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Introduction

The bull shark Carcharhinus leucas occurs in warm tropical and subtropical waters, primarily on continental shelves [START_REF] Daly | Residency patterns and migration dynamics of adult bull sharks (Carcharhinus leucas) on the east coast of Southern Africa[END_REF][START_REF] Heupel | Conservation challenges of sharks with continental scale migrations[END_REF]. Bull sharks are reported to be largely philopatric, with some seasonal migrations along the coast [START_REF] Carlson | Habitat use and movement patterns of bull sharks Carcharhinus leucas determined using pop-up satellite archival tags[END_REF][START_REF] Espinoza | Evidence of partial migration in a large coastal predator: opportunistic foraging and reproduction as key drivers?[END_REF].

Like other apex predators, bull sharks play a key role in the proper functioning of coastal tropical and subtropical ecosystems [START_REF] Ferretti | Patterns and ecosystem consequences of shark declines in the ocean[END_REF]. Globally, many shark populations have been under intense fishing pressure throughout their ranges [START_REF] Queiroz | Global spatial risk assessment of sharks under the footprint of fisheries[END_REF]), resulting in substantial population declines. According to the International Union for Conservation of Nature, C. leucas is regarded as Near Threatened. However, bull sharks have also been considered to be responsible for attacks on humans, particularly during the last decade at Reunion Island [START_REF] Lagabrielle | Environmental and anthropogenic factors affecting the increasing occurrence of shark-human interactions around a fast-developing Indian Ocean island[END_REF].

Since 2011, the mean number of shark bites per year has increased markedly from 1.1 to 3 for the periods 1980-2010and 2011-2019, respectively (Taglioni et al. 2018). Between 2011and 2019, 27 attacks (of which 11 were fatal) occurred, which is considerable given the population of Reunion Island (863 000 inhabitants in 2016).

To date, little is known about the large-scale movements of bull sharks, particularly around small oceanic islands [START_REF] Brunnschweiler | Oceans apart? Short-term movements and behaviour of adult bull sharks Carcharhinus leucas in Atlantic and Pacific Oceans determined from pop-off satellite archival tagging[END_REF]. Therefore, there is a critical need to improve our understanding of the habitat use of bull sharks, particularly their site fidelity and movements, to mitigate the negative interactions between humans and sharks [START_REF] Ferretti | Reconciling predator conservation with public safety[END_REF][START_REF] Meyer | Habitat geography around Hawaii's oceanic islands influences tiger shark (Galeocerdo cuvier) spatial behaviour and shark bite risk at ocean recreation sites[END_REF]).

However, classic tracking technologies used on terrestrial animals, such as GPS and radio, cannot be used to track aquatic animals as radio waves and GPS signals cannot travel efficiently through water [START_REF] Grothues | A Review of Acoustic Telemetry Technology and a Perspective on its Diversification Relative to Coastal Tracking Arrays[END_REF]. For fishes that do not regularly surface, a good alternative is to use archival tags or pop-up satellite archival tags (PSAT) that can provide geolocation estimates through the measurement of light. However, raw geolocations derived from light-based algorithms have a large uncertainty, often hundreds of kilometers, and may have limited potential for addressing specific questions in fine-scale spatial ecology. To improve the precision of geolocation estimates, different environmental data, such as sea surface temperature [START_REF] Teo | Validation of geolocation estimates based on light level and sea surface temperature from electronic tags[END_REF], have been used to restrict geolocation uncertainty [START_REF] Nielsen | Improving light-based geolocation by including sea surface temperature[END_REF]). However, these methods are limited to estimates that occur more than once or a few times a day [START_REF] Patterson | Using GPS data to evaluate the accuracy of state-space methods for correction of Argos satellite telemetry error[END_REF]. In this study, we utilised a doubletagging method consisting of two independent tracking technologies used simultaneously on the same individual: PSAT and acoustic telemetry [START_REF] Cochran | Multi-method assessment of whale shark (Rhincodon typus) residency, distribution, and dispersal behavior at an aggregation site in the Red Sea[END_REF]. Acoustic telemetry uses a combination of transmitters deployed on tagged individuals with a network of fixed acoustic receivers that provide presence/absence data with a relatively good level of precision (site dependent: 100-800 m). PSAT tags are not spatially restricted to stationary acoustic-monitoring receivers for location estimates, and provide time-series data on ambient light (used for geolocation), temperature and depth of the tagged individual. By using these two biologging tools, we investigated the degree of site fidelity and the extent of movements of bull sharks when they leave the coastal waters of Reunion Island.

Materials and methods

In March 2013 two adult bull sharks were each equipped with two electronic tags: a pop-up archival transmitting tag (MiniPAT-247A PSAT tag, Wildlife Computers, Chicago, USA ) and a coded acoustic transmitter (V16TP-4x; delay range: 40-80 s, power output 158 dB, battery life of 845 days, Vemco, INNOVA SEA, Nova Scotia, Canada).

Each acoustic transmitter was implanted into the peritoneal cavity through a mid-ventral incision. The acoustic network consisted of 44 receivers deployed around Reunion Island (Figure 1). Each time an acoustic tag enters the detection radius (maximum range ~400 m) of a receiver, its ID and a time stamp are recorded [START_REF] Blaison | Seasonal variability of bull and tiger shark presence on the west coast of Reunion Island, western Indian Ocean[END_REF]. The acoustic telemetry dataset was used to assert the locations of the sharks in the coastal waters of the island throughout the study duration. Each PSAT tag was rigged with a heat-shrink-covered 20-cm monofilament tether and was attached externally using a mono-filament line punctured through the first dorsal fin. Each PSAT tag was programmed to detach itself after 192 days, float to the surface and transmit the archived data via the Argos satellite constellation. The software WC-DAP Global Position Estimator 2.00.0027 (Wildlife Computers) was used to process the raw light data [START_REF] Wilson | Estimation of location : global coverage using light intensity[END_REF]) and generated two location estimates per day. We used the particle-filtering modelling approach described by [START_REF] Tremblay | A Parsimonious Approach to Modeling Animal Movement Data[END_REF], which is similar to the WC-GPE3 program of Wildlife Computers, to estimate the probable locations of the sharks every eight hours. Constraints such as sea surface temperature and maximum diving depth were not used to refine the position estimates due to the lack of a horizontal thermal gradient and the relatively shallow occurrence of the sharks in the water column, which did not provide useful information on the bathymetry of the area. The maximum swimming speed of 4.55 km h -1 was used in the model and was based on the literature [START_REF] Daly | Residency patterns and migration dynamics of adult bull sharks (Carcharhinus leucas) on the east coast of Southern Africa[END_REF][START_REF] Lea | To Madagascar and back: long-distance, return migration across open ocean by a pregnant female bull shark Carcharhinus leucas[END_REF] and on speeds estimated from movements between acoustic receivers. The known locations from acoustic detections within the receiver array were used to refine the tracks generated by the geolocation model.

To reduce false acoustic detections, a shark was considered as present at a receiver when at least two detections were recorded during one hour. The geolocation model was set to avoid the landmass by using Dijkstra's algorithm [START_REF] Singal | Dijkstra Shortest Path Algorithm using Global Positioning System[END_REF]) to find the path of least resistance (i.e. shorter distance). Finally, given the limited accuracy of the geolocation estimates, we defined 'coastal waters' as the waters within 20 km of the coast. As such, an 'excursion' was termed as a trip of at least two days' duration outside coastal waters (i.e. >20 km from the coast).

Results

The details of the tagging and tracking data are summarised in Table 1. The tag on the male detached prematurely. Using a backward-drift model (P Sabarros, IRD, pers. comm.), the pop-up location was estimated to be southeast of the island, approximately 10 km offshore (21°30' S, 55°45' E). For the tag on the female, the pressure sensor indicated a fixed depth of 100 meters from 9 August 2013 until the tag surfaced on the 192nd day. Consequently, we used only the data collected prior to that date.

The pop-up location was 36 km south of the tagging site and 2 km offshore (21°19' S, 55°23' E).

The proportion of time spent in coastal waters (<20 km) was 58.1% and 89.9% for the male and female, respectively. It appears that the female undertook a limited number of large-scale movements and for most of the time remained in the coastal waters southwest of Reunion Island. This individual performed only three excursions off the coast of the island, each lasting a few days (less than a week), with a maximum distance from the island of about 60 km (Figures 2,3, Table 2).

The male exhibited a broader spatial pattern all around the island (Figures 2,3) and performed a single long excursion south of the island to the vicinity of a submarine ridge that culminated at a seamount situated 210 km from Reunion Island (23°.17' S, 55°.30' E). This excursion was performed in April over 20 d and covered approximately 1 260 km (Table 2). This large-scale movement was followed by six other short excursions of between 40 and 90 km from the coast. 

Discussion

Using a double-tagging approach with acoustic telemetry and pop-up archival tags, we were able to substantially improve the accuracy of the tracks by adding more-precise locations. This approach is particularly useful for marine animals that rarely surface, like the bullshark, and which cannot be tracked using GPS technology [START_REF] Winship | Statespace framework for estimating measurement error from double-tagging telemetry experiments: State-space model for double-tagging data[END_REF].

The results showed that both bull sharks were regularly found inshore, suggesting a possible fidelity to the west coast of Reunion Island. This insular fidelity is similar to that described in previous studies on adult bull sharks [START_REF] Brunnschweiler | Oceans apart? Short-term movements and behaviour of adult bull sharks Carcharhinus leucas in Atlantic and Pacific Oceans determined from pop-off satellite archival tagging[END_REF][START_REF] Werry | Sex-based spatial segregation of adult bull sharks, Carcharhinus leucas, in the New Caledonian great lagoon[END_REF]. At Reunion Island, coastal fidelity of adult female bull sharks could be related to the mating activities thought to occur between May and August [START_REF] Pirog | Reproductive biology, multiple paternity and polyandry of the bull shark Carcharhinus leucas[END_REF]. The observed offshore excursions, particularly those undertaken by the male, differed from the large-scale movements of several months and thousands of kilometers previously reported for this species [START_REF] Lea | To Madagascar and back: long-distance, return migration across open ocean by a pregnant female bull shark Carcharhinus leucas[END_REF][START_REF] Espinoza | Evidence of partial migration in a large coastal predator: opportunistic foraging and reproduction as key drivers?[END_REF] or for other shark species [START_REF] Chapman | There and back again: a review of residency and return migrations in sharks, with implications for population structure and management[END_REF][START_REF] Meyer | Habitat geography around Hawaii's oceanic islands influences tiger shark (Galeocerdo cuvier) spatial behaviour and shark bite risk at ocean recreation sites[END_REF]. It seems unlikely that these offshore movements resemble large scale, seasonal and philopatric migrations as previously recorded for this species. Extensive movements punctuated by repeated offshore excursions have already been observed in sharks. This behaviour was observed in great white sharks (Jorgensen et al. 2010) where several individuals simultaneously occurred in an offshore area, and it was hypothesised that these potential meeting points, or 'cafés', were motivated by feeding or mating. The offshore excursion of the male bull shark observed in our study was oriented toward a ridge situated more than 250 km from the island. Such oceanic features are known to increase productivity via water enrichment associated with localised upwelling [START_REF] Morato | Seamounts are hotspots of pelagic biodiversity in the open ocean[END_REF]; hence it can be hypothesised that this seamount serves as an offshore feeding area.

Considering the limitations of the PSAT technology [START_REF] Hays | Why do Argos satellite tags deployed on marine animals stop transmitting?[END_REF], the small sample size (two individuals) and the limited study duration, great care has to be taken when trying to generalise the observed patterns of movement behaviour and residency to the entire bull shark population frequenting Reunion Island. However, the offshore excursions observed in our study confirm the ability of bull sharks to leave coastal waters for the open ocean and potentially highlight the important role of the oceanic habitat in the ecology of this species. The motive driving these repetitive offshore excursions displayed by bull sharks remains unclear and should be examined in future studies.
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 1 Figure 1: Positions of 44 acoustic receivers around Reunion Island and tagging locations of the male (M) and the female (F) bull sharks Carcharhinus leucas

Figure 2 :

 2 Figure 2: Horizontal movements of (a) the tagged male bull shark from March to September 2013 and (b) the tagged female bull shark from March to August 2013. The intensity of the yellow pixels indicates the probability of occurrence. The pink circle indicates 20 km from the coast.

Figure 3 :

 3 Figure 3: Timeline displaying estimations of the distance from the coast (solid line) and acoustic detections in the coastal waters (red triangles) of (a) a male and (b) a female bull shark tagged off Reunion Island. The pink line indicates excursions of over 20 km and a minimum of two days duration. Pale grey line represents the error (standard deviation) of a location estimated from the positions generated by the model using a combination of speeds drawn at random below the maximum speed threshold set.
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