface waters initiates convective mixing and transports nutrients from the upper nutricline to the surface layer
(Prasanna Kumar et al. 2009). In the Southern hemisphere, the Mascarene Plateau have upwelling and nutrient
enrichment in winter monsoon which is brought by westward zonal flow of the South Equatorial Current
(Gallienne et al. 2004).

2.2. Fisheries Data

We analyzed the fisheries data collected in the fisheries observer programs of the European Union (EU) tropical
tuna purse seine fleet operating in the Western Indian Ocean between 2010 and 2020. The EU with the Common
Fishery Policy initiated a mandatory fishery data collection program in 2002 (Dérner et al. 2018). This EU Data
Collection Framework originated from Council Regulations (EC) No 1534/2000, 1639/2001, 199/2008 and
Commission Implementing Decision EU 2016/1251 (Ruiz et al. 2018). Accordingly, France and Spain started
human observer programs in 2003 and 2005 respectively, to monitor the EU tropical tuna purse seine fisheries in
the Indian Ocean. The Institut de Recherche pour le Developpement (IRD) manages observer programs for the
French fleet and both the Instituto Espafiol de Oceanografia (IEO) and AZTI for the Spanish fleet (Amande et al.
2012). In addition to EU-funded observer programs that generally allow to cover 5 to 15% of the total fishing
effort, industry-funded programs have been implemented to increase the observer coverage, such as OCUP since
2014 (Observateur Commun Unique et Permanent; financed by producer organization ORTHONGEL) for the
French fleet. The total human observer coverage in 2010 was between 5-10% of total sets and it has increased
around 50-60% in the most recent years (Ruiz et al. 2018).

The EU purse seine fishery targets tropical tuna species (skipjack Katsuwonus pelamis, yellowfin Thunnus
albacares, and bigeye tuna T. obesus) using two types of fishing modes or sets in the Western Indian Ocean
(Davies et al. 2014). For the purpose of this study, the purse seine fishing grounds in the Western Indian Ocean
were divided in different areas (Figure S2) following the work of Lezama and colleges with minor modification
(Lezama-Ochoa et al. 2015).The sets in these fishing areas were either associated to drifting Fish Aggregating
Devices (FADs) or sets associated to free swimming aggregations of tunas (FSC) depending on the fishery strategy
(Davies et al. 2014). The fisheries data analyzed in the current study contained a total of 26, 523 fishing sets
observed between 2010-2020, of which 23,166 (87.34%) were FAD sets and 3357 (12.66%) were free school sets
(Figure S3).
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Initially the EU purse seine observer program was covered only by human observers onboard, but since 2015 it is
being supplemented with Electronic Monitoring Systems (EMS) installed onboard. The fishing sets analyzed
contains data mostly collected by human observers (85% of the total sets analyzed) which is increasingly being
complemented by sets observed with the EMS installed onboard (15% of the total sets analyzed) (Figure S4).
EMS are only provided by AZTI for Spanish fleets while for French fleets, IRD collected EMS data but are not
validated at this stage. They were therefore not provided for this study. We used all the observer data collected
by human observers in the EU purse seine fleet between 2010-2020 and in addition the observer data obtained
with the EMS administered by AZTI between 2015 to 2020. The EMS tracks vessels position and activity, obtains
reliable catch information and composition, and monitors and collect data on the target catch, non-target and
bycatch species (Murua et al. 2020). It has been observed that the EMS can underestimate the catch of bycatch
species compared with estimations obtained from the human observers, yet both systems perform well estimating
the total catch of large bodied species, such as tunas and billfishes (Ruiz et al. 2015). Regarding the data collection
for the bycatch of devil rays, the EMS can identify with a high degree of accuracy between devil rays (Mobula
mobular, M. tarapacana, M. thurstoni) and manta rays (Mobula birostris, Manta alfredi) and it has difficulty to
identify devil rays at the species level (as per coms Jon Ruiz AZTI, 2021). Throughout the period, human
observers may also have had difficulties to identify devil rays at the species level.

The fisheries data recorded by the observer program include information about all fishing activities conducted
during the trip: set day and hour, set type, set position, and catch of target (tunas) and bycatch species (in number
or weight). Bycatch groups include neritic tunas, billfishes, other bony fishes, sharks, rays, sea turtles,
cephalopods, and marine mammals. There are three devil ray species incidentally caught by the EU purse fleet in
the Western Indian Ocean: spinetail devil ray Mobula mobular (RMM), sicklefin devil ray M. tarapacana (RMT),
and bentfin devil ray M. thurstoni (RMO) (Figure S5). Moreover, the giant oceanic manta ray M. birostris (RMB)
is also incidentally caught by the EU purse seine fishery. In the past, the devil rays and giant mantas were
considered two distinct genera (genera Mobula included the devil rays and genera Manta included the giant
mantas), but now all devil rays and giant mantas are classified into the Mobula genera (White et al. 2018). This
early distinction is still reflected in the way fishery data is organized in the fishery observer programs database
for AZTI and IEO, while for IRD some recorded presences identified in genus level are M. birostris. Over the
years, the number of individuals of devil rays have been increasingly identified to the species level with the
implementation of observer program training and the development of improved identification guides. However,
their occurrences are still often recorded at the genus level (Mobula spp.). The category of Mobula spp. in the
fishery dataset has traditionally excluded the giant mantas which were originally identified in a different genera
(Manta) (I0TC 2019b).

We explored all occurrences identified to the species level for the three species of devil rays: Mobula mobular,
M. tarapacana, M. thurstoni and all the occurrences identified to the genus level (Mobula spp., which mainly
contained devil rays’ occurrences identified at the genera level) collected in the EU purse seine observer program
between 2010-2020. Mobula japanica (RMJ) occurrences were considered occurrences of Mobula mobular
(RMM), as currently, M. japanica and M. rancurelli are considered junior synonyms of M. mobular (White et al.
2018; Hosegood et al. 2020).

A total of 378 combined presences of devil rays were recorded between 2010-2020, 118 individuals of Mobula
mobular (Figure S5a), 25 of Mobula tarapacana (Figure S5b) and 9 of Mobula thurstoni (Figure S5c¢), and 226
individuals recorded at the genera level Mobula spp. (Figure S5d). Since we are modelling presence-absence of
devil rays, in those sets were more than one individual was present (9 individual sets), only presence of devil ray
was subjected to further analysis. As such, we analyzed a total number of 369 occurrences of devil rays. Moreover,
due to the low number (118, 0.44%) of spinetail devil ray Mobula mobular occurrences (Figure S5a), we
considered two separate modelling approaches. One approach modelled the occurrences of spinetail devil ray
Mobular mobular (Figure S5a, Figure S5e) (referred as the spinetail devil ray habitat modelling analysis) and the
second approach modelled the combined occurrences of all devil ray’s species (Figure S5e) (referred as the devil
ray’s habitat modelling analysis). Therefore, the devil ray’s habitat analysis contains all the occurrences from
Mobula mobular (RMM), Mobula tarapacana (RMT) Mobula thurstoni (RMO) and Mobula spp. (RMV). Out of
26,523 fishing sets recorded, there were 369 (1.39%) occurrences of devil rays, 247 (66.94%) of which were
associated to FAD sets and 122 (33.06%) associated to FSC sets. While for spinetail devil ray Mobula mobular,
118 (0.44%) occurrences were recorded, 72 (61.02%) of which were associated to FAD sets and 46 (38.98%) to
FSC sets.
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2.3. Predictor variables

2.3.1. Environmental variables

We considered the following environmental variables as potential predictor variables for the habitat modelling
including chlorophyll-a concentration (Chl), net primary production of phytoplankton (NPPV), nitrate (NO3),
oxygen (O>), phosphate (POJ), silicate (Si), salinity (Salinity), sea surface height (SSH), mixed layer depth (MLD),
sea surface temperature (SST), current velocity (Vel), eddy kinetic energy (Ke), heading of the current (Heading),
sea surface temperature fronts (SSTfronts), and chlorophyll fronts (Chlfronts) (Table 1). The eddy kinetic energy
(Ke), current velocity (Vel), and heading (Heading) of the current were derived using the eastward (Uo) and
northward (Vo) velocity vectors. Sea surface temperature fronts (SSTfronts) and chlorophyll (Chlfronts) were
also calculated using the previously extracted Chl and SST data using the front detection algorithm (Belkin &
O'Reilly, 2009).

We chose different environmental covariates as a proxy of biological, chemical, and physical processes in the
Western Indian Ocean that can be linked with the occurrences of devil rays. Chlorophyll and Net Primary
Production of phytoplankton were considered as a proxy of highly productive and upwelling regions (Burt et al.
2018). Nitrate is one of the nutrient essential for photosynthesis of phytoplankton, and in some areas it is a limiting
nutrient (Harms et al. 2019). Silicate is needed by silicious phytoplankton and could be a limiting nutrient in
oligotrophic water (Sospedra et al. 2018). Moreover, the limitation of silicate and nitrate can often terminate
blooms (Vonnahme et al. 2021). Salinity reflects the biological preference of organisms and excessively low
salinity means freshwater input from lands (Velasco et al. 2019). Oxygen concentrations reveal if the area is
hypoxic or well oxygenated (Giomi et al. 2019). Phosphate is also a macronutrient that is needed for
photosynthesis (Martiny et al. 2019). Lower sea surface heigh is associated with upwelling areas (Lezama-Ochoa
et al. 2019). Colder temperature and a deep MLD is a sign of productive region (Somavilla et al. 2017). Low sea
surface temperature is also associated with upwelling areas (Harris et al. 2020). Current flow (current velocity,
eddy Kinetic energy, current heading) could be link to nutrient supply and plankton distribution (Thovyan et al.
2020). Sea surface temperature fronts are linked with foraging movements of species and broad thermal fronts
off an upwelling zone (Graham et al. 2012). Chlorophyll fronts are associated with elevated primary and secondary
productivity and fisheries (Belkin 2021).

Table 1 Environmental variables used in the species distribution models for devil rays and spinetail devil ray
Mobula mobular obtained from Copernicus Marine Environment Monitoring Service (CMEMS) in the period
2010-2020.

Variable Symbol Units Mean  Min Max Source
Chlorophyll Chl mg m- 0.20 0.06 1.59
- . 3
Net Primary Production of NPPV mg rln 10.75 060  79.60
Phytoplankton day
Nitrate NOs mmol m-3 016 000 377 R'EL %%11-%?289'
Oxygen 0z mmol m 203.10 19140 221.80 -
Phosphate PO, mmol m 0.10 0.00 0.57
Silicate Si mmol m 1.81 041 12.72
Salinity Sal psu 3531 3236 37.05
Sea Surface Height SSH m 0.37 0.06 0.91 NRT 001 024,
Mixed Layer Depth MLD m 18.47 9.78 10451 RAN001_030
Sea Surface Temperature SST °C 28,57 2294 31.68
Current Velocity Vel m/s 0.36 0.00 199 Vuz4p2*
Eddy Kinetic energy Ke m/s 0.09 0.00 1.97 # *
Heading of the current Heading degrees 178.52 0.00 359.98 atan% % *
Sea Surface Temperature fronts  SSTfronts  °C/km 0.02 0.00 0.10 (Belkin et al. 2009)
Chlorophyll fronts Chlfronts ratio 0.02 0.00 1.33 (Belkin et al. 2009)

*u is the eastward current velocity; v is northward current velocity.
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We derived all the environmental variables from the EU Copernicus Marine Environment Monitoring Service
(CMEMS) (http://marine.copernicus.eu) from the marine ocean products (http://marine.copernicus.eu/services-
portfolio/access-to-products/). The Copernicus platform aggregates information from different databases on the
physical state, variability and dynamics of the ocean and marine ecosystems worldwide (EU Copernicus, 2020).
We selected models over in-situ observation and satellite products because they offered more spatial and temporal
coverage and they are not affected by cloud cover. This study used both Near Real Time (NRT) and in the past
(RAN) data. Since the marine ocean product RAN only covers the period between 2010-2018, NRT product with
data between 2019-2020 was also used to complete the whole study period. We matched all the environmental
variables with the operational fishing set data (latitude and longitude, observation date, catch information).

2.3.2.  Spatial and temporal fisheries variables

We also consider some spatial and temporal variables such as latitude (Latitude), longitude (Longitude), year
(Year), week (Week) and timing of the sets framed as hours from sunrise (Sunrise) as potential predictor variables
for the habitat modelling. Week was considered to account for seasonal variations driven by the monsoon regime.
Hours from sunrise was explored to account for behavioral thermoregulation and social interactions devil rays
that usually happen before sunrise or early morning (Couturier et al. 2018) . Type of fishing set was also accounted
as to identify what type of sets this species are in association with. Other variables are also explored because they
may help identify variability and ecological processes occurring at varying spatial and temporal scales in Western
Indian Ocean (Lopez et al. 2020). Therefore, to account for the effect of the community size associated to the
type of fishing operation (FSC or FADSs), the catch of the target tuna and the catch of non-target fish species (total
catch of rays, sharks, billfishes, and other bony fishes) was also included in the analysis (Lopez et al. 2020).

2.4. Modelling approach
2.4.1. Generalized Additive model (GAMs)

We used GAMs to model presence-absence of both devil rays and spinetail devil rays Mobula mobular in relation
to environmental characteristics in the Western Indian Ocean and the fisheries characteristics of the fishing
operations, assuming a binomial distribution and a logit link function. In one model, the presence-absence of devil
rays were modelled (369 presences, 1.39% of the total sets) and in the second model the presence-absence of
spinetail devil ray Mobula mobular (118 presences, 0.44% of the total sets) were modelled.

GAMS were fitted as follows:

g(ui) = a+ f1(xq) + f2(x2:) + f3(x3i)....+ fr(xn)

g is the link function (logit for binomial family), pi is the expected response variable (presence-absence), o is the
intercept, f, are smooth functions, and X, are the covariates (Wood 2017; Lezama-Ochoa et al. 2019)

A binomial distribution GAM was used in the modelling process. It is a family that models the presence and
absence of the species and provides probability indices of occurrence, irrespective of their abundance (Wood
2017; Lezama-Ochoaet al. 2019; Lezama-Ochoa et al. 2020a; Lopez et al. 2020). The binomial family was chosen
because majority of the sets contained either no presences of devil rays (zeros) or when present, the presences
were dominated by one or few individuals (2,3 individual per set) (Figure S6). Other type of distribution such as
Poisson and negative binomial were not explored.

We also conducted univariate binomial GAMs for each covariate considered in the study as an additional
exploratory analysis (Figure S7). These univariate models were purely informative and provided information on
both the potential functional shape of each covariate on the response variable (Lopez et al. 2020).

To avoid additional overfitting, we restricted the degrees of freedom of the smooth functions for each explanatory
variable. Each smooth term had basis functions (k) which was set to k = 6 for the main effects and to k = 20 for
first order interaction effects (Giannoulaki et al. 2013; Lezama-Ochoa et al. 2019). We fitted the GAMSs using (i)
thin plate regression splines for non-linear covariates, (ii) cyclic cubic regression spline for week and heading of
the current to account for cyclical effects and (iii) a duchon spline to account for spatial effects (latitude, longitude)
considering Euclidian distance (Miller et al. 2014). GAMs were fitted using the mgcv package v 1.8 (Wood 2017;
Wood 2021).
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2.4.2.  Correlation and collinearity

We considered two measures to reduce correlation and collinearity and overfitting between variables (Figure S8).
First, we examined all predictor covariates using Pearson’s rank correlation to assess highly correlated variables
(Figure S8a). Only one of the correlated variables (Pearson correlation r > 0.6) were subjected to modelling
selection process at a time (Lezama-Ochoa et al. 2019). Second, we calculated the Variance Inflation Vector (VIF)
(Figure S8b) to assess multicollinearity among the predictor variables with a cut-off value of 5 (Hahlbeck et al.
2017a) using the function vif from usdm package v 1.1-18 (Naimi 2017). Because of high correlation and
collinearity, we only included one variable from these four groups of covariates: 1) “chlorophyll, NPPV, oxygen,
sea surface temperature”, 2) “chlorophyll and nitrate”, 3) “NPPV and nitrate” and 4) “eddy kinetic energy and
velocity of the current” in the selection process and habitat models at a time. A total of 8 combination of variables
were subjected to variable selection (Table S1).

2.4.3. Variable and Model selection

We applied a combination of forward and backward stepwise variable selection procedure to select the final model
covariates (Wood, 2017). Variables were selected if they improved the model Akaike’s Information Criterion
(AIC) value of 2.0 in the selection process (forward variable selection) (Giannoulaki et al. 2013). Moreover, as
an additional measure to avoid overfitting in the selection process, only significant variable (p <0.05) was kept,
and non-significant variables were dropped one at a time (backward variable selection) (Lezama-Ochoa et al.
2019). We followed this approach until all the variables in the model were significant. We then compared the
AICs of all best-fit models, and the lowest AIC were subjected to model evaluation (Table S1). When modelling
devil rays, Models 1 and 3 had the lowest AIC, therefore both models were subjected to model evaluation.

2.4.4. Model evaluation

We validated the final models using a k-fold cross-validation method (with k = 5). The k-fold cross-validation
method was used to evaluate the reliability and the predictive performance of the final models. This method
consists of using independent data sets for model building (we use 80% of the data as training data) and model
validation (we use 20% of the data as testing data), where data is partitioned into k equally sized segments or folds
through random resampling. Model performance is assessed by successively removing each subset, re-establishing
the model on the retained data, and predicting on the omitted data (Elith et al. 2009). Hold-out validation avoids
the overlap between training data and test data, yielding a more accurate estimate for the generalization
performance of the algorithm (Villarino et al. 2015).

We assessed model predictions through a confusion matrix using the ‘PresenceAbsence’ package v1.1.9 in R
(Freeman 2012). We calculated the Area Under the receiver-operating Curve (AUC), the ‘specificity, the
‘sensitivity’ and the mean True Skill Statistic (TSS) indices from the confusion matrix (Pearson 2010). The AUC
provides an overall measure of accuracy that is threshold independent and ranges from 0 to 1. VValues around 0.5
indicate that the prediction is as good as random, and values close to 1 indicate perfect prediction. This index
measures the ability of the model to correctly predict where a species is present or absent (Elith et al. 2009;
Lezama-Ochoa et al. 2019). Specificity is an index depicting the proportion of observed absences correctly
predicted and sensitivity illustrates proportion of observed occurrences correctly predicted. Thus, sensitivity is the
ability of the model to correctly identify areas with devil rays. The TSS is an alternative measure of accuracy, and
it is calculated as sensitivity plus specificity minus 1, which ranges from —1 to +1. A TSS of 0 indicates no
predictive skill while TSS of +1 indicates perfect agreement and the values in between zero or less indicate a
performance no better than random (Brodie et al. 2015; Lezama-Ochoa et al. 2019).

The sensitivity, specificity and TSS indices are threshold-dependent, therefore, it is necessary to select a threshold
to transform the probabilities into binary predictions (presence/absence) (Jiménez-Valverde et al. 2007). We
explored two methods to select the threshold probability values (sensitivity is equal to specificity, and
maximization of sensitivity plus specificity). At the end the sensitivity is equal to specificity threshold was used
as it gives the most accurate predictions in cases where the dataset has a low prevalence and avoids omissions
(false negative) errors (Liu et al. 2005; Jiménez-Valverde et al. 2007).
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We repeated the validation procedure five times (5-fold) and the performance scores obtained were averaged to
validate the prediction performance of the species distribution models (Lopez et al. 2020). We used the
performance scores from the four indices in combination to evaluate the predictive performance of the species
distribution models.

2.45. Prediction

Using the best fit models, we produced habitat suitability predictions for devil rays and spinetail devil ray Mobula
mobular for the Western Indian Ocean using the environmental conditions present during the 10-year period
(environmental values were downloaded every seven days between 2010- 2020) with a spatial resolution of 1 x
1° grid cells using the ‘predict.gam’ function of the ‘mgcv’ package v 1.8-36 (Wood 2017). For these predictions,
the predictor variable of total tuna catches (Tuna) which was selected in the final model was set to mean levels
for each 1x1° grid cell. To estimate the probabilities of each grid cell, prediction maps were averaged (and the
standard deviation calculated) across the weekly predictions for the whole period (2010—2020). To assess
temporal changes, we also calculated mean prediction by season following the monsoon regime and calculated by
year. The four seasons describing the monsoon region consider were the winter monsoon, spring intermonsoon,
summer monsoon and autum intermonsoon. Weeks 1-12 and week 49-53 were averaged for the winter monsoon
predictions, week 13-20 into the spring intermonsoon, week 21-39 into the summer monsoon, and week 40-48
into the autumn intermonsoon. We also checked the ranges for the weekly environmental values for the whole
study period used for the predictions to ensure those values were within the environmental envelope used to
calibrate the species distribution models. Only 0.42% and 0.21% of the environmental data used in the predictions
were outside the range of environmental values used to build the species distribution models for devil rays and
spinetail devil ray Mobula mobular respectively. Model building, evaluation and predictions were performed
using R version 4.0.2 (R Core Team 2020).
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3. Results

3.1. Spatial and temporal patterns of EU purse seine fleet and devil ray s bycatch

The EU purse seine fleet fishing grounds vary by season (Figure 1). The spatial distribution of the fleet coincides
with changes in monsoon. Generally, we observed that most of the fishing effort 21,645 (82%) was in South
Somalia, Northwest Seychelles, and Southeast Seychelles fishing area (Figure S2). During winter monsoon
(Figure 1, Figure S2), the fleet covers the North Somalia (20°N) extending to Mozambique channel (30°S)
reaching the Maldives Chagos fishing ground (70-80°E). The observed fishing sets (9215 sets) during winter
monsoon are more concentrated in the equatorial region (3085 sets) between 0°to 5° S in the Northwest Seychelles
fishing ground. The spatial coverage of the sets during the Spring intermonsoon (3810 sets) are similar to the
winter monsoon but there is a decrease of sets in South Somalia, Southeast Seychelles and Maldives-Chagos
fishing grounds. During summer monsoon, the fishing sets (8505 sets) are located more in the north than during
the previous monsoon seasons. The fishing coverage is from 25°N extending to 15°S. During this season the
highest sets are found between 5°N to 0°S (3274 sets). Compared to winter monsoon, half of the Mozambique
channel fishing grounds were lost as well as the Maldives Chagos fishing ground. During autumn intermonsoon
the fishing sets (4993 sets) are restricted to <20°N. In addition, sets are absent in the Mozambique channel. The
sets are scattered all throughout the area as there is no prominent area where the fishing fleets aggregate. We
found that the highest number of total sets (sets with presence and no presence of devil rays) per month (1420
sets) were made during the winter monsoon in January (Figure 2a).

The EU purse seine fishing sets with the occurrence of devil rays (Figure 1a) and spinetail devil ray Mobula
mobular (Figure 1b) also appears to be variable in space and time. We identified a total of 369 devil rays
occurrences incidentally caught in the EU purse fishery between 2010 and 2020; 247 individuals (66.94%) were
caught in FAD sets and 122(33.06%) in FSC sets. During the winter monsoon the sets with presences of devil
rays (Figure 1a) are concentrated South Somalia and Northwest Seychelles fishing area. There are also
occurrences in Southeast Seychelles, Maldives-Chagos and Mozambique channel fishing areas. The spatial
distributions of devil rays during spring intermonsoon are mostly restricted to South Somalia, Northwest, and
Southeast Seychelles fishing area with at most two individuals in Mozambique channel and Arabian Sea fishing
area. During summer monsoon, devil rays are more restricted in South Somalia fishing area. There are also
individuals identified in Northwest Seychelles, Southeast Seychelles, North Somalia, and Arabian sea fishing
area. There are no individuals present in Mozambique channel and Maldives Chagos fishing area. Lastly, during
autumn intermonsoon the sets are more scattered utilizing all fishing areas except Mozambique Channel and
Maldives Chagos fishing grounds. There is a higher number of FADs in this season compared to the rest of the
seasons. We discovered that the individuals recorded in the Arabian sea, are captured in FADs sets throughout
all-monsoon regime. On the other hand, considering only individuals identified as Spinetail devil ray Mobula
mobular, we found a total of 118 (0.44%) presences were recorded; 72 (61.02%) in FAD sets and 46 (38.98%) in
free school sets (Figure 1b). The spatial and temporal patterns of the recorded individuals are very similar to the
patterns identified for devil rays. However, spinetail devil rays Mobula mobular have no recorded occurrences in
the Arabian sea from ~15° N and above. We also found that the highest recorded individual occurrences were both
observed also in January (Fig 2b-c) with presences of 71 and 19, for devil rays and spinetail devil ray Mobula
mobular, respectively.

3.2. Generalized Additive Models
3.2.1. Effects of predictor variables on devil rays and spinetail ray bycatch

After we study all the possible combinations of covariates (8 candidate models for devil rays and 8 models for
spinetail devil ray Mobula mobular, Table S1), the final models were chosen based on the lowest AIC value and
the higher sensitivity values from model evaluation. Explanatory variables included a) spatial variables (Latitude-
Longitude interaction), b) temporal variables (Week), c) type of fishing mode in sets (Type as factor), d)
environmental variables (chlorophyll, sea surface heigh, sea surface temperature fronts for devil rays, and net
primary productivity of phytoplankton, sea surface temperature fronts for spinetail devil ray Mobula mobular),
and e) target tuna catch data. We presented models with similar AIC (Table S1) values given that they have
selected almost the same variables including only one of correlated variable set (Chl, NPPV, SST, O,). The
difference for the highest and lowest AIC values for the candidate models is 5 in both the devil rays and spinetail
devil rays Mobula mobular modelling.
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Figure 1 Distribution of observed sets with presence of a) Devil rays and b) Spinetail devil ray Mobula mobular between the years 2010-2020 in fishing
aggregating devices (FADs) (pink dots) and free school sets (skyblue dots) by monsoon regimes from the EU tropical tuna purse sine fishery in the western
Indian Ocean. Total number of observed sets in the fishery is represented in shades of gray. Maps were created using ggplot2 in R studio version 4.0.2 (R Core

Team 2020).
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Figure 2 Distribution of observed sets in the EU tropical tuna purse seine fishery in the Western Indian
Ocean between 2010-2020. a) Total number of sets in the fishery between 2010-2020 on the y-axis and
months (1-12) on the x-axis. b) Total number of sets with presence of Devil rays between 2010-2020 and
months (1-12). c¢) Total number of sets with presence of Spinetail devil rays Mobula mobular between
2010-2020 and months.

The final model for devil rays explained 7.38% of the total deviance (adjusted r?>=0.019). This model included as
predictor variables a) spatial variables (Latitude-Longitude interaction), b) temporal variables (Week), c) type of
fishing (set type as factor), d) environmental variables (chlorophyll, sea surface heigh, sea surface temperature
fronts, and e) target tuna catch (Table 2). When considering only simple terms in the univariate GAMs, Latitude
and Longitude had a percent deviance of 2.77% followed by Type (2.70%), Week (1.17%), Sea Surface Height
(1.66%), Chlorophyll (0.46%), Tuna (0.40%) and Sea Surface Temperature fronts (0.15%).

The final model for the Spinetail devil ray Mobula mobular explained 8.01% of the total deviance (adjusted r? of
0.011). This model included a smaller number of predictor variables, including a) spatial variables (Latitude-
Longitude interaction), b) type of fishing mode (Type as factor) and ¢) environmental variables (net primary
production of phytoplankton, sea surface temperature fronts) (Table 3). When considering only simple terms, the
most important variable was Type (3.45%), Latitude and Longitude (3.25%), Tuna (0.94%), Net Primary
Production of phytoplankton (0.62%) and Sea Surface Temperature fronts (0.42%).

Both the devil ray model and the Spinetail devil ray Mobula mobular model included the spatial covariates
(Latitude, Longitude) and the environmental variable (Sea Surface Temperature fronts), and total tuna catch
(Tuna). However, the net primary production of phytoplankton was chosen when modelling spinetail devil ray
Mobula mobular while sea surface height and chlorophyll were chosen when modelling all devil rays. Moreover,
we found that the temporal covariate (Week) was not significant in the spinetail devil ray modelling. The
piecewise construction of best fit model for devil rays and spinetail devil rays modelling is also provided in Table
S2 presenting how variables in the final model improve the AIC.
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Table 2 Final generalized additive model selected to model the presence of Devil rays in the Western Indian Ocean
between 2010 and 2020 with estimated degrees of freedom (edf) using a binomial family with log as a link
function. The model has an adjusted r?= 0.02 and a deviance explained of 7.38% using a sample size of n = 26,521.
Intercept is significant (p <0.05)

Variables edf p % Deviance
Type 2.70%
Latitude, Longitude 16.69 <0.001 277%
Week 3.79 <0.001 117%
Chlorophyll 2.97 <0.01 0.46%
Sea Surface Height 1.01 <0.001 1.66%
Tuna 3.74 <0.05 0.40%
SSTfronts 1.01 <0.05 0.15%

Table 3 Final generalized additive model selected to model the presence of Spinetail devil rays in the Western
Indian Ocean between 2010 and 2020 with estimated degrees of freedom (edf) using a binomial family with log
as a link function. The model has an adjusted r?= 0.01 and a deviance explained of 8.01%, using a sample size of
n =26,521. Intercept is significant (p <0.05)

Variables edf p % Deviance
Type 3.45%
Latitude, Longitude  10.55 <0.01 3.25%
NPPV 2.30 <0.01 0.62%
Tuna 3.03 <0.05 0.94%
SSTfronts 1.04 <0.05 0.42%

We present the predictor variables included in the final model for devil rays (Figure 3a-g) and spinetail devil rays
Mobula mobular (Figure3h-1) in Figure 3. The interaction of Longitude and Latitude (Figure 3a for devil rays;
Figure 3h for spinetail devil ray Mobula mobular) suggested several potential hotspots with high incidental
catches of devil rays and spinetail devil ray. The variable of week showed that there is a relevant temporal pattern
in the distribution of devil rays’ bycatch (Figure 3b), but it was not selected when modelling spinetail devil ray
Mobula mobular. Moreover, we discovered based on the final model, that devil rays’ presence is generally
associated with productive systems, particularly in areas of 0.3-0.5 mmol m= chlorophyll (Figure 3c) or relatively
high net primary production of phytoplankton (10-30 mg m? day?) (Figure 3i) for spinetail devil rays.
Additionally, the sea surface height (Figure 3d, Animation S1) variable selected only in the devil ray model
suggested devil rays are found in near to zero sea surface height (0.4m). Both models also suggested a higher
probability of presence in areas with sea surface temperature fronts of about 0.02-0.03 °C km™* (Figure 3f for devil
rays, Figure 3k for spinetail devil ray Mobula mobular). We detected in both models, a higher probability of devil
rays’ presence in fishing operations setting on FSC than on FADs (Figure 3g for devil ray, Figure 3l for spinetail
devil ray Mobula mobular). Moreover, we observed a decrease (20% probability) of both devil rays (Figure 3e)
and spinetail devil ray Mobula mobular (Figure 3j) probability of catch in sets of big fish schools (sets in >50tons
of total catch of targeted tuna).
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3.2.2 Model performance

We showed in this study that the ability of the model to predict both devil ray’s presence and spinetail devil ray
Mobula mobular presences was acceptable AUC> 0.7 (Mandrekar 2010), given the very low number of presences
in the data set used (Table 4, Table 5). For devil ray model (Table 4), the sensitivity was 0.71 and specificity was
0.56. while for spinetail devil ray Mobula mobular (Table 5) sensitivity was 0.31 with specificity value of 0.92.
The TSS scores were 0.27 and 0.23 respectively.

Table 4 Accuracy indices including Sensitivity, Specificity, Area Under the Curve (AUC), and True Skill
Statistic (TSS) to evaluate the performance of the model for Devil rays.

Kk AUC Sensitivity  Specificity  TSS
1 0.72 0.81 0.47 0.28
2 0.74 0.52 0.84 0.36
3 0.68 0.74 0.48 0.22
4 0.65 0.70 0.53 0.23
5 0.71 0.79 0.47 0.26
Mean 0.70 0.71 0.56 0.27

Table 5 Accuracy indices including Sensitivity, Specificity, Area Under the Curve (AUC), and True Skill
Statistic (TSS) to evaluate the performance of the model for spinetail devil rays Mobula mobular.

Kk AUC Sensitivity  Specificity  TSS
1 0.74 0.37 0.92 0.29
2 0.66 0.32 0.90 0.22
3 0.73 0.27 0.92 0.19
4 0.69 0.28 0.92 0.20
5 0.70 0.33 0.93 0.26
Mean  0.70 0.31 0.92 0.23

1. 3.2.3 Predicted spatial distribution of devil rays and spinetail devil ray

We identified four hotspots (Mascarene plateau, Central Indian Ridge, Equatorial region, Western Arabian Sea)
in three of the fishing areas (Southeast Seychelles, South Somalia, and Arabian Sea) with higher habitat suitability
for devil rays (Figure4, Animation S2) and two hotspots (Mascarene plateau, Central Indian Ridge) in one of the
fishing areas (Southeast Seychelles) for spinetail devil ray Mobula mobular (Figure 4, Animation S3). Devil rays
showed a higher presence between 10°-20°N and 50-60 °E in the Arabian sea fishing area specifically in the
Western Arabian Sea hotspot; 10°-20° S and 55-75° E in the Southeast Seychelles fishing area specifically in
Mascarene Plateau hotspot (55-60 °E) and Central Indian Ridge hotspot (65-75 °E); and between 5N to 5S between
40-60°E in the South Somalia fishing ground specifically in equatorial region hotspot (Figure 4a, FSC: Figure
S9a, FADs: Figure S2). We observed a high variability in the presence of devil ray in the Arabian Sea extending
to Somalia fishing area and in Mozambique channel fishing area (Figure 4b, FSC: Figure 9b, FADs. Figure S2).
The resulting prediction maps for spinetail devil ray Mobula mobular have the same two (out of four) hotspots
also identified for devil rays (Fig 4c, FSC; Figure S9c, FADs). The two hotspots are found in the Southeast
Seychelles fishing ground specifically in Mascarene Plateau and Central Indian Ridge. The spinetail devil ray
model failed to identify the Western Arabian Sea and the equatorial region hotspots. However, we observed a
high variability (Figure 4d, FSC: Figure S9d, FADs) in the areas from 25°N to 5°S near the coastal areas in western
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part of Arabian Sea, Somalia, Seychelles and Maldives fishing area, which overlapped with the identified Western
Arabian Sea and equatorial region hotspots for devil rays.

The seasonal prediction maps for devil rays show that the presence of devil rays vary seasonally driven by the
seasonal upwelling events characteristic of the Western Indian Ocean. We revealed that the probability of
occurrence for devil rays (Figure 5, FSC; Figure S10, FAD) is higher during the winter monsoon period, in all
four identified hotspots, compared to the rest of the monsoon regimes. During spring intermonsoon there is an
abrupt decrease in the probability of occurrence for devil rays in the Western Arabian Sea and the equatorial
region hotspots suggesting a seasonal decrease in habitat suitability. The highest probability of occurrence is found
around the Mascarene Plateau and the Central Indian Ocean ridge hotspots. During the summer monsoon the
probability of occurrence for devil rays decreases further, now the areas with higher probabilities get more
contracted around the Mascarene plateau hotspot. During the Autumn intermonsoon period, the probability of
finding devil rays in the Western Arabian Sea hotspot starts to increase again while the probability in both
Mascarene plateau and Centra Indian Ridge hotspot continue to decrease. The seasonal prediction maps for
spinetail devil ray Mobula mobular (Figure 5b, FSC; Figure S10b, FAD) also identified the region with higher
probability of occurrence around the Central Indian Ridge hotspot extending to Mascarene plateau hotspots, which
remain relatively stable throughout the four periods with an observed slight increase during the summer monsoon
period.

The yearly prediction maps for devil rays (Figure 6, FSC; Figure S11, FADs) show the same distinct four hotspot
with higher habitat suitability persisting over time and only their intensity changes interannually. We found that
each hotspot has different intensities in different years. The Western Arabian Sea hotspots peaks in years 2010,
2011, 2013, 2014 and 2020. While the Mascarene plateau and Central Indian Ridge hotspots peaks in 2011-2013.
The equatorial hotspots remained constant across all the years. The year 2010 shows the highest suitability areas
in the northeastern side of Socotra Island while Mascarene Plateau and Central Indian Ridge hotspots had
relatively lower probability. During 2011 the hotspot area in the Western Arabian Sea moves North and there is
an increased probability in the South region in the Central Indian ridge. In 2012 the North hotspot decreases in
probability and the southern hotspots also decreases in magnitude. In 2013, there is a westward shift of highest
suitability in the west side of Mascarene plateau. Both the Mascarene plateau and Central Indian Ridge hotspots
are permanent between year 2014-2020 while there is a minor shift in habitat suitability in the Western Arabian
Sea hotspot. For spinetail devil ray Mobula mobular (Fig 7, FSC; Figure S12, FADs) the highest habitat suitability
is found in Mascarene plateau towards the Central Indian Ocean Ridge. Within this area, the area close to the
ridge have higher habitat suitability relative to their surroundings in 2010 to 2013. From 2014-2018 it remains
approximately similar. From 2019 to 2020, both the Mascarene plateau and Central Indian Ridge hotspots
becomes prominent again. For spinetail devil ray Mobula mobular, only two hotspots (Mascarene plateau and
Central Indian Ridge hotspots) with higher habitat suitability are identified which are similar to the two hotspots
identified for modelling all devil rays. Both areas also peak in 2011-2013 and peak again in 2019 and 2020.
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4. Discussion

In this study we modelled the habitat suitability of devil rays in the Western Indian Ocean using the observer
bycatch data collected in the EU tropical tuna purse-seine fishery from 2010-2020. Occurrences of devil rays as
bycatch in the EU purse seine fishery can in part be explained by environmental variables corresponding to well-
identified oceanographic processes and features characteristic of the Western Indian Ocean. Moreover, we found
that devil rays are generally observed in high prevalence in sets of tuna schools (FSC) which are usually located
in highly productive regions (Coletto et al., 2019; Davies et al., 2014). The environmental variables associated
with the presence of devil rays (Mobula mobular, M. tarapacana, M. thurstoni) were chlorophyll, sea surface
height and sea surface temperature fronts. When modelling the habitat suitability for spinetail devil rays (M.
mobular) the most influential environmental variables were net primary production of phytoplankton and sea
surface temperature fronts. In addition, the spatial predictions identified four hotspots (Figure 4) with higher
habitat suitability and higher probability of incidentally catching devil rays. The permanent hotspots were found
in the Mascarene Plateau and Central Indian Ridge that remain relatively stable throughout the year. Seasonal
hotspots were identified in the Western Arabian Sea and equatorial regions that become prominent during winter
monsoon. For spinetail devilray Mobula mobular only the permanent hotspots in the Mascarene Plateau and
Central Indian Ridge were identified. We hypothesize these four main hotspots may be linked to seasonal
productive areas in the western Indian Ocean. As devil rays commonly target high-productivity regions that are
ideal for foraging, it is expected that devil rays (Figure 3) will be associated to areas with relatively high
chlorophyll and net primary production of phytoplankton. Devil rays have also been recorded to be attracted to
areas with low sea surface height which explains the association of the species to cyclonic eddies (Lezama-Ochoa
et al. 2019; Lezama-Ochoa et al. 2020a) and sea surface temperature fronts (Graham et al. 2012). We therefore
suggest that the main drivers for devil ray aggregations in these areas may be explained by their foraging behavior
as they are attracted to high productive regions, and their oceanic migrations which are believed to be linked to
the circulation of water masses (Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020b; Lezama-Ochoa et al.
2020a).

Low sea surface height (with values close to zero) was the most important environmental predictor of devil ray’s
occurrence. Low sea surface height (with values close to zero) can be associated to upwelling areas and ultimately
to cyclonic eddies, while high sea surface height is usually associated with downwelling and anticyclonic eddies.
Previous researchers have also associated the presence of devil rays in the Pacific and Atlantic Ocean with low
and negative sea surface height, respectively, which was also associated to upwelling regions and cyclonic eddies
(Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a). In this study, we observed that devil rays were notably
absent in anticyclonic eddies (Animation S1, Animation S2), which are commonly found in the Arabian sea and
North Somalia fishing area during summer monsoon regime, and only become present when these eddies dissipate
or decrease in magnitude during winter monsoon regime. In Arabian sea, North and South Somalia, and Northwest
Seychelles fishing area, the sea surface height is generally low however during summer with the formation of
anticyclonic eddies such as Great whirl and Socotra eddy, and the presence of Southern gyre, there is an increase
in sea surface height in the areas where these eddies and gyre are formed (Animation S1) (Schott et al. 2009). In
contrast, in the Southeast Seychelles fishing area where the Mascarene plateau and Central Indian Ridge hotspot
are located, the sea surface height is generally higher than in the rest of the fishing areas, but it remains relatively
constant throughout the year. Thus, we hypothesized that the reason why devil rays are absent in Western Arabian
Sea hotspot (Arabian sea fishing area) during summer but are still predicted in Mascarene plateau and Central
Indian Ridge hotspots (Southeast Seychelles fishing area), is due to the relatively constant values of sea surface
height in Southeast Seychelles fishing area throughout the year. This mean that the Southeast Seychelles fishing
area is relatively calmer than the other fishing areas. Moreover, productivity in these areas could also be linked to
sea surface height anomalies. Sea surface height anomalies refer to the changes in the average sea surface height
of an area in a given time (Song et al. 2018). The study of Meng and colleagues showed that the northwestern
Indian ocean have a negative sea surface height anomaly in areas of Western Arabian Sea and equatorial regions
hotspots while positive sea surface height anomalies happens in the southwestern Indian ocean in Mascarene
plateau and Central Indian ridge hotspots (Meng et al. 2020). This is supported by study of Song and colleagues
which revealed that negative sea surface anomalies have higher chlorophyll concentration in winter and lower in
summer, while for areas with positive sea surface heigh anomalies have higher chlorophyll during summer and
low during winter (Song et al. 2018). Therefore, this study suggests a higher devil ray’s occurrence in close to
zero sea surface height which is associated to upwelling areas but it also highlights that the sea surface height
covariate may also have different ecological meaning under different oceanographic processes in different areas
of the Western Indian Ocean (Mannocci et al. 2020)
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Chlorophyll was the second most important environmental predictor variable of devil ray occurrence. Devil rays’
occurrences were observed in areas with chlorophyll concentration of 0.3 - 0.5 mg.m3. We hypothesize that the
association to chlorophyll might be linked to the devil ray foraging activity in productive areas. However, the
chlorophyll values seen here are relatively lower than the observed values in the Pacific (between 0.5-1 mg.m3)
and Atlantic (between 0.2-1 mg.m3) in which the presence of M. mobular was predicted (Lezama-Ochoa et al.
2019; Lezama-Ochoa et al. 2020b; Lezama-Ochoa et al. 2020a). The lower chlorophyll values associated with the
higher probabilities of incidental catches of devil rays could also be reflecting the relative low number of
occurrences of devil rays in the EU observer fisheries dataset and the limited spatial coverage of the EU observer
program in the productive coastal areas within the EEZs of Somalia (Figure S3a) (Martin 2020). Even though the
Somali area have high chlorophyll values especially during the summer monsoon, this area was not identified as
a main hotspot. We suggest that it may be because this region was not covered by the EU observer program
between the years 2010 and 2013 (Figure S3b) and because of the existing piracy in region (Chassot et al. 2010;
Baez et al. 2020). Moreover, the differences in oceanographic conditions (productive regions, mesoscale
processes) among different regions of the Western Indian Ocean may also be in part explained by the different
oceanographic processes unique in each region, its characteristic oligotrophic southern region, the lack of
equatorial upwelling and the monsoon driven upwelling in the north (Vinayachandran et al. 2021). Yet, the habitat
model for devil ray, even with the relatively low number of occurrences, was able to establish an association with
chlorophyll that can be linked to their foraging behavior (Stewart et al. 2018).

Net primary production of phytoplankton (NPPV) was also chosen to best describe the occurrence of spinetail
devil ray Mobula mobular. Net primary production of phytoplankton is the new biomass produced by
phytoplankton from photosynthesis and respiration (Girondot et al. 2015). Therefore, net primary production of
phytoplankton is a function of chlorophyll, which is supported by the high correlation (p > 0.6) between the two
(Figure S8). The association of spinetail devil ray with net primary production of phytoplankton has also been
observed in its relative species, the giant oceanic manta Mobula birostris (formerly Manta birostris), which
presences have been associated with high net primary production in French Guiana waters (Girondot et al. 2015).
Similar to the predictor variables of sea surface height and chlorophyll in the modelling of devil rays, the net
primary production of phytoplankton also suggested the Mascarene plateau and Central Indian Ridge hotspots
(Figure 4) as areas of high probability of occurrence of spinetail devil ray. However, it did not identify the
equatorial and Western Arabian Sea hotspots as areas of high probability of occurrence for spinetail devil ray.
This might be explained primarily because the Mascarene Plateau and Central Indian Ridge hotspots are found in
an ocean region, which is more oligotrophic, as it is more influenced by the Southern Ocean circulation where the
Indian ocean gyre serve as a vector circulating the water masses (Stellema et al. 2019). In contrast, the Western
Arabian Sea and Equatorial Region hotspots are located in an ocean region that is highly influence by the monsoon
(Schott et al. 2009) and varying sea surface height changes through time (Animation S1). Thus, either the net
primary production or the combination of chlorophyll and sea surface height, with the rest of the other selected
variables (Figure 3) could be used to describe the Mascarene Plateau and Central Indian Ridge hotspots. The
habitat models attempt to identify environmental variables that explain devil rays’ occurrences across the whole
Western Indian Ocean, and this may be challenging because of the large spatial scale of the study region which
encompasses diverse oceanographic conditions. At the end, this study associated the presence of spinetail devil
ray with net primary production, which is also a good proxy for chlorophyll and sea surface height and predicted
the presence of spinetail devil ray in Mascarene plateau and Central Indian Ridge hotspots (Animation S3).

Both the devil rays and spinetail devil ray habitat suitability models showed a strong positive relationship between
occurrences and sea surface temperature fronts. We hypothesize that devil rays are attracted to sea surface
temperature fronts because these are areas of zooplankton aggregation and areas used for thermoregulation. This
has been observed in its relative species, giant oceanic manta ray Mobula birostris (formerly Manta birostris),
which distribution has been associated to temperature fronts and linked to its foraging activity (Graham et al.
2012). The presence of other elasmobranchs such as the basking shark Cetorhinus maximus has also been linked
to sea surface temperature fronts (Finucci et al. 2021). Moreover, fronts are considered hot spots of marine life,
as they often are loci of maximum biodiversity and elevated primary and secondary production (Belkin 2021).
Typically, weak fronts contain smaller phytoplankton and zooplankton such as dinoflagellates and
microzooplankton. Instead, strong fronts lead to a size structure shift from smaller phytoplankton and
microzooplankton to larger zooplankton and phytoplankton such as diatoms. The results suggest a higher
probability of occurrence of devil rays in areas where there are sea surface temperature fronts, which can be linked
to high surface zooplankton concentration and therefore, areas where devil rays may exploit phytoplankton
patches (Graham et al. 2012; Woodson et al. 2015).

Sea surface temperature was selected as a predictor environmental variable in one of the habitat suitability models
evaluated for devil rays (Table S1). However, this model showed lower model sensitivity when subjected to cross
validation compared to the final model, which selected instead chlorophyll and sea surface height. When
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modelling spinetail devil ray occurrences, the habitat model selecting sea surface temperature had also lower
model performance (AIC, Table S1) than when net primary production of phytoplankton was selected. Previous
work has suggested that devil rays’ occurrences can also be associated with low values of sea surface temperature,
which are directly describing the presence of upwelling systems (Couturier et al. 2018; Harris et al. 2020).
However, our results suggest that chlorophyll, sea surface height and net primary productivity are better predictor
variables than sea surface temperature for predicting devil rays occurrence (Lezama-Ochoa et al. 2019; Lezama-
Ochoa et al. 2020a; Lezama-Ochoa et al. 2020b)

We found that “Year” is not significant (p>0.05) either as smooth term or as factor in the habitat models. This
suggested there is no annual trend or a year effect explaining the interannual variability in the occurrences of devil
rays or spinetail devil ray. We hypothesize that this lack of relationship may be explained by two main reasons.
Firstly, the relative low number of occurrences of devil rays (369 presences; 118 spinetail devil ray) recorded in
the EU observer program between year 2010-2020 might make it difficult to detect any year effect. Secondly, the
areas with high occurrences of devil rays may be consistent throughout the years with little annual differences.
Consequently, only changes in the environmental variables between 2010 and 2020 drives the interannual changes
in the probability of devil rays’ occurrences. Although the variable “Year” was not a significant variable in the
final model, it can still be observed that the devil ray incidental catch has been declining during the 10 years of
the study (Figure S7b). The observed decline in the incidental catch may be linked to the current observed
population declines in these species in the Indian Ocean (Lewis et al. 2015; O’Malley et al. 2017; Rohner et al.
2017b; Flounders 2020; Moazzam 2018). Therefore, we recommended for future studies to explore further the
potential declines observed in the incidental catches recorded in the EU observer program.

With respect to the type of fishing set used in the fishing operations, the habitat suitability models suggested a
higher probability of occurrence and incidental catch of devil rays in FSC sets than in sets associated to FADs.
We suggest that this might be explained because the school sets follow tuna schools which are mostly located in
high productivity areas for foraging (Druon et al. 2017). Aggregation of tuna schools in productive area are
observed in skipjack tuna Katsuwonus pelamis and yellowfin tuna Thunnus albacares (Richardson et al. 2018).
These proposed that the potential overlap of devil rays and tuna schools could be a result of foraging activity on
zooplankton in high-productivity regions (Davies et al. 2014). In contrast, the probability of occurrence of devil
rays was lower in sets associated to FADs which differs to other species of tunas, sharks such as silky sharks and
oceanic whitetip sharks and sea turtles which tend to aggregate in FADs, increasing their incidental catches
(Davies et al. 2014; Lezama-Ochoa et al. 2015). Though, FADs contribute lesser to explaining the presence of
devil rays, it is worth mentioning that during winter monsoon there is a higher probability of devil ray’s occurrence
in the Western Arabian Sea hotspot where there is a high aggregation of FADs. FADs drift with the currents and
tend to get trapped in the gyres and eddies within this region, specifically during winter monsoon (Schott et al.
2009; Martin 2020). We hypothesize that release of large numbers of FADs to increase the catchability of tuna
species in the ocean could potentially change the natural environment of tuna species and other species also
aggregating underneath the FADs (Dagorn et al. 2013). This has been referred as the ecological trap hypothesis,
which states that drifting FADs deployed in large numbers could be taking species to areas where they would not
normally occur therefore having an impact on their migrations and also consequences for their conditions, growth
and reproductive potential (Dagorn et al. 2013; Martin 2020). Therefore, we suggest further studies regarding the
impact of FADs on the migration, condition, and behavior on devil rays.

The total catch of “Tuna” made in each set was also selected as a predictor variable explaining both the occurrence
of devil rays and spinetail devil ray (Figure 3e for devil rays, Figure 3j for spinetail devil ray). A relatively small
set size (<50 tons) showed a higher probability of occurrence of devil rays, then the probability decreased with
larger catches of tunas. The model showed that when the total catch was approximately 50 tons or more there was
a decrease of 20% probability of capture of devil rays. Our results coincide with the findings of Dagorn and
colleagues where it was suggested that tropical tuna purse seine fisheries could target large schools of tunas to
decrease bycatch not only of devil rays but also of other vulnerable species such as sharks and turtles (Dagorn et
al. 2012; Dagorn et al. 2013). This same study shows that the ratios of bycatch of devil rays are higher when sets
are made in small schools of tunas. Therefore, we suggest that targeting large schools of tuna could reduce the
number of fishing sets or effort while maintaining the same total yield, contributing to a substantial reduction in
the impacts of fishing on threatened species (Dagorn et al., 2012).

Both the devil rays and spinetail ray habitat suitability models revealed an interaction of latitude-longitude as a
significant predictor variable. The predicted habitat maps showed seasonal hotspots (Western Arabian Sea,
equatorial region) and permanent hotspots (Mascarene plateau and Central Indian ridge) with higher probabilities
of occurrence of devil rays (Figure 4a). These regions are associated with Chlorophyll and phytoplankton net
primary production, and low sea surface height and are great importance for the ecology of devil rays. We suggest
two opposing hypotheses that may explain the aggregations of devil rays in Western Arabian Sea. First, this region
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could play an important role in the distribution of devil rays being an important winter migration pathway for this
species, as they aggregate in this area only during a short period (December-March) (Figure 5). Secondly, the high
numbers of FADs deployed in this area may be having an impact on the distribution and migrations of this species,
by retaining them in not their natural environment (Martin 2020). Due to limited number of presences recorded in
the fisheries observer dataset in this area, the current data is not sufficient to ascertained which of the two
hypothesis is more plausible (Figure 1). Moreover, in summer (June-September), the highest probability of
occurrence of devil rays was found to be in Mascarene Plateau and Central Indian Ridge hotspots. We hypothesize
that it may be explained by the high presence of seamounts and submerge ridges in Mascarene Plateau and Central
Indian Ridge. These elevated areas are a perfect habitat for devil ray species, since they can be used for protection,
reproduction, cleaning, or breeding (Stevens et al. 2018). Oceanic manta rays Mobula birostris, a relative species
belonging to the same genus, also has been found to aggregate around oceanic island groups and offshore
pinnacles, seamounts, and submarine ridge systems, where they are known to engage in courtship (Stevens et al.,
2018). Moreover, other studies have shown a hotspot for the aggregations of silvertip shark (Carcharhinus
albimarginatus) adjacent to the southern hotspot (Mascarene Plateau and Central Indian Ridge) in the Chagos
Archipelago in the British Indian Ocean Territories seamounts (Hosegood et al. 2019). Moreover, aside from the
association of this species to these areas for their foraging activity, these hotspots could also be a potential
migratory corridor for devil rays serving as a pathway connecting different regions. Previous tagging studies on
sea turtles on the Mascarene Islands and Mozambique Channel showed their extensive migrations in all directions
across open ocean areas (Dalleau et al. 2019) suggesting that this area might be an important migratory corridor
not only for turtles and devil rays but also for other migratory species. Furthermore another study investigating
the filter feeder whale shark connectivity concluded that Mascarene plateau as the largest underwater oceanic
bank in the whole Indian ocean, could potentially a stopover for whale sharks to an unidentified breeding habitat
(Dulau et al. 2017). The high occurrence of devil rays in the equatorial regions during winter but not during
summer might be explained by the chlorophyll bloom events occurring from December to March and the influence
of the Madden-Julian Oscillation (MJO). During this period is when the shallowing thermocline cause the blooms
to be more efficient during the early stage of the winter monsoon (December—January), while the deeper
thermocline in the later monsoon period becomes less favourable to phytoplankton blooms (Liao et al. 2017).
Consequently, we propose the existence of hotspots for devil rays which are closely linked to productive oceanic
areas and areas associated with ridges and seamounts that could act as a foraging locations and migration corridors.

Limitation and future perspective

Limitation of this study includes the use of fishery dependent data which might create some bias due to the way
the sampling data is made. The sampling of the data collected in the EU purse seine observer program are often
influenced by their preferential sampling because fisheries are commercially driven and not focused on conducting
scientific random sampling (Pennino et al. 2016; Orue et al. 2020). Though this may be the case, Pennino and
colleagues stressed that fishery dependent and independent data can complement each other. The restricted time
coverage of the fishery-independent data could be complemented by using fishery dependent data that are
collected annually, and the spatial uncertainty of fishery-dependent sites may be corrected using fishery-
independent data (Pennino et al. 2016). Thus, this study will be the basis of future studies using more restricted
fishery independent studies to investigate the importance of the identified permanent and temporal hotspots for
the ecology of devil rays (Figure 5).

The difficulty in identifying devil rays at the species level in the EU purse seine observer program is another
important limitation in this study. Species of devil rays share various morphological similarities which makes
their identification difficult. This is reflected in EU purse seine observer data set which contains a high number
of devil rays records assigned to the genus level (Figure S5d). This is a widespread challenge across multiple
fisheries in the Indian Ocean. A recent report of Flounder and Martin in IOTC also stressed the difficulties to
correctly identify species up to species level in multiple IOTC fisheries (Flounders 2020; Martin 2020). Yet it is
important that species are correctly identified to the species level to support the development of species
distribution models in the future (Ward-Paige et al. 2013). Further genetic studies are also needed so the
population structure can be better understood in these species and to help with their correct identification
(Couturier et al. 2012; White et al. 2018; Hosegood et al. 2020).

The partial spatial coverage of the observer program also creates limitations in how the results can be interpreted
in areas where the fleet does not operate or partially operates such as in the coastal areas off the Africa and Arabia
coast where devil ray species are known to aggregate (Figure S3a).Therefore, the results in this study provide a
preliminary overview of the potential environmental characteristics associated with the presences of devil rays
and their seasonally preferred habitats. We highly suggest using fisheries independent data and studies including
satellite and acoustic tagging data to account for potential biases when modeling the habitat suitability of species
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and to validate the current models. Further research using telemetry, stable isotope, and genetic studies could also
be used to validate the current habitat suitability models obtained in this study, and provide additional information
on biology and ecology of devil rays species in the Indian Ocean (Lezama-Ochoa et al. 2019)

The habitat models produced here using GAMs explained a low percent of the total deviance. This means that the
presence of devil rays’ species may be explained by diverse factors not considered, unknown, or not included in
the models. These additional external factors not accounted in the models could be any additional physical,
chemical, or biological environmental characteristics explaining the habitat suitability of devil rays and
zooplankton distribution. In comparison to the habitat models for devil rays, a single or two environmental
variables are usually enough to explain the distribution and habitat suitability of targeted species such as tunas
(Davies et al. 2014; Orue et al. 2020), which might be driven by the higher quality and the quantity of the data
used in the habitat modelling for the main commercial tuna species. Previous work modelling habitat suitability
for other bycatch species in purse seine fisheries targeting tuna species also found a low deviance explained in
their models (Birkmanis et al. 2020; Lezama-Ochoa et al. 2020a; Lopez et al. 2020). Although the low level of
explained deviance in our models are in line with previous research (Couturier et al. 2012; Couturier et al. 2018;
Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a; Lopez et al. 2020; Martin 2020), it should be interpreted
with caution (Lezama-Ochoa et al. 2020a). Yet despite the low deviance explained in the models, the information
obtained from the observer program is still deemed useful, since it contributes to improving the knowledge about
the most vulnerable bycatch species in the EU purse seine fleet. Moreover, based on the different statistics indices
(AUC, sensitivity, specificity, etc.) calculated in this study, the performance of the model is considered acceptable.
Thus, the habitat model produced here can still provide basic and preliminary information about devil rays
distribution and their preferred habitat preferences.

This study modelled the relationship between characteristics of the environment and fishing behaviors, and the
occurrences of multiple devil ray species. Future studies should also explore modelling the abundance of devil
rays, instead of occurrence, as well as explore other modelling techniques such as Maximum Entropy Models,
Bayesian Approaches (INLA), and Random Forests to model both the presence and abundance of these species
(Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a). Additionally, since the presence or abundance of devil
rays may also be linked to foraging opportunities, the inclusion of a variable describing zooplankton abundance
could also improve model fit and performance. A variable for zooplankton was not included in this study because
such information and data are not collected as part of the observer program and it is not readily available in other
external data collection programs (Lezama-Ochoa et al. 2019). Therefore, alternative sources to get and access
zooplankton datasets could be explored in future modelling studies (Montero et al. 2016).

We suggest that the hotspot areas predicted in the habitat models showing those areas with a higher probability of
occurrence in devil rays could be potentially important in helping researchers to plan strategic research work such
as implementing successful tagging programs.
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5. Conclusion

This study gives insights on the environmental conditions of suitable habitats for devil rays in the Western Indian
Ocean using the EU tropical tuna purse seine fisheries observer data and generalized additive models. We revealed
that these species are generally attracted to productive areas with relatively high in chlorophyll and net primary
production, low sea surface height, and sea surface temperature fronts. Devil rays were also found to be associated
with permanent hotspots in the Mascarene Plateau and Central Indian Ridge and associated with seasonal hotspots
in the Western Arabian Sea and Equatorial regions during winter monsoon. We found that there is no annual trend
or a year effect explaining the interannual variability in the occurrences of devil rays or spinetail devil ray. Only
the yearly variability of selected environmental variables affects the observe changes in the habitat suitability of
both devil ray and spinetail devil ray, interannually. Moreover, chlorophyll and sea surface height were good
predictor variables of the presence of devil rays (all three mobula species combined), explaining the high
occurrences in both temporal hotspots such as Western Arabian Sea and equatorial regions, and permanent
hotspots such as Mascarene Plateau and Central Indian Ridge in Western Indian Ocean. While net primary
production of phytoplankton was a good predictor variable of the occurrence of spinetail devil rays (Mobula
mobular), explaining the high occurrences of this species in Mascarene Plateau and Central Indian Ridge hotspots.
We also suggest setting in big schools of tuna to reduce the probability of catching devil rays. Both the devil rays
and the spinetail devil ray habitat models predicted a higher probability of incidental catch in free school sets than
in sets associated to FADs. This information should be considered when designing management measures that
aim to minimize the interactions of purse seine fisheries with vulnerable bycatch species, given that some
vulnerable species are more frequently caught in FSC sets while others are more frequently caught in sets using
FADs. Therefore, trade-offs need be closely evaluated among these two types of fishing operations when
designing management and conservation measures for protecting vulnerable bycatch species. In addition, this
study is the first to investigate and identify biological hotspots of devil rays in the Western Indian Ocean. Accurate
knowledge of the habitat preferences of the species at relevant spatial resolutions is vital to minimize the
interaction of fisheries with the most vulnerable species (Hahlbeck et al. 2017b). Therefore, the permanent and
temporal hotspots of high incidental catch of devil rays identified in this study could inform the development of
future spatial management measures, including time-area closures, to minimize the interaction of fisheries with
these species (Lezama-Ochoa et al. 2019; Lezama-Ochoa et al. 2020a; Lopez et al. 2020)
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Supplementary Materials

Table S 1 Combination of variable sets subjected to forward variable selection and the final variable selection. The final variables (p< 0.05) selected for each candidate model
are listed in column 3 for devil rays and column 5 for spinetail devil ray. Corresponding Akaike information criterion (AIC) is provided.

Model Variables* Devil Rays AlIC Spinetail devil ray AlC

1 Chl, Ke Type, (Longitude x Latitude), Week, Chl, SSH, Tuna, 3658 Type + (Longitude x Latitude) + Tuna + Chl + 1433
SSTfronts SSTfronts

2 NPPV, Ke Type, (Longitude x Latitude), Week, NPPV, SSH, Tuna, 3661 Type + (Longitude x Latitude) + Tuna + NPPV, 1429
SSTfronts SSTfronts

3 SST, NO3, Ke Type, (Longitude x Latitude), Week, SST, Tuna, 3658 Type, SST, Tuna, Week, SSTfronts 1434
SSTfronts

4 02, NO3, Ke Type + (Longitude x Latitude), Week, O2, SSH, Tuna, 3663 Type + (Longitude x Latitude) + Tuna + O2 + 1430
SSTfronts SSTfronts

5 Chl, Vel Same as 1 3658 Same as 1

6 NPPV, Vel Same as 2 3661 Same as 2

7 SST, NO3, Vel Same as 3 3658 Same as 3

8 02, NO3, Vel Same as 4 3663 Same as 4

*Variables Type, Year, Week, Longitude, Latitude, Sunrise, Chlfronts, PO4, Si, MLD, SSTfronts, SSH, Heading, Tuna are other variables subjected to model selection
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Table S 2 Final candidate Generalized Additive Models (GAMs) for devil rays with the corresponding Akaike
Information Criteria (AIC) values and the variables selected for each model. The piece-wise construction of the
best model with each new variable improving the AIC value is also shown.

Variables AlC
Longitude x Latitude 3815
Longitude x Latitude + Type 3734
Longitude x Latitude + Type + Week 3698
Longitude x Latitude + Type + Week + SSH 3682
Longitude x Latitude + Type + Week + SSH + Chl 3671
Longitude x Latitude + Type + Week + SSH + Chl + SSTfronts 3666

Longitude x Latitude + Type + Week + SSH + Chl + SSTfronts + Tuna 3659

Table S 3 Final candidate Generalized Additive Models (GAMs) for spinetail devil ray with the corresponding
Akaike Information Criteria (AIC) values and the variables selected for each model. The piece-wise construction
of the best model with each new variable improving the AIC value.

Variables AIC
Longitude x Latitude 1487
Longitude x Latitude + Type 1450
Longitude x Latitude + Type+ NPPV 1438
Longitude x Latitude + Type+ NPPV+SST fronts 1436
Longitude x Latitude + Type+ NPPV+SST fronts + Tuna 1429
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Figure S 1 Schematic representation of main circulation patterns in the Indian Ocean, including current branches
and some choke point transport numbers (Sv=106m3s1). a) summer monsoon, b) winter monsoon. Current
branches shown include the South Equatorial Current (SEC), South Equatorial Countercurrent (SECC), Northeast
and Southeast Madagascar Current (NEMC and SEMC), East African Coast Current (EACC), Somali Current
(SC), Southern Gyre (SG) and Great Whirl (GW) and associated upwelling wedges, Socotra Eddy (SE), Ras al
Hadd Jet (RHJ) and upwelling wedges off Oman, West Indian Coast Current (WICC), Laccadive High and Low
(LH and LL), East Indian Coast Current (EICC), Southwest and Northeast Monsoon Current (SMC and NMC),
South Java Current (JC) and Leeuwin Current (LC). Source: (Schott et al. 2001; Schott et al. 2009)
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Figure S 2 Spatial distribution of the observed fishing sets of the EU tropical tuna purse seine fishery in the
Western Indian Ocean between 2010 and 2020 and delineation of the main fishing areas. The partitioning of the
fishing areas (blue rectangles) was derived from Lezama et al., 2015 with minor modifications. The observed sets
are coloured by major fishing types with sets on Free School sets (FSC) in skyblue points and sets on fish

aggregating devices (FADs) in pink points.

39



| OTC- 2021- WPEBL17( AS) - 27 revl

2013

2017

©
p=]
= * FAD
[1+]
— * FSC
40°E 50°E 60°E 70°E 80°E
30°5
40°E 50°E 60°E 70°E 80°E  40°E 50°E 60°E 70°E 80°E  40°E 50°E 60°E 70°E 80°E
Longitude

b 00

n 40001

o

o Type
"5 2000

_

L11]

0

£ 2000

=0

=z

o .
o] — — —

2010 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020
Year

Figure S 3 Spatial and temporal distribution of the observed fishing sets in the EU tropical tuna purse seine fishery
in the Western Indian Ocean between 2010 and 2020. a) Spatial distribution of observed sets across over time. b)
Total number of sets observed over time. Fishing operations using sets associated to fish aggregation devices
(FAD) (pink) and sets associated to free swimming schools of tunas (FSC) (skyblue).
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Figure S 4 Total number of observed fishing sets in the EU tropical tuna purse seine fishery in the Western Indian
Ocean between 2010 and 2020 and the main source of data collection. Observer data is collected either with
electronic monitoring systems (EMSs) or human observers.
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Figure S 5 Spatial distribution of presences of several species of devil rays in the EU tropical tuna purse seine
fisheries in the Western Indian Ocean between 2010 and 2020. a) presences of Spinetail devil ray Mobula
mobular, b. presences of Sicklefin devil ray Mobula tarapacana, c. presences of Bentfin devil ray name Mobula
thurstoni, d. presences of devil rays identified to the genus level. e. presences of Mobula mobular (sky blue) and
presences of rest of species and individuals identified to the genus level (in pink). Photos of devil ray are from

Manta Trust.
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Figure S 6 The distribution of the number of devil rays captured per fishing set in the EU tropical tuna purse seine fishery in the Western Indian Ocean between 2010 and 2020.
a) The distribution of the number of devil rays captured including the sets with zero catches. b) The distribution of the number of devil rays captured excluding the sets with
zero catches. c) The distribution of the number of spinetail devil rays (Mobula mobular) captured including the sets with zero catches. d) The distribution of the number of

spinetail devil rays (Mobula mobular) captured excluding the sets with zero catches.
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Figure S 7 Univariate smooth fits of covariates from modelling the presence of devil rays in the left column and
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Figure S7 2 Univariate smooth fits of covariates from modelling the presence of devil rays in the left column and
spinetail devil ray in the right column. k) Silicate (mmol m-3), I) current velocity (m.s), m) eddy kinetic energy
(m.s), n) current heading (degrees), 0) Mix layer depth (m).
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Figure S7 3 Univariate smooth fits of covariates from modelling the presence of devil rays in the left column and
spinetail devil ray in the right column. p) Salinity (psu), q) Sea surface height (m), r) Sea surface temperature (°C),
s) Sea surface temperature fronts (°C. km 1), t) target tuna catch (tons), u) total catch including targeted species
and bycatch species (tons).
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Figure S7 4 Univariate smooth fits of covariates from modelling the presence of devil rays in the left
column and spinetail devil ray in the right column. v) total catch of bycatch species excluding devil ray
and spinetail devil ray respectively (tons), w) total catch of Billfishes (tons), x) total catch of Non target
tuna catch (tons), y) total catch of other bony fishes (tons), z) total catch of sharks (tons), aa) Total catch
of rays excluding devil rays and spinetail devil rays respectively (tons).
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Figure S 8 Pearson correlations and variance inflation factor for measuring the correlation and collinearity between variables. a. Pearson correlation with correlation values
p>0.6 considered to be highly correlated. b. vif of greater than 5 is considered highly collinear.
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Figure S 9 Mean prediction and standard deviation of the presence of devil rays between 2010 and 2020 in the Western Indian Ocean. FADs were used as the fishing set type
for model predictions. a. Devil rays” mean prediction, b. Devil rays’ standard deviation, c. Spinetail devil ray Mobula mobular mean prediction, d. Spinetail devil ray Mobula
mobular standard deviation. For FSC as a fishing set type for model prediction see Figure S4. The main hotspots identified are 1) Mascarene plateau, 2) Central Indian Ridge,

3) Equatorial region, 4) Western Arabian Sea
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Figure S 10 Mean prediction of the presence of devil rays between 2010 and 2020 in the Western Indian Ocean
by monsoon regime. FADs were used as the fishing set type for model predictions. a) devil ray’s prediction in
winter monsoon, spring intermonsoon, summer monsoon, autumn intermonsoon; b) spinetail devil rays Mobula
mobular during winter monsoon, spring intermonsoon, summer monsoon, autumn intermonsoon. For FSC as the
main fishing set type for model prediction see Figure S5. The main hotspots identified are 1) Mascarene plateau,

2) Central Indian Ridge, 3) Equatorial region, 4) Western Arabian Sea
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Figure S 11 Mean annual prediction of the presence of devil rays between 2010 and 2020 in the Western Indian Ocean. FADs was used as the fishing set type for model
predictions. For FSC as the main fishing set type for model prediction see Figure S6. The main hotspot identified are 1) Mascarene plateau and 2) Central Indian Ocean ridge,

3) equatorial regions near ITCZ, 4) Western Arabian Sea.
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Figure S 12 Mean annual prediction of the presence of spinetail devil rays Mobula mobular between 2010 and 2020 in the Western Indian Ocean. FADs were used as the
fishing set type for model predictions. For FSC as the main fishing set type for model prediction see Figure S7. The main hotspot identified are 1) Mascarene plateau and

2) Central Indian Ocean ridge, 3) equatorial regions near ITCZ, 4) Western Arabian Sea.
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List of Animation

Animation S 1 Weekly Sea surface height values between 2010 and 2020 in the Western Indian Ocean

Animation S 2 Weekly habitat suitability predictions between 2010 and 2020 for Devil Rays in the Western Indian

Ocean using FSC as the fishing set type for model prediction.

Animation S 3Weekly habitat suitability predictions between 2010 and 2020 for Spinetail Devil Ray Mobula

mobular in the Western Indian Ocean using FSC as the fishing set type for model prediction.

https://drive.google.com/drive/folders/1121ZNschXKhc5AYGdiV4WzrkM9-y9-gD?usp=sharing
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