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The ocean contains an abundance of biodiversity that is vital to global food security. However, marine biodiversity is declining. Marine protected areas and marine reserves have been used to protect biodiversity, conserve threatened species and rebuild exploited species, but are perceived as restrictive to fishing, which has slowed progress towards ocean protection targets. Here, we perform a spatial prioritisation of the ocean to protect biodiversity, threatened species and food security. Food security was quantified using catch in tonnes per km2, per 0.5-degree cell of the ocean, using data from the Sea Around Us, a global database of industrial, artisanal, subsistence, and recreational fishing catches. Using Representative Biodiversity Areas [RBAs (the top 30% of the ocean based on holistic measures of biodiversity)], maps of 974 threatened species, and catch data for 2,170 exploited species, we find that these multiple, competing objectives are achievable with minimal compromise. Protecting 30% of the ocean using a multi-objective solution could protect 89% of RBAs, 89% of threatened species and maintain access to fishing grounds that provide 89% of global catch. Even when prioritising food security above conservation objectives we find significant protection for biodiversity and threatened species (85% RBAs, 73% threatened species). We highlight four exploited species for improved management, as they are consistently caught in areas of high conservation importance (skipjack tuna, Katsuwonus pelamis; yellowfin tuna, Thunnus albacares; Atlantic cod, Gadus morhua; Chilean jack mackerel, Trachurus murphyi). We show that a globally coordinated approach to marine conservation and food security is necessary, as regional scale strategies are shown to be less efficient and may result in conflict between food security and conservation objectives. Our results add support for calls to protect 30% of the ocean by 2030, and show where protection would best protect food security and conserve biodiversity and threatened species.
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INTRODUCTION

Covering two thirds of the planet, the marine realm supports the abundance and diversity of all life on Earth. The world’s oceans help regulate the temperature of the planet (Costanza, 1999; Griffis and Howard, 2013), sequester an estimated 2.4 billion of tonnes of atmospheric carbon each year (Watson et al., 2020), and provide a myriad of provisions, services and cultural benefits vital to human health (Barbier, 2017; Lillebø et al., 2017; Townsend et al., 2018). Perhaps the most important are fisheries, which are integral to global food security, nutrition and economic well-being (Hicks et al., 2019; FAO, 2020). However, global catch peaked in 1996 and overfishing continues throughout the world’s oceans (Costello et al., 2016; Pauly and Zeller, 2016; Froese et al., 2018; Watson and Tidd, 2018; FAO, 2020; Britten et al., 2021).

Due to the overexploitation of marine resources, predominantly from fishing, marine biodiversity is declining, negatively affecting trophic structures, ecosystems and the ecosystem services necessary for human health (McCauley et al., 2015; Duarte et al., 2020). The decline of marine species and habitats has led to large reductions in species populations, and many species that were once numerous are now threatened with extinction (Baum and Myers, 2004; Lotze and Worm, 2009; McCauley et al., 2015; Young and Carlson, 2020; Yan et al., 2021).

To help turn the tide, Marine Protected Areas (MPAs) and Marine Reserves (MRs) have been designated to conserve and restore species populations, habitats and ecosystem functioning and services (Selig and Bruno, 2010; Leleu et al., 2012; Friedlander et al., 2017; Sala and Giakoumi, 2018). Used successfully as conservation tools, they have proven effective within fisheries management, increasing fisheries recruitment and sustainability, safeguarding against stock collapse, and recovering overexploited fish stocks (Yamasaki, 2002; Abesamis et al., 2006; Kerwath et al., 2013; Le Port et al., 2017; Lynham et al., 2020; Lenihan et al., 2021).

In 2010, participatory countries agreed to The Convention on Biological Diversity [CBD] (2010) Aichi Targets. Aichi target six committed to managing and sustainably harvesting all fish, invertebrate stocks and aquatic plants to avoid overfishing, while also ensuring that fisheries had no significant adverse impacts on threatened species and vulnerable ecosystems. Additionally, Aichi target 11 committed to the conservation of at least 10% of coastal and marine areas in protected areas, especially those areas that provide important ecosystem services. In spite of the success of MPAs and MRs and agreements by CBD countries, to date only 8% of the global ocean is in designated protected areas (Marine Conservation Institute, 2021). It is also widely acknowledged that protecting 10% of the oceans will be insufficient to achieve ecological and economic targets (World Parks Congress, 2014; IUCN, 2016; O’Leary et al., 2016; Link and Watson, 2019; Jones et al., 2020). As such, it is expected that the upcoming 15th meeting of the Conference of the Parties to the Convention on Biological Diversity will aim to protect at least 30% of the marine environment by 2030, a call echoed by the IUCN World Conservation Congress (Roberts et al., 2020; Sala et al., 2021).

Previous research has sought to identify conservation priorities for marine protection based on varying measures of biodiversity, including species richness, IUCN threat status, endemism, functional and evolutionary uniqueness and the distribution of human threats (e.g., Roberts et al., 2002; Worm et al., 2005; Tittensor et al., 2010; Pompa et al., 2011; Selig et al., 2014; Klein et al., 2015; Jenkins and Van Houtan, 2016; O’Hara et al., 2019; Zhao et al., 2020; Jefferson et al., 2021). Such studies provide an ecological solution to addressing global marine biodiversity loss, but prioritising areas based primarily on ecological criteria is problematic. Fishing occurs throughout the world’s oceans, heavily influences MPA and MR design and implementation, and is vital to global food security (Helson et al., 2010; Rieser et al., 2013; Devillers et al., 2015; FAO, 2020). Considering the importance of ecological criteria alongside ecosystem services, Visalli et al. (2020) prioritised areas based on species richness, extinction risk, habitat, and fishing effort, but their study was limited to the High Seas [areas beyond the 200 nautical mile limit of each nation’s Exclusive Economic Zone (EEZ), also called Areas Beyond National Jurisdiction]. The first global scale analysis was by Sala et al. (2021), which provided a multi-objective solution to biodiversity protection, food provisioning and carbon storage. They used 4,242 species distributions for biodiversity analyses and 1,150 commercially exploited marine stocks, accounting for roughly half of global catch by weight (Sala et al., 2021). Their results showed that achieving multiple objectives was possible, dependent on the assumption that prioritised areas would improve fisheries yields in areas of overfishing through stock recovery.

Based on a precautionary approach, we investigate whether assuring food security, conserving biodiversity and protecting threatened species is possible without stock recovery assumptions. As such, our approach favours the minimal displacement of fishing catch from current locations of high fisheries productivity. We build on the work of Zhao et al. (2020) which considered 24,904 species distributions in its biodiversity analyses, and Jefferson et al. (2021) which determined conservation priority areas by incorporating the work of Zhao et al. (2020) with the distribution data of 974 threatened species. We provide a multi-objective analysis, analysing biodiversity, threatened species and food security to determine the most effective solution to spatially managing the marine environment. Our objectives were to: (1) determine optimal solutions for scenarios that firstly prioritise food security above conservation; (2) balance both food security and conservation objectives; (3) incorporate regional balancing to compare global and regional scale trade-off efficiencies; and (4) determine the conservation potential of protecting the High Seas and compare this with protecting EEZs.



MATERIALS AND METHODS


Biodiversity and Threatened Species Data

We included the spatial data layer of Representative Biodiversity Areas (RBAs) from Zhao et al. (2020), to define biodiversity priorities within the world’s oceans. Zhao et al. (2020) quantitatively prioritised the top 30% of the marine environment using seven ecosystems, four biomes, seabed rugosity and species richness within each biogeographic realm (using AquaMaps species distribution maps of 24,904 species). To represent the distribution of threatened species, we used the combined database of threatened species ranges from Jefferson et al. (2021), which used both AquaMaps and IUCN species range maps of 974 species from 19 taxonomic classes.



Fishing Catch Data

Catch in tonnes per km2 per 0.5-degree cell of the ocean globe (approx. 55 × 55 km2 at the equator) was compiled using data from the Sea Around Us (Pauly et al., 2020). The Sea Around Us provide a global database of fisheries catches by all maritime countries from 1950–2018. Their records are based on reported landings data from the Food and Agriculture Organisation (FAO), as well as reconstructed estimates of unreported catches (e.g., often unreported subsistence and recreational fisheries) and major discards. The data account for catch from all countries and all fishing sectors, industrial, artisanal, subsistence and recreational, and have been used widely in numerous publications (e.g., Sumaila et al., 2006, 2015; Worm et al., 2006; Swartz et al., 2010; Christensen et al., 2014; Sala et al., 2018a; Schiller et al., 2018; Tickler et al., 2018; Greer et al., 2019; Palomares et al., 2020). Catch records of all exploited species and exploited species groups were combined in R (version 3.6.0) for the last 10 years of available data, 2009–2018 (Figure 1). As our research was concerned with food security from all wild capture fisheries, the total weight of catch (tonnes) was used. Catch was then mapped in ArcMap (version 10.6.1) at a scale of 0.5-degrees.
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FIGURE 1. Total summed catch (2009–2018) in tonnes per 0.5-degree cell [approx. 55 × 55 km2 at the equator (data from the Sea Around Us, Pauly et al., 2020)]. Red: highest values; blue: lowest values; white: no data. Panel (A–C) insets denote areas of highest catch for (A) South America west coast, (B) West Africa, and (C) South and East Asia.




Preliminary Analyses

Using the ArcGIS local tool, “Combine,” and the extraction tool, “Sample,” we compared the overlap of global catch with two different biodiversity prioritisations from previous research, RBAs from Zhao et al. (2020) and areas of highest ecological importance (RBAs and 30% of each threatened species range) from Jefferson et al. (2021). These analyses showed that places of highest importance to biodiversity overlapped with areas that provide almost two thirds of catch by weight (62.0%), and that areas important to both threatened species and biodiversity account for 87.2% of catch. Our analyses also found that 70% of catch came from 3% of the ocean, 80% came from 4% of the ocean, and 90% of catch came from 7% of the ocean (Supplementary Figure 1). EEZs accounted for 97.5% of catch with the remaining 2.5% caught in the High Seas. As important areas for marine biodiversity, threatened species and catch spatially coincide, these analyses showed that protecting biodiversity and food security targets would require trade-offs between ecological and ecosystem service objectives through spatial planning.



Spatial Planning Scenarios

To identify optimal areas for hypothetical marine protection we used the decision-support software Zonation. Zonation is specifically designed to achieve spatial efficiency as a spatial prioritisation tool and has been used extensively in terrestrial and marine spatial management at national, regional and global scales (Delavenne et al., 2012; Veloz et al., 2015; Brum et al., 2017; Dias et al., 2017; Asaad et al., 2018; Duan et al., 2019; Rowden et al., 2019; Stralberg et al., 2020; Zhao et al., 2020; Jefferson et al., 2021; Stephenson et al., 2021). Zonation prioritises areas using a stepwise algorithm that assumes that the analysis area is fully protected, and then progressively identifies and removes cells that contribute the smallest marginal losses in the representation of specified biodiversity features (Moilanen et al., 2005, 2009, 2011, 2014; Lehtomäki and Moilanen, 2013).

All data layers used in Zonation analyses were converted to a 360 × 720 grid-cell raster file with a total of 259,200 global cells at a resolution of 0.5-degrees, ranging from 90°N to –90°S and –180°W to 180°E. In line with Jefferson et al. (2021), terrestrial cells were masked using the Natural Earth 10 m Ocean polygon (version 4.1.0, Natural Earth, 2019). As all data layers were projected by equal degrees, cells at high latitudes were slightly distorted and smaller than those at the equator. However, RBAs, threatened species ranges and catch data all had limited distributions in polar and high latitude regions, thus any cell distortion did not significantly affect Zonation results. Due to the scale of our study, cells in coastal areas which were predominantly terrestrial, but contained catch data, were excluded from our analyses. All Zonation results were limited to the highest scoring cells that covered 30% of global ocean area, in line with predicted increased ocean protection targets (World Parks Congress, 2014; IUCN, 2016; Sala et al., 2021). As shown by Jefferson et al. (2021), the current distribution of MPAs are not placed efficiently to protect biodiversity or threatened species. Therefore we opted not to force inclusion of these cells as priorities for protection in our analysis.

The fishing cost, i.e., the displaced catch per Zonation scenario, was determined by summing the catch from each 0.5-degree cell that would be lost if it was protected from fishing. Displaced catch was determined for all exploited species combined and for each individual exploited species. All calculations were completed in R.


Scenario 1, Prioritising Food Security Above Conservation

In Scenario 1, food security was prioritised above conservation objectives by masking the minimum ocean area that provided at least 90% of catch (that is, the least number of 0.5-degree cells that when summed equal ≥ 90% of fishing catch by weight, Supplementary Figure 1). Zonation’s mask function allows the scoring of cells to define the sequence of cell removal. Hence, all cells which equalled at least 90% of catch were given a hierarchical score of “0.” Ocean with lower or no catch was scored as “1,” and all remaining RBAs were scored as “2.” Consequently, during Zonation processing, the cells with the lowest mask levels (0) were removed first from the spatial prioritisation. As RBAs were scored as “2” they were retained during Zonation processing, ensuring such places were included as highest priority in any outputs. All other ocean areas were scored equally to allow optimal Zonation processing.

All threatened species ranges were used as biodiversity feature layers during Zonation analysis. The cell removal rule was set to “Target Based Function” with a target of 30%. This ensured a minimum of 30% of each threatened species range was included in any Zonation results. We included a target of 30% in keeping with recent calls to protect 30% of the global ocean. Should this be achieved, the maximum range conserved of circum-global species such as Balaenoptera musculus (blue whale) and Physeter macrocephalus (sperm whale) would be approximately 30%. In the interest of protecting all threatened species equally, this was used as a minimum target for all threatened species.



Scenario 2, Protecting Food Security, Biodiversity and Threatened Species

Scenario 2 used a multi-objective approach to balance food security with biodiversity and threatened species conservation. In this scenario, we used Zonation to perform a trade-off analysis to determine an optimal solution that addressed multiple conflicting objectives. Catch data was normalised from 0 to 1, as using the raw catch by weight per 0.5-degree cell resulted in skewed Zonation outputs due to orders of magnitude differences in catch in high productivity regions, e.g., southeast Pacific (see Supplementary Material for the normalisation technique used). The cell removal rule “Core Area Zonation” was used as it enabled data layers to be weighted during Zonation analysis. As weighting layers in Zonation is a subjective process, we used numerous trial runs (iterations) to determine the optimum weightings that maximised objectives. This iterative weighting approach was used to balance contributions to the prioritisation from each category of layer, similar to the “aggregate weighting” of Virtanen et al. (2018). After numerous iterations to ensure efficiency, the RBA layer was weighted “575,” the catch layer was weighted “–83” and each threatened species range layer was weighted as “1.”



Scenario 3, Balancing Objectives While Addressing Spatial Bias Using Administrative Regions

As Scenarios 1 and 2 provide Zonation solutions that rely on the global representation of feature layers and may be biased toward areas of high importance for biodiversity and threatened species (e.g., the Caribbean, The Coral Triangle, and Australia), Scenario 3 used administrative units to provide regional scale balancing of multi-objectives. Administrative units of the global ocean were defined using FAO Major Fishing Areas, which were then subdivided by EEZ or High Seas, resulting in 37 administrative regions (Figure 2). FAO Major Fishing Areas and EEZ maritime boundaries were downloaded from Marine Regions on the 18th of November 2020 (Flanders Marine Institute, 2019)]. In our analysis, the Mediterranean Sea was considered as a single, entirely EEZ administrative region, in line with previous research (Jenkins and Van Houtan, 2016; Visalli et al., 2020). If cells covered multiple FAO areas or EEZs, cells were allocated based on which FAO area or EEZ covered the majority of the cell.
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FIGURE 2. Each FAO Major Fishing Area was split into areas within EEZs and areas within the High Seas, resulting in 37 administrative regions.


We used the cell removal rule “Core Area Zonation” in Scenario 3, and catch data was normalised from 0 to 1. The Zonation setting, Administrative mode “2,” was used to ensure the representation of all features within each administrative region with the setting Mode 2 global weight set to “0.5.” This analysis assumes that all regionally occurring biodiversity features must be represented locally, but also allows global considerations to influence local priorities, ensuring that conservation value is aggregated globally and locally for each administrative region (Moilanen et al., 2014). Following Scenario 2, we used an iterative weighting approach to determine the optimum weightings that best balanced the three objectives (food security, RBAs and threatened species ranges). As such, the RBA layer was weighted “800,” the catch layer was weighted “–720” and each threatened species range layer was weighted as “1.”



Scenarios 4 and 5, Protecting Biodiversity and Threatened Species in the High Seas vs. Exclusive Economic Zones

Scenarios 4 and 5 determined the maximum number of threatened species ranges that can be protected by a minimum of 30%, and the proportion of all RBAs that can be conserved, by prioritising areas within the High Seas, and for comparison, within EEZs. In Scenario 4, ocean cells within the High Seas were scored as “1” and cells within EEZs were scored as “0.” This ensured that all RBAs and the entire range of each threatened species were included in the Zonation analysis area, but that ocean areas outside the desired processing extent, those scored as “0,” were removed first from the spatial prioritisation. Scenario 5 followed the same method as Scenario 4, but conversely, ocean cells within EEZs were scored as “1” and cells within the High Seas were scored as “0.” Balancing food security against conservation objectives was not considered in Scenarios 4 or 5, as the vast majority of catch comes from within EEZs (Sumaila et al., 2015).

A table of Zonation weightings for all scenarios is included in the Supplementary Material (Supplementary Table 1).





RESULTS


Food Security, Biodiversity and Threatened Species Priority Areas

Our results show that even when strategically placing protection to avoid areas that constitute 90% of catch (Scenario 1), significant benefits to the conservation of biodiversity and threatened species are obtained (Figures 3A, 4A and Supplementary Table 2). Implementing Scenario 1 would maintain 95% of catch, while protecting 85% of biodiversity (RBAs) and 73% of threatened species (n = 704) by at least 30% of their range, with an average range protected of 48%. The results display only the highest scoring cells (top 30% prioritised cells) in line with recent calls for 30% ocean protection (Figure 3). As Scenario 1 prioritises food security based on catch, the results show large areas of unselected ocean in west South America, northern Europe, west Africa and south and east Asia (Figure 3A). Important areas for food security and catch are also visible as a coastal margin of unselected ocean in many areas, including west North America and east Africa (white regions, Figure 3A). Conversely, ocean surrounding the Caribbean, Australia, the Red Sea, and various islands in the western Pacific were almost entirely prioritised, due to their global importance to biodiversity and threatened species.
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FIGURE 3. Priority areas for protection covering 30% of the ocean. Colour bars show areas of increasing priority per scenario (green to red), white cells were not selected as priority areas. All displayed priority areas within each scenario were required for protection to achieve any associated benefits. Panel (A–C) denotes Zonation scenario (A) Scenario 1, prioritising food security above conservation, (B) Scenario 2, protecting food security, biodiversity and threatened species, (C) Scenario 3, balancing objectives while addressing spatial bias using administrative regions.
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FIGURE 4. Each Zonation scenario resulted in trade-offs between objectives as ocean protection increased. Dashed red line shows 30% ocean protection. Panel (A–C) denotes Zonation scenario (A) Scenario 1, prioritising food security above conservation, (B) Scenario 2, protecting food security, biodiversity and threatened species, (C) Scenario 3, balancing objectives while addressing spatial bias using administrative regions.


The multi-objective solution of Scenario 2 provided the most balanced prioritisation of protected areas, which if implemented would maintain 89% of catch, protect 89% of biodiversity and conserve 89% of threatened species (n = 860), with an average range protected of 64% (Figures 3B, 4B and Supplementary Table 2). Highest scoring cells (limited to the top 30% prioritized cells) were located in similar areas to Scenario 1, with unselected areas in regions of high catch. However, Scenario 2 prioritized an increased number of areas in the Gulf of Mexico, the Mediterranean Sea, the Mozambique Channel, the Coral Triangle and the Tasman Sea, and a decreased number of areas in the Pacific. In contrast to Scenario 1, the highest priority cells (red) were located in places with lower current catch, such as areas in polar regions, so the score of these cells reflects their low “cost” to fishing and food security, rather than their ecological importance (Figure 3B). Scenarios 1 and 2 prioritise areas for protection with consideration of the global representation of biodiversity and threatened species. Consequently, Scenario 2 almost entirely prioritises the waters of the Caribbean, Australia, the Red Sea, and various islands in the western Pacific, balancing the loss of catch in these high value areas for biodiversity and threatened species against the high catch from unselected areas in west South America, west Africa, the north east Atlantic, south and south east Asia and the Yellow Sea (Figure 3B).

The regionally balanced prioritized areas of Scenario 3 were in contrast to the global solutions presented by Scenarios 1 and 2 (Figures 3C, 4C and Supplementary Table 2). If implemented, Scenario 3 would maintain 83% of catch, protect 65% of biodiversity and conserve 95% of threatened species (n = 916), with an average range protected of 63%. This scenario provided lower protection of biodiversity than the previous results (Figures 4A,B), but provided improved fishing access within each administrative area for the majority of regional coastlines, for example in the Caribbean, Madagascar and Australia (Figure 3). Highest scoring cells (limited to the top 30% prioritized cells) in Scenario 3 were generally more fragmented than prior scenarios. Scenarios 1, 2, and 3 shared common patterns of prioritized areas along mid ocean ridges, seamounts, and areas of high biodiversity, due to the distribution of RBAs, as per Zhao et al. (2020).



The Displacement of Catch From Exploited Species Important to Food Security

The cost, in displaced catch, for each exploited species was determined for Scenarios 1, 2, and 3 (Figure 5 and Supplementary Table 3). Scenario 1 displaced less catch on average than Scenarios 2 and 3 (Figure 5). However, the outliers in Scenario 1 show that catch was displaced disproportionately for some exploited species, Gadus morhua (Atlantic cod), Trachurus murphyi (Chilean jack mackerel), Katsuwonus pelamis (skipjack tuna), and Thunnus albacares (yellowfin tuna). There was increased variation between exploited species and larger average displaced catch in Scenario 3 (Figure 5). Of the 38 exploited species that constituted the majority of global catch by weight (50.1%), four had more than a 10% average displacement across Scenarios 1, 2, and 3; Thunnus albacares (yellowfin tuna): 25%; Gadus morhua (Atlantic cod): 25%; Katsuwonus pelamis (skipjack tuna): 23%; and Trachurus murphyi (Chilean jack mackerel): 14% (Supplementary Table 3). Additionally, five exploited species had more than a 5% average displacement in catch; Clupea harengus (Atlantic herring): 8%; Clupeidae (unspecified clupeoids): 12%; Engraulis encrasicolus (European anchovy): 9%; Oncorhynchus gorbuscha (pink salmon): 9%; and Teuthida (unspecified squid): 13% (Supplementary Table 3).


[image: image]

FIGURE 5. Displaced catch per Zonation scenario at 30% ocean protection. Only exploited species that form the majority of global catch were included due to their importance to food security (50.1% of catch by weight, 38 of 2165 exploited species). Mean displaced catch in Scenario 1, 4.6%; Scenario 2, 9.8%; Scenario 3, 15.1%.


Across Scenarios 1, 2, and 3, a number of exploited species showed high variation in displaced catch (>20%), due to differences in prioritised areas between scenarios, these included Sardinops sagax (South American pilchard), Engraulis japonicus (Japanese anchovy), Gadus morhua (Atlantic cod), and Sardinella longiceps [Indian oil sardine (Supplementary Table 3)].



Protecting Biodiversity and Threatened Species in the High Seas vs. Exclusive Economic Zones

Restricting Zonation analyses to the High Seas, Scenario 4, provided limited benefits to biodiversity and threatened species (Figure 6). Protecting 30% of the global ocean within the High Seas (53% of the High Seas) conserved 9% of threatened species by a minimum of 30% of their range (n = 86) and 38% of RBAs (Figure 6A). Protecting more than 30% of the global ocean within the High Seas protected one additional threatened species (Ursus maritimus, polar bear) and no additional RBAs, requiring a further 3% ocean protection (59% of the High Seas). Only 32 threatened species had ≥ 70% of their range distributed solely within the High Seas, which included 31 threatened seabirds and Thunnus maccoyii (southern bluefin tuna). As our analyses aimed to determine the importance of the High Seas to biodiversity and threatened species, catch and food security was not prioritised as a trade-off during Scenario 4. Nonetheless, an overlap analysis showed that protecting the prioritised High Seas areas shown in Figure 6A would “cost” 2% of catch.
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FIGURE 6. Priority areas for protection covering 30% of the ocean in the High Seas and EEZs. Colour bars show areas of increasing priority per scenario (green to red). Panel (A,B) denotes (A) Scenario 4, protecting biodiversity and threatened species in the High Seas, and (B) Scenario 5, in EEZs.


For comparison with the High Seas, Scenario 5 was limited to the protection of 30% of the global ocean within EEZs (71% of EEZs). Scenario 5 conserved 97% of threatened species (n = 940) by a minimum of 30% of their range and 62% of RBAs (Figure 6B). Two threatened species, Ursus maritimus (polar bear) and Thunnus obesus, (bigeye tuna), had sufficient range within EEZs (≥30%) to enable protection, but required a further 1% of ocean coverage (74% of EEZs). No additional RBAs could be protected by increasing protection within EEZs. As per Scenario 4, catch and food security was not prioritised as a trade-off during Scenario 5. However, protecting the prioritised EEZ areas shown in Figure 6B would “cost” 88% of catch (Figure 6B).




DISCUSSION

Our analyses considered food security, biodiversity protection (RBAs) and threatened species conservation as contrasting objectives. Yet, our results show that when using a global approach to marine spatial management (Scenarios 1 and 2), all objectives are achievable without significant compromise (Figures 3A,B). Using such an approach, conservation and food security objectives are only conflicting when protecting more than 85% of the ocean, due to current distribution patterns of biodiversity, threatened species and catch. Thus, expanding marine protection to 30% of the global ocean could provide a win-win for multiple marine management objectives (Figures 4A,B).

In line with recent calls for increased marine protection, our models suggest that protecting 30% of the ocean will not lead to food insecurity, as the majority of catch can be maintained alongside marine conservation, 95% in Scenario 1 and 89% in Scenario 2 (World Parks Congress, 2014; IUCN, 2016; O’Leary et al., 2016; Sala et al., 2021). Moreover, given that global catch peaked in 1996 and has continuously declined since by 1.2 million tonnes per year, and a third of fisheries are overexploited, future catch reductions are inevitable (Pauly and Zeller, 2016; FAO, 2020; Palomares et al., 2020). Any short-term losses caused by catch reductions may serve to provide long-term benefits, as research has shown that catch restrictions will likely result in reduced fishing effort and increased catch volumes, making fishing more profitable and sustainable (Smith et al., 2011; Pikitch et al., 2014; Costello et al., 2016; Froese et al., 2016).

Our multi-objective solution (Scenario 2), which achieves 89% of each objective, provides a broad proposal of where marine protection should be prioritised, and is of particular importance as fisheries sustainability hinges upon maintaining the biodiversity of our oceans, a key objective of Scenario 2. While Scenario 2 uses a global approach to ocean management, it still accounts for resource access for small-scale fisheries due to global patterns of catch. Since 2009, more than 90% of catch has come from inshore and continental shelf areas (Supplementary Figure 1). Such areas are crucial to food security and were largely unselected as conservation priorities in our results. Continued access for small-scale fisheries is vital as they are typically more sustainable than larger fishing operations, use less destructive and energy-intensive fishing gear, use less fuel as they fish closer to shore, and discard less fish (Jacquet and Pauly, 2008; Carvalho et al., 2011). Additionally, small-scale fisheries account for around half of all wild capture seafood and employ 90% of fishers and fishworkers (Westlund and Zelasney, 2019).

Scenarios 1 and 2 provide less favourable outcomes for nations with exceptional biodiversity or high numbers of threatened species throughout their waters, as to achieve conservation objectives fishing must be displaced from such places. Our research assumes that all fishing, regardless of gear type, would have the same detrimental effect on biodiversity and threatened species. In practice, more sustainable fishing methods with high selectivity, or those that avoid benthic habitat damage such as pole-and-line or trolling, may allow continued access for neighbouring communities dependent on fishing for their economic wellbeing. However, it is unlikely to result in long-term food security benefits (as shown by Rife et al., 2013), as sustainable fisheries ultimately rely on healthy, complex and productive trophic structures and biodiversity (Hiddink et al., 2008; Zhou et al., 2010; Thrush et al., 2016). Further research incorporating the economic value of catch alongside food security and conservation objectives may provide an interesting comparison with our study, though such data is not yet available.

Balancing objectives between food security and marine conservation is more challenging at regional scales, as shown in Scenario 3, when attempting to ensure access to fisheries in areas of conservation importance (Figure 3C, 4C). The Caribbean, the Coral Triangle and Australia are among the most important places for biodiversity and threatened species. Consequently, safeguarding regional access to fishing in these areas comes at a disproportionate cost to conservation objectives (Figure 4C). Likewise, in areas of high catch, such as Peru, safeguarding biodiversity and threatened species comes at a disproportionate cost to food security (Scenario 3, Figure 3C). The inefficient prioritization of marine areas at smaller scales has also been noted by Sala et al. (2021), who used an alternative method, but found that a globally coordinated approach was almost twice as efficient as national-level conservation planning. This is highlighted in our study by higher displaced catch in Scenario 3 compared with Scenarios 1 and 2 (Figures 4, 5).

Our most efficient spatial solution (Scenario 2) showed similarities with the recent work of Visalli et al. (2020). They found that protecting key biodiversity in the High Seas required 24% High Seas protection, which compared closely with the 22% prioritised by our multi-objective solution (Scenario 2). Unlike Visalli et al. (2020), we did not consider future climatic influences on species distributions. Nonetheless, our spatial solution showed congruence with their priority areas within the Atlantic and Pacific Oceans, and high similarity in the Southern Ocean and parts of the Indian Ocean. Results showed few contrasting areas, with minor differences in areas prioritised along mid ocean ridges, off the west coast of Africa and in the northern Indian Ocean. Due to similarities between our High Seas prioritised areas and those of Visalli et al. (2020), many areas included in Scenario 2 may remain important marine management areas, even in the face of future climate changes. Our results also provide an interesting comparison with the work of Sala et al. (2021) who considered biodiversity protection, carbon storage and food provisioning, quantified using assumptions of recovery of exploited species following protection. Though we measured food security by summing the “cost” in displaced catch of ocean protection, complementary priority areas were visible throughout all oceans, but particularly in the Arctic and Southern Oceans, the west coasts of the Americas, the central North Atlantic, the Mediterranean Sea, southeast Africa, the Red Sea, the Tasman Sea, and the waters surrounding tropical and sub-tropical Pacific islands. Protecting these areas of overlap may achieve more than our primary objectives, as such places may contribute towards increased fish stocks and carbon sequestration. Areas not included in our solution but incorporated by Sala et al. (2021), such as the North Pacific, may allow our study to more effectively prioritise places preferable for conservation purposes, due to the higher number of species considered in our analysis.

Scenarios 1, 2, and 3 showed that catch from a number of exploited species was consistently displaced (Supplementary Table 3 and Figure 5). Skipjack tuna (Katsuwonus pelamis), yellowfin tuna (Thunnus albacares), Atlantic cod (Gadus morhua), and Chilean jack mackerel (Trachurus murphyi) are of critical importance to global food security, accounting for 6% of caught fish, but they also show the largest displacements in catch across scenarios, indicating that their respective large and small-scale fisheries are in important conservation areas. As designating and implementing ocean protection has proved time intensive (Lindegren et al., 2018; Sala et al., 2018b; Marine Conservation Institute, 2021), in the interim, such important exploited species and fishing grounds must be managed carefully to minimise negative effects on biodiversity and threatened species.

Fishing is increasing in the High Seas and expanding research has served to highlight the importance of the High Seas to biodiversity conservation (Tickler et al., 2018; Visalli et al., 2020; Wagner et al., 2020). Here, our analysis compared the effectiveness of protecting threatened species and biodiversity in the High Seas with EEZs (Figure 6). While 888 threatened species have ≥ 30% of their range only within EEZs, a further 32 threatened species had at least 70% of their range only within the High Seas. These High Seas threatened species primarily include seabirds, which nest on land, but their foraging grounds extend far offshore where they are vulnerable to bycatch and compete with fisheries for food sources (Lewison et al., 2014; Paleczny et al., 2015; Grémillet et al., 2018). Thus, extending marine protection and fisheries management in the High Seas is imperative to threatened seabird survival. The survival of another High Seas threatened species, the Endangered southern bluefin tuna, may also be bolstered by increasing protection within their High Seas range. The distribution of RBAs and threatened species in the High Seas, as well as the negligible catch (2.5%) and low profitability of High Seas fisheries (Sumaila et al., 2010; Sala et al., 2018a), supports research that calls for the closure of the High Seas to fishing (White and Costello, 2014; Sumaila et al., 2015).

The spatial solutions presented here could only be successful if those who currently fish in areas prioritised for conservation could find alternative sources of food and income. While adapting global import and export markets to provide food security to those who depend on locally caught seafood could be actioned, it is also worthwhile considering that any apparent loss of food security to coastal communities may be lower than our results indicate. Many nearshore areas, which provide a combined 5% of catch by weight, were not included in our analysis, as due to the scale of our study (55 km × 55 km2), cells in such areas were often predominantly terrestrial. Consequently, they were excluded from the Zonation analysis extent and were not prioritised as closed areas (areas with no fishing). Further research using finer-scale analysis would better incorporate such areas, but due to the available scale of other data layers used here, was beyond the scope of this study.

Our analyses assumed that closing areas of the ocean to fishing would not increase food provisions, as our aim was to determine overlaps and co-benefits across multiple objectives including minimising displacement of fisheries from their current distributions. Consequently, our results provide a conservative estimate of food security benefits. Research has shown MPAs can make fishing more sustainable through the recovery of fish stocks, as well as associated benefits from spillover and reproduction (Yamasaki, 2002; Vandeperre et al., 2011; Harrison et al., 2012; Le Port et al., 2017; Lynham et al., 2020; Lenihan et al., 2021). Hence, any displaced catch in Scenarios 1, 2, and 3 may represent a short-term cost for long-term fisheries sustainability. We also assumed that protecting threatened species by 30% of their range would be sufficient for their survival. In reality, some species may require increased range protection or the conservation of areas important for their life history stages to safeguard their survival. Finally, we assumed there would be no changes in species distributions due to climate change for exploited species, threatened species, or other aspects of biodiversity. Though species distributions are likely to change due to climate-related environmental impacts, there are many uncertainties in both climate projections for our oceans, as well as what species responses will be.

The accuracy of Zonation results is limited by input data, in this instance, by the number of species assessed by the IUCN Red List of Threatened Species. To date, 6% of known marine species have been assessed (Horton et al., 2021; IUCN, 2021), but there are known biases across species groups [e.g., 99% of mammals and birds have been assessed, compared with around 50% of fish (Meiri and Chapple, 2016; Miqueleiz et al., 2020)]. Likewise, the AquaMaps species distribution maps used by Zhao et al. (2020) to define RBAs consist mainly of fish species. As more species are assessed by the IUCN and spatial data created for species ranges, the accuracy of these datasets will improve and taxonomic biases will be reduced, but their inclusion in our assessment is warranted as they represent the best available data.

Protected areas face multiple challenges if they are to be implemented successfully and achieve conservation objectives (Edgar et al., 2014; Davies et al., 2018). As well as optimising the design of MPAs for biodiversity protection, of crucial importance to conservation success are enforcement and stakeholder engagement, support and acceptance, particularly from local fishing communities (Russ and Alcala, 1999; Beger et al., 2004; Di Franco et al., 2016; Ulate et al., 2018). Catch from illegal, unreported and unregulated (IUU) fishing is estimated at 8–14 million tonnes annually (Sumaila et al., 2020), but community supported protected areas have shown increased compliance, reduced poaching, and thus have a higher chance of success (Pollnac et al., 2010; Giakoumi et al., 2018). Therefore, the expansion of protected areas we recommend should focus on locally designed and implemented protection, in addition to well-enforced larger, more isolated MPAs and MRs.



CONCLUSION

To date, only 11% of our multi-objective solution (Scenario 2) is under some form of ocean protection (UNEP-WCMC and IUCN, 2021). Due to the overlap of important areas for biodiversity, threatened species and food security, increasing the use of sustainable fishing practices that mitigate bycatch is an urgent priority, along with expanding the current MPA network to better represent and conserve biodiversity and threatened species. Our results add further support for calls to protect 30% of the world’s oceans by 2030, and show where protection could be best placed to conserve marine biodiversity, avoid species extinctions and maintain food security from wild capture fisheries.
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