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            Abstract
Effective ocean management and the conservation of highly migratory species depend on resolving the overlap between animal movements and distributions, and fishing effort. However, this information is lacking at a global scale. Here we show, using a big-data approach that combines satellite-tracked movements of pelagic sharks and global fishing fleets, that 24% of the mean monthly space used by sharks falls under the footprint of pelagic longline fisheries. Space-use hotspots of commercially valuable sharks and of internationally protected species had the highest overlap with longlines (up to 76% and 64%, respectively), and were also associated with significant increases in fishing effort. We conclude that pelagic sharks have limited spatial refuge from current levels of fishing effort in marine areas beyond national jurisdictions (the high seas). Our results demonstrate an urgent need for conservation and management measures at high-seas hotspots of shark space use, and highlight the potential of simultaneous satellite surveillance of megafauna and fishers as a tool for near-real-time, dynamic management.
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                    Fig. 1: Movements of oceanic and neritic pelagic sharks.[image: ]


Fig. 2: Spatial distributions and overlap of sharks and longline fishing vessels.[image: ]


Fig. 3: Estimated exposure risk of sharks to capture by longline fishing activity.[image: ]


Fig. 4: Temporal changes in the exposure risk to sharks of longline fishing.[image: ]



                


                
                    
                        
        
            
                Similar content being viewed by others

                
                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Global status and conservation potential of reef sharks
                                        
                                    

                                    
                                        Article
                                        
                                         22 July 2020
                                    

                                

                                M. Aaron MacNeil, Demian D. Chapman, … Joshua E. Cinner

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Tracking of marine predators to protect Southern Ocean ecosystems
                                        
                                    

                                    
                                        Article
                                        
                                         18 March 2020
                                    

                                

                                Mark A. Hindell, Ryan R. Reisinger, … Ben Raymond

                            
                        

                    
                        
                            
                                
                                    [image: ]

                                
                                
                                    
                                        Protecting nursery areas without fisheries management is not enough to conserve the most endangered parrotfish of the Atlantic Ocean
                                        
                                    

                                    
                                        Article
                                         Open access
                                         12 November 2020
                                    

                                

                                Natalia C. Roos, Guilherme O. Longo, … Adriana R. Carvalho

                            
                        

                    
                

            
        
            
        
    
                    
                
            

            
                Data availability

              
              The source code used to undertake analyses and to prepare figures, in addition to the derived data underlying Fig. 2 maps (shark relative spatial density, longline-fishing effort and shark–longline-fishing overlap and FEI) and Fig. 3 plots (spatial overlap and FEI) is freely available on GitHub (https://github.com/GlobalSharkMovement/GlobalSpatialRisk).
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Extended data figures and tables

Extended Data Fig. 1 The locations of shark tag deployment sites in relation to shark space-use hotspots, ocean currents, physical features and fishing areas.
a, Red circles denote the locations in which satellite transmitters were attached and sharks released, and blue squares in the eastern Pacific Ocean denote the annual median deployment locations of tags by the TOPP program11. Shark space-use hotspots are shown as the 75th (blue dotted lines) and 90th percentiles (red dotted lines) of the mean monthly relative density of estimated shark locations within 1° × 1° grid cells given in Fig. 2a. b, c, Schematic maps of major ocean currents (b) and physical features overlaid on FAO fishing areas (c). Coloured arrows in b denote the thermal regime of currents, with warmer colours indicating higher water temperatures. CGFZ, Charlie Gibbs Fracture Zone; GBR, Great Barrier Reef; PNG, Papua New Guinea.


Extended Data Fig. 2 Spatial distribution of fishing vessels and overlap with sharks.
a, Distribution of the fishing effort of AIS-tracked vessels (mean annual days spent per grid cell) between 2012 and 2016 (Methods). b, Distribution of the mean monthly overlap and level of the fishing effort for all vessels (in days) to which sharks were exposed in overlapping areas, for all species, within 1° × 1° grid cells (Methods). Spatial overlap hotspots were defined as 1° × 1° grid cells with ≥75th percentile of mean FEI. Note that the overlap pattern of sharks and all mapped AIS-equipped fishing vessels is similar to that determined for sharks and longline-fishing vessels in Fig. 2c. c, Distribution of the fishing effort of AIS-equipped purse-seine vessels, using mean annual days spent per grid cell between 2012 and 2016 (Methods). d, Distribution of the mean monthly overlap and level of fishing effort of purse-seine vessel (in days) to which sharks were exposed in overlapping areas, for all species, within 1° × 1° grid cells (Methods). Spatial overlap hotspots were defined as 1° × 1° grid cells with ≥75th percentile of mean FEI.


Extended Data Fig. 3 Environmental modelling results.
Estimated relationships between mean monthly relative density of all sharks (top) and fishing effort of all AIS-equipped fishing vessels (middle) and longline-fishing vessels only (bottom), with all environmental variables in the highest-ranked model (model 1) of the GAM tested. The third column shows the interaction results between the two variables described in the first and second columns. Asterisks indicate the significance level for each smooth term included in the GAM; ***P < 0.001.


Extended Data Fig. 4 Effect of grid-cell size on risk-exposure patterns of sharks to longline fisheries.
a–d, North Atlantic Ocean (a), east Pacific Ocean (b), southwest Indian Ocean (c) and Oceania (d). Note that, regardless of the grid-cell size at which the individual-species mean spatial overlap and FEI were calculated, the species that occur in the highest-(red) and the lowest-risk zones (green) remain notably conserved, which indicates a general pattern that is not dependent on the scale at which these data were analysed. Shark-species identification codes corresponding to marker colours are given in Fig. 3. In addition, for the North Atlantic (a), hammerhead sharks (Sphyrna spp.) are represented by a black circle and oceanic whitetip sharks (C. longimanus) by a light blue circle; for the eastern Pacific Ocean (b), the salmon shark (L. ditropis) is represented by a light orange circle. Error bars are ± 1 s.d. An additional comparison of 2° × 2° with 1° × 1° grid-cell size is given in Supplementary Fig. 4.


Extended Data Fig. 5 Relationship between shark landings by fisheries in the North Atlantic Ocean, and shark density–longline FEI.
Plot showing shark landings from the North Atlantic Ocean (mean, 2007−2016), extracted from the FAO total-capture production database, was dependent upon the longline-fishing effort in the North Atlantic Ocean, as estimated with the individual-species FEI (70% of sharks tracked, 2007–2017; AIS data, 2012−2016) (Methods). Using linear regression, we tested the null hypothesis (H0) that β = 0 after normalizing landings (in metric tonnes) by log-transformation and for median FEI per species. Regression analysis gave the equation: log(landings) = 1.364 + 8,732 FEI, with a regression coefficient (b) standard error of 3,369. We computed r2 = 0.45, F = 6.72 and F0.05(1),1,7 = 5.59, therefore rejecting H0 at the 5% level of significance with P < 0.05.


Extended Data Fig. 6 Relative density and spatial overlap distributions for the five most data-rich individual shark species that occur in multiple oceans.
a–e, Mean monthly relative density of shark species (left) tracked in 2002–2017 in comparison with species-mean FEI per grid cell (right) for the 5 most data-rich species or taxa groups that occur in multiple oceans: blue shark (a), shortfin mako shark (b), tiger shark (c), whale shark (d) and white shark (e). Red boxes denote areas shown in Fig. 3. Shark images created by M. Dando.


Extended Data Fig. 7 Relative density and spatial overlap distributions for the sixth to tenth most data-rich individual shark species that occur in multiple oceans.
Mean monthly relative density of shark species (left) tracked in 2002–2017 in comparison with species-mean FEI per grid cell (right) for the sixth to tenth most data-rich species or taxa groups that occur in multiple oceans: oceanic whitetip shark (a), porbeagle shark (b), silky shark (c), bull shark (d) and hammerhead sharks (d) (comprising the scalloped hammerhead shark, the great hammerhead shark and the smooth hammerhead shark). Shark images created by M. Dando. CLO, Carcharhinus longimanis; SPH, Sphyrna spp.


Extended Data Fig. 8 Between-years patterns in global spatial density of pelagic sharks.
Mean monthly spatial density was calculated for each two-year period across species. We used consecutive two-year groups to reduce gaps in coverage. Note that there were broad-scale shark tracks in the east Pacific Ocean in all eight two-year periods (2002–2003 to 2016–2017), in the North Atlantic Ocean between 2006–2007 and 2016–2017, in the southwest Indian Ocean in 2010–2011 to 2014–2015, and in Oceania between 2004–2005 and 2014–2015. This indicates that temporal consistency of shark tracks was present within the ocean regions studied, which suggests that the spatial hotspots that we identified are more likely to be persistent between years.


Extended Data Fig. 9 Risk-exposure patterns of sharks from longline fisheries between 2012 and 2016.
a–d, North Atlantic Ocean (a), east Pacific Ocean (b), southwest Indian Ocean (c) and Oceania (d). Note that species patterns of exposure to risk in highest-risk (red) and lowest-risk (green) zones in the years 2012−2016, which matched shark density data with longline-fishing effort data from AIS-equipped vessels directly, were very similar to patterns found for shark density (2002−2017) and longline-fishing effort data from AIS-equipped vessels (species-mean FEI) (2012−2016) (shown in Fig. 3), which indicates that there was no important effect of temporally mismatched datasets on the results. LDI, L. ditropis.


Extended Data Fig. 10 Seasonal shifts in sharks, longline-fishing vessels and patterns of overlap with fishing effort.
a–h, Mean quarterly relative spatial density of sharks (left), longline-fishing effort (in days) (middle) and mean FEI per grid cell (the fishing effort to which sharks were exposed in overlapped areas) (right) for blue sharks in the North Atlantic Ocean in December–February (a), March–May (b), June–August (c) and September–November (d), and for shortfin mako sharks in the North Atlantic Ocean in December–February (e), March–May (f), June–August (g) and September–November (h).
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