Aquat. Living Resour. 2020, 33, 23DOI: 10.1051/alr/2020024© EDP Sciences 2020Research ArticleEvidence of a predation event on a tagged Mediterranean spearfish (Tetrapturus belone; Pisces, Istiophoridae), inferred from pop-up satellite tagging data
Danilo Malara1,2, Pietro Battaglia1* [image: orcid], Pierpaolo Consoli1, Erika Arcadi1, Simonepietro Canese3, Silvestro Greco2,3, Franco Andaloro1 and Teresa Romeo4,5

1 
 
Stazione Zoologica Anton Dohrn, National Institute of Biology, Ecology and Marine Biotechnology, Via Porticatello n. 29,  Pace (Messina)   98167,  Italy 
 


2 
Stazione Zoologica Anton Dohrn, National Institute of Biology, Ecology and Marine Biotechnology, Calabrian Researches Centre and Marine Advanced Infrastructures (CRIMAC), C. da Torre Spaccata,  87071   Amendolara (CS),  Italy 


3 
Stazione Zoologica Anton Dohrn, National Institute of Biology, Ecology and Marine Biotechnology,  Rome,  Italy 


4 
ISPRA, Italian National Institute for Environmental Protection and Research, BIO-CIT, Via dei Mille, 44 Milazzo,  Messina,  Italy 


5 
Stazione Zoologica Anton Dohrn, National Institute of Biology, Ecology and Marine Biotechnology,  Via dei Mille,  44 Milazzo,  Italy 



* Corresponding author: pietro.battaglia@szn.it


: Flavia Lucena Fredou
Received: 
25 
May 
2020
Accepted: 
13 
November 
2020
Published online: 15 December 2020
Abstract

The Strait of Messina is located at the centre of the Mediterranean Sea and is considered a biodiversity hotspot and an obligatory seasonal passage for different pelagic species such as sharks, marine mammals, and billfishes. For the first time, in the Strait of Messina, our research group tagged a Mediterranean spearfish (Tetrapturus belone) using a pop-up satellite archival tag (PSAT). The observation of abiotic parameters (depth, light, and temperature) recorded by the PSAT confirmed that the tagged specimen was predated after about nine hours. The tag was then regurgitated 14 days after the tag deployment date. The analysis of collected data seems to indicate that the predator may be an ectothermic shark, most likely the bluntnose sixgill shark (Hexanchus griseus).
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1 Introduction
Understanding large vertebrates' movements, ecology, habitat, and behaviour is a challenging task, especially in a marine environment. However, the fast technological advancement of the last few decades has allowed researchers to use biologging, applying electronic tags to study marine pelagic vertebrates (Hays et al., 2016). Biologging is the utilisation of any animal-borne device (biologger) that stores data collected from a single or multiple sensor (Boyd et al., 2004; Hooker et al., 2007). Data stored by a biologger can be retrieved via satellite transmission (satellite telemetry) or acoustic transmission (acoustic telemetry) or can be downloaded after recovering the electronic tag (for an exhaustive review, see Cooke et al., 2004; Ropert-Coudert and Wilson, 2005; Cooke et al., 2012; Hussey et al., 2015; Wilson et al., 2015).
Satellite telemetry devices are generally used to study highly migratory species, especially their movements and behaviour, mainly against time and depth in coastal or open ocean areas. For instance, this technology has been used to study pelagic species belonging to different taxa, such as sharks, rays, tunas, tuna-like fishes, turtles, swordfish (Xiphias gladius), other billfishes (Istiophoridae), escolar (Lepidocybium flavobrunneum), sablefish (Anoplopoma fimbria), Atlantic salmon (Salmo salar), and American eels (Anguilla rostrata) (Speare, 1995; Sedberry and Loefer, 2001; Canese et al., 2004; Kerstetter et al., 2008; Block et al., 2011; Canese et al., 2011; Dewar et al., 2011; Wilson et al., 2011; Béguer-Pon et al., 2012; Pleizier et al., 2012; Chittenden et al., 2013; Lacroix, 2013; Abascal et al., 2015; Carvalho et al., 2015; Chapple et al., 2015; Echave, 2016; Arostegui et al., 2018; Andrzejaczek et al., 2019; Arostegui et al., 2019). Moreover, pop-up satellite archival transmitters (PSATs) have become the best option to study animals that spend less time at the surface (i.e. billfish, sharks, etc.), allowing one to record the information from sensors (such as depth, temperature, environmental light level, etc.; Hill and Braun, 2001). These transmitters detach from the animal using a pre-programmed release mechanism (Cooke et al., 2012) or when the animal is dead. In some cases, the tagged specimens are vulnerable to predators because of injuries or stress caused by the tagging. However, the PSATs do not provide any direct information if the tags or the tagged specimens are ingested by predators. Nevertheless, analysing the light sensor data in combination with the depth and temperature profiles (both internal and external) might help to understand whether the tagged specimen has been predated and infer what kind of predator has interacted with it. In the literature, different cases of predation on tagged fishes were reported regarding silver-stage American eels (A. rostrata; Béguer-Pon et al., 2012), Atlantic salmon (S. salar; Lacroix, 2014; Strøm et al., 2019), opah (Lampris gattatus; Kerstetter et al., 2004; Polovina et al., 2008), white marlin (Tetrapturus albidus; Kerstetter et al., 2004), sailfish (lstiophorus platypterus; Jolley and Irby, 1979), chinook salmon (Oncorhynchus tshawytscha; Seitz et al., 2019), albacore (Thunnus alalunga; Cosgrove et al., 2015), and southern bluefin tuna (Thunnus maccoyii; Tracey et al., 2016). While the predator is often identified at the macro-categories or family level (i.e. marine mammals, endothermic fish, ectothermic fish, lamnid sharks, etc.), one can often infer which predator species interacted with the tagged individual based on ecological knowledge.
The main aim of this study is to report, for the first time, a predation event on a Mediterranean spearfish (Tetrapturus belone) after the application of a PSAT in the Strait of Messina (located at the centre of the Mediterranean Sea). Based on the data retrieved from the PSAT, one could infer post-release predation on this billfish, which may be due to an attack by an ectothermic shark.
2 Materials and methods
2.1 Study area
Tagging experiments were carried out in the Strait of Messina, which is a narrow passage of seawater connecting the Ionian and Tyrrhenian seas (Fig. 1). The Strait of Messina is characterised by a peculiar hydrodynamic regime, regulated by tidal currents and producing upwelling phenomena (Vercelli, 1925; Bignami and Salusti, 1990; Mosetti, 1991) that make this area highly productive (Fortier, 1991) and concentrate mesopelagic food resources in upper waters (Berdar et al., 1983; Battaglia et al., 2017). For this reason, the Strait of Messina represents an important feeding area for large pelagic species such as X. gladius and T. belone (Romeo et al., 2009a) as well as Atlantic bluefin tuna (Thunnus thynnus; Battaglia et al., 2013). Therefore, this area holds high importance in the migratory movements of pelagic marine animals between the centre and the western part of the Mediterranean Sea. Here, the periodical abundance of large pelagic fish allowed the development of a peculiar and ancient fishing activity using the harpoon and the feluca, a type of boat (Romeo et al., 2009b; Romeo et al., 2015; Battaglia et al., 2018), between April and August. We used these vessels to perform tagging operations.
	[image: thumbnail]	Fig. 1 Study area (Strait of Messina, central Mediterranean), bathymetric information and tag deployment-detachment locations. Image created using ARCGIS v. 10.8.1 while bathymetric data were obtained from digitalised IGM database.



2.2 Sampling vessel and equipment
Tagging experiments were carried out on board a harpoon fishing vessel commonly used to target swordfish (X. gladius) and occasionally Atlantic bluefin tuna (T. thynnus) and the Mediterranean spearfish (T. belone) in the Strait of Messina (Di Natale et al., 2005; Romeo et al., 2015; Battaglia et al., 2018). The feluca is equipped with a long mast (25–40 m) and an elongated plank, having an adjustable length (25–40 m), ending with a pulpit, where the fisherman has the role of harpooning the sighted animals. At the top of the ‘must’, a maximum of four fishermen spend their time observing the sea surface (such observation can reach up to ∼5 m below the sea surface) to sight fishes (Battaglia et al., 2018; Fig. 2a–d).
	[image: thumbnail]	Fig. 2 Harpoon vessel and equipment used for the tagging experiment. ‘Feluca’ boat (a), plank (b), ‘must’ (c) harpooner during fishing operations (d) and modified harpoon consisting in a 3.5 m pole equipped with the pop-up satellite archival tag (e).



2.3 Tagging activity
Based on previous tagging activities carried out on board felucca boats in the Strait of Messina, targeting swordfish (X. gladius; Canese et al., 2004; Canese et al., 2008) and giant devil rays (Mobula mobular; Canese et al., 2011), the equipment was adapted and modified to best fit our target, that is, T. belone. Indeed, the Mediterranean spearfish has a slimmer body shape compared with the swordfish and the giant devil ray; for this reason, to increase tagging success, the 3.5 m harpoon pole was modified by removing the harpoon tip and inserting a customised short-handle tag pole with the applicator pin, equipped with a stainless steel anchor, connected to the tag via tether, and secured using two elastic bands (Fig. 2e). On 17 August 2019, at about 08:00 (UTC time), the first Mediterranean spearfish was tagged in the position 38°14′26″N, 15°35′06″E, using a MiniPAT PSAT (Wildlife Computers; https://wildlifecomputers.com). The tagged T. belone individual swam at the surface in a group of three animals directed towards the northern area of the Strait of Messina and weighed about 12–15 kg. The weight was visually estimated by four different fishermen and researchers and corresponded to approximatively 150 cm of low jaw fork length (LJFL).
The MiniPAT tag was attached to the dorsal musculature of the fish, about 5 cm from the dorsal fin, in the direction of the caudal fin. The tag was in pre-activated mode, which means that the collection of environmental information (depth, temperature, and light level at an interval of 75 s, which were pooled in 6-h bins) started after the animal performed the first dive below 5 m. The tag was also programmed to detach from the specimen via a corrosive burn wire mechanism (emergency release mechanism) and to transmit data either 30 days after activation or if it was floating at the surface or was at a constant depth (variation of 2 m) for more than three days. In addition, the tag was programmed to detach when achieving the threshold depth of 1700 m to avoid reaching its crush depth and becoming inoperable. The tag buoyancy was checked in a bucket full of seawater (∼50 L); the tag, equipped with an anchor and tether, showed a slightly negative buoyancy.
2.4 Data analysis
Data from the recovered tag were retrieved using Tag Agent v. 2.2.19.0 (https://wildlifecomputers.com). Time series of temperature, depth, and light level as well as night/day predator time series were constructed using the ‘ggplot2’ package (v. 3.2.1; Wickham, 2016), while time-at-depth (TAD) histograms were constructed using the RchivalTag package (v. 0.0.7; Bauer, 2018). The depth bins were in 10 m increments from the surface to 50 m and in 50 m increments from 50 to 400 m. The night and day profiles coincided with nautical dusk and dawn times calculated using geographical coordinates at the time of tag deployment as a position reference through the ‘suncalc’ package (v. 0.5.0; Thieurmel and Elmarhraoui, 2019). Data analysis were performed using R v. 3.5.2 and R-studio v. 1.2.5033 (2020-01-17; R Core Team, 2015; R Studio Team, 2015), while the cartography was created using ARCGIS v 10.8.1.
Since an anomaly on the light, depth, and temperature profiles was evident, the data were re-analysed and compared with information in the literature to confirm the hypothesis of a predation event on the tagged fish. Therefore, to avoid making wrong assumptions, we differentiated the following: (i) data belonging to the Mediterranean spearfish; (ii) data recorded from the predation event to tag regurgitation/egestion; and (iii) data recorded after tag regurgitation/egestion. Finally, to analyse the predator's behaviour, only the TAD and night/daytime series at the depth data belonging to point (ii) were considered.
3 Results
The MiniPAT tag release happened, as scheduled, on 16 September 2019 (30 days after tagging); the signal was located within 6 km east of the tagging area (latitude = 38°14′16.8″N; longitude = 15°39′46.8″E; Fig. 1). Considering that the location signal was not in real time, it was necessary to monitor the location signal until it stabilised before starting a tag recovery expedition. Therefore, after monitoring the tag for a few days, we observed a steady signal of location class (LC) 3 pointing to the Calabrian coast near the village of Villa S. Giovanni (Italy). On 19 September, the tag was recovered through an inspection on the beach around the LC 3 signal, and the data were downloaded.
The time series dataset (light, depth, and temperature profiles) showed an unusual vertical movement behaviour of the T. belone individual tagged with the PSAT. Indeed, the time and depth data series (Fig. 3) show that immediately after tagging on 17 August 2019, at about 08:00 (UTC time), the T. belone individual remained at a depth of 50 m for about nine hours. Then on the same day at 17:17, the tag started recording an abrupt pressure change and showed short upward movement, followed by movement to an approximate depth of 270 m. From this moment on, the tag recorded diel vertical movements, with permanence in shallow waters at night (about 40–270 m) and deeper waters during the day (about 200–370 m). Simultaneous with the quick change in depth profile on 17 August, the light intensity profile returned a minimum value. This value had been recorded for several days without significant changes until 16 September; the tag may have remained in a dark environment for the entire period, even when the depth profile showed that the tag had remained periodically in shallow waters (Fig. 3b). Similarly, the temperature profile changed from about 26 to 15 °C after 17 August. Figure 3c shows that the temperature values remained almost constant (15–17 °C) until 16 September. Given the absence of natural light, we could not estimate any horizontal movement; indeed, geolocations (latitude and longitude) are generally obtained using light intensity level measurements and calculated from twilight events (Hill and Braun, 2001). On 1 September, the tag had begun to record an almost constant depth; however, the pre-programmed emergency release system (the software programmed to release the tag after 3 days of inactivity) was not activated. The tag remained on the bottom until 16 September (the programmed tag release date), when the pin burn release system was activated, releasing the tag from the anchor and tether, resulting in tag surfacing (Fig. 3a).
	[image: thumbnail]	Fig. 3 Depth (a), light intensity (b) and temperature profile (c) retrieved from PSAT. The time of the deployment, predation, regurgitation/egestion and pin burn activation for each profile is also shown.



4 Discussion
The analysis of these data allowed us to formulate the hypothesis of a predation event on the tagged fish. Reconstructing the dynamics of the events, at about 05:00 on 17 August 2019, the Mediterranean spearfish was likely dead ∼50 m below the sea surface; we assume that it was eaten by another large animal, along with the tag. Although the tagging was apparently successful and the tagged fish seemed vital soon after, the animal may have been stressed from the recent tag application; the penetration of the applicator pin with the anchor (about 8 cm) may have also caused serious injuries and the death of the animal.
From this moment until 1 September, the tag remained in the gastro-intestinal tract (GIT) of the predator, and after this time, it was regurgitated/egested (Fig. 3). However, since the PSAT is relatively big, it cannot have passed through the entire GIT because of the presence of the spiral valve in the elasmobranch GIT. Indeed, the valve lumen is too narrow to allow the PSAT passage without causing damage to the animal or obstruction in the digestive tract. Consequently, the tag was likely regurgitated, as reported in some cases regarding the regurgitation of ultrasonic tags in P. glauca (Hazin et al., 1994) and Carcharhinus amblyrhynchos (Economakis and Lobel, 1998). Indeed, sharks have the capacity to maintain a healthy alimentary tract by adopting a voluntary stomach eversion manoeuvre to remove indigestible food items or objects (Brunnschweiler et al., 2005).
After regurgitation, the tag remained at an almost constant depth for 17 days given the negative buoyancy of the whole tag assemblage (PSAT, tether, and stainless steel anchor). This period of inactivity at a constant depth should have activated the emergency release mechanism (programmed to release the tag after 3 days), which failed. However, the release mechanism was activated, as programmed, 30 days after tag deployment.
This hypothesis is confirmed by the following data:
	
In our research, the MiniPAT tag showed that in the first nine hours, the tagged T. belone remained at a depth between 40 and 60 m. The bathymetric profile near the deployment location was close to 50 m in depth (Fig. 1). These results most likely demonstrate that the animal was dead or immobilised soon after tagging, lying motionlessly near or at the bottom, and its light movements were probably current induced. Indeed, swimming for nine hours without changing depth is highly unusual for T. belone, as demonstrated by the data collected by Arostegui et al. (2019), which show that such a pattern was observed only sometimes at night, when the T. belone spends hours at the sea surface. Such a pattern is unknown for this species while it swims in deeper waters. Considering the absence of vertical movements for 9 h, we hypothesise that the tagged specimen was dead soon after tagging.



	
After this time (about 17:00, UTC time), we found evidence that the animal had been eaten by a large predator. The rapid vertical movement from 50 m towards the surface at about 17:00 on 17 August 2019 (Fig. 3a) was likely due to the predator seizing the Mediterranean spearfish together with the tag. Then we observed a deep dive of up to 270 m (Fig. 3a), along with a drop in light level and temperature (Fig. 3b and c). After a successful attack, the predator spent most of the recorded time (>80%) in deep layers between 100 and 400 m (Fig. 4b) below the surface. This diving behaviour seems unusual for T. belone, supporting our hypothesis of a predator attack. This species prefers epipelagic layers between the sea surface and 30 m, remaining above the thermocline, with rare excursions below 84 m in depth (Arostegui et al., 2018; ICCAT, 2006–2016).



	
Between 17 August and 1 September, the tag recorded a particular depth profile, indicating a diel vertical migration pattern, with rises in shallow waters to 50–250 m in depth at night, remaining in these layers throughout the evening. The animal migrated back into deeper layers (250–370 m) in the morning, staying there during the day (Fig. 4a). Such a pattern of vertical habitat utilisation contrasts with current knowledge on the behaviour and ecology of T. belone, confirming our hypothesis of a predation event. The minimum depth reached by the predator became constantly shallower during the monitored period, reaching 50 m at night, in correspondence with the less luminous lunar phase (new moon). This behaviour may demonstrate a relationship between the predator's vertical migration pattern and the lunar cycle.



	
While the tag remained inside the predator, it recorded a constant light level (18 W/cm2), corresponding to a dark environment (i.e. the stomach of the predator). Indeed, a recent study (Comfort, 2012) demonstrated that MiniPAT tags anchored at about 400 and 200 m recorded light levels between ∼30 and ∼130 W/cm2 and that only tags attached to sharks that dived below 600 m (i.e. deeper than the maximum depth recorded in this study) reported values of light intensity <30 W/cm2.





Starting from 14:35 on 1 September 2019, the light sensor data indicated normal environmental light levels based on the alternation of daylight and night periods. The temperature was almost constant, with frequent peaks after the tag was considered expulsed and deposited at an almost constant depth (Fig. 3). While the tag remained in the predator's stomach, the temperature was almost constant (15–17 °C), similar to the external water temperature in the study area (De Domenico, 1987). For this reason, we hypothesise that the predator was an ectothermic species (cold-blooded).
Increases in temperature, light level, and depth after the activation of the pin release mechanism were observed and followed by tag emergence. The hypothesis of the light sensor malfunctioning was rejected as the light intensity had increased since 1 September 2019 (Fig. 3b), that is, after tag regurgitation.
Based on these considerations, all the data recorded from 17 August to 1 September (Fig. 4b) can be attributed to the presence of the tag in the predator's stomach.
The predation of tagged animals is not a rare event, as shown in Table 1. Cases of predation on tagged eels (A. rostrata; Béguer-Pon et al., 2012) and Atlantic salmon (Salmo salar; Lacroix, 2014; Strøm et al., 2019) were observed and attributed to the porbeagle shark (Lamna nasus). In another study, Cosgrove et al. (2015) described that lamnid sharks such as shortfin mako (Isurus oxyrinchus) and porbeagle (L. nasus) were possibly responsible for the predation of tagged albacore tuna (T. alalunga). Furthermore, Jolley and Irby (1979) reported that one specimen of sailfish (l. platypterus), tagged with an acoustic tag, was predated by an unidentified shark. Kerstetter et al. (2004) demonstrated that two white marlins (T. albidus) and one opah (L. gattatus), equipped with PSATs, were eaten by a blue shark and an unidentified endothermic shark, respectively. Additionally, Hoffmayer (2009) described the attack of another endothermic shark (shortfin mako) on a PSAT-tagged silk shark (C. falciformis), while Polovina et al. (2008) hypothesised that a shortfin mako (I. oxyrinchus) or a great white shark (Carcharodon carcharias) was responsible for the death of a satellite-equipped opah (L. gattatus).
In our case, as discussed above, the temperature values remained constant (15–17 °C) while the tag was in the predator's stomach. For this reason, we hypothesise that the predator was an ectothermic species (cold-blooded), thus excluding any endothermic predator species (hot-blooded) such as marine mammals, bluefin tuna, and Alopiidae and Lamnidae sharks. Indeed, marine mammals have a body temperature range of 36–38 °C (Whittow et al., 1974); bluefin tuna is an endothermic species (Carey and Lawson, 1973; Shiels et al., 2015), while the abovementioned sharks generally have a body temperature of about 8–14 °C above the water temperature (Carey et al., 1981; McCosker, 1987; Goldman, 1997; Bernal and Sepulveda, 2005). Furthermore, it is highly unlikely that some other large billfish, such as swordfish, ate an entire 12–15 kg Mediterranean spearfish. Therefore, the predator may be an opportunistic shark species. Several sharks are considered asynchronous opportunistic feeders (scavengers; Compagno, 1984; Cortés et al., 2008) and are usually attracted by the chemical cues, fish distress stimuli, and/or body fluids (i.e. blood released after tag anchor application; Hobson, 1963; Tester, 1963) generated by an animal in danger or in distress (Hogstedt, 1983), such as a recently tagged animal. Potential bathypelagic/bathydemersal species that should be excluded because of their relatively small size (<200 cm; Compagno, 1984) compared with their prey include the sharpnose sevengill shark (Heptranchias perlo), the bigeyed sixgill shark (Hexanchus nakamurai), and the picked dogfish (Squalus acanthias). On the contrary, the predator is highly unlikely to be the bramble shark (Echinorhinus brucus) despite its maximum length of 300 cm (Compagno, 1984) since the most recent report of this species in the Strait of Messina was in 1937 (Cipria, 1937) and it is considered a highly rare species in the Mediterranean Sea (De Maddalena and Zuffa, 2003; Kabasakal and Bilecenoglu, 2014). Similarly, the smalltooth sand tiger shark (Odontaspis ferox) has been occasionally reported near the study area (Fergusson et al., 2008) and observed only once during fishing surveys conducted in the Calabrian region between 2000 and 2009 (Sperone et al., 2012). According to current knowledge, the study area has a stable population of Hexanchus griseus (Celona et al., 2005; Potoschi et al., 2010), an ectothermic shark that, in the Mediterranean Sea, reaches up to more than 650 cm in total length (Kabasakal, 2013) and prefers deep waters of up to 2500 m (Jones et al., 2002, 2003) as well as temperatures below 19°C (Comfort, 2012; Comfort and Weng, 2015). The diel vertical migration patterns of this shark match with the predator's behaviour observed in our study. Indeed, H. griseus usually stays in deep waters during the day (Comfort, 2012; Comfort and Weng, 2015) and moves towards shallow waters at night (up to about 40 m; Dunbrack and Zielinski, 2003; Andrews et al., 2009; Comfort, 2012; Comfort and Weng, 2015).
To sum up the outcomes presented in this study, we demonstrated the post-release mortality of a large pelagic fish (T. belone) tagged with a PSAT. The interpretation of the biologging data demonstrated predation or scavenging on the tagged Mediterranean spearfish by an ectothermic shark. The day/night behaviour observed resembled the pattern of the bluntnose sixgill shark (H. griseus), which, based on the current knowledge of the megafauna in this region, is highly abundant in the Strait of Messina.
	[image: thumbnail]	Fig. 4 Graphic representation of predator vertical movement. (A) Predator diving behaviour by date (days), time (h) and lunar phases between 17th of August 2019 and 1st of September 2019. Blue line = dive profile, grey area = nautical twilight night event (time between dusk and dawn) and white area = nautical twilight day event (time between dawn and dusk) (bB) percentage of Time at Depth (TAD) bar plot. Depth bins = 0 (thresholds 0–9 m), 10 (thresholds 10–19 m), 20 (thresholds 20–29 m), 30 (thresholds 30–39 m), 40 (thresholds 40–49 m), 50 (thresholds 50–99 m). (C) percentage of Time at Depth (TAD) bar plot between 100 and 350 m with 50 m resolution Depth bins = 100 (thresholds 100–149 m), 150 (thresholds 150–199 m), 200 (thresholds 200–249 m), 250 (thresholds 250–299 m), 300 (thresholds 300–349 m), 350 (thresholds 350–399 m). Yellow colour = daytime, black colour = night-time, error bars = standard deviation (SD).



Table 1 
Reported cases in which tagged animals were predated by marine predators. Common names of the species are provided according to Froese and Pauly (2019).


Acknowledgements
The authors thank all the crew members of the feluca, Antonio Padre for helping to carry out the tagging activities, Ms. Federica Laface for conducting the tag searching and recovery expedition, and Dr. Paolo D'Ambrosio for the cartography support. Funding has been provided by the Sicilian Department of Mediterranean Fisheries (PO FEAMP 2014–2020 funds; Measure 1.40, letter c; CUP G65C18000020009, project code 02/RBC/18).

References
	
Abascal FJ, Mejuto J, Quintans M, Garcia-Cortes B, Ramos-Cartelle A. 2015. Tracking of the broadbill swordfish, Xiphias gladius, in the central and eastern North Atlantic. 
Fish Res
 162: 20–28.
	
Andrews KS, Williams GD, Farrer D, Tolimieri N, Harvey CJ, Bargmann G, Levin PS. 2009. Diel activity patterns of sixgill sharks, Hexanchus griseus: the ups and downs of an apex predator. 
Anim Behav
 78: 525–536.
	
Andrzejaczek S, Gleiss AC, Lear KO, Pattiaratchi CB, Chapple TK, Meekan MG. 2019. Biologging tags reveal links between fine-scale horizontal and vertical movement behaviors in tiger sharks (Galeocerdo cuvier). 
Fron Mar Sci
 6: 229.
	
Arostegui MC, Braun CD, Gaube P. 2018. Movement and thermal niche of the first satellite-tagged Mediterranean spearfish (Tetrapturus belone). 
Fish Oceanogr
 28: 327–333.
	
Arostegui MC, Gaube P, Braun CD. 2019. Movement ecology and stenothermy of satellite-tagged shortbill spearfish (Tetrapturus angustirostris). 
Fish Res
 215: 21–26.
	
Battaglia P, Ammendolia G, Cavallaro M, Consoli P, Esposito V, Malara D, Rao I, Romeo T, Andaloro F. 2017. Influence of lunar phases, winds and seasonality on the stranding of mesopelagic fish in the Strait of Messina (Central Mediterranean Sea). 
Mar Ecol
 38: e12459.
	
Battaglia P, Andaloro F, Consoli P, Esposito V, Malara D, Musolino S, Peda C, Romeo T. 2013. Feeding habits of the Atlantic bluefin tuna, Thunnus thynnus (L. 1758), in the central Mediterranean Sea (Strait of Messina). 
Helg Mar Res
 67: 97–107.
	
Battaglia P, Perzia P, Pedà C, Esposito V, Consoli P, Andaloro F, Romeo T. 2018. Evolution, crisis and new scenarios of the Italian swordfish harpoon fishery. 
Reg Stud Mar Sci
 21: 94–101.
	
Bauer R. 2018. Rchivaltag: Analyzing archival tagging data. R package v. 0.0.7 https://CRAN.R-project.org/package=RchivalTag

	
Béguer-Pon M, Benchetrit J, Castonguay M, Aarestrup K, Campana SE, Stokesbury MJW, Dodson JJ. 2012. Shark predation on migrating adult american eels (Anguilla rostrata) in the Gulf of St. Lawrence. 
PLOS ONE
 7: e46830.
	
Berdar A, Potoschi A, Cavallaro G, Cavaliere A, Li Greci F. 1983. Su alcuni cefalopodi spiaggiati e pescati nello Stretto di Messina. 
Mem di Biol Mar Ocean
 13: 115–127.
	
Bernal D, Sepulveda CA. 2005. Evidence for temperature elevation in the aerobic swimming musculature of the common thresher shark, Alopias vulpinus
. 
Copeia
 1: 146–151.
	
Bignami F, Salusti E. Tidal currents and transient phenomena in the strait of Messina: a review, in: L.J. Pratt (Ed.), The Physical Oceanography of Sea Straits, Springer Netherlands, Dordrecht, 1990, pp. 95–124.
	
Block BA, Jonsen ID, Jorgensen SJ, Winship AJ, Shaffer SA, Bograd SJ, Hazen EL, Foley DG, Breed GA, Harrison AL, Ganong JE, Swithenbank A, Castleton M, Dewar H, Mate BR, Shillinger GL, Schaefer KM, Benson SR, Weise MJ, Henry RW, Costa DP. 2011. Tracking apex marine predator movements in a dynamic ocean. 
Nature
 475: 86–90.
	
Boyd I, Kato A, Ropert-Coudert Y. 2004. Bio-logging science: sensing beyond the boundaries. 
Mem Nat Inst Pol Res
 Special Issue. 58: 1–14.
	
Brunnschweiler JM, Andrews PLR, Southall EJ, Pickering M, Sims DW. 2005. Rapid voluntary stomach eversion in a free-living shark. 
J Mar Biolog Assoc UK
 85: 1141–1144.
	
Canese S, Cardinali A, Romeo T, Giusti M, Salvati E, Angiolillo M, Greco S. 2011. Diving behavior of the giant devil ray in the Mediterranean Sea. 
Endan Spec Res
 14: 171–176.
	
Canese S, Garibaldi F, Giusti M, Romeo T, Greco S. 2004. First successful attempt of swordfish tagging with popup in the Mediterranean Sea. 
Biol Mar Med
 11: 153.
	
Canese S, Garibaldi F, Relini LO, Greco S. 2008. Swordfish tagging with pop-up satellite tags in the Mediterranean Sea. 
Coll Vol Sci Pap ICCAT
 62: 1052–1057.
	
Carey FG, Teal JM, Kanwisher JW. 1981. The visceral temperatures of mackerel sharks (Lamnidae). 
Physiol Zool
 54: 334–344.
	
Carvalho F, Ahrens R, Murie D, Bigelow K, Aires-Da-Silva A, Maunder MN, Hazin F. 2015. Using pop-up satellite archival tags to inform selectivity in fisheries stock assessment models: a case study for the blue shark in the South Atlantic Ocean. 
ICES J Mar Sci
 72: 1715–1730.
	
Celona A, De Maddalena A, Romeo T. 2005. Bluntnose sixgill shark, Hexanchus griseus (Bonnaterre, 1788), in the eastern north sicilian waters. 
Bull Nat Hist Mus Ven
 56: 137–151.
	
Chapple TK, Gleiss AC, Jewell OJ, Wikelski M, Block BA. 2015. Tracking sharks without teeth: a non-invasive rigid tag attachment for large predatory sharks. 
Anim Biotel
 3: 14.
	
Chittenden CM, Ådlandsvik B, Pedersen OP, Righton D, Rikardsen AH. 2013. Testing a model to track fish migrations in polar regions using pop-up satellite archival tags. 
Fish Oceanogr
 22: 1–13.
	
Cipria G. 1937. Embrione di Echinorhinus spinosus Gmelin. 
Memorie R Com Talass Ital
 245: 3–7.
	
Comfort CM. 2012. Spatial and trophic ecology of the bluntnose sixgill shark: environmental drivers of behavior and comparative trophic position in two distinct habitats, University of Hawaii, Master'thesis. http://hdl.handle.net/10125/100902

	
Comfort CM, Weng KC. 2015. Vertical habitat and behaviour of the bluntnose sixgill shark in Hawaii. 
Deep Sea Res Part II Topic Stud Ocean
 115: 116–126.
	
Compagno LJV. 1984. Sharks of the world: an annotated and illustrated catalogue of shark species known to date, Part 2 Carcharhiniformes. 
FAO Spec Catal
 4: 251.
	
Cooke SJ, Hinch S, Lucas MC, Lutcavage M. Biotelemetry and biologging, in: A. Zale, D. Parrish, S. Sutton (Eds.), Fisheries techniques, 3rd edition, American Fisheries Society, Bethesda, Maryland, 2012, pp. 819–
860.
	
Cooke SJ, Thorstad EB, Hinch SG. 2004. Activity and energetics of free-swimming fish: insights from electromyogram telemetry. 
Fish Fish
 5: 21–52.
	
Cortés E, Papastamatiou YP, Carlson JK, Ferry-Graham L, Wetherbee BM, Cyrino J, Bureau D, Kapoor B. An overview of the feeding ecology and physiology of elasmobranch fishes, in: J.E.P. Cyrino, D.P. Bureau, B.G. Kapoor (Eds.), Feeding and Digestive Functions of Fishes, CRC Press 2008, pp. 393–443.
	
Cosgrove R, Arregui I, Arrizabalaga H, Goni N, Neilson JD. 2015. Predation of pop-up satellite archival tagged albacore (Thunnus alalunga). 
Fish Res
 162: 48–52.
	
De Domenico E. Caratteristiche fisiche e chimiche delle acque nello Stretto di Messina, in: Di Geronimo, Barrier, Mantenat (Eds.), Le Detroit de Messine, Evolution Tectono-Sedimentaire Recente (Pliocene et Quaternaire) et Environment Actuel Vol. 11, Documents et Travaux de l'IGAL, Paris 1987, pp. 225–235.
	
De Maddalena A, Zuffa M. 2003. A gravid female bramble shark, Echinorhinus brucus (Bonnaterre, 1788), caught off Elba Island (Italy, northern Tyrrhenian Sea). 
Annales Ser Hist Nat
 13: 167–172.
	
Dewar H, Prince ED, Musyl MK, Brill RW, Sepulveda C, Luo J, Foley D, Orbesen ES, Domeier ML, Nasby-Lucas N, Snodgrass D, Michael Laurs R, Hoolihan JP, Block BA, McNaughton LM. 2011. Movements and behaviors of swordfish in the Atlantic and Pacific Oceans examined using pop-up satellite archival tags. 
Fish Ocean
 20: 219–241.
	
Di Natale A, Celona A, Mangano A. 2005. A series of catch records by the harpoon fishery in the Strait of Messina from 1976 to 2003. 
Coll Vol Sci Pap ICCAT
 58: 1348–1359.
	
Dunbrack R, Zielinski R. 2003. Seasonal and diurnal activity of sixgill sharks (Hexanchus griseus) on a shallow water reef in the Strait of Georgia, British Columbia. 
Can J Zool. Rev Can Zool
 81: 1107–1111.
	
Economakis AE, Lobel PS. 1998. Aggregation behavior of the grey reef shark, Carcharhinus amblyrhynchos, at Johnston Atoll, Central Pacific Ocean. 
Environ Biol Fish
 51: 129–139.
	
Echave KB. 2016. Feasibility of tagging sablefish, Anoplopoma fimbria, with pop-off satellite tags in the northeast Pacific Ocean. U.S. Dept. of Commerce, NOAA. Tech Memo NMFS-AFSC-320. 38.
	
Fergusson I, Graham K, Compagno L. 2008. Distribution, abundance and biology of the smalltooth sandtiger shark Odontaspis ferox (Risso, 1810) (Lamniformes: Odontaspididae). 
Envir Biol Fish
 81: 207–228.
	
Fortier L. Export production and the production of fish larvae and their prey at hydrodynamic singularities, in: L. Guglielmo, A. Manganaro, E. De Domenico (Eds.), The Straits of Messina Ecosystem, Università degli Studi di Messina, Italy 1991, pp. 213–222.
	
Froese R, Pauly D (Eds) 2019. FishBase. World Wide Web electronic publication. www.fishbase.org, version (12/2019).
	
Goldman KJ. 1997. Regulation of body temperature in the white shark, Carcharodon carcharias
. 
J Comp Phys B
 167: 423–429.
	
Hays GC, Ferreira LC, Sequeira AMM, Meekan MG, Duarte CM, Bailey H, Bailleul F, Bowen WD, Caley MJ, Costa DP, Eguíluz VM, Fossette S, Friedlaender AS, Gales N, Gleiss AC, Gunn J, Harcourt R, Hazen EL, Heithaus MR, Heupel M, Holland K, Horning M, Jonsen I, Kooyman GL, Lowe CG, Madsen PT, Marsh H, Phillips RA, Righton D, Ropert-Coudert Y, Sato K, Shaffer SA, Simpfendorfer CA, Sims DW, Skomal G, Takahashi A, Trathan PN, Wikelski M, Womble JN, Thums M. 2016. Key questions in marine megafauna movement ecology. 
Trends Ecol Evol
 31: 463–475.
	
Hazin F, Lessa RP, Chammas M. 1994. First observations on stomach contents of the blue shark, Prionace glauca, from southwestern equatorial Atlantic. 
Rev Bras Biol
 54: 195–198.
	
Hill RD, Braun MJ. Geolocation by light level, in: J.R. Sibert, J.L. Nielsen (Eds.), Electronic Tagging and Tracking in Marine Fisheries, Springer, Dordrecht, Netherlands, 2001, pp. 315–330.
	
Hobson ES. 1963. Feeding behavior in three species of sharks. 
Pac Sci
 17: 171–194.
	
Hoffmayer E. 2009. Predation of Silky Sharks in the Northern Gulf of Mexico. Microwave Telemetry Inc p. 1. Retrieved from http://microwavetelemetry.com/uploads/NewsletterPDFs/MTINewsletter_2009_Spring_page8.pdf

	
Hogstedt G. 1983. Adaptation unto death: function of fear screams. 
Am Nat
 121: 562–570.
	
Hooker S, Biuw M, McConnell B, Miller P, Sparling C. 2007. Bio-logging science: logging and relaying physical and biological data using animal-attached tags. 
Deep Sea Res Part II: Top Stud Ocean
 54: 177–182.
	
Hussey NE, Kessel ST, Aarestrup K, Cooke SJ, Cowley PD, Fisk AT, Harcourt RG, Holland KN, Iverson SJ, Kocik JF. 2015. Aquatic animal telemetry: a panoramic window into the underwater world. 
Science
 348: 1255642.
	
ICCAT. ICCAT Manual. International Commission for the Conservation of Atlantic Tuna, ICCAT Publications, 2006–2016.
	
Jolley JJW, Irby JEW. 1979. Survival of tagged and released Atlantic sailfish (Istiophorus platypterus: Istiophoridae) determined with acoustical telemetry. 
Bull Mar Sci
 29: 155–169.
	
Jones EG, Tselepides A, Bagley PM, Priede IG. 2002. Behaviour of deep-sea sharks inferred from in situ acoustic tracking in the Cretan Sea, eastern Mediterranean, in: R. Aidan Martin, D. MacKinlay (Eds.), Biology of Deep Sea Elasmobranchs. Symposium Proceedings. International Congress on the Biology of Fish, University of British Columbia, Vancouver, Canada.
	
Jones EG, Tselepides A, Bagley PM, Collins MA, Priede IG. 2003. Bathymetric distribution of some benthic and benthopelagic species attracted to baited cameras and traps in the deep eastern Mediterranean. 
Mar Ecol Prog Ser
 251: 75–86.
	
Kabasakal H. 2013. Bluntnose sixgill shark, Hexanchus griseus (Chondrichthyes: Hexanchidae), caught by commercial fishing vessels in the seas of turkey between 1967 and 2013. 
Annales Ser Hist Nat
 23: 33–48.
	
Kabasakal  H, Bilecenoglu M. 2014. Not disappeared, just rare! Status of the bramble shark, Echinorhinus brucus (elasmobranchii: Echinorhinidae) in the seas of Turkey. Annales Ser Hist Nat 24: 93–98.
	
Kerstetter DW, Polovina J, Graves JE. 2004. Evidence of shark predation and scavenging on fishes equipped with pop-up satellite archival tags. 
Fish Bull
 102: 750.
	
Kerstetter DW, Rice PH, Snodgrass D, Prince ED. 2008. Behavior of an escolar Lepidocybium flavobrunneum in the Windward Passage as determined by popup satellite archival tagging. 
Gulf Caribb Res
 20: 97–102.
	
Lacroix GL. 2013. Population-specific ranges of oceanic migration for adult Atlantic salmon (Salmo salar) documented using pop-up satellite archival tags. 
Can J Fish Aquat Sci
 70: 1011–1030.
	
Lacroix GL. 2014. Large pelagic predators could jeopardize the recovery of endangered Atlantic salmon. 
Can J Fish Aquat Sci
 71: 343–350.
	
McCosker JE. 1987. The white shark, Carcharodon carcharias, has a warm stomach. 
Copeia
 1987: 195–197.
	
Mosetti F. Tidal and other currents in the Straits of Messina, in: L. Guglielmo, A. Manganaro, E. De Domenico (Eds.), The Straits of Messina Ecosystem, Italy, Messina, 1991, pp. 15–29.
	
Pleizier N, Campana S, Schallert RG, Wilson S, Block B. 2012. Atlantic bluefin tuna (Thunnus thynnus) diet in the Gulf of St. Lawrence and on the Eastern Scotian shelf. 
J Northwest Atl Fish Soc
 44: 67–76.
	
Polovina JJ, Hawn D, Abecassis M. 2008. Vertical movement and habitat of opah (Lampris guttatus) in the central North Pacific recorded with pop-up archival tags. 
Mar Biol
 153: 257–267.
	
Potoschi A, Iaria G, Spanò N. 2010. Shark records in the strait of Messina (Central Mediterranean Sea): Hexanchus griseus (Bonnaterre, 1788). 
Rapp Comm Int explor Scient Mer Med
 39: 636.
	
R Core Team 2015. R: A language and environment for statistical computing, Vienna, Austria. Available from: http://www.R-project.org/

	
Romeo T, Battaglia P, Raicevich S, Perzia P, Andaloro F. 2015. Swordfish harpoon fishery in the Mediterranean sea: Recent data to implement the marine strategy framework directive and the ecap (ecosystem approach) process. 
Fish Res
 161: 191–199.
	
Romeo T, Consoli P, Castriota L, Andaloro F. 2009a. An evaluation of resource partitioning between two billfish, Tetrapturus belone and Xiphias gladius, in the central Mediterranean Sea. 
J Mar Biol Ass UK
 89: 849–857.
	
Romeo T, Consoli P, Greco S, Canese S, Andaloro F. 2009b. Swordfish (Xiphias gladius, Teleostea: Xiphiidae) surface behaviour during reproductive period in the central Mediterranean Sea (southern Tyrrhenian Sea). 
Mar Biodiv Rec
 2: e45.
	
Ropert-Coudert Y, Wilson RP. 2005. Trends and perspectives in animal-attached remote sensing. 
Fron Ecol Envir
 3: 437–444.
	
R Studio Team 2015. RStudio: integrated development for R, ‘0.99.896’ ed, Boston, MA. http://www.rstudio.com/

	
Sedberry G, Loefer J. 2001. Satellite telemetry tracking of swordfish, Xiphias gladius, off the eastern United States. 
Mar Biol
 139: 
355–360.
	
Seitz AC, Courtney MB, Evans MD, Manishin K. 2019. Pop-up satellite archival tags reveal evidence of intense predation on large immature Chinook salmon (Oncorhynchus tshawytscha) in the North Pacific Ocean. 
Can J Fish Aquat Sci
 76: 1608–1615.
	
Shiels HA, Galli GLJ, Block BA. 2015. Cardiac function in an endothermic fish: cellular mechanisms for overcoming acute thermal challenges during diving. 
Proc Royal Soc B Biol Sci
 282: 20141989.
	
Speare P. 1995. Parasites as biological tags for sailfish Istiophorus platypterus from east coast Australian waters. 
Mar Ecol Prog Ser
 118: 43–50.
	
Sperone E, Parise G, Leone A, Milazzo C, Circosta V, Santoro G, Paolillo G, Micarelli P, Tripepi S. 2012. Spatiotemporal patterns of distribution of large predatory sharks in Calabria (central Mediterranean, southern Italy). Acta Adriatica 53: 13–23.
	
Strøm JF, Rikardsen AH, Campana SE, Righton D, Carr J, Aarestrup K, Stokesbury MJW, Gargan P, Javierre PC, Thorstad EB. 2019. Ocean predation and mortality of adult Atlantic salmon. 
Sci Rep
 9 7890.
	
Tester AL. 1963. The role of olfaction in shark predation. 
Pac Sci
 17: 145–170.
	
Thieurmel B, Elmarhraoui A. 2019. Suncalc: Compute sun position, sunlight phases, moon position and lunar phase, R Package Version 0.5.0. https://CRAN.R-project.org/package=suncalc

	
Tracey S, Hartmann K, Mcallister J, Conron S, Leef M. 2016. Capture-induced physiological stress and post-release survival of recreationally caught Southern Bluefin Tuna, Final report FRDC project 2013-025. FRDC.
	
Vercelli F. 1925. Crociere per lo studio dei fenomeni dello Stretto di Messina. I. Regime delle correnti e delle maree nello Stretto di Messina. Comm Inter Med Officina Ferrari, 1–209.
	
Whittow GC, Hampton IFG, Matsuura DT, Ohata CA, Smith RM, Allen JF. 1974. Body temperature of three species of whales. 
J Mamm
 55: 653–656.
	
Wickham H. ggplot2: elegant graphics for data analysis, 2016, Springer-Verlag, New York.
	
Wilson ADM, Wikelski M, Wilson RP, Cooke SJ. 2015. Utility of biological sensor tags in animal conservation. 
Cons Biol
 29: 1065–1075.
	
Wilson SG, Lawson GL, Stokesbury M, Spares A, Boustany A, Neilson J, Block B. 2011. Movements of Atlantic bluefin tuna from the Gulf of St. Lawrence to their spawning grounds. 
Coll Vol Sci Pap ICCAT
 66: 1247–1256.



Cite this article as: Malara D, Battaglia P, Consoli P, Arcadi E, Canese S, Greco S, Andaloro F, Romeo T. 2020. Evidence of a predation event on a tagged Mediterranean spearfish (Tetrapturus belone; Pisces, Istiophoridae), inferred from pop-up satellite tagging data. Aquat. Living Resour. 33: 23



All Tables
Table 1 
Reported cases in which tagged animals were predated by marine predators. Common names of the species are provided according to Froese and Pauly (2019).
In the text

All Figures
	[image: thumbnail]	Fig. 1 Study area (Strait of Messina, central Mediterranean), bathymetric information and tag deployment-detachment locations. Image created using ARCGIS v. 10.8.1 while bathymetric data were obtained from digitalised IGM database.
In the text



	[image: thumbnail]	Fig. 2 Harpoon vessel and equipment used for the tagging experiment. ‘Feluca’ boat (a), plank (b), ‘must’ (c) harpooner during fishing operations (d) and modified harpoon consisting in a 3.5 m pole equipped with the pop-up satellite archival tag (e).
In the text



	[image: thumbnail]	Fig. 3 Depth (a), light intensity (b) and temperature profile (c) retrieved from PSAT. The time of the deployment, predation, regurgitation/egestion and pin burn activation for each profile is also shown.
In the text



	[image: thumbnail]	Fig. 4 Graphic representation of predator vertical movement. (A) Predator diving behaviour by date (days), time (h) and lunar phases between 17th of August 2019 and 1st of September 2019. Blue line = dive profile, grey area = nautical twilight night event (time between dusk and dawn) and white area = nautical twilight day event (time between dawn and dusk) (bB) percentage of Time at Depth (TAD) bar plot. Depth bins = 0 (thresholds 0–9 m), 10 (thresholds 10–19 m), 20 (thresholds 20–29 m), 30 (thresholds 30–39 m), 40 (thresholds 40–49 m), 50 (thresholds 50–99 m). (C) percentage of Time at Depth (TAD) bar plot between 100 and 350 m with 50 m resolution Depth bins = 100 (thresholds 100–149 m), 150 (thresholds 150–199 m), 200 (thresholds 200–249 m), 250 (thresholds 250–299 m), 300 (thresholds 300–349 m), 350 (thresholds 350–399 m). Yellow colour = daytime, black colour = night-time, error bars = standard deviation (SD).
In the text





    
      Fig. 1 

      
        [image: thumbnail]
      

      
        Study area (Strait of Messina, central Mediterranean), bathymetric information and tag deployment-detachment locations. Image created using ARCGIS v. 10.8.1 while bathymetric data were obtained from digitalised IGM database.

      

    

  
    
      Fig. 2 

      
        [image: thumbnail]
      

      
        Harpoon vessel and equipment used for the tagging experiment. ‘Feluca’ boat (a), plank (b), ‘must’ (c) harpooner during fishing operations (d) and modified harpoon consisting in a 3.5 m pole equipped with the pop-up satellite archival tag (e).

      

    

  
    
      Fig. 3 

      
        [image: thumbnail]
      

      
        Depth (a), light intensity (b) and temperature profile (c) retrieved from PSAT. The time of the deployment, predation, regurgitation/egestion and pin burn activation for each profile is also shown.

      

    

  
    
      Fig. 4 

      
        [image: thumbnail]
      

      
        Graphic representation of predator vertical movement. (A) Predator diving behaviour by date (days), time (h) and lunar phases between 17th of August 2019 and 1st of September 2019. Blue line = dive profile, grey area = nautical twilight night event (time between dusk and dawn) and white area = nautical twilight day event (time between dawn and dusk) (bB) percentage of Time at Depth (TAD) bar plot. Depth bins = 0 (thresholds 0–9 m), 10 (thresholds 10–19 m), 20 (thresholds 20–29 m), 30 (thresholds 30–39 m), 40 (thresholds 40–49 m), 50 (thresholds 50–99 m). (C) percentage of Time at Depth (TAD) bar plot between 100 and 350 m with 50 m resolution Depth bins = 100 (thresholds 100–149 m), 150 (thresholds 150–199 m), 200 (thresholds 200–249 m), 250 (thresholds 250–299 m), 300 (thresholds 300–349 m), 350 (thresholds 350–399 m). Yellow colour = daytime, black colour = night-time, error bars = standard deviation (SD).
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	Tagged animal
	Location
	Possible predator
	Reference



	






	Scientific name
	Common name
	Family
	

	

	






	
Anguilla rostrata

	Silver-stage American eels
	Anguillidae
	Gulf of St. Lawrence
	Porbeagle shark (Lamna nasus)
	
Béguer-Pon et al. (2012)




	
Carcharhinus falciformis

	Silk shark
	Carcharhinidae
	Northern Gulf of Mexico
	Shortfin mako (Isurus oxyrinchus)
	
Hoffmayer (2009)




	
lstiophorus platypterus

	Sailfish
	Istiophoridae
	Southest Florida
	Unidentified shark
	
Jolley and Irby (1979)




	
Lampris gattatus

	Opah
	Lampridae
	Georges Bank
	Endothermic shark
	
Kerstetter et al. (2004)




	 
	 
	 
	Central North Pacific
	Shortfin mako (I. oxyrinchus) or great white shark (Carcharodon carcharias)
	
Polovina et al. (2008)




	
Oncorhynchus tshawytscha

	Chinook salmon
	Salmonidae
	North Pacific Ocean
	Marine mammals
	
Seitz et al. (2019)




	North Pacific Ocean
	Ectothermic fishes
	
Seitz et al. (2019)




	North Pacific Ocean
	Salmon shark (Lamna ditropis)
	
Seitz et al. (2019)




	
Salmo salar

	Atlantic salmon
	Salmonidae
	North Atlantic Ocean
	Marine mammals
	
Strøm et al. (2019)




	 
	North Atlantic Ocean
	Ectothermic fish
	
Lacroix (2014); Strøm et al. (2019)




	 
	North Atlantic Ocean
	Endothermic fish
	
Strøm et al. (2019)




	 
	North Atlantic Ocean
	Lamnid shark
	
Lacroix (2014)




	 
	North Atlantic Ocean
	Bluefin tuna (Thunnus thynnus)
	
Lacroix (2014)




	 
	North Atlantic Ocean
	Porbeagle shark (L. nasus)
	
Lacroix (2014)




	
Thunnus maccoyii

	Southern Bluefin Tuna
	Scombridae
	Southeast of Tasmania, southwest Victoria and the south coast of NSW
	Lamnid sharks
	
Tracey et al. (2016)




	
Thunnus alalunga

	Albacore
	Scombridae
	Bay of Biscay (northeast Atlantic)
	Shortfin mako (I. oxyrinchus)
	
Cosgrove et al. (2015)




	 
	 
	 
	Bay of Biscay (northeast Atlantic)
	Porbeagle shark
	
Cosgrove et al. (2015)




	
Tetrapturus albidus


Tetrapturus belone

	White marlin
Mediterranean spearfish
	Istiophoridae
	Georges Bank
	Blue shark (Prionace glauca)
	
Kerstetter et al. (2004)




	Istiophoridae
	Central Mediterranean Sea − Strait of Messina
	Ectothermic shark, bluntnose sixgill shark (Hexanchus griseus)
	Present paper
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