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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).
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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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Identifying key sites of marine biodiversity value and implementing the required practical spatial management measures is critical for safeguarding marine biodiversity and maintaining essential ecological processes, especially in the face of accelerating global change and expanding ocean economies. Delineating Ecologically or Biologically Significant Marine Areas (EBSAs) has been catalytic in progressing toward this aim. However, the Benguela Current Large Marine Ecosystem (BCLME; comprising three developing countries: Angola, Namibia, and South Africa) is one of few places where practical action to secure biodiversity in EBSAs has followed their description. We aim to document the process of moving from biodiversity priority areas to implemented conservation actions, and distil broadly applicable emerging lessons. EBSAs in the BCLME were reviewed using a systematic conservation planning approach, supplemented with expert input. In this data- and knowledge-driven process, the boundaries and descriptions of existing EBSAs were refined, and gaps filled with new EBSAs. The status of 29 EBSAs was assessed by determining the ecological condition, ecosystem threat status, and ecosystem protection level of constituent ecosystem types. Also, current human uses and their respective impacts were systematically reviewed per EBSA. Management recommendations were proposed by dividing EBSAs into zones with associated multi-sector sea-use guidelines. Throughout the process, facilitated by a regional cooperation project, there was stakeholder engagement, and national, regional, and international review. BCLME States are currently implementing enhanced EBSA management in their respective marine spatial planning and marine protected area processes, noting that there are different but valid outcomes for securing marine biodiversity in each country. Further, the regional approach allowed for cross-border alignment of priorities and management between countries, as well as pooled expertise, technical support, and capacity development. Although full implementation is still underway, the lessons to date highlight some key factors required for a successful process that could guide similar initiatives elsewhere.

Keywords: Ecologically or Biologically Significant Marine Areas (EBSAs), systematic conservation planning (SCP), marine spatial planning (MSP), marine protected areas (MPAs), ecosystem-based management (EBM), spatial prioritization, Benguela Current Large Marine Ecosystem, Marxan


INTRODUCTION

Delineating key sites of marine biodiversity value and implementing the practical spatial management measures required to secure them is critical for safeguarding marine biodiversity and maintaining essential ecological processes. This is especially important as countries seek to expand their blue economies by intensifying and diversifying ocean-based activities (Jouffray et al., 2020), resulting in increasing cumulative impacts to marine systems (Halpern et al., 2015), on which the effects of accelerating global change are superimposed (Urban, 2015; Nerem et al., 2018). Further, areas of reprieve for marine biodiversity can contribute to enhancing the sustainability of some ocean-based activities, e.g., fishing (Roberts et al., 2005; Lenihan et al., 2021). The value of identifying and securing key areas for marine biodiversity is recognized globally in frameworks such as the Convention on Biological Diversity (CBD) and the Agenda 2030 for Sustainable Development. Global targets have previously been agreed to conserve a specified proportion of the ocean space through effectively and equitably managed, ecologically representative, and well-connected systems of protected areas and other effective area-based conservation measures, with an emphasis on areas of importance for biodiversity (CBD, 2010a). New, increased protection targets of 30% by 2030 are currently being debated by the signatories to the CBD in the context of the forthcoming Global Biodiversity Framework (CBD, 2021). However, these ambitions are meaningful only when genuine progress is made toward achieving them.

Ecologically or Biologically Significant Marine Areas (EBSAs) are sites of importance for marine biodiversity that meet at least one of the seven EBSA criteria adopted by the CBD Conference of the Parties (COP; CBD, 2008; UNEP-CBD, 2009). They were conceptualized initially as part of the work on approaches to promote international cooperation and coordination for conserving and sustainably using marine biodiversity in areas beyond national jurisdiction, in alignment with the objectives of the CBD (United Nations, 1992). However, the value of identifying EBSAs in areas under national jurisdiction was soon recognized, and States were urged to do so at COP 9 (CBD, 2008). EBSAs were then described in a series of regional workshops starting in 2011, with the proposed sites being considered and recognized by the CBD COP at the COPs following the workshops, and based on advice from the Subsidiary Body on Scientific, Technical and Technological Advice (SBSTTA). To date, 321 EBSAs have been described around the world (Secretariat of the Convention on Biological Diversity, 2021). As was the intent, describing EBSAs has been an important step in supporting countries to make progress toward meeting the targets for securing marine biodiversity. However, although implementing enhanced spatial management measures within EBSAs is encouraged by the CBD COP, whether or how this is done is “a matter for States and competent intergovernmental organizations” (CBD, 2010b). To date, there are few places where action to secure biodiversity in EBSAs has followed their initial description. In fact, in many places, there has not been any follow-up on the EBSAs in terms of review, revision or practical management [but see Secretariat of the Convention on Biological Diversity (2021) for examples of sucesses].

One region where progress has been made is the Benguela Current Large Marine Ecosystem (BCLME) in the South-East Atlantic, comprising three developing countries: Angola, Namibia, and South Africa. The BCLME is a particularly interesting region to use as an example of identifying areas of importance for marine biodiversity and implementing spatial biodiversity management therein for several reasons. First, it is one of the most productive eastern boundary currents in the world (Heileman and O’Toole, 2009), supporting a variety of iconic species and top predators, such as sharks, seabirds, cetaceans, manatees, seals, and turtles, including several species that are endemic to the region, and many of which are threatened (e.g., Kirkman et al., 2013; Weir, 2019; Makhado et al., 2021). There is also a plethora of key biodiversity features, ecosystems and species, such as mangroves, estuaries, fossilized underwater terrestrial forests, vulnerable marine ecosystems, seamounts and canyons that are sensitive to impacts, generally have prolonged recovery times, and that warrant protection (Boyer et al., 2000; Stevenson and Bamford, 2003; Harris et al., 2013; Kirkman and Nsingi, 2019; Kirkman et al., 2019; Samaai et al., 2020). Despite intensive and widespread human activities in the BCLME, refuge areas remain that are exposed to few or even no pressures, such that they are in natural to near-natural ecological condition (Holness et al., 2014; Kirkman et al., 2019; Sink et al., 2019b). These outstanding attributes of the BCLME mean that each of the seven EBSA criteria is met with a high rank in several EBSAs.

Second, all three countries are developing nations that are looking to expand their ocean economies. Already there are important economic activities that are taking place, e.g., fishing and mining—especially for diamonds (Heileman and O’Toole, 2009), with some sectors looking to expand, e.g., mining, petroleum, and mariculture (e.g., Findlay, 2018), and the potential for new sectors to be introduced, e.g., renewable energy. Importantly, many of the economic activities in the region can have moderate to severe impacts on marine biodiversity, and further expansion, intensification and diversification of these activities needs to be done in a sustainable way. Third, the availability of marine data that can inform spatial biodiversity assessment and prioritization among the three countries ranges from good to limited, and the familiarity with and culture of place-based planning in the marine environment varies and is in development (Holness et al., 2014; Harris et al., 2019b; Kirkman et al., 2019). Therefore, the methods and approaches used to identify sites of importance for marine biodiversity, and to develop and implement spatial management measures in the BCLME will be widely applicable, including for countries where spatial information is largely lacking, and spatial prioritization is relatively unfamiliar.

Given the need to balance economic development and biodiversity protection in the BCLME, the Benguela Current Marine Spatial Management and Governance Project (MARISMA, 2014–2022) aimed to support introducing ecosystem-based Marine Spatial Planning (MSP) to help advance conservation and sustainable use of the ocean in the Benguela Current region. This regional capacity-building and development cooperation project comprised two key and reciprocal workstreams: one on EBSAs, and the other on MSP. This paper focuses on the work undertaken in the EBSA workstream, and how it is informing MSP in the three BCLME countries. Our aim is to document the process of advancing from identifying biodiversity priority areas to implemented conservation actions, and distil broadly applicable emerging lessons from our experience in the Benguela Current region. To achieve this, we examine how: (i) existing EBSAs were refined and new areas identified using a systematic conservation planning approach; (ii) the status of EBSAs was assessed by quantifying the ecological condition, ecosystem threat status and ecosystem protection level within EBSAs; and (iii) current ocean-based activities and their impacts within EBSAs were assessed, which together with the biodiversity information, guided management recommendations that were proposed as an input into the respective national and regional MSP processes. We share how (iv) the feasibility and economic impact of those management recommendations was evaluated; and how (v) EBSAs have been incorporated into the countries’ respective marine protected area (MPA) expansion and MSP processes. Finally, (vi) we reflect on the MARISMA Project to distil lessons learnt that similar projects may wish to incorporate into their design and processes.



MATERIALS AND METHODS


Study Area

The study area comprises the marine territories of the three member states of the BCLME: Angola (including the exclave, Cabinda), Namibia and South Africa, on the southwest coast of Africa (Figure 1). Although the eastern portion of South Africa falls outside of the BCLME, a decision was made to update all the country’s EBSAs within its mainland exclusive economic zone (EEZ) so that they could better contribute to national planning processes. At the start of the MARISMA Project, there were 22 EBSAs that extend wholly or partly within national jurisdiction of the three BCLME countries, including some that extend into the high seas (Figure 1). These EBSAs were described at the South East Atlantic and South Indian Ocean Regional Workshops organized by the CBD Secretariat in 2013, and were considered at COP 12 in 2014. The EBSA update process through the CBD COP was not clear at the time of our assessment. However, regardless of the process itself, any revisions of and updates to EBSAs within national jurisdiction would need to be proposed by the respective countries themselves, meaning that there was no need to wait for the process to be finalized before updating those EBSAs. However, this is not the case for EBSAs that extend into the high seas, e.g., updates may need to be compiled with input from the whole region rather than proposed by one country. Therefore, EBSAs in the study area that overlap with areas beyond national jurisdiction were excluded from our analyses. Furthermore, revising one of the EBSAs in South Africa (Delagoa Shelf Edge, Canyons and Slope) would have required engagements that were beyond the scope of the project because it is shared with a country that is outside the BCLME (Mozambique). Therefore, that EBSA was not revised, but a status assessment was undertaken, and management recommendations were formulated for the South African portion thereof because those components were based on national/regional analyses (see sections “Assessing the Status of Ecologically or Biologically Significant Marine Areas,” “Proposing Ecologically or Biologically Significant Marine Area Zoning and Management Recommendations,” and “Feasibility Assessment”). Therefore, of the 22 original EBSAs, five were excluded entirely, and one included in only the status assessment and proposed management analyses (Figure 1). Note that the biodiversity features within the excluded EBSAs were still considered as part of the EBSA revision process (section “Refining Existing and Proposing New Ecologically or Biologically Significant Marine Areas in the Benguela Current Large Marine Ecosystem”) because this analysis covered the entire EEZs of all three countries. The exclusion means only that those existing EBSAs were not refined and assessed in this project.
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FIGURE 1. Study area, including the boundaries of the 22 original Ecologically or Biologically Significant Marine Areas (EBSAs) that lie wholly or partly within the marine territories of Angola (including the exclave, Cabinda), Namibia and South Africa (including the Prince Edward Islands). Those EBSAs that were included in the analysis are given in dark teal (n = 17), and those that were excluded in light teal (n = 5). Delagoa Shelf, Canyons and Slope is starred because the delineation was not revised, but a status assessment and proposed management for the South African portion of the EBSA was undertaken. Spatial data sources: EBSAs: www.cbd.int/ebsa; World Countries: ESRI (2015); Exclusive Economic Zones: Flanders Marine Institute (2018).




Refining Existing and Proposing New Ecologically or Biologically Significant Marine Areas in the Benguela Current Large Marine Ecosystem

The original EBSA boundaries were generic, often fairly geometric delineations of an approximate bounding box around the features for which the EBSA was described (Figure 1). Although this may be appropriate at a global scale, further refinement is required if the EBSAs are to be included in national-level, place-based ocean management. In addition, substantially more information and spatial data were available at the start of this project compared to that when the EBSAs were first proposed at the South East Atlantic and South Indian Ocean Regional Workshops (e.g., Harris et al., 2013, 2019a; Holness et al., 2014; Sink, 2016; Kirkman et al., 2019; Sink et al., 2019d). Not only could this contribute to more accurate delineations and updated descriptions, but also to describing new areas meeting the EBSA criteria. There are seven of these criteria: (1) Uniqueness or Rarity; (2) Special Importance for Life History Stages of Species; (3) Importance for Threatened, Endangered or Declining Species and/or Habitats; (4) Vulnerability, Fragility, Sensitivity, or Slow Recovery; (5) Biological Productivity; (6) Biological Diversity; and (7) Naturalness (CBD, 2008; UNEP-CBD, 2009). A site must rank “high” in at least one of these to be recognized as an EBSA.

Systematic conservation plans (Margules and Pressey, 2000) were run in Marxan (Ball et al., 2009) for Namibia and Angola (Holness et al., 2014; Kirkman et al., 2019) and South Africa (Sink et al., 2011; Majiedt et al., 2013). These are spatial prioritization analyses, designed to select portfolios of sites that adequately represent biodiversity pattern and processes (Moilanen et al., 2009). Full details on the plans are available in the references above. Briefly, the biodiversity input data included maps of ecosystem types, species distributions where available (e.g., key invertebrates and fish, seabirds, shorebirds, marine mammals, and turtles), important areas for key life-history stages of species (e.g., breeding areas, Important Bird and Biodiversity Areas), and other ecological processes. Priority areas were identified for meeting biodiversity targets by running Marxan. The finer-scale, more precise boundaries of the identified priority areas and underlying data (e.g., the specific features included in the plans) were then used to refine the coarse boundaries of existing EBSAs, based on their original descriptions (i.e., the narrative of why a site was being proposed) as a starting point [see also Harris et al. (2019b) for more details on how systematic conservation planning (SCP) can advance the EBSA description process]. In cases where priority areas were identified that did not overlap with existing EBSAs, these areas were researched to find available supporting information that could be used to evaluate the seven EBSA criteria. Those areas that did not meet the criteria or for which there was insufficient information available to support the site evaluation were excluded. Note that EBSAs are not the only mechanism for prioritizing areas for place-based management measures, so these areas can be accounted for in other mechanisms within the region—see sections “Proposing Ecologically or Biologically Significant Marine Area Zoning and Management Recommendations,” “Implementing Practical Management: Marine Protected Areas and Marine Spatial Planning,” and “Marine Protected Areas and Integration Into Marine Spatial Planning.” Those areas that did meet the criteria were retained and either included with current EBSAs where this was spatially sensible or described and delineated as a separate new EBSA. This process thus facilitated a systematic gap analysis of EBSAs at a national and regional scale, where all priority areas were evaluated as potential EBSAs.

The revised and new EBSA boundaries were also iteratively refined based on input at national workshops in each country, and at regional workshops, especially for the transboundary EBSAs. For example, following information-sharing sessions explaining EBSAs, experts provided additional information and justification to extend an EBSA to include the full extent of a feature, or split an existing EBSA into two new EBSAs to better reflect separate clusters of features that were more closely related. Further adjustments were also made based on other new datasets, e.g., South Africa’s updated Marine Ecosystem Map (Sink et al., 2019a) to ensure the delineations and descriptions were based on the best available science. The final EBSAs were technically reviewed nationally, regionally, and internationally with the assistance of experts from the Global Ocean Biodiversity Initiative (GOBI), who are also members of the CBD’s Informal Advisory Group on EBSAs. The EBSAs were then politically approved at the national, ministerial level to be sent to the CBD Secretariat and SBSTTA in 2020 (Namibia and South Africa) and 2021 (Angola; Figure 2).
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FIGURE 2. Overview of the methods used to refine EBSA boundaries, and descriptions assess the status of EBSAs, propose management recommendations, and review the feasibility of the management recommendations.




Assessing the Status of Ecologically or Biologically Significant Marine Areas

The status of EBSAs was assessed by quantifying three indicators: ecological condition; ecosystem threat status; and ecosystem protection level of the ecosystem types across the whole BCLME region, and summarizing the results within each EBSA. The proportion of each EBSA that is protected by MPAs or partially protected areas (e.g., exclusions of the major impacting fisheries) was also determined. Data underpinning these assessments are from Holness et al. (2014) and Kirkman et al. (2019) for Angola and Namibia, and from South Africa’s National Biodiversity Assessment 2018 (Majiedt et al., 2019; Sink et al., 2019a,b,c). Full details on the analyses are found in those references, but are described briefly below (see also Figure 2).

The assessment of ecological condition was based on a cumulative pressure assessment, adapted from the methods developed and used by Halpern et al. (2007) and Teck et al. (2010). Impact weightings based on the functional impact and recovery time of each pressure on each ecosystem group were scored by experts (e.g., impacts of demersal trawling on soft benthic shelf ecosystems). These impact weightings were multiplied by the intensity of the pressures at each site, and the values per site were then summed across all pressures. The data were split into three (four for South Africa) categories of ecological condition that represent areas in good, fair and poor ecological condition, on the premise that the higher the cumulative pressure per site, the poorer the ecological condition (Figure 2). The impact weightings for Namibia and Angola were based on those for South Africa (Sink et al., 2012), but were calculated at a coarser resolution given the differences in data resolution in the maps of ecosystem types for the different countries. For the purposes of these integrated analyses, the four categories of ecological condition in South Africa (Sink et al., 2019b) were simplified to match the three categories used for Angola and Namibia by grouping the Poor (Severely Degraded) and Very Poor (Very Severely Degraded) categories into a single “Poor” category.

Ecosystem threat status was calculated using different thresholds of ecosystem types in good ecological condition for Angola and Namibia (Holness et al., 2014; Kirkman et al., 2019), and using the criteria from the IUCN Red List of Ecosystems (RLE; Keith et al., 2013; Bland et al., 2017) for South Africa (Sink et al., 2019b). In the former case, Critically Endangered (CR) ecosystem types had < 20% of their extent in good ecological condition; Endangered (EN), < 35% of their extent in good ecological condition; and Vulnerable (VU), < 80% in good or fair ecological condition. Ecosystem types of Least Concern (LC) had > 80% of their extent in good or fair ecological condition (Figure 2). In the South African case, the IUCN RLE criterion C3 (ecosystem degradation, based on ecological condition) was used as the primary assessment, supplemented by an assessment of criterion B for ecosystem types with a restricted extent (Figure 2).

Ecosystem protection level was calculated slightly differently in Angola and Namibia (Holness et al., 2014; Kirkman et al., 2019) compared to that in South Africa (Sink et al., 2019c), although the results contain the same, broadly comparable categories of protection level. The biodiversity target for all ecosystem types was set at 20%, recognizing that recommendations since the analyses were undertaken are to have higher biodiversity targets, e.g., 30% (CBD, 2021). In Angola and Namibia, ecosystem types with 0- < 5% of their biodiversity target met in MPAs or areas with partial protection are considered Not Protected; 5- < 50% are Poorly Protected; 50- < 100% are Moderately Protected; and ≥ 100% are Well Protected. An additional rule was applied to the latter two categories: to qualify as Moderately Protected and Well Protected, respectively, ≥ 10% and ≥ 25% of the biodiversity target must be met in MPAs (not areas of partial protection), otherwise the ecosystem type was assigned one protection-level category lower down. In South Africa, the same categories and thresholds were applied as above, however, to qualify as Well Protected, the full target had to be met only in areas of good ecological condition. If this was not the case, then the ecosystem type was considered Moderately Protected (Figure 2).

From these analyses, the data were compiled in a simplified format to provide a clear summary of the key features of the EBSAs that could support site-specific decision-making (see sections ‘‘Proposing Ecologically or Biologically Significant Marine Area Zoning and Management Recommendations’’ and ‘‘Feasibility Assessment’’). A graphical summary (i.e., dashboard) was compiled per EBSA that included a brief overview of the EBSA, including the key features for which it was described. This was presented with a graphic of the seven EBSA criteria, using colors to indicate the relative importance of each criterion in the EBSA description. From the maps of ecological condition, ecosystem threat status, and ecosystem protection level, the following metrics were quantified per EBSA: the proportion in good, fair, and poor ecological condition; the proportion in each of the ecosystem threat status categories: CR, EN, VU, LC; and the proportion in MPAs or areas of partial protection. These were presented as pie charts next to a map of each of the three indicators. The relative contribution of each existing human activity to the cumulative pressure within each EBSA (and proposed EBSA Zones, see section ‘‘Proposing Ecologically or Biologically Significant Marine Area Zoning and Management Recommendations’’) was evaluated to identify the activities causing the most impacts, and was presented as a stacked bar chart. Therefore, in a single graphic, stakeholders could readily identify the key biodiversity features and key pressures per EBSA, which gave an indication of the kinds of management interventions that may be required to safeguard those biodiversity features. We also compiled posters of the EBSAs as another visual summary that were displayed at meetings, and full details, additional maps and data summaries were also available in the country technical reports, e.g., maps of individual activities and ecosystem-level statistics of the three indicators. All the information was posted on our EBSA Portal1 as well as the Benguela Current Convention’s (BCC) website2 so that the information was available in a variety of formats, including interactive maps and videos, for both biodiversity specialists and other stakeholders. In many cases, the content was continuously updated following meetings, feedback and revisions.



Proposing Ecologically or Biologically Significant Marine Area Zoning and Management Recommendations

After the EBSA boundaries had been refined, the EBSAs were zoned for inclusion in each country’s MSP process through an expert- and data-informed zoning process. There are three zones with slightly different names but the same characteristics across the three countries: (1) MPAs; (2) Biodiversity Conservation Zone (called “Biodiversity Zone: Conservation” in Angola and Namibia, and “Biodiversity Conservation Areas” in South Africa); and (3) Biodiversity Impact Management Zone (called “Biodiversity Zone: Impact Management” in Angola and Namibia, and “Biodiversity Impact Management Zone” in South Africa). For simplicity in this paper, we use the broader names hereafter.

Marine protected areas are formally gazetted and managed according to their management plans; therefore, those parts of EBSAs that are within MPAs will be managed as per those existing plans and regulations. The Biodiversity Conservation and Impact Management Zones, on the other hand, are proposed to be managed according to the management objectives drafted for those zones. For the Biodiversity Conservation Zone, the objective is to maintain the area in a natural to near-natural state, i.e., it is focused on achieving positive biodiversity outcomes, noting that in some cases this may require restoration. For the Biodiversity Impact Management Zone, the objective is to maintain the area in at least a functional state, i.e., maintain reasonable levels of biodiversity function (including ecological processes) within a multi-use space and context. In Angola and Namibia, the EBSA zonation was an interactive process, informed by the systematic conservation plans (Holness et al., 2014; Kirkman et al., 2019), dashboards, and stakeholder and expert input to derive the zones listed above (Figure 2). In South Africa, the zonation was based on the National Coastal and Marine Spatial Biodiversity Plan (NCMSBP; Harris et al., 2021), which was underpinned by a systematic conservation plan with stakeholder and expert input (Figure 2). The NCMSBP includes a map of MPAs, Critical Biodiversity Areas (CBAs), and Ecological Support Areas (ESAs) across South Africa’s entire mainland EEZ, with CBAs and ESAs, respectively, having the same management objectives as the EBSA Biodiversity Conservation Zone and Biodiversity Impact Management Zone. Therefore, in addition to the existing MPAs, the CBAs and ESAs were used as the basis for EBSA zoning in South Africa. Development of the sea-use guidelines for the NCMSBP and EBSA zones was an integrated process, such that these guidelines are identical in both cases.

Ecologically or Biologically Significant Marine Area management recommendations depend on the compatibility of an activity with the management objective of the zone. Management of activities in MPAs is done according to their management plans and gazetted regulations, and therefore the analysis was restricted only to the parts of EBSAs that are outside of MPAs. All ocean-based activities were tabulated for each of the three countries, and evaluated against the management objective of each EBSA zone to determine whether they are Compatible, Conditionally Compatible, or Not Compatible based on the extent and severity of impact of those activities (Figure 2). This was done iteratively in national workshops, guided by the ecosystem-pressure matrices for Angola, Namibia (Holness et al., 2014), and South Africa (Sink et al., 2019b), the dashboards, and with additional stakeholder input. There were also regional transboundary meetings to align management recommendations for activities per country in shared EBSAs. The concomitant management recommendations are that activities that are Not Compatible with the management objective of an EBSA zone are not permitted (i.e., Prohibited); and Compatible activities are permissible according to general rules that govern those activities (i.e., General; Table 1). Conditionally Compatible activities require a site-specific, context-specific analysis to determine the appropriate management recommendation for that particular place. Activities in this category could be: Prohibited; permitted subject to careful controls and regulations (i.e., Consent); or General, depending on the biodiversity features for which the site was prioritized and the severity of impact of the activity on those features (Table 1). Note that the sea-use guidelines for Angola and Namibia were more place-specific than in South Africa, with separate (although largely similar) tables created per EBSA, vs. a single table created for all EBSAs in South Africa (which comes from the NCMSBP). Although, more recent versions of the sea-use guidelines for Namibia have followed the aligned guidelines for all transboundary EBSAs. It is also worth noting that the regulatory approach proposed for the respective zones stems from land-use planning traditions, and hence corresponds with the established spatial planning and management approaches in the three countries.


TABLE 1. Management recommendations for activities based on their compatibility with the management objective of the Ecologically or Biologically Significant Marine Area (EBSA) zones (see also part 3 of Figure 2).
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Feasibility Assessment

A rapid feasibility assessment was undertaken by systematically evaluating all activities that take place in each EBSA, and analyzing the impacts that the proposed zonation and management recommendations would have on those activities (see Table 1). The proportion of each activity in the proposed EBSA zones (MPA, Biodiversity Conservation Zone, Biodiversity Impact Management Zone) and activity-compatibility classes (Compatible, Conditionally Compatible, Not Compatible) was determined as a proportion of that activity’s national footprint. Note that the calculations were based on the relative intensity of the activity rather than only the spatial extent to give a better indication of the relative value of a site to each industry. For example, recommending prohibition of fishing in an intensively fished area has a higher impact to that fishery than if it were infrequently fished. In Namibia, a more formal rapid Strategic Environmental Assessment (SEA) is being done in the central MSP area to evaluate the impact of the draft central marine spatial plan with its proposed zones and regulations.



Implementing Practical Management: Marine Protected Areas and Marine Spatial Planning

Due to the integrated nature of MSP, the cross-sector coordination inherent to SCP, and the chosen approach to EBSAs, the MSP and EBSA processes were closely interwoven throughout all steps taken. Integration was achieved through vertical coordination between regional and national levels, and horizontally within and between governments by means of formally established inter-ministerial expert structures leading the technical and scientific implementation (Figure 3; Finke et al., 2020a). Given that the BCLME countries have a relatively long history of multi-sector cooperation aimed at regional and national cross-sector coordination (de Barros Neto et al., 2016; Hamukuaya et al., 2016; Naidoo et al., 2021), two Regional Working Groups (RWGs)—one on MSP and the other on EBSAs—were established in 2016 under the BCC. The groups comprise up to five government officials from each country that represent each of the key sector ministries/departments: fisheries, mining, petroleum, transport, and environment.
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FIGURE 3. Relationships within the MARISMA Project, showing how all components are connected. The GIZ MARISMA Project provides project management and technical support to the EBSA and MSP workstreams at all levels and across all BCLME countries. Within each workstream, the Regional Working Groups (RWGs) and National Working Groups or Task Teams (NWGs) all engage with each other in collective learning, including across Workstreams.


In addition to these regional-level structures, inter-ministerial National Working Groups (NWGs), encompassing all relevant sector ministries/departments and academic institutions, were put in place around the same time by each of the BCLME countries to support the introduction of MSP and drive plan preparation. Additionally, EBSA country teams were established, either as a specialized sub-group under the MSP NWGs or using existing committees, to lead the SCP processes nationally and support it regionally. Most RWG members are also engaged in the national-level MSP and EBSA processes and are part of the MSP and EBSA NWGs. Nationally and regionally, civil society and technical experts provided advice and input. The organization of the process as a collaborative effort with inter-ministerial structures across sectors and countries enabled a direct integration of the results of the EBSA work into MSP and marine management measures. As such, the SCP-informed EBSA process was a dedicated sub-process to MSP from the outset (Finke et al., 2020b). This enabled an interactive development across technical teams nationally and regionally, and provided for an iterative validation process of the outputs (e.g., through formal and informal consultations and workshops, or joint working group meetings) for eventual integration into MSP decision-making. Further, the EBSA work laid the foundation for progress toward MPA designations.



Distilling Lessons Learned

A survey was circulated among those who have been participating in the national- and regional-level processes, supported by the MARISMA Project (i.e., all NWGs and RWGs of both the EBSA and MSP workstreams), to get feedback on the lessons learnt through the process. The responses (n = 14) were grouped into similar themes and overarching lessons were distilled for projects that intend to progress from EBSAs (or similar spatial biodiversity prioritizations) to practical management, e.g., MSP, MPAs or other place-based actions. These lessons are outlined in the Discussion.




RESULTS


Revised Ecologically or Biologically Significant Marine Areas in the Benguela Current Large Marine Ecosystem

Originally, there were 17 EBSAs in Angola, Namibia and South Africa that were included in the analyses. Of these, the boundary was refined for 14 EBSAs, two were each split into two more refined EBSAs, 10 new EBSAs were described, and Delagoa Shelf Edge, Canyons and Slope was unchanged (Figure 4). Therefore, the total number of EBSAs in the three countries after the revisions is 29 (Figure 4). The EBSA descriptions and some of the EBSA names were also revised, and the criteria re-evaluated based on new evidence, previously overlooked research, and the new spatial extents. There were 25 criterion rank changes for 12 EBSAs (Table 2 and Figure 5), of which 21 changes were upgrades (e.g., Medium to High) and the remaining four were downgrades (e.g., Medium to Low). Most EBSAs had only 1–3 rank changes, except for Mallory Escarpment and Trough, which had six (three upgrades and three downgrades). This EBSA was one of two revised EBSAs that came from the original Agulhas Slope and Seamounts EBSA, the other revised EBSA being Shackleton Seamount Complex. The primary area and features for which Agulhas Slope and Seamounts was described were similar to those for Shackleton Seamount Complex, but different for Mallory Escarpment and Trough, hence why the original EBSA was split, and why so many criterion rank changes were required in that case. Overall, rank changes were made across all seven criteria, with most changes to the Naturalness criterion (n = 8), Uniqueness and Rarity criterion (n = 6), and Biological Diversity criterion (n = 4; Figure 5). The changes in the Naturalness ranks indicate in part the EBSA refinement process, which focused on including the core remaining natural and near-natural portions of features as far as possible, resulting in an upgrade of the rank (Table 2 and Figure 5). Overall, the rank changes also reflect the more systematic approach taken across the region, and the efforts to standardize and align ranks across EBSAs, often based on actual spatial data (e.g., maps of ecological condition and ecosystem types) in the absence of formal definitions of or thresholds for each EBSA criterion rank. On a process level, sending the refined and new EBSAs to the CBD Secretariat and SBSTTA reflects the robust nature of the processes and the political support for this evidence-based scientific and technical exercise that was undertaken.
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FIGURE 4. Revised Ecologically or Biologically Significant Marine Areas (EBSAs) in Angola, Namibia, and South Africa. For some EBSAs, the original boundary (black outline, see Figure 1) was refined (colored polygons), some original EBSAs were split into two (blue bolt), and in other cases, new EBSAs were described (yellow star). The boundary of Delagoa Shelf Edge, Canyons and Slope remains unchanged. Zoomed inserts are included for EBSAs that are too small to be visible at the scale of the primary map. Spatial data sources: Original EBSAs: www.cbd.int/ebsa; Revised EBSAs: this project; World Countries: ESRI (2015); Exclusive Economic Zones: Flanders Marine Institute (2018).



TABLE 2. List of Ecologically or Biologically Significant Marine Areas (EBSAs) per country, including transboundary EBSAs shared between countries, their EBSA Type (sensu Johnson et al., 2018), and ranking for each of the seven EBSA criteria.
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FIGURE 5. Changes in criteria ranks from the original to revised Ecologically or Biologically Significant Marine Area (EBSA) descriptions. Note that the ranks for the new EBSAs were included in both the original and revised categories. Red, High criterion rank; Orange, Medium; Yellow, Low; Gray, Data Deficient.




Ecologically or Biologically Significant Marine Area Status

The average EBSA extent that is in good ecological condition is 55.6% ± 32.9 SD (standard deviation). The remaining portions are split equally between fair ecological condition: 21.6% ± 17.1 SD, and poor ecological condition: 21.9% ± 27.1 SD (Figure 6). Generally, EBSAs closer to the coast tend to have higher proportions of area in poor ecological condition compared to those further offshore. Ombaca Seamount and Canyons Complex and Protea Seamount Cluster were assessed as having the best ecological condition (100.0% good), and Ponta Padrão Mangroves and Turtle Beaches were assessed as having the worst ecological condition (85.0% poor). (Any discrepancies in totals here and below are due to rounding).
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FIGURE 6. The proportion of each Ecologically or Biologically Significant Marine Area (EBSA) in the different categories of ecological condition, ecosystem threat status, and ecosystem protection level, with the most desirable categories on the left, and the least desirable categories on the right of all three panels. Portions of EBSAs that were “Not Assessed” include those on land (e.g., mangroves) or in countries outside of the study area (e.g., Mozambique). Note that some protection for coastal EBSAs may come from land-based protected areas. EBSAs are arranged from top to bottom approximately north to south and west to east (see Figure 4).


Only five EBSAs do not include threatened ecosystem types. These are all offshore EBSAs: Ombaca Canyon and Seamount Complex; Namaqua Fossil Forest; Protea Seamount Cluster; Mallory Escarpment and Trough; and Shackleton Seamount Complex. Longa Coastline has the highest proportion of threatened ecosystem types, at 92.2%. On average, the proportion of EBSA extent that comprises threatened ecosystem types is 26.1% ± 25.8 SD, mostly in the Vulnerable (13.3% ± 20.1 SD) and Endangered (11.2% 19.5 SD) categories (Figure 6). Critically Endangered ecosystem types make up 1.6% ± 4.8 SD of the EBSAs, Near Threatened ecosystem types make up 6.6% ± 17.4 SD (assessed only in South Africa), and Least Concern ecosystem types make up the remaining 64.9% ± 32.6 SD (Figure 6).

Twenty-three EBSAs have at least some portion of their extent in an MPA or partially protected area. This is not by chance in South Africa because the analyses underpinning the original EBSAs, revised EBSAs, and declaration of 20 new MPAs in 2019 were all based on the same priority features for marine biodiversity (see section “Marine Protected Areas and Integration Into Marine Spatial Planning”). The remaining six EBSAs have no formal protection in MPAs (although a few have some fisheries management measures in place, e.g., a fishery closure or exclusion from shallower areas). These are: Chiloango Mangroves; Ponta Padrão Mangroves and Turtle Beaches; Ombaca Seamount and Canyon Complex; Bentiaba; Walvis Ridge Namibia; and Mallory Escarpment and Trough. The average extent of EBSAs in MPAs is 17.5% ± 23.9 SD; in partially protected areas is 10.0% ± 26.1 SD; and with no protection is 71.6% ± 31.3 SD (Figure 6).

The relative contribution of the different activities to cumulative pressure on biodiversity within EBSAs was variable and site-specific, depending on characteristics such as proximity of the EBSA to shore, and the number and intensity of activities present. However, with few exceptions, the main activities causing the most pressure on individual EBSAs were various fisheries and shipping. Key pressures in some of the coastal EBSAs also included activities such as coastal development, and guano and mariculture activities. An example dashboard comprising summary results for this cumulative pressure analysis and that of the three status indicators described above is given for Mussulo-Kwanza-Cabo Ledo in Angola (Figure 7).


[image: image]

FIGURE 7. Dashboard for Mussulo-Kwanza-Cabo Ledo Complex as an example of what was generated per EBSA. The dashboard includes: (A) the key biodiversity features for which the EBSA was described; (B) EBSA criteria ranks indicating the key criteria for which the EBSA is recognized; (C) ecological condition, (D) ecosystem threat status, and (E) existing protection within the EBSA; and (F) the pressure (in arbitrary cumulative pressure units, CPUs) summed for each pressure in the EBSA, per proposed EBSA biodiversity zone, ranked left (highest) to right (lowest) by the overall relative importance of pressures in this EBSA, indicating the relative impact of activities within the EBSA zones. Note that pressures comprising < 1% of the EBSA pressure profile are not shown, and that there are no Marine Protected Areas (MPAs) in this example. Conservation, Biodiversity Conservation Zone; Impact Management, Biodiversity Impact Management Zone.




EBSA Zoning and Management Recommendations

Ecologically or Biologically Significant Marine Areas were divided into three zones: (1) MPAs; (2) Biodiversity Conservation Zone; and (3) Biodiversity Impact Management Zone (Figure 8). Sixteen EBSAs comprise all three zones; and 13 EBSAs comprise two zones: Biodiversity Conservation Zone and Biodiversity Impact Management Zone. Although the full extent of the Namibian Islands EBSA is an MPA, it is included in the latter group because the two zones were created to support MPA zoning. Apart from Namibian Islands, all EBSAs that contain MPAs are in South Africa. Again, as noted previously, this is not a coincidence because the EBSA and recent MPA expansion processes were all based on the same data sets and priority areas for marine biodiversity (see section “Marine Protected Areas and Integration Into Marine Spatial Planning”). The average proportion of EBSAs in the three zones are 17.7% (± 24.6 SD) MPA, 42.2% (± 27.8 SD) Biodiversity Conservation Zone, and 39.9% (± 22.1 SD) Biodiversity Impact Management Zone.
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FIGURE 8. Proposed zonation of Ecologically or Biologically Significant Marine Areas (EBSAs). There are three zones: MPAs (dark green); Biodiversity Zone: Biodiversity Conservation Zone (medium green); and Biodiversity Impact Management Zone (light green). EBSAs are numbered from north to south, west to east, with zoomed inserts numbered by EBSA. 1, Chiloango Mangroves; 2, Ponta Padrão Mangroves and Turtle Beaches; 3, Mussulo-Kwanza-Cabo Ledo Complex; 4, Longa Coastline; 5, Ombaca Canyon and Seamount Complex; 6, Bentiaba; 7, Namibe; 8, Walvis Ridge Namibia; 9, Cape Fria; 10, Namib Flyway; 11, Namibian Islands; 12, Orange Seamount and Canyon Complex; 13, Orange Cone; 14, Namaqua Fossil Forest; 15, Namaqua Coastal Area; 16, Childs Bank and Shelf Edge; 17, Cape Canyon and Associated Islands, Bays and Lagoon; 18, Seas of Good Hope; 19, Agulhas Bank Nursery Area; 20, Browns Bank; 21, Protea Seamount Cluster; 22, Mallory Escarpment and Trough; 23, Shackleton Seamount Complex; 24, Kingklip Corals; 25, Tsitsikamma-Robberg; 26, Algoa to Amathole; 27, Protea Banks and Sardine Route; 28, KwaZulu-Natal Bight and uThukela River; 29, Delagoa Shelf Edge, Canyons and Slope. Spatial data sources: revised EBSAs: this study; World Countries: ESRI (2015); Exclusive Economic Zones: Flanders Marine Institute (2018); South African Marine Protected Areas: Republic of South Africa (2019).


The activities that make up the sea-use guidelines in all three countries range from recreation and ecotourism, through various forms of resource extraction, to various transport-related activities, with different levels of nuance in how detailed the activity splits are among countries. As a result, the sea-use guidelines comprise a different number of activities in Angola (n = 61), Namibia (n = 38) and South Africa (n = 48). Ocean-based activities generally cause some level of ecological degradation. Therefore, most activities are Not Compatible or Conditionally Compatible with the management objective of the Biodiversity Conservation Zone: to maintain the site in a natural to near-natural state. Only some activities are Compatible with it, e.g., beach recreation. For the Biodiversity Impact Management Zone, many more activities are Compatible or Conditionally Compatible with the management objective to maintain the site in at least a functional state, and only a few are Not Compatible, e.g., ammunition dumping. In some cases, stricter management recommendations (i.e., prohibitions) apply only to new activities, e.g., in Angola, construction of new ports in the Biodiversity Conservation Zone is considered Not Compatible, and is thus recommended to be Prohibited. This was to avoid unreasonable or even unrealistic recommendations, such as termination of an existing port or removal of other well-established infrastructure or coastal development. The sea-use guidelines for the Angolan portion of Namibe are given as an example (Table 3). Note that the guidelines are presented in both English and Portuguese; the latter is the official language in Angola.


TABLE 3. List of all sea-use activities in the Angolan portion of the Namibe EBSA, scored according to their compatibility with the management objective of the Biodiversity Conservation Zone and Biodiversity Impact Management Zone, and given in both English and Portuguese (the official language of Angola).
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Feasibility Assessment

Where management decisions are made on a site-specific basis (e.g., within each EBSA separately rather than across all EBSAs), the graphs of the relative proportion of cumulative pressure on the biodiversity within each EBSA can be very useful (Figure 7F). This is especially true when viewed in the context of the site, e.g., reasons for selection as an EBSA, ecological condition, ecosystem threat status, ecosystem protection level, and key biodiversity features (Figures 7A–E). However, the cumulative effect of management decisions at the national scale (Figure 9) must also be part of the considerations when entering MSP processes and negotiations. The extent of the proposed prohibitions and restrictions on activities must be reasonable to require of those sectors, otherwise the risk is that the entire proposal will be dismissed and rejected outright. Where substantial portions of an activity are proposed to be Prohibited or Restricted, there needs to be a robust justification as to why that is the case. Therefore, the management recommendations must be evidence based in terms of being a legitimate and robust requirement based on the sensitivity of the specific biodiversity feature(s) to impacts from an activity, and feasible in terms of the consequences for or impacts on a sector. Across all three countries, apart from a few exceptions, generally less than a third of each activity is proposed to have some level of restriction (Conditionally Compatible). Prohibitions are recommended in some areas for a few of the more habitat-destructive activities, such as trawling and mining (Figure 9). The level of proposed prohibitions ranges 15–59% of activities in the Biodiversity Conservation Zone, and 0–24% in the Impact Management Zone across the three countries.
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FIGURE 9. (A–C) Proportion (%) of activity intensity in each of the proposed EBSA zones: Marine Protected Areas (MPAs), Biodiversity Conservation Zone (Conservation) and Biodiversity Impact Management Zone (Impact Management), compared to that outside of EBSAs, sorted from highest to lowest proportion of the activity intensity within the EBSA footprint. (D–F) Proportion (%) of activity intensity that is in each of the EBSA management categories after applying each country’s sea-use guidelines, sorted from highest to lowest proportion of proposed restrictions (sum of proportions in the not compatible and conditionally compatible categories). See Table 1 for detailed explanations of the categories. Figures are for (A,D) Angola, (B,E) Namibia, and (C,F) South Africa).




Marine Protected Areas and Integration Into Marine Spatial Planning

The EBSA process led to the identification of areas proposed to be designated as MPAs, some of which have already been proclaimed. Angola is currently in the process of turning all of its EBSAs (either wholly or partially) into MPAs. This process will begin with the designation of its first MPA based on the EBSA delineation and zoning process covering the Angolan parts of the Namibe EBSA that is shared with Namibia. The Namibian government has committed to strengthening protection levels in line with international targets (e.g., New Era, 2019), and the set of new, updated EBSAs provides a solid basis to inform such processes. In South Africa, 20 new MPAs were declared in 2019, all of which overlap wholly or partly with EBSAs (Figure 10C). The overlap between South Africa’s MPAs and EBSAs was strengthened during the EBSA revision process (section “Revised Ecologically or Biologically Significant Marine Areas in the Benguela Current Large Marine Ecosystem”; Figure 10C). This is not by chance, because both processes share the same underlying datasets and recognize the same key features as biodiversity priority areas. The EBSA revision process has incorporated some of the new information that was generated during the MPA process, hence the increased spatial overlap in biodiversity priorities between the MPAs and (revised) EBSAs (Figure 10C). South Africa is committed to further expansion of its protected areas network toward achieving the 10% target of the CBD’s Aichi Biodiversity Target 11, and in the longer term (20 years) to achieve conservation of 20% of its ocean space in protected or conservation areas (DEA, 2016). Unprotected EBSAs or parts of EBSAs provide gaps and opportunities for MPA expansion (Kirkman et al., 2021).
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FIGURE 10. Examples of practical management actions in Ecologically or Biologically Significant Marine Areas (EBSAs) in the Benguela Current Region. (A) In Angola, EBSAs have been integrated into the draft zoning of the pilot Marine Spatial Plan, in part or wholly proposed as Marine Protected Areas (MPAs). (B) In Namibia, EBSAs have been integrated into the draft Central Marine Spatial Plan, which is currently out for stakeholder comments. (C) In South Africa, MPAs have been proclaimed in all but one of the original EBSAs, with all other new MPAs located within the new and revised EBSAs. Note that some MPAs comprise multiple polygons, and not all of these polygons overlap with the original EBSAs. (D) The revised EBSAs have been incorporated into South Africa’s National Coastal and Marine Spatial Biodiversity Plan, which is the basis for the biodiversity sector’s input into the National Marine Spatial Plan, and which will inform future MPA expansion.


In all three countries, the results of the EBSA processes have also become critical and prominent components of the biodiversity sector inputs into MSP. Furthermore, in Angola and Namibia, the delineations of the areas, the proposed zoning, and the respective management measures for each of the zones found strong integration in the drafts of the countries’ first marine plans and their regulations (Figures 10A,B). Overall, the zoning and management recommendations were adopted as suggested, with only minor changes to accommodate other sectors’ interests in particular locations of the sites. In Angola, the Longa Coastline EBSA and those portions of the Mussulo-Kwanza-Cabo Ledo Complex EBSA and of the Ombaca Canyon and Seamount Complex EBSA that fall within the planning area have become Biodiversity Conservation and Biodiversity Impact Management Zones, with related management restrictions (Figure 10A). In Namibia, the entire Namib Flyway EBSA and northern sections of the Namibian Islands EBSA were integrated as the Biodiversity Conservation Zone and Biodiversity Impact Management Zone, with detailed management measures as part of the draft central marine plan (Figure 10B). In South Africa, the SCP-led EBSA process was run alongside part of the National Biodiversity Assessment 2018 (Harris et al., 2019c; Sink et al., 2019d). The results culminated in the most recent NCMSBP (Harris et al., 2021), which included the EBSAs, and forms the basis for the biodiversity sector input into MSP that is currently being finalized through stakeholder engagement (Figures 10C,D). The South African EBSA process outputs, through the NCMSBP, are put forward as the biodiversity sector’s priorities, which it seeks to secure in the marine area plans as part of the coming MSP development processes.

Regionally, the processes between the neighboring BCLME countries to develop aligned cross-border spatial planning options that will inform national-level MSP processes, were initiated with a focus on the three EBSAs shared between countries. Aligned zoning and management recommendations have been developed and it is on this basis that Biodiversity Conservation and Biodiversity Impact Management Zones (Figure 8) with related management measures were agreed between the technical MSP and EBSA teams of the countries both in bilateral meetings and regionally at the level of the MSP and EBSA RWGs. These now form the basis of the continuing cross-border MSP exercises whereby the shared EBSAs represented the initial focal areas to commence the processes. The cross-border planning processes have since been expanded to cover larger planning areas that extend beyond the EBSA footprints and biodiversity zones. Once finalized, these cross-border outputs will inform future national MSP in those marine areas that straddle national borders. Another result of the regional process is the recommendation of the RWGs to the BCC structures to pursue the designation of the region’s first transboundary MPAs in the shared EBSAs. In the case of Angola, this will expand on the country’s current MPA designation process for the Angolan section of the transboundary Namibe EBSA.




DISCUSSION


Tangible Progress Toward Increased Marine Spatial Management for Biodiversity in the Benguela Current Large Marine Ecosystem

In this paper, we demonstrated the process followed to develop a robust set of EBSAs that, in turn, are meaningfully informing implementation of MPA and MSP processes, with the aim of enhancing conservation and enabling more sustainable use of the ocean in the BCLME. Although implementation is still underway in the three countries, the approach does seem to be a successful one. Using SCP to refine EBSA boundaries and systematically address gaps resulted in much tighter delineations around the features for which the EBSAs are described. It also contributed to avoiding conflict with other sectors by refining the boundaries to only the required area, identifying the new EBSAs in places of lower conflict, where possible, and underpinning EBSA zoning into areas of strict and less strict management. Both refined boundaries and enhanced conflict avoidance are essential if EBSAs are to be part of a multi-sector marine management approach because it focuses biodiversity priorities in the essential places, and limits negotiations to only those areas of genuine conflict with other sectors. Importantly, at a national scale there are different but valid outcomes for biodiversity in the three countries, and at a regional scale, transboundary alignment was achieved in terms of approach, spatial priorities and recommended management actions. This illustrates the flexibility of the process that can be adapted in different contexts and applied at different scales. Further, the successes and benefits that have been identified from the project range from tangible products to intangible outcomes at regional, national, institutional, and personal levels.

The first of the tangible products was the completed descriptions for the new and revised EBSAs, which have been peer reviewed, sent to the CBD Secretariat and SBSTTA (which makes the countries the first worldwide to have done so), and integrated into the respective draft national Marine Spatial Plans and other processes granting licenses, e.g., mineral prospecting licenses. The process also required development of data-driven and expert-validated EBSA status assessments and other evidence-informed baseline reports (Governode Angola, 2020; DFFE, 2021; MFMR, 2021) that have provided a robust foundation on which the biodiversity sector’s inputs into MSP, and the Marine Spatial Plans themselves are being developed. There has been development of new legislation (e.g., South Africa’s new MSP Act, Republic of South Africa, 2018), formal institutionalization of MSP (e.g., Angola), and preparation toward and declaration of new MPAs (Angola and South Africa, respectively). Although the declaration of 20 MPAs in South Africa in 2019 (Republic of South Africa, 2019; Sink et al., 2019c) was during but outside of the MARISMA Project, all the new MPAs are within EBSAs, given that both encompass key biodiversity priority features and areas. The case in South Africa that followed from the initial set of EBSAs provides a prequel of the likely expansion of MPAs throughout the BCLME following the EBSA refinement process, and demonstrates the usefulness of EBSAs in supporting MPA processes, as was intended by the CBD COP. The project has also contributed to advancing the academic literature on marine spatial management through published papers (Kirkman et al., 2019; Finke et al., 2020a,b) and a book chapter (Harris et al., 2019b). Further, the relevance and usefulness of the content generated through the project is confirmed by the high website traffic on the EBSA Portal and MARISMA Project pages on the BCC website, and the number of views of the short “MSP in a nutshell” video on YouTube (>6,000 views of the English version at the time of writing3).

In addition to the tangible products, there are many intangible outcomes that, together with the former, have played a key role in making progress in the MSP processes and in strengthening enhanced biodiversity management in the BCLME. The MARISMA Project provided the supporting framework for inter-ministerial communication, networking, collaboration and understanding. There was important learning from other countries and ministries, particularly regarding the different users of the marine space and their requirements and needs. MARISMA participants also reported benefits of increased learning in the fields of integrated ocean governance, conflict management, and marine biodiversity, and how this has built capacity for better engagement with and across sectors in marine matters, and for active participation in international fora, such as the CBD COPs. Further, the learning, capacity building and project progress has fostered a self-reported sense of pride in participating in the project, which is also important for enhancing ownership of outcomes for sustainability, and job satisfaction.



Making Ecologically or Biologically Significant Areas Useful for Marine Spatial Planning

There were several steps that we needed to take to incorporate EBSAs into the MSP process. As indicated above, it was first necessary to refine the boundaries of the existing EBSAs for two reasons: first, to ensure that the full extent of the features for which the EBSAs were described were encompassed in the delineation; and second, to avoid unnecessary conflict with other sectors. It is worth noting, therefore, that very large EBSAs with boundaries that are not linked to finer scale biodiversity features (often Type 4 EBSAs, sensu Johnson et al., 2018) are less helpful in a MSP context. Therefore, even if the Benguela Upwelling System EBSA had not extended into the high seas, for example, we still would have had to exclude that EBSA from the analysis because it was delineated and described at a scale that is far broader than is required for detailed MSP. Its inclusion would have required the whole Namibian and South African west coast shelf to be proposed as biodiversity zones in a marine spatial plan, which would not have been feasible given that there are numerous productive fisheries, mining operations, and transport activities, including major ports, in the same area. Further, this EBSA includes some areas subsequently identified as being of low biodiversity value and/or in poor ecological condition. These very large areas can still be recognized as EBSAs but have limited value for spatial prioritization given the old adage: if everything is important, then nothing is important. In such cases, any specific sites, features or clusters thereof [mostly Type 1–3 EBSAs, sensu Johnson et al. (2018)] within the very large EBSAs must also be described so that they can be included in the marine spatial plan. This can be part of a gap analysis of the EBSAs within a country or region. Strictly speaking, the additional or revised EBSAs do not necessarily need to be endorsed by the CBD COP for them to be included in MSP processes. However, the additional weight of the site being internationally recognized as an EBSA, including being signed by the country’s own environment ministry as part of the proposal to the CBD Secretariat, could prove beneficial in MSP negotiations in favor of biodiversity.

To determine the required zoning and management recommendations for each EBSA, we needed to do a status assessment to determine the pressures on biodiversity, ecological condition, ecosystem threat status and ecosystem protection level within each one. It was also necessary to do a feasibility assessment of how realistic the proposed management recommendations were by considering the impact it would have on each of the sectors if their activities were restricted or no longer permitted in a particular place. In keeping with the objectives of the CBD (United Nations, 1992), the zoning and management objectives of the EBSAs need to support the conservation and sustainable use of marine biodiversity, as is respectively reflected in our proposed Biodiversity Conservation Zone and Biodiversity Impact Management Zone.



Lessons for Other Countries and Regions When Designing and Implementing Projects to Improve Marine Spatial Management for Biodiversity

In addition to draft protection targets, the Post-2020 Global Biodiversity Framework includes draft targets to: “ensure that all land and sea areas globally are under integrated biodiversity-inclusive spatial planning addressing land- and sea-use change, retaining existing intact and wilderness areas”, and to “ensure that at least 20 per cent of degraded freshwater, marine and terrestrial ecosystems are under restoration, ensuring connectivity among them and focusing on priority ecosystems” (CBD, 2021). In the marine environment, the approach taken to refine EBSAs using SCP, and integrate these into MSP can contribute to achieving these targets. Therefore, for other countries and regions intending to take on similar projects that advance implementing real-world, ecosystem-based marine spatial management, we have distilled seven key lessons from our work, outlined below (summarized in Box 1), that may be helpful in project design and processes. Many of these lessons (and the challenges identified in section “Lessons for Other Countries and Regions When Designing and Implementing Projects to Improve Marine Spatial Management for Biodiversity” below) are echoed in a global survey on implementing MSP (UNEP and GEF-STAP, 2014), and countries may find it useful to draw from both sources when designing real-world projects for implementation [see also CBD (2014)].


BOX 1. Summary of lessons from the MARISMA Project and possible challenges to prepare for to guide design and implementation of similar national and regional marine spatial management projects.

Lessons from the MARISMA Project


1.Implementing MSP at a national and/or regional scale takes take time and resources; generally, much more time (and thus, resources) than is initially anticipated. Plan accordingly.

2.Structure the team and institutional setup carefully. We suggest having a neutral facilitator, technical team, and regional/national working groups that have a straight line of communication to government senior management.

3.The structure and design of the project and processes are important, and the marine spatial plan must be ecosystem based. We recommend having biodiversity (EBSA or similar; ideally SCP-based) and MSP workstreams running concurrently for fluent incorporation of the biodiversity zoning and management recommendations into the MSP process.

4.Stakeholder engagement is key to success, and can be very powerful when combined with iterative improvements in products that incorporate stakeholder feedback and input.

5.Learning-by-doing is a beneficial approach; international study tours, and intra-regional knowledge exchange within the regional working groups can support this.

6.Make provision for multiple languages in engagements and products (where relevant) and focus deliberately on improving ocean literacy among stakeholders and role players.

7.Plan for project longevity and follow-through after the project ends.



Be prepared for challenges if the following are weak, limited, or absent:


1.Government commitment and political will

2.Leadership, available capacities in governments to support and drive the process, and strong change agents and champions

3.Regional structures

4.Similar progress rates by all countries in regional projects

5.Data and legislation.





Our first lesson (1) is that it is important to recognize that projects of this nature take time and resources; generally, much more time (and thus, resources) than is initially anticipated. There needs to be long-term planning, including how the work will be taken forward once the project is gone. In terms of project design, (2) the structure of the team and institutional setup are important. It is very useful to have a neutral facilitator to provide leadership and overall project support; a technical team to provide analytical support; regional working groups (if applicable); and national working groups, ideally comprising all the relevant ministries and role players from the outset, and (biodiversity) champions and committed government officials taking the lead. It is also important to establish a straight line of communication from the working groups to the top hierarchy of government senior management. This is because of the risks of having technical and political separation in the process such that senior government decision-makers don’t take ownership of the products. Therefore, iterative improvements and direct engagements with senior managements that incorporate their feedback are essential. (3) The structure and design of the project and processes are important. It has proven very useful to have the EBSA and MSP workstreams running concurrently. It facilitates a fluent incorporation of the biodiversity zoning and management recommendations into the MSP process if the same underlying logic, spatial planning and management thinking (particularly in relation to the zoning and regulatory approach), and structure align, are co-developed, and jointly endorsed and applied. It is also critical for biodiversity to form the foundation of Marine Spatial Plans so that they can be truly ecosystem based (McLeod et al., 2005), which is why most MSP studies in the past two decades have been led by ecologists (Chalastani et al., 2021). Society needs healthy oceans for delivery of services and sustainable use (Worm et al., 2006). To ensure the MSP process is ecosystem based, the 12 Malawi Principles for the Ecosystem Approach (UNEP-CBD, 1998) can be useful to apply [see also McLeod et al. (2005)]. Further, as has been demonstrated previously (Harris et al., 2019b; Kirkman et al., 2019) and in this paper, SCP is a very powerful tool for refining EBSA (and other biodiversity priority area) inputs and creating a design that has a higher likelihood of implementation because it avoids conflict as far as possible. It is hence an approach that we recommend as a highly useful method, as illustrated in this real-world example from the BCLME.

In terms of the project process, (4) stakeholder engagement is key to success, and can be very powerful when combined with iterative improvements in products that incorporate their feedback and input. However, the amount of iterative revision needs to be carefully managed. It can make working with the products challenging for stakeholders (e.g., consultants trying to do Environmental Impact Assessments with spatial data that are continually changing), and fatigue can also set in if there are too many iterations. It also helps if the composition of the various working groups and stakeholder groups remain relatively constant throughout the project for continuity of engagements. Indigenous knowledge from stakeholders in local communities is also very useful to include and is encouraged by the CBD COP (CBD, 2008; CBD-SBSTTA, 2016). However, it is difficult to collect such fine-scale data at national and regional scales (Pennino et al., 2021). It is possible that these kinds of engagements are better suited to the MSP process itself once the broader biodiversity priorities have been identified at national and regional scales, which can then be interrogated at local scales for fine-scale boundary refinement and proposed management, and then fed back into the national and regional plans. Certainly, further research on how best to include indigenous knowledge and avoid top-down design in projects of this nature is strongly needed and encouraged.

It was very clear from the feedback by project participants just how significant the amount of learning was over the past few years. (5) Learning-by-doing has proven to be a beneficial approach, especially in this context where all countries in the region began their MSP processes concurrently, and without any prior MSP processes or structures in place. International study tours, and intra-regional knowledge exchange within the regional working groups can support this, as was demonstrated in the MARISMA Project. There was substantial investment in producing materials in a variety of formats that were readily available throughout the process, such that the outcome was a legitimate learning experience by co-leading local and government experts rather than simply outsourcing to a technical team. Consequently, (6) it is important to make provision for multiple languages in engagements and products (both within country and among countries in the region) and to focus deliberately on improving ocean literacy among stakeholders and role players. One example from MARISMA is the short “MSP in a nutshell video” on YouTube that is available in five main languages from the region. As mentioned previously, many people reported how much they learnt from the project, including about marine biodiversity, the value and need for healthy oceans, and about the different users of the ocean and their requirements. This kind of learning helps for constructive engagements and supports conflict resolution, partly because it also enhances the appreciation and respect for other perspectives and priorities (Finke et al., 2020b). Essentially, therefore, the process itself is an ocean literacy process, and (where necessary) making engagements, products and learning materials available in a diversity of languages as far as possible helps to be more inclusive.

Lastly, (7) it is imperative to plan for project longevity. One of the main concerns raised by project participants is that the great progress made to date will collapse once the MARISMA Project is finished. These concerns were primarily over capacity to continue the work, and the necessary structures to implement the respective Marine Spatial Plans. To address the former, there must be a focus on continuity and training, especially if the analyses are led by an external technical team. In-house capacity has been built during the MARISMA Project, but this needs to be strengthened through training courses and workshops so that countries can take the technical work forward on their own. In terms of developing the structures for implementation, this does not need to require a lot of funds and additional staff. With some innovation in institutionalizing the process, there are ways for existing staff to take on new responsibilities for MSP without having to hire new officials, as is being discussed in Namibia.



Be Prepared for Challenges

It is inevitable that real-world projects tackling multi-sector processes, such as MSP, will face a variety of challenges at various stages (see Box 1 for a summary). Most importantly, government commitment and political will are critical for project success. If it is absent or fluctuating, it can be very difficult to make progress. Because these projects tend to take several years, changes in leadership and consequently, potential changes in national priorities can also contribute to the variability in commitment and support. A lack of leadership and available capacities in governments to support and drive the process, as well as a limited number of strong change agents and champions can also be barriers to progress. This emphasizes why ocean literacy and the structure of the teams are so important so that all opportunities to influence and get input and support from senior government officials can be maximized. The same is true for addressing regional challenges, such as weak regional structures. Another challenge for collective regional success is that it depends on all countries progressing at reasonably similar rates. However, if the Regional Working Groups are well structured, with clear links to the National Working Groups, and if the timing of national and regional meetings is well coordinated, this can help to overcome some of these regional risks.

A lack of data and legislation can be challenging too. However, the former is not insurmountable. There are many options for compiling representative datasets, at least to represent biodiversity patterns and processes, even in data-poor regions (e.g., Harris et al., 2013, 2019b; Kirkman et al., 2019). Data to represent some of the sectors can be difficult to map, especially when it includes activities such as artisanal fishing, where the number of fishers and areas fished is not well known and there is limited scope to apply participatory processes. In these cases, the principle is always to use the best-available information, and to iteratively refine datasets over time. For the most part, though, there are some global datasets that can be used to represent sectors where such information does not exist within-country, e.g., Global Fishing Watch4 and Marine Traffic5. The absence of MSP-specific legislation can make the process much more complex, especially if there are multiple pieces of legislation that then need to be applied to piece the MSP together. On the other hand, it can also provide liberty to enable a relatively open, gradual, and experimental MSP process to take place and, eventually, the opportunity for new legislation to be drafted (Finke et al., 2020b).



Looking Ahead

The main aspiration of the MARISMA Project is implementing ecosystem-based MSP in each of the countries and across borders in support of sustainable development in the BCLME, while also providing additional protection in MPAs and/or via other place-based mechanisms, such as Other Effective Area-Based Conservation Measures (OECMs) for the key biodiversity features in EBSAs. It is encouraging to note, therefore, that the project and its outputs have resulted in additional funding from other sources for future projects, e.g., MPA support in Namibia. It is intended that there will be continued inter-ministerial and regional engagement, and political will and commitment to see the process through to full implementation, and for it to become a standard operating procedure by the authorities. Given the benefit that the ocean literacy aspects contributed to improving the understanding of marine biodiversity and the need to safeguard it, this might be one avenue by which the current momentum can be fueled. Continuing to provide materials that enhance ocean literacy and that make clear links between biodiversity and blue economy aspirations could help to foster and sustain political will and support, especially if it shows that more equitable benefits can be achieved in the process to drive the social agendas of the countries toward just and equitable growth.

Research and monitoring are also essential to iteratively advancing the process. This can contribute to generating more refined maps of biodiversity features, including ecosystem types, as well as better including adaptation to global change by identifying some climate-smart biodiversity priority areas (Queirós et al., 2021). Incorporation of local indigenous knowledge can also be helpful in refining priorities, and for including human dimensions and culturally significant areas in MSP (CBD-SBSTTA, 2016; Gee et al., 2017; Pennino et al., 2021). On this note, it is worthwhile mentioning that two MeerWissen projects (CoastWise and NAMares) have come out of the MARISMA Project, which will contribute to advancing the work through research, e.g., mapping ecosystem services and culturally significant areas (Gee et al., 2017) to improve integration of social-cultural aspects into MSP, and strengthening land-sea integration in the spatial prioritization. Additional benefits of monitoring and evaluation can further include demonstrating the good governance benefits of the process itself, which could further help persuade officials and strengthen their support.




CONCLUSION

Globally, most MSP initiatives have been undertaken in Europe, and more than half of the plans use qualitative methods (Chalastani et al., 2021). In our study, we provide a robust, data-driven, evidence-based example of ecosystem-based MSP development from three developing countries in Africa, which has also been included in the International Guide on Marine/Maritime Spatial Planning (UNESCO-IOC/European Commission, 2021). We used quantitative methods to refine and develop the spatial biodiversity priorities (EBSAs), assess the status of the biodiversity features for which the EBSAs were described, compiled management recommendations and tested their feasibility of implementation. As such, these outputs have informed the first steps of MSP in each of the three BCLME countries, and aided in guiding priorities for MPA expansion. Although the final steps of implementation are yet to be rolled out, the nationally driven processes, supported by the MARISMA Project, have already seen some excellent successes. We believe that the seven lessons that we have distilled from our work to date can be beneficial to others wishing to implement practical marine spatial management within EBSAs (or other biodiversity priority areas), toward securing important biodiversity and ecological processes that underpin the myriad of benefits that we derive from the world’s oceans, for current and future generations.



DATA AVAILABILITY STATEMENT

The datasets presented in this study can be found in online repositories. They are available on the project’s EBSA Portal (http://cmr.mandela.ac.za/EBSA-Portal) and the BCC’s Geodata Portal (http://geodata.benguelacc.org/).



AUTHOR CONTRIBUTIONS

LH, SH, and GF: conceptualization and visualization and writing—original draft. LH, SH, MA, AK, and RS: data curation and software. LH and SH: formal analysis. GF and ElM: funding acquisition. SH, GF, MA, RB, NC, SK, AK, ElM, ErM, KN, VR, and RS: project administration. LH, SH, GF, MA, RB, NC, KG, SK, AK, ElM, ErM, and RS: supervision. All authors contributed to investigation, methodology, validation, and writing—reviewing and editing of the manuscript, and approved the submitted version.



FUNDING

The MARISMA Project is funded by the German Federal Ministry for the Environment, Nature Conservation, Nuclear Safety and Consumer Protection (BMUV) through its International Climate Initiative (ICI) and further made possible through significant in-kind contributions by the Benguela Current Convention (BCC) and its contracting parties. It is implemented by GIZ (Deutsche Gesellschaft für Internationale Zusammenarbeit GmbH; German Development Cooperation) in partnership with the BCC and the Republics of Angola, Namibia, and South Africa.



ACKNOWLEDGMENTS

We would like to thank many national, regional, and international workshop participants, including members of the national and regional working groups and task teams, the numerous scientists who shared data, and other stakeholders that have contributed to the SCP, EBSA, MSP, and MPA processes in the three countries as part of the MARISMA Project and beyond. We would also like to thank colleagues from the Global Ocean Biodiversity Initiative (GOBI) for their peer review support for validation of the process, whose inputs were very helpful.


FOOTNOTES

1
http://cmr.mandela.ac.za/EBSA-Portal

2
https://www.benguelacc.org/index.php/en/marisma

3
https://youtu.be/HZu4QSRis7U

4
https://globalfishingwatch.org/

5
https://www.marinetraffic.com/


REFERENCES

Ball, I., Possingham, H., and Watts, M. (2009). “Marxan and relatives: software for spatial conservation prioritization,” in Spatial Conservation Prioritization, eds A. Moilanen, K. Wilson, and H. Possingham (Oxford: Oxford University Press).

Bland, L. M., Keith, D. A., Miller, R. M., Murray, N. J., and Rodríguez, J. P. (eds) (2017). Guidelines For The Application Of IUCN Red List of Ecosystems Categories and Criteria. Version 1.1. Gland: IUCN. doi: 10.2305/IUCN.CH.2016.RLE.3.en

Boyer, D., Cole, J., and Bartholomae, C. (2000). Southwestern Africa: northern Benguela Current region. Mar. Pollut. Bull. 41, 123–140.

CBD (2008).“UNEP/CBD/COP/DEC/IX/20: Decision adopted by the Conference of the Parties to the Convention on Biological Diversity at its ninth meeting: IX/20. Marine and coastal biodiversity,” in Proceedings of the Conference of the Parties to the Convention on Biological Diversity, Ninth meeting, Bonn, 19–30 May 2008. Agenda item 4.9. Available online at: https://www.cbd.int/decision/cop/?id=11663 (accessed October 26, 2021).

CBD (2010a).“UNEP/CBD/COP/DEC/X/2: Decision adopted by the Conference of the Parties to the Convention on Biological Diversity at its tenth meeting. X/2. The Strategic Plan for Biodiversity 2011–2020 and the Aichi Biodiversity Targets,” in Proceedings of the Conference for the Parties, Tenth meeting, Nagoya, Japan, 18–29 October 2010. Agenda item 4.4.. Available online at: https://www.cbd.int/decision/cop/?id=12268 (accessed November 25, 2021).

CBD (2010b).“UNEP/CBD/COP/DEC/X/29: Decision adopted by the Conference of the Parties to the Convention on Biological Diversity at its tenth meeting: X/29. Marine and coastal biodiversity,” in Proceedings of the Conference of the Parties to the Convention on Biological Diversity, Tenth meeting, Nagoya, Japan, 18-29 October 2010. Agenda item 5.2. Available online at: https://www.cbd.int/decision/cop/?id=12295 (accessed July 21, 2021).

CBD (2014). Report of the Expert Workshop to Provide Consolidated Practical Guidance and a Toolkit for Marine Spatial Planning. UNEP/CBD/MCB/EM/2014/4/2. UNEP-CBD. Montreal, Canada.

CBD (2021). First Draft of the Post-2020 Global Biodiversity Framework. Third meeting of the Open Ended Working Group on the Post-2020 Global Biodiversity Framework. 23 August – 3 September 2021. CBD/WG2020/3/3. Available online at: https://www.cbd.int/article/draft-1-global-biodiversity-framework (accessed January 10, 2022).

CBD-SBSTTA (2016). Identifying Specific Elements for Integrating the Traditional, Scientific, Technical and Technological Knowledge of Indigenous and Local Communities, and Social and Cultural Criteria and Other Aspects for the Application of Scientific Criteria for Identification of Ecologically or Biologically Significant Areas (EBSAs) As Well As the Establishment and Management of Marine Protected Areas. Sixteenth meeting, Montreal, 30 April-5 May 2012. UNEP/CBD/SBSTTA/16/INF/10. Available online at: https://www.cbd.int/doc/meetings/sbstta/sbstta-16/information/sbstta-16-inf-10-en.pdf (accessed August 16, 2021).

Chalastani, V. I., Tsoukala, V. K., Coccossis, H., and Duarte, C. M. (2021). A bibliometric assessment of progress in marine spatial planning. Mar. Policy 127:104329. doi: 10.1016/j.marpol.2020.104329

de Barros Neto, V., de Fátima Jardim, M., de Vasconcelos, J. M. B., da Silva, Tomás, A., Naruseb, A., et al. (2016). Two decades of inter-governmental collaboration: three developing countries on the move towards ecosystem-based governance in the Benguela Current Large Marine Ecosystem. Environ. Dev. 17, 353–356. doi: 10.1016/j.envdev.2015.11.007

DEA (2016). National Protected Areas Expansion Strategy for South Africa 2016. Pretoria: Department of Environmental Affairs.

DFFE (2021). National Data and Information Report for Marine Spatial Planning: Knowledge Baseline for Marine Spatial Planning in South Africa. Cape Town: Department of Forestry, Fisheries and the Environment.

ESRI (2015). World Countries. Yarmouth, MA: Esri, DeLorme Publishing Company, Inc., Spatial Dataset.

Findlay, K. (2018). Operation Phakisa and unlocking South Africa’s ocean economy. J. Indian Ocean Region 14, 248–254. doi: 10.1080/19480881.2018.1475857

Finke, G., Gee, K., Gxaba, T., Sorgenfrei, R., Russo, V., Pinto, D., et al. (2020a). Marine spatial planning in the Benguela Current Large Marine Ecosystem. Environ. Dev. 36:100569. doi: 10.1016/j.envdev.2020.100569

Finke, G., Gee, K., Kreiner, A., Amunyela, M., and Braby, R. (2020b). Namibia’s way to marine spatial planning – using existing practices or instigating its own approach? Mar. Policy 121:104107. doi: 10.1016/j.marpol.2020.104107

Flanders Marine Institute (2018). Maritime Boundaries Geodatabase, Version 10. Available online at http://www.marineregions.org/ (accessed June 26, 2018).

Gee, K., Kannen, A., Adlam, R., Brooks, C., Chapman, M., Cormier, R., et al. (2017). Identifying culturally significant areas for marine spatial planning. Ocean Coast. Manag. 136, 139–147. doi: 10.1016/j.ocecoaman.2016.11.026

Governode Angola (2021). Relatório Preliminar sobre o Ordenamento do Espaço Marinho em Angola. Área Experimental Palmeirinhas – Foz do Tapado. Luanda: Governo de Angola.

Halpern, B. S., Frazier, M., Potapenko, J., Casey, K. S., Koenig, K., Longo, C., et al. (2015). Spatial and temporal changes in cumulative human impacts on the world’s ocean. Nat. Commun. 6:7615. doi: 10.1038/ncomms8615

Halpern, B. S., Selkoe, K. A., Micheli, F., and Kappel, C. V. (2007). Evaluating and ranking the vulnerability of global marine ecosystems to anthropogenic threats. Conserv. Biol. 21, 1301–1315. doi: 10.1111/j.1523-1739.2007.00752.x

Hamukuaya, H., Attwood, C., and Willemse, N. (2016). Transition to ecosystem-based governance of the Benguela Current Large Marine Ecosystem. Environ. Dev. 17, 310–321. doi: 10.1016/j.envdev.2015.06.013

Harris, L. R., Holness, S. D., Kirkman, S. P., Sink, K. J., Majiedt, P., and Driver, A. (2021). National Coastal and Marine Spatial Biodiversity Plan. Available online at: http://cmr.mandela.ac.za/NCMSBP (accessed June 1, 2021).

Harris, L. R., Bessinger, M., Dayaram, A., Holness, S., Kirkman, S., Livingstone, T.-C., et al. (2019a). Advancing land-sea integration for ecologically meaningful coastal conservation and management. Biol. Conserv. 237, 81–89. doi: 10.1016/j.biocon.2019.06.020

Harris, L. R., Holness, S., Finke, G., Kirkman, S., and Sink, K. (2019b). “Systematic conservation planning as a tool to advance Ecologically or Biologically Significant Area and marine spatial planning processes,” in Maritime Spatial Planning, eds J. Zaucha and K. Gee (Cham: Palgrave Macmillian). doi: 10.1007/978-3-319-98696-8_4

Harris, L. R., Sink, K. J., Skowno, A. L., and Van Niekerk, L. (eds) (2019c). South African National Biodiversity Assessment 2018 Technical Report Volume 5: Coast. Pretoria: South African National Biodiversity Institute.

Harris, L., Holness, S., Nel, R., Lombard, A. T., and Schoeman, D. (2013). Intertidal habitat composition and regional-scale shoreline morphology along the Benguela coast. J. Coast. Conserv. 17, 143–154. doi: 10.1007/s11852-012-0226-z

Heileman, S., and O’Toole, M. J. (2009). “I West and Central Africa: I-1 Benguela Current LME,” in The UNEP Large Marine Ecosystems Report: A Perspective On Changing Conditions In LMEs Of The World’s Regional Seas, eds K. Sherman and G. Hempel (Nairobi: United Nations Environment Programme).

Holness, S., Kirkman, S., Samaai, T., Wolf, T., Sink, K., Majiedt, P., et al. (2014). Spatial Biodiversity Assessment and Spatial Management, including Marine Protected Areas. Final report for the Benguela Current Commission project BEH 09-01. Namibia: Benguela Current Commission.

Johnson, D. E., Barrio Froján, C., Turner, P. J., Weaver, P., Gunn, V., Dunn, D. C., et al. (2018). Reviewing the EBSA process: improving on success. Mar. Policy 88, 75–85. doi: 10.1016/j.marpol.2017.11.014

Jouffray, J.-B., Blasiak, R., Norström, A. V., Österblom, H., and Nyström, M. (2020). The blue acceleration: the trajectory of human expansion into the ocean. One Earth 2, 43–54. doi: 10.1016/j.oneear.2019.12.016

Keith, D. A., Rodríguez, J. P., Rodríguez-Clark, K. M., Nicholson, E., Aapala, K., Alonso, A., et al. (2013). Scientific foundations for an IUCN Red List of Ecosystems. PLoS One 8:e62111. doi: 10.1371/journal.pone.0062111

Kirkman, S. P., and Nsingi, K. K. (2019). “Marine biodiversity of Angola: biogeography and conservation,” in Biodiversity of Angola: Science & Conservation: A Modern Synthesis, eds B. J. Huntley, V. Russo, F. Lages, and N. Ferrand (Cham: Springer International Publishing), 43–52. doi: 10.1007/978-3-030-03083-4_3

Kirkman, S. P., Holness, S., Harris, L. R., Sink, K. J., Lombard, A. T., Kainge, P., et al. (2019). Using systematic conservation planning to support marine spatial planning and achieve marine protection targets in the transboundary Benguela Ecosystem. Ocean Coast. Manag. 168, 117–129. doi: 10.1016/j.ocecoaman.2018.10.038

Kirkman, S. P., Mann, B. Q., Sink, K. J., Adams, R., Livingstone, T. C., Mann-Lang, J. B., et al. (2021). Evaluating the evidence for ecological effectiveness of South Africa’s marine protected areas. Afr. J. Mar. Sci. 43, 389–412. doi: 10.2989/1814232x.2021.1962975

Kirkman, S. P., Yemane, D., Oosthuizen, W. H., Meÿer, M. A., Kotze, P. G. H., Skrypzeck, H., et al. (2013). Spatio-temporal shifts of the dynamic Cape fur seal population in southern Africa, based on aerial censuses (1972–2009). Mar. Mammal Sci. 29, 497–524. doi: 10.1111/j.1748-7692.2012.00584.x

Lenihan, H. S., Gallagher, J. P., Peters, J. R., Stier, A. C., Hofmeister, J. K. K., and Reed, D. C. (2021). Evidence that spillover from marine protected areas benefits the spiny lobster (Panulirus interruptus) fishery in southern California. Sci. Rep. 11:2663. doi: 10.1038/s41598-021-82371-5

Majiedt, P., Holness, S., Sink, K. J., Reed, J., Franken, M., Van der Bank, M. G., et al. (2019). “Chapter 4: Pressures on marine biodiversity,” in South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine Realm, eds K. J. Sink, M. G. Van der Bank, P. A. Majiedt, L. R. Harris, L. J. Atkinson, S. P. Kirkman, et al. (Pretoria: South African National Biodiversity Institute),Available online at: http://hdl.handle.net/20.500.12143/6372

Majiedt, P., Holness, S., Sink, K., Oosthuizen, A., and Chadwick, P. (2013). Systematic Marine Biodiversity Plan for the West Coast of South Africa. Cape Town: South African National Biodiversity Institute.

Makhado, A. B., Braby, R., Dyer, B. M., Kemper, J., McInnes, A. M., Tom, D., et al. (2021). “Seabirds of the Benguela Ecosystem: Utilisation, Long-Term Changes and Challenges,” in Birds - Challenges and Opportunities for Business, Conservation and Research, ed. H. J. Mikkola (London: IntechOpen).

Margules, C. R., and Pressey, R. L. (2000). Systematic conservation planning. Nature 405, 243–253. doi: 10.1038/35012251

McLeod, K. L., Lubchenco, J., Palumbi, S. R., and Rosenberg, A. A. (2005). Scientific Consensus Statement on Marine Ecosystem-Based Management. Signed by 221 academic scientists and policy experts with relevant expertise and published by the Communication Partnership for Science and the Sea. Available online at: http://compassonline.org/?q=EBM (accessed April 25, 2011).

MFMR (2021). Current Status Report: Knowledge Baseline for Marine Spatial Planning in Namibia, 2nd Edn. Windhoek: Ministry of Fisheries and Marine Resources.

Moilanen, A., Wilson, K., and Possingham, H. (eds) (2009). Spatial Conservation Prioritization. Oxford: Oxford University Press.

Naidoo, A., Hamukuaya, H., Hara, M., Mngxe, Y., and Raakjær, J. (2021). Polycentric regional ocean governance opportunity in the Benguela Current Convention. Front. Mar. Sci. 8:703451. doi: 10.3389/fmars.2021.703451

Nerem, R. S., Beckley, B. D., Fasullo, J. T., Hamlington, B. D., Masters, D., and Mitchum, G. T. (2018). Climate-change–driven accelerated sea-level rise detected in the altimeter era. Proc. Natl. Acad. Sci. 115, 2022–2025. doi: 10.1073/pnas.1717312115

New Era (2019). Namibia Ups Tempo On Marine Protection Amid Phosphate Talks. New Era 2019-09-24. Available online at: https://neweralive.na/posts/namibia-ups-tempo-on-marine-protection-amid-phosphate-talks (accessed November 29, 2021).

Pennino, M. G., Brodie, S., Frainer, A., Lopes, P. F. M., Lopez, J., Ortega-Cisneros, K., et al. (2021). The missing layers: integrating sociocultural values into marine spatial planning. Front. Mar. Sci. 8:703451. doi: 10.3389/fmars.2021.633198

Queirós, A. M., Talbot, E., Beaumont, N. J., Somerfield, P. J., Kay, S., Pascoe, C., et al. (2021). Bright spots as climate-smart marine spatial planning tools for conservation and blue growth. Glob. Change Biol. 27, 5514–5531. doi: 10.1111/gcb.15827

Republic of South Africa (2018). Act No. 16 of 2018: Marine Spatial Planning Act. Government Gazette Vol. 647: No. 42444, 06 May 2019. Republic of South Africa: Government Gazette.

Republic of South Africa (2019). National Environmental Management: Protected Areas Act, 2003 (Act No. 57 of 2003). Notices 757-776. Government Gazette No. 42478, Vol. 647, Republic of South Africa: Government Gazette, 1–84.

Roberts, C. M., Hawkins, J. P., and Gell, F. R. (2005). The role of marine reserves in achieving sustainable fisheries. Philos. Trans. R. Soc. B Biol. Sci. 360, 123–132. doi: 10.1098/rstb.2004.1578

Samaai, T., Sink, K., Kirkman, S., Atkinson, L., Florence, W., Kerwath, S., et al. (2020). “The marine animal forests of South Africa: importance for bioregionalization and marine spatial planning,” in Perspectives on the Marine Animal Forests of the World, eds S. Rossi and L. Bramanti (Cham: Springer International Publishing), 17–61. doi: 10.1007/978-3-030-57054-5_2

Secretariat of the Convention on Biological Diversity (2021). Special Places in the Ocean: A Decade of Describing Ecologically or Biologically Significant Marine Areas. Montreal, QC: Secretariat of the Convention on Biological Diversity.

Sink, K. J. (2016). Deep Secrets: The Outer Shelf And Slope Ecosystems Of South Africa. Cruise Report: ALG 230 – ACEP_DSC.

Sink, K. J., Attwood, C. G., Lombard, A. T., Grantham, H., Leslie, R., Samaai, T., et al. (2011). Spatial Planning To Identify Focus Areas For Offshore Biodiversity Protection In South Africa. Final Report for the Offshore Marine Protected Area Project. Cape Town: South African National Biodiversity Institute.

Sink, K. J., Harris, L. R., Skowno, A. L., Livingstone, T.-C., Franken, M., Porter, S., et al. (2019a). “Chapter 3: Marine ecosystem classification and mapping,” in South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine Realm, eds K. J. Sink, M. G. Van der Bank, P. A. Majiedt, L. R. Harris, L. Atkinson, S. Kirkman, and N. Karenyi (Pretoria: South African National Biodiversity Institute).

Sink, K. J., Holness, S., Skowno, A. L., Franken, M., Majiedt, P. A., Atkinson, L. J., et al. (2019b). “Chapter 7: Ecosystem Threat Status,” in South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine Realm, eds K. J. Sink, M. G. Van der Bank, P. A. Majiedt, L. R. Harris, L. Atkinson, S. Kirkman, and N. Karenyi (Pretoria: South African National Biodiversity Institute).

Sink, K. J., Sibanda, S. M., Fielding, P., Skowno, A. L., Franken, M., Harris, L. R., et al. (2019c). “Chapter 8: Ecosystem Protection Level,” in In South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine Realm, eds K. J. Sink, M. G. Van der Bank, P. A. Majiedt, L. R. Harris, L. Atkinson, S. Kirkman, and N. Karenyi (Pretoria: South African National Biodiversity Institute).

Sink, K. J., Van der Bank, M. G., Majiedt, P. A., Harris, L. R., Atkinson, L., Kirkman, S., et al. (eds) (2019d). South African National Biodiversity Assessment 2018 Technical Report Volume 4: Marine Realm. Pretoria: South African National Biodiversity Institute.

Sink, K., Holness, S., Harris, L., Majiedt, P., Atkinson, L., Robinson, T., et al. (2012). National Biodiversity Assessment 2011: Technical Report. Volume 4: Marine and Coastal Component. Pretoria: South African National Biodiversity Institute.

Stevenson, I. R., and Bamford, M. K. (2003). Submersible-based observations of in-situ fossil tree trunks in Late Cretaceous seafloor outcrops. Orange Basin, western offshore, South Africa. S. Afr. J. Geol. 106, 315–326. doi: 10.2113/106.4.315

Teck, S. J., Halpern, B. S., Kappel, C. V., Micheli, F., Selkoe, K. A., Crain, C. M., et al. (2010). Using expert judgment to estimate marine ecosystem vulnerability in the California Current. Ecol. Appl. 20, 1402–1416. doi: 10.1890/09-1173.1

UNEP and GEF-STAP (2014). Marine Spatial Planning in Practice – Transitioning from Planning to Implementation. An Analysis Of Global Marine Spatial Planning experiences, eds H. L. Thomas, S. Olsen, and O. Vestergaard (Nairobi: UNEP).

UNEP-CBD (1998). “Report of the Workshop on the Ecosystem Approach. UNEP/CBD/COP/4/Inf.9,” in Proceedings of the Conference of the Parties to the Convention on Biological Diversity. Fourth meeting. 4-15 May 1998, Bratislava, Slovakia.

UNEP-CBD (2009). Azores Scientific Criteria And Guidance For Identifying Ecologically Or Biologically Significant Marine Areas And Designing Representative Networks Of Marine Protected Areas In Open Ocean Waters And Deep Sea Habitats. Montreal, QC: Secretariat of the Convention on Biological Diversity.

UNESCO-IOC/European Commission (2021). MSPglobal International Guide on Marine/Maritime Spatial Planning. UNESCO. (IOC Manuals and Guides no 89). Paris: UNESCO-IOC/European Commission.

United Nations (1992). “Convention on Biological Diversity,” in Proceedings of the United Nations Conference on Environment and Development (UNCED)/Rio Earth Summit, 5 June 1992, Rio de Janeiro, Brazil.

Urban, M. C. (2015). Accelerating extinction risk from climate change. Science 348, 571–573. doi: 10.1126/science.aaa4984

Weir, C. R. (2019). “The Cetaceans (Whales and Dolphins) of Angola,” in Biodiversity of Angola. Science and Conservation: A Modern Synthesis, eds B. J. Huntley, V. Russo, F. Lages, and N. Ferrand (New York, NY: Springer Nature), 445–470. doi: 10.1007/978-3-030-03083-4_16

Worm, B., Barbier, E. B., Beaumont, N., Duffy, J. E., Folke, C., Halpern, B. S., et al. (2006). Impacts of biodiversity loss on ocean ecosystem services. Science 314, 787–790. doi: 10.1126/science.1132294


Conflict of Interest: GF, MA, RB, ElM, and RS are employed by the Deutsche Gesellschaft für Internationale Zusammenarbeit (GIZ) GmbH who implemented the grant by BMUV. LH, SH, KG, and VR were contracted to the MARISMA Project by GIZ, but these financial relationships had no influence on what was written in the manuscript. LH and SH are employed by Nelson Mandela University. KG is employed by s.Pro | Sustainable Projects. VR is employed by Holísticos.

The remaining authors declare that the research was conducted in the absence of any commercial or financial relationships that could be construed as a potential conflict of interest.

Publisher’s Note: All claims expressed in this article are solely those of the authors and do not necessarily represent those of their affiliated organizations, or those of the publisher, the editors and the reviewers. Any product that may be evaluated in this article, or claim that may be made by its manufacturer, is not guaranteed or endorsed by the publisher.

Copyright © 2022 Harris, Holness, Finke, Amunyela, Braby, Coelho, Gee, Kirkman, Kreiner, Mausolf, Majiedt, Maletzky, Nsingi, Russo, Sink and Sorgenfrei. This is an open-access article distributed under the terms of the Creative Commons Attribution License (CC BY). The use, distribution or reproduction in other forums is permitted, provided the original author(s) and the copyright owner(s) are credited and that the original publication in this journal is cited, in accordance with accepted academic practice. No use, distribution or reproduction is permitted which does not comply with these terms.











	 
	ORIGINAL RESEARCH
published: 23 March 2022
doi: 10.3389/fmars.2022.841789





[image: image]
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The Important Marine Mammal Areas (IMMAs) initiative was launched by the Marine Mammal Protected Areas Task Force of the International Union for the Conservation of Nature in 2016, as a response to a conservation crisis in the protection of marine mammals and wider global ocean biodiversity. IMMAs identify discrete portions of habitat that are important for one or more marine mammal species, and that have the potential to be delineated and managed for conservation. They are identified by scientific experts during regional workshops, on the basis of satisfying one or more of eight criteria that capture critical aspects of marine mammal biology, ecology and population structure. Candidate IMMAs undergo independent scientific review prior to being accepted, and then are publicly available via a searchable and downloadable database and a dedicated online e-Atlas. Between 2016 and 2021, eight expert workshops - engaging more than 300 experts - have resulted in the identification of 173 IMMAs located in 90 countries or territories, across a third of the globe. IMMAs identified to date provide important habitats for 58 of the 131 recognized marine mammal species. Around two-thirds of all IMMAs (65%) were identified on the basis of important habitat for a marine mammal species that is threatened on the IUCN Red List. Approximately 61% of IMMA surface areas occur within Exclusive Economic Zone waters, while 39% fall within areas beyond national jurisdiction. The Task Force undertook implementation planning exercises for IMMAs in Palau (Micronesia), the Andaman Islands (India) and the Bazaruto Archipelago and Inhambane Bay (Mozambique), engaging with a range of stakeholders including government and management bodies. IMMAs are increasingly being utilized in environmental impact assessments, marine planning exercises and in international, national and supra-regional conservation, policy and management initiatives, including the Convention on Migratory Species and Convention on Biological Diversity, as well as the design and management of Marine Protected Areas (MPAs) and the extension of MPA networks. The Task Force is working toward completing a global network of IMMAs that will contribute the scientific information needed to fulfill the current collective goal of protecting 30% of the ocean by 2030.

Keywords: ecologically or biologically significant marine areas, convention on biological diversity, convention on migratory species, key biodiversity areas, conservation, management, marine policy


INTRODUCTION

The Important Marine Mammal Areas (IMMAs) initiative began in 2013 and was officially launched in 2016 as a strategic response to the conservation crisis in ocean biodiversity, and specifically the insufficient protection of marine mammals and their habitats (Hoyt, 2011, 2018; Notarbartolo di Sciara et al., 2016). Compilation and evaluation of the world’s marine mammal protected areas (MMPAs) in the 1990s-2000s showed clearly that the current global network of MPAs was failing to provide even modest habitat protection for the 131 extant species of marine mammals (Hoyt, 2005).

Existing MMPAs were: (1) too few in number; (2) too small in size; (3) located mainly in restricted coastal and inshore habitats while pelagic waters were left out; (4) protecting relatively few marine mammal species; and (5) often poorly designed, adopting arbitrary or political boundaries with little attention to the specific habitats of marine mammals (Notarbartolo di Sciara et al., 2016; Hoyt, 2018).

At the same time these shortfalls in marine mammal habitat protection were identified, Important Bird and Biodiversity Areas (IBAs) were being developed by BirdLife International (Donald et al., 2019). IBAs were quickly put to use in spatial planning and the design of marine protected areas around the world, including, for example, in Europe where most IBAs became either Special Areas of Conservation (SACs) under the European Habitats Directive, or Special Protection Areas (SPAs) under the European Birds Directive (Ramirez et al., 2017). There was no equivalent European marine mammal directive, much less a global marine mammal habitat protection initiative. IBAs were contributing, and continue to contribute, to the Convention on Biological Diversity (CBD) regional workshops to identify Ecologically or Biologically Significant Marine Areas (EBSAs) (Johnson and Weaver, 2014; Johnson et al., 2018), as well as to the use of the IUCN standard for the identification of Key Biodiversity Areas (KBAs) and identification efforts made by the KBA Partnership (Langhammer et al., 2007; IUCN, 2016), both ongoing initiatives that use different approaches to identify areas of biological importance. By contrast, marine mammals featured only occasionally in these efforts (Corrigan et al., 2014; Agardy et al., 2019) and were falling through the protection net. This is partly due to the nature of the animals, and the challenges and costs of studying species that are wide ranging, often occurring at low density, but it is also a result of the dispersed and non-cohesive data available for marine mammal protection planning (often unpublished, inconsistent in terms of methodology and dispersed among numerous individuals and institutions). A systematic method of collating and presenting data on marine mammal habitat use was clearly needed if marine mammals were going to be part of global marine conservation planning and protection efforts.

During the 2009, 2011, and 2014 conferences of the International Committee on Marine Mammal Protected Areas (ICoMMPA) it was determined that broad scientific agreement on the global identification of important habitats for marine mammals was needed. The ICoMMPA conferences provided the impetus for the creation, in 2013, of the Marine Mammal Protected Areas Task Force (hereafter referred to as “the Task Force”), as part of both the IUCN Species Survival Commission and the World Commission on Protected Areas, to address the problem of inadequate habitat protection for marine mammals (Hoyt, 2015).

The IMMA program was launched in 2016 and aims to identify discrete portions of habitat, important for one or more marine mammal species, and that have the potential to be delineated and managed for conservation (Hoyt and Notarbartolo di Sciara, 2014, 2021; Notarbartolo di Sciara et al., 2016). IMMAs are identified as part of a robust, expert-based process using standard criteria applied to all recognized marine mammal species and populations in their full range of habitat types. The strength of IMMAs is that they are identified independently of any political, social, economic or management influences, being purely science based, and are peer-reviewed. IMMAs are not MPAs and do not include specific measures for protection. IMMAs are intended to function as a tool to focus the conservation spotlight on the places that most matter to marine mammals and to broader marine biodiversity, also taking advantage, where relevant, of the umbrella or indicator role of these species.

In this paper, we summarize the status of the IMMA program, including ongoing progress in identifying IMMAs, disseminating information about IMMAs and illustrating the various ways this is being harnessed for conservation and management.



IMPORTANT MARINE MAMMAL AREA SELECTION CRITERIA AND IDENTIFICATION PROCESS


Important Marine Mammal Area Selection Criteria

In the context of IMMAs, “important” refers to any ecological property or value of the location, which extends to the marine mammals within the IMMA, necessary to maintain or improve their conservation status (Agardy et al., 2019; Notarbartolo di Sciara and Hoyt, 2020). The IMMA selection criteria were developed after an extensive scientific and public consultation undertaken between 2013 and 2015. The eight criteria and sub-criteria were designed to capture important aspects of marine mammal biology, ecology and population structure and to encompass multiple aspects of species vulnerability, distribution, abundance, and key life cycle activities, as well as areas of high diversity (Corrigan et al., 2014; Hoyt and Notarbartolo di Sciara, 2014; IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2021). Any candidate IMMA needs to satisfy at least one of the criteria or sub-criteria to qualify for IMMA status, in a similar manner to conservation priority classifications such as IBAs, KBAs and EBSAs (Huang et al., 2020; IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2021). Furthermore, although the IMMA selection criteria do not require the mandatory use of thresholds of a numerical value (i.e., x number of individuals in a population), the use of the KBA identification standard (IUCN, 2016) was supplied along with the IMMA selection criteria as benchmarks for each workshop participant group to use when assessing best available evidence on the qualification of candidate IMMA proposals.

The detailed descriptions of IMMA selection criteria can be found in Supplementary Information and below we present a short summary in Box 1. For specific examples of how the IMMA criteria have been applied to individual IMMAs refer to the IMMA portfolio pages on the IMMA e-Atlas1.


BOX 1. Important Marine Mammal Areas Selection Criteria

Criterion A: Species or Population Vulnerability

Areas containing habitat important for the survival and recovery of threatened and declining species. Threatened is defined as any marine mammal species, subspecies or subpopulation that has been formally assessed by IUCN in a threatened category.

Criterion B: Distribution and Abundance

Sub-criterion B1: Small and Resident Populations. Areas supporting at least one resident population, containing an important proportion of that species or population, that are occupied consistently.Sub-criterion B2: Aggregations. Areas with underlying qualities that support important concentrations of a species or population.

Criterion C: Key Life Cycle Activities

Sub-criterion C1: Reproductive Areas. Aquatic or land-based areas that are important for a species or population to mate, give birth, and/or care for young until weaning, considered important to the health and long-term survival of species and populations whose life history strategies involve distinct areas and times (sometimes seasons) for reproductive activities.

Sub-criterion C2: Feeding Areas. Areas used regularly and intensively, though sometimes seasonally, by marine mammals, and that have habitat conditions that provide an important nutritional basis on which a species or population depends.

Sub-criterion C3: Migration Routes. Areas used for important migration or other movements, often connecting distinct life-cycle areas or the different parts of the year-round range of a non-migratory population.

Criterion D: Special Attributes

Sub-criterion D1: Distinctiveness. Areas that sustain populations with important genetic, behavioral or ecologically distinctive characteristics.

Sub-criterion D2: Diversity. Areas containing habitat that supports an important diversity of marine mammal species.





Important Marine Mammal Area Identification Process

The identification of IMMAs occurs during dedicated regional expert workshops. For each regional workshop, marine mammal ecology experts are selected based on their region-specific knowledge, and marine mammal information is compiled by engaging with experts and other holders of scientific data. The experts present hold a substantial part of the regional knowledge but it is important that they also have access and are ready to consult and gain cooperation from other experts and data sources during the workshop. A four-stage process is used to identify, review, and accept or reject IMMAs, as follows:


Stage 1: Nomination of Preliminary Areas of Interest

The starting point in the process is the nomination of preliminary Areas of Interest (pAoI). Anyone may propose a pAoI by completing a simple template detailing the supporting evidence. The submission of pAoI is solicited publicly via “call for information” announcements made up to six months prior to regional expert workshops. Participants invited to attend workshops are encouraged to submit pAoI in advance of the workshops.



Stage 2: Development of Candidate Important Marine Mammal Areas

All pAoI, along with existing place-based conservation areas (e.g., MPAs, EBSAs, KBAs and other spatial tools) that include marine mammal habitat, are presented and evaluated at the workshops, and participants determine whether they meet one or more of the IMMA criteria and whether their boundaries coincide with those of the important habitat for marine mammal populations in the area in question. Participants of workshops review the pAoI submitted in advance or generated during the workshop itself, to produce cIMMA proposals that: (a) include the delimitation of boundaries and the rationale for such delimitation, (b) provide the scientific rationale to support the notion that one or more of the IMMA criteria are met, (c) include relevant scientific supporting evidence, and (d) identify already existing spatial conservation measures within the areas proposed.

For every workshop, the goal has been to maintain the consistency of the approach to identify cIMMAs. This has been achieved through consistent application of the criteria and the kind of data requested. At each workshop at least one day was focused on instruction, and on subsequent days the IMMA team carefully guided participants through the process of developing cIMMA proposals, applying the criteria consistently and in delineating boundaries. There has been some streamlining in terms of the circulation of advance materials to workshop participants (videos, guidance documents, compendium of pAoI and background data available) and in the forms for gathering the cIMMA nominations, but otherwise the process has been consistent over time.



Stage 3: Review Process and Important Marine Mammal Area Status Classification

An independent review panel is nominated in consultation with IUCN (e.g., through the Chairs of the relevant specialist groups), and charged with assessing the scientific robustness of the cIMMAs, to determine whether the information provided adequately satisfies the criteria. Until now, the review panel has been led by the Chair of the IUCN Cetacean Specialist Group. Each cIMMA is reviewed independently by each member of the panel, making a final recommendation regarding whether the IMMA should be rejected if the supporting information is very weak, or whether the information requires minor or major revisions. The chair of the panel then makes a final decision for each cIMMA considering the independent reviews of each panel member.

Previous workshops have resulted in 60 to 70% of the cIMMAs submitted being approved by the review panel. Some cIMMAs sent to the panel which require minor changes or additional data that are not subsequently addressed by the points of contact will remain as cIMMAs on the e-Atlas until the changes or data are provided.



Stage 4: Reporting and Important Marine Mammal Area Status Communication

Those IMMAs accepted via the review process are made publicly available on the Task Force’s website2 through a searchable and downloadable database and a dedicated online e-Atlas. Portfolio pages providing key information on every individual IMMA, and information on how to obtain the GIS shapefiles, are accessible from the e-Atlas and downloadable fact sheets for each IMMA are posted in PDF format. Areas that are not accepted as IMMAs because they do not satisfy the criteria or are not supported by enough robust scientific information remain as either cIMMAs or Areas of Interest (AoI). Both are included in the database and displayed on the e-Atlas with a different coloration, recognizing their potential as future IMMAs. For a cIMMA to become an IMMA, it is sufficient to ensure that certain requirements, missing at the time of submission, have been satisfied. By contrast, for an AoI to become an IMMA, it will have to undergo consideration at a new workshop and review process.





IMPORTANT MARINE MAMMAL AREA NETWORK SUMMARY STATISTICS

Between 2016 and 2021 several expert IMMA workshops were conducted engaging over 300 experts worldwide. The workshops covered the South Pacific, southeast Asia, the Indian and Southern oceans, as well as the Mediterranean, Black and Caspian Seas. In 2018 an extraordinary Mediterranean monk seal workshop was held, in addition to the above regional workshops, and two additional IMMAs were described for that species in the North East Atlantic (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2018a).

This effort, as of December 2021, has resulted in the identification of 173 IMMAs, 23 candidate IMMAs (cIMMAs), and 140 Areas of Interest (AoI) (see Table 1 and Figure 1).


TABLE 1. Summary of the number of IMMAs, cIMMAs and AoI by workshop region across the IMMA Network (n = 336).
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FIGURE 1. The IMMA Network as of December 2021 displayed in both a Global (A), Orthographic South Polar (B), and Mediterranean (C) projection. Important Marine Mammal Areas (IMMAs) are displayed in gold, while candidate IMMAs (cIMMA) are red and Areas of Interest (AoI) are shown in blue.



Species Represented in Important Marine Mammal Areas

The foundational basis of the identification of each IMMA is the list of the “qualifying marine mammal species” that satisfies one or more of the IMMA criteria. “Supporting species”, that have been documented to have regular presence within the IMMA but that do not satisfy one of the IMMA criteria, are also included in the description of an IMMA. Species that may have occupied an area historically but no longer occur, vagrants, single sightings or strandings of species that normally occur in habitat outside the IMMA boundary are not listed as supporting species. The majority of IMMAs were identified on the basis of important habitat for one (n = 62 IMMAs, 36% of the total), two (n = 45 IMMAs, 26% of the total) or three (n = 27 IMMAs, 16% of the total) marine mammal species. In total, 58 marine mammal species feature as qualifying species in the 173 IMMAs identified. This is close to half (44.2%) of the 131 species of cetaceans, pinnipeds, sirenians, sea otters and the polar bear recognized by the marine mammal taxonomic authority (Committee on Taxonomy, 2021).

A total of 43 cetaceans (47.3% of the 91 recognized cetacean species), 14 pinnipeds (42.4% of all recognized pinniped species), and 1 sirenian (25% of recognized sirenian species) have been used as qualifying species in IMMAs. Polar bears (Ursus maritimus), sea otters (Enhydra lutris) and marine otters (Lontra felina) do not yet occur in any IMMAs because workshops have not yet been conducted within these species’ ranges.

The species most frequently featured as IMMA qualifying species are humpback whales (Megaptera novaeangliae) (n = 46), dugongs (Dugong dugon) (n = 32), sperm whales (Physeter macrocephalus) (n = 25) and Indo-Pacific bottlenose dolphins (Tursiops aduncus) (n = 25) (Figure 2).
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FIGURE 2. Marine mammal species most frequently used as qualifying species in identification of the 173 IMMAs identified by the Marine Mammal Protected Areas Task Force as of December 2021.


Of the 40 marine mammal species (as of October 2021) that are listed in a threatened category on the IUCN Red List (CR, EN, or VU), nearly half (n = 18) serve as qualifying species in IMMAs. Around two-thirds of all IMMAs (113/173, or 65%) were identified on the basis of important habitat for a marine mammal species that is threatened on the Red List.

The 70 marine mammal species that have not yet been used as qualifying species in IMMAs fall into two categories: (1) species that occur only in the northern hemisphere or other waters not yet covered by an IMMA workshop (e.g., Eubalaena glacialis, Phocoena spinipinnis, Delphinapterus leucas), and will likely be added when future workshops are held covering their range; or (2) species that are extremely poorly known or are naturally rare (e.g., some beaked whales), and as a result will be unlikely candidates to be used as the qualifying species in any IMMA.

The majority of IMMAs (62%) have been identified on the basis of important habitat for only cetaceans, 10% for pinnipeds alone and 5% for sirenians alone. Mixed categories of two or more species groups accounted for 23% of all IMMAs (Figure 3).
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FIGURE 3. Number of IMMAs defined on the basis of cetaceans, sirenians, or pinnipeds as qualifying marine mammal species, or the mixed presence of cetaceans and pinnipeds (mixed cetaceans/pinnipeds) or cetaceans and sirenians (mixed cetaceans/sirenians).




Important Marine Mammal Area Size and Location

The cumulative marine surface area covered by the IMMAs identified as of December 2021 is 21.2 million km2 (about 17% of the examined regions’ total surface). Approximately 61% of IMMA surface areas fall within Exclusive Economic Zone (EEZ) waters, while 39% are within areas beyond national jurisdiction (ABNJ). IMMAs occupy 9.2% of global EEZ waters and 3.8% of global ABNJ waters. 45.6% (n = 90, including Antarctica) of the world’s 197 recognized sovereign nations host IMMAs in their territorial waters.

IMMAs vary in size, with the median size around 18,000 km2. Six IMMAs (3.5% of the total) are greater than one million km2 in size, while 71 IMMAs (41% of the total) are smaller than 10,000 km2 and 94 (54.3% of the total) are smaller than 20,000 km2 (Figure 4).
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FIGURE 4. The frequency of IMMA area size categories observed across the IMMA Network where CAT 1 (≤ 1,000 km2) = 14% of total area; CAT 2 (1001 – 10,000 km2) = 27% of total area; CAT 3 (10,001 – 100,000 km2) = 39% of total area; CAT 4 (100,001 – 1,000,000 km2) = 15% of total area; CAT 5 (>1,000,001 km2) = 6% of total area.


The largest IMMA is 2,861,819 km2 encompassing the area of Prince Edward Island and Western Oceanic Waters in the Southern Ocean, which is feeding and breeding habitat for southern elephant seals (Mirounga leonina), Antarctic fur seals (Arctocephalus gazella), and Subantarctic fur seals (Arctocephalus tropicalis). The smallest IMMA, the Akrotiri IMMA in Cyprus, is only 45 km2, which includes small but important breeding caves for the Mediterranean monk seal (Monachus monachus).

Considering the median values of the IMMA area size on the basis of the qualifying species, the larger IMMAs are those identified for cetaceans and pinnipeds, followed by areas identified on the basis of providing important habitats for qualifying species of pinnipeds. IMMAs including sirenians (the dugong) as qualifying species are also generally smaller (Table 2 and Figure 5).


TABLE 2. Descriptive statistics of the size of IMMAs.
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FIGURE 5. Median values of the IMMA area size on the basis of qualifying species of cetaceans, sirenians, pinnipeds and mixed taxa (cetaceans and pinnipeds; cetaceans and sirenians). Numbers indicates the total number of IMMAs by category.




Criteria Used to Identify Important Marine Mammal Areas

All eight criteria were used to identify IMMAs, and many IMMAs were identified on the basis of multiple criteria. In total, the IMMA selection criteria were successfully satisfied on 620 occasions across the 173 IMMAs that were identified. With the exception of five IMMAs which were identified on the basis of a single criterion, almost every IMMA satisfied 2 or more criteria - either for the same species or for multiple species (see Figure 6). No IMMAs qualified for all eight selection criteria or sub-criteria in the present network of 173 identified sites. The most frequently occurring criterion used to identify IMMAs across the network of 173 areas was Criterion A – Species or Population Vulnerability (n = 144, 83%); followed by Key Life Cycle Attributes sub-criteria C2: Feeding Areas (n = 107, 62%) and C1: Reproductive Areas) (n = 106, 61%); followed by Criterion B - Distribution and Abundance sub-criteria B2: Aggregations (n = 77, 45%) and B1: Small and Resident Populations (n = 68, 39%) (see Figure 7). Although fewer IMMAs were identified on the basis of Criterion D - Special Attributes (including D2: Diversity (n = 48, 28%) and D1: Distinctiveness (n = 39, 23%) the least frequently used criterion across the network of 173 IMMAs was the sub-criterion C3: Migration Routes (n = 31, 18%). A similar pattern can be observed when considering criteria and sub-criteria by qualifying species categories (see Table 1 in Supplementary Materials).
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FIGURE 6. Frequency of multiple IMMA selection criteria being observed to be used in any single IMMA identified (5 IMMAs identified on basis of single criterion, 168 IMMAs identified using between 2 and 7 different criteria, and no IMMAs identified on the basis of all 8 different selection criteria).
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FIGURE 7. Frequency of IMMA selection criteria and sub-criteria used to identify IMMAs across the network of 173 identified areas (Criterion A: Species or Population Vulnerability; Criterion B: Distribution and Abundance, Sub-criterion B1: Small and Resident Populations, Sub-criterion B2: Aggregations; Criterion C: Key Life Cycle Activities, Sub-criterion C1: Reproductive Areas, Sub-criterion C2: Feeding Areas, Sub-criterion C3: Migration Routes; Criterion D: Special Attributes, Sub-criterion D1: Distinctiveness, Sub-criterion D2: Diversity).


Notable differences include the smaller influence of the A Criterion (vulnerability) in contrast to the greater occurrence of the C2 sub-criterion (feeding areas) in the Extended Southern Ocean (EXSOOC), the wide occurrence of sub-criterion C1 (reproductive areas) in the Mediterranean Sea (MEDSEA) where sub-criteria B2 (aggregations) and D2 (diversity) are less frequent, and the higher incidence of sub-criterion D2 (diversity) in the Pacific Islands (PACISL) and the Western Indian Ocean and Arabian Seas (NIOSEA). All these differences can be traced back to the different geomorphology and ecological characteristics of the involved region, e.g., including semi-enclosed seas (MEDSEA), or areas that typically include feeding destinations at one end of migratory routes (EXSOOC), or regions known to host higher levels of biodiversity (PACISL and NIOSEA).




ACTIONING KNOWLEDGE TO SUPPORT CONSERVATION AND MANAGEMENT

In the five years since the 2017 online release of the first identified IMMAs in the Mediterranean Sea, IMMAs have been broadly welcomed and adopted by a diverse range of relevant authorities and stakeholders.

The Task Force has received requests for IMMA boundary information and GIS data, as well as supporting information and metadata, at a rate which is nearly doubling year-on-year. This provides an indication of demand for this information, as well as evidence that IMMAs are being applied toward, or at least considered as a tool in, the conservation of marine mammals (Notarbartolo di Sciara and Hoyt, 2020). As of mid-November 2021, 298 users had requested IMMA shapefiles. Of those who provided details (n = 295), 39% (n = 114) worked in academia, 22% (n = 64) were commercial organizations, 21% (n = 63) were non-governmental organizations, 16% (n = 48) were governmental institutions, and 2% (n = 6) were inter-governmental organizations. Meanwhile, where the intended use was stated (n = 297), 36% (n = 106) were for research, 34% (n = 101) for conservation activities, 21% (n = 61) were by commercial organizations typically involved in conducting activities such as impact assessments, and 10% (n = 29) were for educational purposes.

To investigate how IMMAs might be employed to drive the implementation of conservation measures and policy directives, and to increase local awareness about their availability and usefulness, the Task Force conducted implementation site visits (2017-19) in three locations: Palau, Micronesia (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2017c); the Andaman Islands, India (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2018b); and the Bazaruto Archipelago and Inhambane Bay, Mozambique (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2019c; Notarbartolo di Sciara and Hoyt, 2020). The Task Force engagement with conservation efforts in Mozambique was particularly relevant considering that the “Bazaruto Archipelago to Inhambane Bay IMMA” hosts the last viable dugong population in Africa, which is under threat from bycatch in illegal fishing activities and planned hydrocarbon exploration and exploitation. As a result of consultations with local stakeholders in 2020, including consideration of the IMMA, plans for oil and gas exploration in the area were re-evaluated, with the leases returned to the Mozambican government (Carnie, 2020).

Important Marine Mammal Areas are supporting marine mammal, as well as the wider marine biodiversity, conservation in many ways. IMMAs are contributing to national coastal zoning and spatial planning processes, including in Indonesia, where the Balikpapan Bay IMMA is contributing to coastal zonation plans and protection for endangered Irrawaddy dolphins Orcaella brevirostris (Kreb et al., 2020); Malaysia, where IMMAs have been included in the revised National Policy on Biological Diversity 2021-2030, the Perlis Integrated Shoreline Management Plan (ISMP), and the Mersing Special Area Plan (Fairul Izmal, pers. comm.). IMMAs have also supported the refinement of national spatial planning and design of biodiversity denominations such as Australia’s Biologically Important Areas (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2020b). Although IMMAs have not yet (to the authors’ knowledge) been used to establish new marine protected areas, their inclusion in these national plans is an important first step toward meaningful habitat protection. While no IMMAs have proceeded immediately to stimulate the proposal and designation of an MPA, some IMMAs were already largely or entirely MPAs. For IMMAs outside MPAs, creating an MPA is a multi-year process usually involving stakeholders coming to agreement, gaining the support of government, and sometimes preparation of a management plan. IMMAs are still fairly new with the first ones only becoming available in 2017. However, because IMMAs result from international scientific agreement, they have added substantial impetus to existing MPA proposals that are being considered.

At the regional level, the CMS Special Agreement on the Conservation of Cetaceans of the Black Sea, Mediterranean Sea and Contiguous Atlantic Area (ACCOBAMS) is incorporating IMMAs into their Cetacean Critical Habitat denomination (ACCOBAMS, 2017). Furthermore, during regional expert workshops, IMMAs have provided insights for the identification of marine and coastal KBAs. In some cases, marine mammal populations featured as qualifying species in IMMA identifications using the quantitative thresholds required for KBA identification (e.g., Mediterranean and Hawaiian monk seals, and dugongs in Mozambique and northern Australia) (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2020b).

At an international level, IMMAs support the continued effort to identify EBSAs within the framework of the Convention on Biological Diversity (CBD) (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2019b), and the Convention on Migratory Species (CMS) has recognized the value of IMMAs and encouraged member parties to engage in the IMMA process through the adoption in 2017 of Resolution 12.13 (Convention on Migratory Species, 2017).

In 2018, a workshop was jointly hosted by the International Whaling Commission (IWC), the IUCN and ACCOBAMS to evaluate how the data and process used to identify IMMAs could assist the IWC to identify areas of high risk for ship strike, using the Mediterranean Sea as a test case. High risk areas are defined as “the convergence of either areas of high volume of shipping and whales, or high numbers of whales and shipping.” Following on from discussions at the workshop there was a recommendation for the ACCOBAMS Secretariat and ACCOBAMS Parties to further develop the process for the designation of a Particularly Sensitive Sea Area (PSSA) under the framework of the International Maritime Organization (IMO) at a scale that includes the North West Mediterranean Sea, Slope and Canyon IMMA, plus potentially the Spanish corridor, using ship strike mitigation tools such as speed reduction and routing measures as part of Associated Protective Measures (IWC, 2019, 2020).

Important Marine Mammal Areas are already being used by stakeholders to identify areas where precautionary or mitigating measures may need to be taken to avoid negative impacts to marine mammals. IMMAs have been assessed as “Offshore Biologically Important Areas” by the US Navy, in relation to the use of naval sonar (“Surveillance Towed Array Sensor System Low Frequency Active Sonar”) which has been subjected to special precautionary measures based on U.S. legislation (Department of the Navy, 2019; NMFS, 2019). IMMA spatial layers are also being utilized by industry regulators and ocean business stakeholders to determine where their activities may overlap with important marine mammal habitat. This includes the members of the Proteus Partnership, initiated in 2003 to provide companies with the biodiversity information needed for informed decisions about planned activities that may impact biodiversity, and to support the development, improvement and dissemination of global biodiversity data and information (Addison et al., 2018). Companies are requesting and consulting IMMAs data layers to ensure that developments undertaken in or near IMMAs meet the World Bank’s International Finance Corporation Performance Standard 6. This standard recognizes that biodiversity conservation enables the maintenance of ecosystem services, and that managing living natural resources is fundamental to sustainable development (Murphy et al., 2019). Finally, IMMA layers are being distributed through the Integrated Biodiversity Assessment Tool (IBAT) to enable users to make informed decisions in policy and practice using information from the IUCN and the UN Environment Program’s World Conservation Monitoring Center (Rodríguez et al., 2015).



DISCUSSION

The identification of IMMAs across the world ocean has been ongoing for more than five years since the first regional workshop, and although during this time the results obtained were substantive, we cannot consider that the value of this effort will have been fully attained until global coverage will be completed. As the IMMA effort has steadily gained in traction and publicity, there have been numerous calls for IMMAs to be identified in the remaining two thirds of the world’s ocean habitats and in relevant inland waters (e.g., Matear et al., 2019). Two new regions are expected to be addressed in the near future: the South East Temperate and Tropical Pacific Ocean and the South West Atlantic Ocean. Once these two regions have been completed (anticipated to be by the end of 2023), work will proceed on the various Northern Hemisphere regions with an aim toward completing the IMMA global network. This, however, will take several more years and will only happen if the funds needed for such completion will be successful. The IMMA identification process, as it was devised before the start, as well as the criteria adopted, have turned out to function well and have been a key element of success; however, details and rules have had to be continuously refined as we have progressed, as also testified by the many versions of the Guidance (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2021), a living document.

To date, the overall IMMA surface spans in excess of 21.2 million km2, corresponding to approximately 17% of the ocean surface examined during the workshops. The dearth of marine mammal ecological data necessary to satisfy the criteria over a large portion of the ocean means that the percentage of global ocean habitat that is truly important for marine mammals is likely to be substantially higher. Ideally, regions will be re-examined periodically, so that IMMAs can be refined and updated based on changes in the animals’ environment and ecology and newly acquired scientific knowledge. In the meantime, however, the lack of data in many areas means that extreme caution must be taken by users, and the conduct of human activities likely to have a negative impact on marine mammals should be discouraged even outside IMMAs.

While 39% of the total surface area of IMMAs falls within “high seas”, or ABNJs, this percentage would be much lower if IMMAs in the Extended Southern Ocean region south of 60° S (which are all designated as high seas based on the Antarctic Treaty), were not included. Under the assumption (to be demonstrated) that IMMAs are evenly distributed throughout the global ocean, 64% of which is in the high seas, this disparity–explained by the difficulty of collecting relevant ecological data in the open ocean–is particularly significant given the urgency of identifying pelagic marine mammal habitats (De Santo, 2018). A dedicated session held December 2019 at the World Marine Mammal Conference in Barcelona (Spain) brought together experts who described a wide variety of scientific tools which can be employed to gather data, including satellite imagery (Cubaynes et al., 2019), acoustic-based monitoring through ocean bottom-mounted hydrophones (Clark and Gagnon, 2002), and ocean gliders (Baumgartner et al., 2013). Significant investment in high seas research will be needed to apply these and other technologies to the collection of marine mammal ecological data to allow a more representative identification of IMMAs in areas beyond national jurisdiction (Gjerde et al., 2018).

Several IMMAs have been identified based on criterion C3 (migration routes), e.g., in the Western Indian Ocean and Arabian Seas region and in the Australia, New Zealand and South East Indian Ocean region, in large part due to the presence of well-identified humpback whale and southern right whale migratory corridors. However, the challenge of using IMMAs to describe the importance of corridors for some migratory species is still proving to be an elusive task. Further efforts to incorporate the concept of migratory connectivity in the design of IMMA networks will be needed, e.g., by integrating IMMAs within the framework of the Migratory Connectivity in the Ocean (MiCO) database, or developing and applying a standard to tracking data similar to the track2KBA package (Lascelles et al., 2016; Beal et al., 2021), to allow the implementation of measures to conserve marine mammals along their migratory paths, often connecting feeding and reproductive IMMAs (Dunn et al., 2019). Networks of MPAs inspired by IMMAs, which include areas for feeding, reproduction and, where relevant, rest stops, will help extend recognition of migratory habitat and the need for its protection.

In a rapidly changing ocean, it is essential that the information about IMMAs reflects current conditions in order to be useful for supporting conservation management and providing a foundation for marine spatial planning, systematic conservation planning, and protected areas or special spatial regulations (e.g., Bonizzoni et al., 2019). To address changing marine mammal distributions or decreasing populations, the devising of an “early warning system” was suggested, based on a set of indicators to flag the need for management interventions (Agardy et al., 2019; Albouy et al., 2020). Such indicators could include alerting information derived from visual or acoustic surveys, satellite imagery analysis, reports from whale-watching operations, or unusual mortality events reported through stranding networks. Marine mammal populations under threat within an IMMA could, over time, decrease or change their distribution patterns to the extent that the original criteria that supported the identification of that IMMA may no longer be met. Adapting specific criteria from the UN World Heritage Sites which may be given an “in danger” status, IMMAs, too, could be listed in an “IMMAs in Danger List” thus triggering efforts to mitigate or eliminate the threatening factors and to restore the area to its original condition (Brown et al., 2019).

The science-based process of identifying IMMAs is relatively agile and rapid, in contrast to systems that require lengthy political or legal negotiations and extensive public consultation. The aggregation of marine mammal ecological knowledge openly available to, and readily actionable by, non-specialists, allows it to be easily used by management, policy and industry processes, to contribute to the foundation of a global network of priority marine areas requiring our immediate conservation attention (Halpern et al., 2015; Brum et al., 2017). From a top-down perspective, multiple international conventions, organizations and competent authorities have clearly set the global conservation agenda for the coming decades, with newly remodeled frameworks for the protection and management of the marine environment (UN General Assembly, 2015; Neumann and Unger, 2019). The IMMA network adds greater capacity to this global effort, and can contribute to the building of future MPA networks, inclusive of MMPAs. Although IMMAs per se are not legally established protected areas, they are at minimum markers of areas to be monitored with selective threat-avoidance actions (e.g., reducing noise, avoiding ship strikes and bycatch), and they could be an extension of MMPA networks providing a further hedge against climate change.

As part of the legacy of the Task Force regional workshops, a total of 16 regional coordinators have been appointed in the seven main regions to date. Cooperating with the IMMA Secretariat, these regional coordinators are available to train groups of species experts in the use and application of the IMMA methodology and criteria, as well as to help monitor and implement protection measures in that region’s IMMAs (IUCN Marine Mammal Protected Areas Task Force [MMPATF], 2021). The Task Force thus hopes to consolidate regional communities of practice as a further legacy by the region-based expert workshops, allowing for the continued advocacy and refinement of IMMA information available in that region. The preparation of ever more finely detailed global and regional maps showing the range of human threats across the ocean (e.g., Halpern et al., 2008), matched to the global EBSA, KBA, and IMMA maps, will make it possible to identify and monitor habitats requiring conservation attention and action in a more systematic way. The IMMA identification process is thus adding significant information, expertise, and global strategic direction to the development of spatially explicit marine mammal conservation measures—as well as to overall biodiversity conservation and planning (Hoyt, 2018). IMMAs may help to allow a future ocean in which marine mammals, by recognizing their important habitats, are awarded their safe place.
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Coastal environments globally are experiencing an increase in the influence and impact of human activities. Assessing the amount of modification that anthropogenic impacts cause to coastal ecosystems is imperative for characterizing and predicting habitat loss and degradation, and prioritizing conservation measures. However, as the spatial scale and data availability of coastal ecosystems vary immensely, many of the established practices on habitat risk assessment are applicable only to small scales and regions with extensive monitoring efforts. Traditional small-scale assessments also present a challenge when trying to prioritize remediation and resources over larger areas or regions. Here we show a simplified risk assessment framework, applied to a global scenario to rank the risk of loss of ecological diversity within ecoregions. Using established knowledge on sensitivities of mangroves, seagrasses, and stony corals, we create a weighted risk scoring system for each biogenic habitat. This risk score is combined with the species richness in a given ecoregion to create a priority ranking. We find that seagrass contains the largest area at severe risk of ecological diversity loss, followed by stony corals and mangroves. This work establishes a framework for assessing risk of loss of ecological diversity within ecoregions that can be used to rank the needs of the regions, from local scale applications to global scale as presented here, without extensive computing resources or exhaustive datasets.

Keywords: GIS, coastal ecosystems, conceptual framework, risk modeling, ecological diversity


INTRODUCTION

Human impacts to coastal oceans have increased as our influence on these diverse and productive systems expands every year (Smith et al., 1999; Rabouille et al., 2001; Rabalais et al., 2010; Halpern et al., 2015). Impacts range from “direct” destruction of habitats such as physical damage of coral reefs, dredging of seagrasses, and mangrove deforestation, to “indirect” impacts that stem from activities far from the coastline (Coverdale et al., 2014). One of the most prominent impacts stems from land-based “indirect” human activities such as agriculture and forestry, which contribute to runoff that is transported via watersheds to the marine environment (Carpenter et al., 1998). Runoff can include sediments, nutrients such as nitrogen and phosphorus, wastewater effluent, and industrial and urban chemicals (Smith et al., 1999). This runoff in turn impacts ecosystems, for example through eutrophication or loss of ecological diversity and species richness (Diaz and Rosenberg, 2008; Rabalais et al., 2010; Worm and Lotze, 2016). In order to effectively mitigate detrimental impacts such as collapses of food webs, hypoxia (often referred to as “dead zones”), and/or loss of keystone species, coastal managers need to understand several problems, including: where and how much land based human activities are influencing coastal marine ecosystems (Cloern, 2001; Halpern et al., 2009; Klein et al., 2010), and which of these impacted ecosystems are at greatest risk of loss of biodiversity (De Fontaubert et al., 1996; Urban et al., 2016).

Land based stressors which perturb local nutrient cycles and sediment dynamics may be caused by pollution from many different sources, often disconnected from marine systems both geographically and in terms of management and governance (Halpern et al., 2009). Local data on coastal runoff exists in some large case studies (Rabalais et al., 2002; Carstensen et al., 2006), however, there is generally a limited amount of coastal nutrient and sediment data at the local scale (Pellerin et al., 2016). Without local data, resource managers often make decisions about how to mitigate runoff impacts in an absence of any quantitative guidance, although qualitative decision frameworks exist to guide this process (Stem et al., 2005).

Natural resource managers and conservation practitioners are often tasked to make decisions about where to prioritize marine conservation efforts on short timescales and limited data available for analysis (Fredston-Hermann et al., 2016). Prioritization of conservation is difficult for these managers to judge without information on the direct and indirect impacts of land based human activities on coastal ecosystems (Stem et al., 2005). When conducting these analysis, a platform that can integrate a broad array of data types and creates a rich visualization, such as geographic information science (GIS) applications, would be ideal. GIS applications overlaying related risk factors in coastal systems have proven to aid in ecosystem planning and management (Stokes and Morrison, 2003; Tuda et al., 2014). Using this tool environmental planners can gain a far greater visual perspective on the scale of impact as well as the potential for resilience for their region (Noble et al., 2019).

Large-scale models of human impacts to coastal marine ecosystems have revealed the degree of ecological degradation at the global scale (Smith et al., 1999; Rabalais et al., 2010; Fabricius, 2011) as well as the complexity of human-ocean interactions (Halpern et al., 2015); Halpern et al. (2009) established a method of incorporating effects of land-sea interactions into prioritizing marine conservation efforts. This study incorporated four key land based drivers of ecological change, nutrient input, organic and inorganic pollution, and the direct impact of coastal populations. The analysis was global in coverage and presented a quantitative method of establishing priority in marine conservation. This study, however, did not account for specific ecosystem vulnerability, and the hotspots identified were independent of any species-specific data from that region.

The goal of our study was to create a spatially explicit representation of the risk coastal oceans face from human impacts and demonstrate this utility by creating a global coastal risk priority measurement within GIS. We adapt a previous ecosystem-based management framework (Fredston-Hermann et al., 2016) to generate biogenic habitat specific scores of vulnerability. This vulnerability was then combined with species richness data to generate a priority ranking for conservation. This habitat-specific analysis prioritizes regions that face the highest risk of loss of ecological diversity. We utilized the concept of multicriteria decision-making (MCDM; Massam, 1988) in GIS to create a spatially explicit model of risk along coastal ocean environments for specific biogenic habitats, adapted from the logic of Halpern et al. (2009). This risk score was combined with species richness data to create a conservation priority ranking.

Scenarios of global risk due to nitrogen and sediment impacts were depicted for three biogenic habitat types: seagrass, mangrove, and stony coral. Biogenic habitats refer not only to the species, but the surrounding environment created by that species (De Fontaubert et al., 1996). Not only are there rich datasets that exist for these three habitats, but also the ecosystems together cover coastal oceans globally with the exception of high latitudes (above 60 degrees North and South). Each of these three keystone species face some similar challenges, as well as independent risks The combination of physical damage to seagrass systems via dredging, fishing, and motor boating and light limitation from algal overgrowth from nutrient loading will dramatically increase the rates of which seagrass areas are destroyed (Burkholder et al., 2007). It has been estimated that 25% of coral regions are at risk due to watershed runoff alone (Rude et al., 2015). Roughly 1050 Ha of mangrove forests are felled annually for use as building materials and timber (Alongi, 2002).

It is important, however, to note that seagrasses, mangroves, and stony corals are in greater concentration in tropical regions, making our species-specific analysis inherently tropics focused. The level of detail to which seagrasses, mangroves, and coral have been studied allows for a rich historical account of change, a promising proxy to cross-reference our analysis (Short and Wyllie-Echeverria, 1996; Alongi, 2002; Burkholder et al., 2007; Klein et al., 2010; Erftemeijer et al., 2012; Cavanaugh et al., 2015).

This paper (1) presents a novel method of adapting an ecosystem-based management framework evaluating direct and indirect impacts of land based human activities on coastal ecosystems at a global scale, (2) discusses methodology for data integration and visualization, and (3) provides a framework, which allows coastal planners to compare vulnerability of specific species across coastal regions, using seagrass, mangrove and stone coral biogenic habitats as examples. Our analysis specified to loss of species richness within a biogenic habitat. The methodology presented here demonstrates one application of a flexible rudimentary model of prioritizing regions of high risk from human impact, and is applied to a dataset that, although lacking data from some polar regions and tropical islands, allows us to analyze many high-risk coastal oceans globally.



MATERIALS AND METHODS

To understand the risk of human impact on coastal ecosystems and ecological diversity, we used Multi-criteria decision-making in ArcGis Pro (ArcGIS Pro, n.d.) to create a model and risk score. Risk, for the context of this paper, is the potential of the region to experience runoff related impacts that could cause a loss of ecological diversity. Multi-criteria decision-making (MCDM) is a method used to investigate a number of outcomes in light of multiple criteria (Massam, 1988). When used in a GIS environment, MCDM has proven to be successful for both large- and small-scale studies describing ecosystem-based services (Huang et al., 2011; Sánchez-Lozano et al., 2013).

The source of the data used in this study is the Nature Conservancy, accessed via the ArcGIS Living Atlas of the World (ArcGIS Living Atlas of the World, n.d.).


Generation of Criteria

For this global modeling exercise, the pre-existing framework designed by Fredston-Hermann et al. (2016), and the logic of the cumulative impact model used in Halpern et al. (2009) was used as a base for analysis. The framework was summarized into three inputs for analysis: nitrogen loading, sediment flux, and population impact. These layers aimed to capture the main influences of human related runoff, without overlapping data sources that might cause double-counting for an impact (Figure 1).
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FIGURE 1. Process of matching spatial data to a pre-existing ecosystem based management framework created by Fredston-Hermann et al. (2016). The framework was then matched to ecological GIS information provided by the Atlas of Global Conservation, with arrows indicating what variables are satisfied by Living Atlas Layers. In ArcGIS Pro data was combined to create a distinct nitrogen, sediment, and population score for each individual world ecoregion.




Acquisition of Data

With all criteria already defined, acquiring data relied on the following factors:


1.All layers maintaining a global extent and similar resolution.

2.Individual layers matching the subject of the desired factor.

3.Individual layers having enough classification values within data so that a weighted sum of all three factors would be able to generate a meaningful result.



The coastal zones of analysis were classified by “world ecoregions.” Ecoregions were created by the World Wildlife Foundation and characterize areas with similar large-scale patterns and species (Spalding et al., 2007). All data was acquired through the ArcGIS Living Atlas of the World (ESRI, Inc.), an online data library provided through ESRI (ArcGIS Living Atlas of the World, n.d.). The source of each layer was The Atlas of Global Conservation (Hoekstra and Molnar, 2010). This assured a uniform coastal evaluation. By using world ecoregions, we assume that the values present in a region (packaged in a GIS format as a “polygon”) for a world ecoregion is uniform.

The nitrogen score incorporates two crucial determinants of how damaging nitrogen enriched runoff is to coastal marine ecosystems (Figure 1): Is the coastal nutrient rich due to upwelling? And is this an enclosed or shallow region? The decision of whether nitrogen loading should be viewed as a major detriment or a naturally routine and therefore not a major cause for concern to a region was based on the following logic: If a region did not receive upwelling or relatively little, the region had less likely of a chance to be experiencing fluctuations in natural marine nitrogen, and therefore is highly impacted when experiencing human caused nitrogen inputs. If a region had consistent upwelling trends, then the region was likely to have experienced fluctuations in marine nitrogen and would be less sensitive to changes in human induced inputs of marine nitrogen (Fredston-Hermann et al., 2016).

The sediment score quantifies whether the watershed has any nutrient or sediment producing processes (Figure 1). Human activities have caused both massive increases and decreases in sediment flux. Ocean regions can rely on natural fluxes of sediment to deliver nutrients. Other regions, such as coral reefs and seagrasses, can be smothered from an increase in sediment flux (Ralph et al., 2007; Fabricius et al., 2003; Fabricius, 2011). A disturbance from the natural mean sediment flux, whether an increase or decrease, can cause harm to coastal ocean environments. Our calculation considers both large increases and decreases in sediment flow to be harmful, however, very few regions experienced a decrease in sediment flow. Although it is valuable to understand where nitrogen and sediment alone have changed globally, patterns of nitrogen and sediment disturbance do not capture the complex impacts of land based human activities on marine ecosystems (Halpern et al., 2009).

The population score captures the presence of major population centers (Figure 1). This field has been used in prior studies to address the general degradation of the coastline (Murphy et al., 2019). In our application, population aims to project impacts not necessarily captured in the nitrogen or sediment fields, such as shoreline alteration or anchoring. Areas with large amounts of boating traffic can experience discharge of sewage from vessels. This injection of nitrogen is difficult to measure and track. In addition, when marine vegetation is removed to make way for development such as piers and ports, the sediment that was previously held in place by the vegetation is now untethered and will flow freely. Both examples show how human alteration within the ocean is difficult to track and quantify. To make an accurate model, we cannot ignore the direct physical alterations we make underwater. This density of population was captured for area within 5 km of the coastline.



Classification of Substrate

Each ecoregion of the seafloor was analyzed according to the sensitivities of mangroves, seagrasses, and stony corals. Using data from the Nature Conservancy (Hoekstra and Molnar, 2010), the three ecological habitats studied were Seagrass, Mangrove, and Stony Coral. Not only do these three species have widespread geographic coverage which allow for a nearly global analysis (excluding high latitudes), but also the numerous studies on the health of these keystone species provided resources for checking the accuracy of the analysis (Short and Wyllie-Echeverria, 1996; Burkholder et al., 2007; Spalding et al., 2010; Fabricius, 2011; Alongi, 2015). The prevalence of individual habitats was measured by comparison of number of species of seagrasses, stony corals, and mangroves across ecoregions in which data was available. The range of species present was divided into five classification categories, all of which were natural breaks in data as determined by the Nature Conservancy. Each ecoregion had a score on a scale of 1–5 for species diversity for the three ecological habitats based off of the Jenks Natural Breaks classification scheme (Jenks, 1967). Three global analyses resulted, one for each of the ecological habitats studied. In the case that there were no species present for Seagrass, Mangrove, or Stony Coral, the region was excluded from the ecosystem analysis. This applied only in extreme arctic regions.



Weighting

To give more context to the results of the risk analysis, a specification had to be made by which impact severity would reflect the biogenic habitat they were applied to. To determine relative impact weight of factors on biogenic habitat scenarios, we conducted a literature review. The review focused on global analysis of seagrass, mangrove, and stony coral biogenic habitats within the past 20 years. From the literature we used specifically cited weights as well as descriptions of severity of impact of specific factors to determine weights. It should be noted that these weights are subjective due to the fact that sources sometimes lacked our specific factors or carried additional risk factors we incorporated into the three general scores, “Nitrogen”, “Population”, and “Sediment”. The weights represent the amount of sensitivity, with a high weight implying the habitat type is very sensitive to that perturbation.

Comparing the literature of all three habitat types, seagrass had the highest reaction to nitrogen and sediment, primarily nitrogen loading (Short and Wyllie-Echeverria, 1996). Human caused harm to seagrasses can include a reduction of light penetration due to sedimentation and algal overgrowth, causing a decrease in photosynthesis (Ralph et al., 2007). Nitrogen inputs in seagrass regions trigger algal overgrowth (Burkholder et al., 2007), which can trigger cascading effects more detrimental and permanent than suspended sediment alone in the water column. It should be noted that suspended sediment without concurrent nutrient loading is still detrimental to these species, by creating a reduction in water clarity and therefore light limitation (Short and Wyllie-Echeverria, 1996). For this reason, the weight of nitrogen was higher than sediment. Detriments to seagrasses through population expansion not already accounted for in nitrogen and sediment are small, and the population score was made to be far smaller than both sediment and nitrogen (see Table 1).


TABLE 1. Risk weighting schema for Seagrass, Stony Coral, and Mangrove ecological scenarios used in the MCDM GIS analysis. These weights were determined through an extensive literature review (Fabricius, 2005; Burkholder et al., 2007; Doney et al., 2012; Alongi, 2015).
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Mangroves are predicted to decrease in population as salinity increases, sediment yield declines, and sea level increases. With the large impacts from salinity and sea level rise, the population weight of mangroves is higher than stony coral regions and seagrass regions. Disturbances in sediment have vast implications on mangrove regions (Peters et al., 1997). Regions downstream from damming have lost significant amounts of habitat (Alongi, 2002). For this reason, mangrove regions were given a sediment weight of 30%.

Because sediment and nitrogen disturbances in tropical oceans are typically confounded (Fabricius, 2011; Risk, 2014) it is difficult to determine what risk factor has the largest impact on coral species. In our assessment of corals, nitrogen and sediment were close in weight (50 and 40%) while population impacts were considered to have a small impact.

During the calculations, areas with missing scores for any of the factors were given a score of 0 and ultimately excluded from the analysis. Because of this, many island regions are not included in the final findings, due to a lack of nitrogen data. Ecoregions in Southeast Asia and Western Australia lacked nitrogen data as well. Many of the zones excluded from the final findings were documented with sensitive habitats (Carruthers et al., 2002). With nitrogen data these regions are likely to rank as high-risk zones. Due to these gaps in nitrogen data, the amount of risk these regions face is unknown.



Risk Priority Analysis

To prioritize intervention for high risk biogenic habitats, the raw risk score was weighted with the number of species present and divided by the total area of the biogenic habitat. The resulting ranking represents the areas with the highest species richness and risk.




RESULTS

We adapted a spatially explicit ecosystem-based management framework of runoff impacts and applied it to global coastal oceans in a GIS framework. To represent the main elements of human impacts to the coastal oceans we used data on nitrogen loading, sediment flux, and coastline population density. This model was applied the biogenic habitats of seagrass, mangrove, and stony coral. Once an impact score was generated, we generated a priority ranking for risk of species diversity loss due to runoff impacts.


Habitat Specific Analysis

In our biogenic habitat analysis, we used a population density layer as a proxy for impacts such as recreation, pollution from shipping traffic, and direct non-point sewage runoff, that would not be captured in the sediment or nitrogen data alone. To analyze the impacts on each biogenic habitat, the area of low (score of 1), medium low (score of 2), medium high (score of 3), high (score of 4), and severe (score of 5) scores were summed and averaged against the complete area of coast containing that ecology (Figure 2).
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FIGURE 2. Biogenic habitat percent area risk scores. Seagrass has the largest percentage of severe risk area, while all three have relatively similar percentages of low-risk area.


An additional prioritization ranking is presented, which combines the risk score with the species density (Table 2). The remaining results are specific to seagrass, mangrove, and story coral analysis, respectively.


TABLE 2. These areas represent the top ten ecoregions for each habitat with the highest risk to their species as well as the highest species richness. Ecoregions are ranked by score, descending from the top.
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Seagrass

Seagrass dominated regions had the greatest proportion area of low risk (score of 1 in our model) regions compared to other biogenic habitats at 10% total area as well as severe risk (score of 5 in our model) regions at 36% total area (Figure 2). The distribution of these low-risk regions have a large variation globally (Figure 3). In our study, a high proportion of the regions scored as severe risk lacked significant upwelling. Top ecoregion areas of concern for loss of ecological diversity are the Torres Strait Northern Great Barrier Reef, Sunda Shelf/Java Sea, and Central and Southern Great Barrier Reef (Table 2).
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FIGURE 3. The Seagrass biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle symbolizing the number of seagrass species present. Here we highlight North America, where the Gulf of Mexico and the Caribbean stand out as medium to high-risk areas.




Mangrove

Ninety-nine percent of Mangrove-containing regions received a risk score of medium low (2) or higher (Figure 4). Moreover, our finding that 22% of mangrove habitat areas are at severe risk is likely an underestimate, because we did not incorporate freshwater regions where most mangrove destruction has occurred. Priority ecoregions of concern are Papua, Sulawesi Sea/Makassar Strait, and Western Sumatra (Table 2).
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FIGURE 4. The Mangrove biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle symbolizing the number of mangrove species present Here we highlight the Southeast Asian Ocean, which contains a high density of mangrove species and risk scores that vary from low to high.




Stony Coral

Our model of stony coral habitats estimates roughly 52% of total coral reef area is at medium to severe risk from land-based impacts (Figure 5), and 64% of the Central Indo-Pacific realm area at medium to severe risk. Provinces with high-risk scores and species richness include Madagascar, Southern and Western India, and multiple regions in Southeast Asia. More specifically, the three highest risk ecoregions are the Sunda Shelf/Java Sea, Papua, and Sulawesi Sea/Makassar Strait (Table 2).
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FIGURE 5. The Stony Coral biogenic habitat risk analysis, where risk is symbolized as the color of the circle, dark being highest risk, and the size of the circle symbolizing the number of stony coral species present. Here we highlight the Southeast Asian Ocean, which, similar to the mangrove biogenic habitat, contains a high density of species and risk scores that vary from low to high.






DISCUSSION

Our results (1) demonstrate the utility of adapting a pre-existing ecosystem-based management framework to systematically evaluate impacts to biogenic habitats of concern and (2) how to use risk scores combined with species richness data to inform habitat conservation prioritization. To demonstrate our methodology, we tested the framework on a global extent and with multiple species. These tests were validated with findings from recent literature. Our discussion first addresses the results of our example analysis compared to literature. We then discuss the general utility of using this GIS based analysis for informing systematic risk analysis and habitat-specific conservation prioritization. Our risk analysis was specified to loss of species richness within a biogenic habitat to avoid ambiguity in the interpretation of the results.

High biogenic habitat risk scores were identified in every continent studied including tropical and temperate regions, which is consistent with observations of species richness loss (Worm and Lotze, 2016). Across all three biogenic habitats, the regions of Southeast Asian islands are highest risk. Most of the enclosed or embayed regions such as Hudson Bay, the Mediterranean Sea, and the southern Gulf of Mexico were scored as high risk. This finding is consistent with the consensus that embayed regions experience less flushing and exchange of ocean water, and as a result can accumulate high concentrations of nutrients and sediment (Drupp et al., 2011).

The most common scores across all scenarios were medium low and severe (Figure 2). Many of the severe regions were shared across the seagrass, mangrove, and stony coral analyses, such as western India, the Red Sea, and Eastern Africa. These three regional results were in agreement with threat hotspots identified by Halpern et al., 2009, which additionally takes into account the size of the threat area. In all three scenarios (seagrass, mangrove, and stony coral) 33–39% of the total area evaluated experienced a risk score of 2 (medium low). This result is promising, demonstrating that although humans are having an impact, their impact is relatively minimal, the coast is relatively resilient and can rebound from large human perturbations, or a combination of both. Seagrass regions have the highest variation in risk scores. Only 6% of seagrass area has a high-risk score (4) whereas 40% area has a severe risk score (5). Our finding that 52% of stony coral coastal regions are medium to severe rick are consistent with Bryant et al. (1998), who found that 58% of the world’s reefs are threatened by human activity and 80% of reefs in Southeast Asia are at medium and high potential threat risk. Mangrove regions have the lowest variation in risk score distribution (Figure 2), as well as the lowest variation in weights for the model itself (Table 1). In the mangrove biogenic habitat analysis, high risk regions of Amazonia, southeast Asia, and western India may provide evidence for stress on mangrove habitats in equatorial regions, which is consistent with other mangrove modeling studies (Cavanaugh et al., 2015). These risks, combined with current observations that mangroves are moving pole ward due to decreasing cold events (Cavanaugh et al., 2014), provide evidence that mangroves will become less successful at surviving in tropical regions due to climate change (Osland et al., 2017).

Our model incorporated the impact of upwelling and boundary currents in its treatment of nitrogen, giving a less severe impact of nitrogen loading in regions where these physical phenomena already provide variability in ambient nitrogen concentrations. For example, some semi-permanent oxygen minimum zones occur on eastern boundaries such as the coastlines of North America, the eastern North Atlantic Ocean, and the eastern tropical Pacific. This is due to typical upwelling system patterns, which bring an influx of nutrient rich waters from the deep ocean, which can cause an increase in productivity and as a result a decrease in oxygen (Rabalais et al., 2010).

In each biogenic habitat scenario, there were medium to high-risk scores in the Caribbean and Southeast Asia. Fertilizers likely contributed to the vast increases of nitrogen inputs in Asia and Europe (Bobrovitskaya et al., 2003). The combination of a lack in significant upwelling and large nitrogen inputs in these regions cause all three models to evaluate Asian and European regions as a high-risk. Although scenarios may differ in risk score in the Caribbean and Southeast Asian oceanic regions, it should be noted that in subtidal tropical ecoregions, disturbances can cause chain reactions (Corredor et al., 1999). Magnitude of impact of these cascading effects of ecological disturbance on species greatly depends on the biodiversity of the regions (Urban et al., 2016).

Spatial inconsistences between our biogenic habitat risk scores and similar studies (Bryant et al., 1998) are in large part due to the lack of temporal data for nitrogen loading in the central tropical pacific. With consistent data, the number of coral regions at risk will likely increase (Fabricius, 2011). Although the sediment layer covers the changes since preindustrial times, the nitrogen layer does not. Many recovering regions such as the Baltic Sea and the Gulf of Mexico have lowered their nitrogen loading, and as a result their current risk score is low. However, those regions may still be in poor health due to past disturbances (Carstensen et al., 2006). Discrepancies in the time in which the data was sampled, potential seasonal and temporal variations in the data, and large-scale ocean currents and turbulence at the time of sampling may all have influenced our nitrogen score, as well as the lack of data in some island regions. We also acknowledge that without polar regions, which are particularly sensitive to climate change (Worm and Lotze, 2016), our analysis, although large in extent, cannot be interpreted as “global”.

To improve the spatial analysis in future work incorporating geographic distance, linear decay, and isolation as a component of the model with finer resolution data would create an additional component of prioritization for proximity to coastline. In addition, a factor for degree of isolation would provide keen insight to island regions that experience more difficulty in recovering from events such as coral bleaching. Finally, an incorporation of direct impacts on coastal marine ecosystems such as direct destruction of habitat is needed, especially in regions with high amounts of tourism and development. Ultimately, these analysis factors would enhance our applications assessing where coastlines should be protected and how we should prioritize our actions of coastal ocean conservation.

Our MCDM approach, a simple prioritization and weighting scheme, lends itself to a straightforward interpretation of results and can be applied by coastal planners to regional analyses. We used data from an open-source initiative both to achieve maximum global coverage in data layers, and to allow our methodology to be easily be adapted to other use cases. Spatial relationships are difficult to capture without visual interpretation. GIS allows for a quick visualization of all factors that contribute to a risk score. When analyzing for risk of loss of ecological diversity, managers would greatly benefit from a coupled visual and analytical comparison between regions, which we are able to achieve in this exercise.

In this paper we demonstrate the utility of presenting results of coastal ocean risk analysis in a spatial format via GIS. Creating a spatially explicit model for risk of change due to human impact at a global scale illuminates the need for understanding of the ecological makeup of the habitat being analyzed. Our risk analysis results describe the risk of loss of ecological diversity across three separate biogenic habitats, seagrass, mangrove, and stony corals. Once a management framework is established for a region, the relative sensitivities of factors can be changed to apply to any species present in the region. Using this template to assess all biogenic habitats uniformly would also save time on behalf of coastal managers and planners.
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Studies of mangrove population connectivity have focused primarily on global to regional scales and have suggested potential for long-distance connectivity, with archipelagos serving as stepping stones for trans-oceanic dispersal. However, the contribution of propagule dispersal to connectivity is still largely unknown, especially at local-scale. Identifying fine-scale propagule dispersal patterns unique to individual island systems is important to understand their contribution to global species distributions, and to select appropriate sizes and locations for mangrove conservation in archipelagos. Using population genetic methods and a release-recapture method employing GPS drifting buoys, we investigated the spatiotemporal scale of propagule dispersal of Rhizophora stylosa, one of the widely distributed mangrove species in the Indo-West Pacific. This study sought to quantify intra- and inter-island connectivity and to assess their contributions to oceanic scale dispersal of R. stylosa from the Ryukyu Archipelago, which spans over 545 km in southwestern Japan. Using 7 microsatellite markers, we tested 354 samples collected from 16 fringing populations on 4 islands. We identified 3 genetic populations, indicating distinct genetic structures comprising 3 distinguishable bioregions (genetic clusters). The western end of the archipelago receives relatively frequent migration (m > 0.1), but is genetically isolated from other sites. Based on genetic migration rates, we found that the central area of the archipelago serves as a stepping stone for southwestward, but not northeastward dispersal. On the other hand, with in-situ drifting buoys, we did not confirm prevailing dispersal directionality within the archipelago, instead confirming local eddies. Some buoys trapped in those eddies demonstrated potential for successful beaching from another island. A large portion of buoys were carried predominantly northeastward by the Kuroshio Current and drifted away from the coastal areas into the Pacific, contrary to local migrations. We found that the spatiotemporal scale of propagule dispersal is limited by the distance between islands (< 200km), propagule viability duration, and fecundity. Over all, recruitment does not occur frequently enough to unify the genetic structure in the archipelago, and the Ryukyu Archipelago is isolated in the center of the global mangrove distribution.
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Introduction

The spatiotemporal scale of mangrove propagule dispersal is foundational to understand demographic connectivity among islands that support fragmented, fringing mangrove populations. Demographic connectivity is defined as the relative contribution of propagule dispersal to population growth rate in comparison to local recruitment, and it is an important concept for conservation, especially when changes in propagule translocation result in a negative shift from stable and/or positive population growth (Lowe and Allendorf, 2010). Fragmented mangrove populations are vulnerable to environmental changes such as coastal development, climate change, and sea level rise. Mangrove populations at the edges of their distribution commonly exhibit low genetic diversity suggesting their higher risk to negative effects from monomorphism and inbreeding compared to mangrove habitats in the center of the species range. Although mangrove habitats are protected through international agreements in order to mitigate the impacts of changing climate on coastal ecosystems, conversion and degradation of mangroves are continuing, especially for smaller mangrove patches (Curnick et al., 2019). Complicated and spontaneous mangrove establishment at local- and fine-scales tends to occur in island systems (Triest et al., 2021a), and some islands facilitate global distribution of mangroves by acting as stepping stones for transoceanic dispersal (Van der Stocken et al., 2019). Thus loss of small mangrove habitats on islands may impact global distribution of mangroves in the long run, if not in the near term.

While demographic connectivity is important to sustain population sizes, to colonize unoccupied niches, and to assemble local communities from the meta-community (Levin et al., 2003; Levine and Murrell, 2003), the effects of population loss or degradation on other populations in the same island system are not well understood. Thus, understanding the spatiotemporal scale of propagule dispersal should help estimate demographic connectivity among islands, thereby helping to design effective protected areas.

Genetic methods have been used to understand spatial scales of population connectivity. Previous genetic studies have supported transoceanic connectivity, and have identified bioregions indicating genetic discontinuities among distant populations over biogeographic timescales (Dodd et al., 2002; Takayama et al., 2013; Lo et al., 2014). Spatial patterns of genetic discontinuity have been compared with ocean currents, prevailing winds, landscapes, and seascapes to understand mechanisms of dispersal that cause them. For example, the Central American Isthmus was suggested as a land barrier for dispersal of Rhizophora mangle and Rhizophora racemosa (Takayama et al., 2013), as was the Mexican coast for Avicenna germinans and R. mangle (Sandoval-Castro et al., 2012). Others have shown that mangrove connectivity is related to oceanic currents, particularly their direction along coastlines, and that migration routes follow major oceanic and coastal currents (Triest et al., 2021a).

On the other hand, mangrove propagule dispersal in island systems has received less attention than continental coastal dispersal. A few studies on mangrove genetic connectivity in island systems have suggested low genetic variation and limited genetic connectivity (Islam et al., 2012; Islam et al., 2014; Yahya et al., 2014; Al-Qthanin and Alharbi, 2020). Except for Yahya et al. (2014), a study on the Sunda Islands in Indonesia, archipelagos investigated in previous studies were located near the distributional edges of the studied species, where species are subjected to more genetic drift and environmental selection compared to those in central regions (Arnaud-Haond et al., 2006). Those studies also suggest that discreteness of island coastlines is a potential cause of limited genetic variation, regardless of distributional area. However, because of the paucity of studies in island systems, differences in studied species and different studied area sizes, more island studies with various species are needed to understand demographic connectivity in archipelagos.

Although genetic methods can detect the outcome of connectivity interference caused by physical processes such as hydrochory (dispersal via water), genetic information alone is insufficient to estimate spatiotemporal scales of connectivity (Lowe and Allendorf, 2010). Knowledge of propagule immigration revealed by genetic data, combined with physical oceanographic information obtained from numerical ocean modeling and/or empirical release-recapture methods, have been used to investigate demographic connectivity (Nathan and Muller-Landau, 2000; Nathan et al., 2008; Ngeve et al., 2017). In the past decade, with advances of computational power and modeling processes, numerical ocean modeling has been extensively incorporated into dispersal and connectivity studies (Fox-Kemper et al., 2019) including mangrove connectivity studies to interpret genetic results at regional and global scales (Pil et al., 2011; Wee et al., 2014; Ngeve et al., 2016; Geng et al., 2021). For example, a previous biophysical approach suggested an oceanic barrier between the Andaman Sea and the Malacca Strait around the Malay Peninsula for dispersal of Rhizophora mucronata by interpreting genetic outcomes with simulated ocean currents (Wee et al., 2014). Ngeve et al. (2016) identified an oceanic barrier at an oceanic conversion zone near the Cameroon Estuary Complex for dispersal of R. racemosa using a genetic approach with numerical particle tracking models. Van der Stocken et al. (2019) quantified potential for long-distance propagule dispersal at global scale using a Lagrangian particle tracking model. They found along-coast transport dominant over many continental coastlines, as well as stepping-stone dispersal via several Pacific island systems (the Galapagos Islands, Polynesia, Micronesia, and Melanesia) that allow for trans-oceanic dispersal. Their findings suggested potential effects of minimum and maximum floating periods of propagules in determining the extent of dispersal. However, detailed spatiotemporal studies of dispersal are not yet understood for island systems.

Therefore, this project was designed to investigate the spatiotemporal scale of propagule transport among islands. The model site was the southern half of the Ryukyu Archipelago (Figure 1A), a poleward peripheral region of the studied species, Rhizophora stylosa (Rhizophoraceae) in the northern hemisphere. The total area of mangrove in Japan is about 553 ha, from the Ryukyu Archipelago to Kagoshima Prefecture (31’20’N) of which 80% occurs on Iriomote island (Figure 1C) with 7 - 19 species (Minagawa, 2000). According to radiocarbon studies on one of the largest rivers on Iriomote Island (Urauchi River; 7.45 km), the present mangrove forests were established over 1,000 years ago (Fujimoto et al., 2015). Depending on locations in the archipelago, development of mangrove habitats varies between 400 years BP and 3,500 years BP (Fujimoto and Ohnuki, 1995; Fujimoto et al., 2015), which is relatively recent compared to global mangrove establishment. During the establishment period, the sea level was the highest between 1,700 and 5,100 years BP, and declined to the current sea level in the southern part of the archipelago about 1,000 years BP (Yamano et al., 2019). The archipelago is located 150~200 km to the east of the Kuroshio western boundary current flowing northeastward (Figure 1A). The previous oceanographic study regarding coral larval dispersal around the archipelago showed that most particles are carried southward by the Kuroshio Counter Current (Figure 1A) from Spring to Fall, and eastward transport of particles from the Kuroshio toward the western coast of Okinawa Island occurs primarily in warm seasons (Uchiyama et al., 2018). Additionally, the probability of long-distance dispersal (LDD) maybe largely influenced by oceanic conditions south of the archipelago, indicating complex surface hydrodynamics in the region (Uchiyama et al., 2018).




Figure 1 | The Ryukyu Archipelago is located in southwestern Japan, spanning 545 km (A). Okinawa, Iriomote, Ishigaki, and Miyako Islands served as study sites. Each filled circle shows sampling sites with their location IDs. All sampling sites were natural, non-riverine coastal habitats (B), except for site OKI (C) which is located in a river mouth, and is the most northern site for R. stylosa. * shows the location of a deployment site for drifting buoys with the number of buoys deployed for in situ experiments. KCC (Kuroshio Counter Current).



Sampling sites for the current study were focused on fringing, non-riverine mangrove habitats (Figure 1B). We predicted that non-riverine sites proximal to the open ocean would facilitate island-to-island propagule transport, based on findings of previous studies (Kadoya and Inoue, 2015; Triest et al., 2021a). Rhizophora stylosa was chosen as the model species for this study, based on its propagule traits. Rhizophora stylosa propagules have higher dispersal capacity than other mangrove species in the Ryukyu Archipelago (e.g. Bruguiera gymnorhiza and Kandelia obovata), which is determined mainly by positive buoyancy upon detaching from parent trees, the length of the viable period while submerged in water, and root initiation time while floating (Kadoya and Inoue, 2015; Wang et al., 2019). By comparing those dispersal properties, Rhizophora appears to have great potential for LDD, especially R. mangle and R. stylosa because of their long floating periods (over 100 days in the laboratory) (Rabinowitz, 1978). They also have the capacity to tolerate high salinity and dryness (Clarke et al., 2001; Kadoya and Inoue, 2015, respectively), and to maintain a vertical orientation that is favorable for dispersal maneuvering between roots and landscapes of mangrove forests more easily compared to horizontal orientation (Van der Stocken et al., 2015). However, reproduction via propagules is significantly lower than those of other tropical and subtropical coastal species, such as seagrass and corals. Fecundity of mangrove species depends on the reproductive stage. Coupland et al. (2006) studied 20 reproductive shoots and studied 222 young buds from 10 trees. They showed a poor rate of pollination (0.5%), which is accomplished by wind (Yan et al., 2016), as well as a poor conversion rate (< 3%) from flowers to mature propagules, which resulted in an extremely low propagule fertility rate. Such low conversion rate of R.stylosa was found in a study on litter in mangrove forests in Okinawa Island as well (Sharma et al., 2011). Producing large propagules, like those of R.stylosa, is metabolically expensive; therefore, not only restricted pollination, but also resource limitation interferes with propagule reproduction (Coupland et al., 2006). Hence, the species propagule fecundity appears to be substantially low, however is yet understudied. It has also been argued that the efficiency of wind pollination is low in fragmented habitats (Ngeve et al., 2016). Hence, the primary method for mangrove gene exchange seems to be propagule dispersal.

We used 7 microsatellite markers for 354 samples collected from 16 populations on 4 islands, and obtained spatial information regarding genetic connectivity and migration rates to quantify potential for propagule transport between every site pair over several generations. To determine the temporal scale of dispersal trajectories and to quantify potential for direct dispersal within the archipelago, we used a release-recapture method employing GPS tracking-drifting buoys. These buoys float along the surface current and provide spatiotemporal information about geographic position until they beach or turn off due to battery exhaustion. Using ocean current data combined with genetic data and propagule ecological information, we estimated demographic connectivity among islands with detailed information about propagule dispersal.



Materials and Methods


Study Sites and Collection of Mangrove Specimens

Sampling sites included 16 sites on 4 islands spanning 545 km (Figure 1A). The area of individual sites ranged from 0.04 ha to 8 ha, small in comparison with other tropical mangrove populations. All sample sites were natural habitats where no mangrove reforestation had occurred, according to local records. Okinawa Island (Figure 1C) is R. stylosa’s most northern habitat (Spalding et al., 2010), and has been protected by the Ministry of the Environment in Japan. Iriomote Island (Figure 1C) has been protected since 1972 as a Japanese National Monument. All sampling sites, except for one riverine habitat in Okinawa Island are fringing habitats with tree heights from 1.5 m to 5m. We collected leaf samples from 20 to 40 trees that were 5 to10 meters apart in order to avoid sampling overlap. We cut leaves from their petioles, and immediately preserved them in sealable bags with silica gel to dehydrate them. In order to completely dehydrate them within 24 h, we discarded the main veins of leaves and cut the leaves into smaller pieces within 12 h after collection. After samples were brought back to the lab, they were kept in plastic bags with silica gel, sealed in a container, and kept at 25°C until DNA extraction.



DNA Extraction and Microsatellite Analysis

For genomic DNA extraction, 0.03–0.05 g of each leaf was homogenized with zirconia beads using a cell disrupter (Tommy Micro Smash MS-100) at 2,500 rpm for two cycles of 29 s to achieve evenly homogenized specimens. Then, we used a QIAGEN DNeasy Plant Kit to extract DNA, and quantified collected DNA with a NanoDrop™ 1000 Spectrophotometer (Thermo Fisher Scientific, Waltham, MA, USA) before storing it at -20°C until use. We analyzed polymorphisms of isolated loci for 354 samples from 16 populations with 11 nuclear microsatellite markers (ncSSR) of which 8 ncSSR markers (Rhst01, Rhst02, Rhst13, Rhst15, Rhst16, Rhst19, Rhst20, Rhst27) were developed by Islam et al. (2004), and the other 3 ncSSR (RM110, RM107, RM121) were developed by Shinmura et al. (2012). Seven loci (Rhst01, Rhst15, Rhst19, Rhst20, Rhst27, RM107, RM121) were successfully amplified and showed polymorphisms under the following conditions.

Polymerase chain reactions (PCR) were performed in 10-µL reactions containing 10 ng/µL DNA template, QIAGEN Multiplex Master Mix, 0.2 µM of each primer pair, 0.2 µM of each fluorescence-labeled probe, and RNase-free H2O. PCR cycle conditions were 15 min at 94°C, followed by 35 cycles of 30 s at 94°C, 90 s at 60°C annealing temperature, and 60 s at 72°C in the final cycle. For samples that failed to amplify with the method above, each locus was amplified individually. PCR solution in this case was 10 µL which consisted of 1 µL DNA template, 5 µL of QIAGEN AmpliTaq Gold 360 Master Mix, 1.5 µL MilliQ water, and 0.2 mol primer pair and fluorescent-labeled probe. PCR cycle conditions for AmpliTaq included 5 min at 90°C initially, followed by 35 cycles of 30 s at 95°C, 30 s at 50°C annealing temperature, and 60 s at 72°C in the final cycle with a final extension at 72°C for 10 min. PCR products were then diluted 5x with MilliQ water and applied to a 3130 xl Genetic Analyzer by Applied Biosystems to analyze allelic variation. Fragment sizes were analyzed with Geneious 11.0.3 (Biomatters Ltd., Auckland, New Zealand) relative to internal lane size standards using a GeneScanTM 600 LIZ® (Thermo Fisher Scientific).



Genetic Data Quality Check

Prior to population genetic analysis, we tested the probability of identity (PI) and linkage disequilibrium of genetic data. PI was tested to determine whether any two individuals accidentally shared an identical multilocus genotype, to derive a cumulative probability of identity for all polymorphic loci in each population using GenAlEx 6.5 (Peakall and Smouse, 2012), and gave a total value of 2.9 x 10-4 to 5.4 x 10-1 for all polymorphic loci in each site. Linkage disequilibrium for each locus pair across all populations was tested using Fisher’s method on GENEPOP on the web (Raymond and Rousset, 1995; Rousset, 2008), and detected significant linkage disequilibrium (P < 0.01) for Rhst15 & Rhst20 (MYKc, ISGa, IRMe), Rhst01 & Rhst15 (IRMa, IRMc), Rhst01 & Rhst19 (MYKd), Rhst15 & Rhst27 (IRMd), Rhst20 & Rhst27 (IRMd), Rhst20 & RM107 (ISGa), and Rhst27 & RM107 (IRMc). In the majority of population, paired loci with significant linkage disequilibrium were not observed.



Genetic Diversity

To analyze genetic diversity, we computed expected heterozygosity (He), observed heterozygosity (Ho), and pairwise population genetic differentiation (FSTP) using GenAlEx (Peakall and Smouse, 2012). FSTP < 0.05 was set as the threshold for insignificant genetic differentiation between paired sites (Frankham et al., 2010). The number of alleles (Ar) per locus and per population, and the inbreeding coefficient (FIS) for each population were analyzed using FSTAT 2.9.3 (Goudet, 2001). Allelic richness was rarefied to the smallest population size of 9 (MYKb) based on a rarefaction method (Hurlbert, 1971). To evaluate population differentiation, analysis of molecular variance (AMOVA) was conducted within and among populations using GenAlEx 6.5 (Peakall and Smouse, 2012).



Genetic Structure

To identify genetic structures of individual samples, we used a Bayesian clustering model, STRUCTURE 2.3 (Pritchard et al., 2000; Hubisz et al., 2009). Each run assigned K (1 to 18) clusters to each sample. All parameters were set to default. With a Bayesian Markov chain Monte Carlo (MCMC) resampling method, each run underwent 500,000 iterations, after discarding 80,000 as burn-in for 20 replicates. The optimal K for this dataset was determined with Structure Harvester (Earl and Holdt, 2012) using results from STRUCTURE, and the likelihood of multiple values of K was tested using the Evanno method (Evanno et al., 2005). With CLUMPAK (Kopelman et al., 2015), the entire set of runs obtained from STRUCTURE was merged for each K value, based on similarity matrices, and visualized.



Isolation by Distance

To test the effect of geographic distance on genetic connectivity, we compared pairwise genetic differentiation (FSTP) and geographic distance between every population pair using Mantel’s test in GenAlEx 6.5 (Peakall and Smouse, 2012). All FSTP values were linearized (LinFST = FSTP/1-FSTP), and we measured the Euclidean distance between populations using Google Earth Pro.



Bayesian Assignment Tests

To identify differences in contemporary patterns of migration (a few generations) from historical patterns of population connectivity, we estimated recent migration rates between site pairs with BayesAss 3.0.4 (Wilson and Rannala, 2003), which uses a MCMC resampling method. BayesAss assumes that migration does not change allelic frequencies over two generations, and that output migration rates reflect the most recent several generations. We computed five replicates with different random starting seeds for an MCMC run with 10,000,000 iterations, discarding the first 1,000,000 as burn-in in each run. Samples were collected every 100 observations with default parameter settings. Sample site MYKb was excluded from this analysis due to its inadequate sample size. We examined posterior mean migration rates (m) for gene flows between sites. We followed (Faubet et al., 2007) for performance analysis of the test.



In Situ Drifting Buoy Experiments

31 drifting buoys were deployed in order to estimate effects of ocean hydrodynamics on propagule dispersal. Drifter deployment was carried out with one drifter per day for 31 consecutive days (except when weather or sea conditions made it unsafe to conduct field work) starting on August 7, 2018, which is the middle of fruiting season on Okinawa Island (Sharma et al., 2011), and a little after its peak in July for Iriomote Island (Kadoya and Inoue, 2015). To also avoid major typhoon season, August was reasonable time of the year for deployment. Buoys were deployed from just off the reef of IRMg on Iriomote Island (* on Figure 1C), where clear genetic isolation was detected despite the proximity of neighboring populations (< 5km to the closest population). In order to obtain ocean surface current vector information, we used Microstar drifters developed by Pacific Gyre. Microstar drifters have two parts, a surface float (20 cm in diameter) and an underwater corner-radar-reflector-type drogue (Ohlmann et al., 2005). The float maintains its drogue at a constant depth of 1 m below the surface to capture the surface current, and minimizes the effects of wind and surface waves with its spherical shape. Drogues were calibrated to provide about < 2 cm/s velocity differences from the “tagged” water parcel with little slip measurement under calm wind (< 12 m) (Ohlmann et al., 2005). Direct effects of high wind on Microstar drifters are not yet well understood. Drifter positions were determined by GPS at near-real time, using the Iridium satellite data network with user-specified up-linking intervals, which allowed us to collect spatiotemporal information of dispersal trajectories from all deployed buoys. We set the intervals so that positioning information with higher resolution would be obtained near the coast. Intervals were set from 5 min to 12 h depending on the distance from the nearest coast. Drifters can be positioned with an accuracy of < 7m (Ohlmann et al., 2005). Collected spatiotemporal data were analyzed using visualized using MATLAB.




Results


Genetic Diversity

The average number of alleles (allelic richness) per population varied depending on sites from 1.2 (OKI) to 2.7 (IRMc) (Table 1). This study showed little to no heterozygosity (Ho) in any population, and at all loci, and expected heterozygosity (He) consistently exceeded Ho for all sampling sites. The inbreeding coefficient (FIS) exceeded 0.8 (p < 0.01) for all sites, while pairwise genetic differentiation (FSTP) varied depending on sites ranging from 0.017 (IRMe-IRMf) to 0.828 (IRMg-OKI) (Figure 2). We found four site pairs (three neighboring pairs, IRMf-IRMe, ISGa-ISGc, MYKb-MYKd and one inter-island pair, IRMd-MYKc) with insignificant pairwise genetic differentiation (FSTP < 0.05) (Figure 3). The hierarchical analysis of molecular variance (AMOVA) (Excoffier et al., 1992) showed 78% of genetic variation occurred among individuals within sites, 12% of variation occurred among sites, and 10% of variation occurred among islands (p < 0.01) (Table 2).


Table 1 | Sampling site information and genetic variability of each site.






Figure 2 | Pairwise genetic differentiation values (FSTP) revealed that strong connectivity exists among islands < 200km apart in the Ryukyu Archipelago. Of 25 site pairs with FSTP < 0.1 (bold grids), 8 pairs exhibited intra-island connectivity, whereas OKI and IRMg are almost completely isolated. X-and Y-axes show site names, and the figure shows no directionality. P-values < 0.01 for all pairs, except for grids with *, ** and NS indicating p > 0.1, 0.05 < p < 0.1, and not-significant, respectively.






Figure 3 | Population pairs with FSTP < 0.1 are projected over the map, and bold lines indicate pairs with FSTP < 0.05, a threshold value indicating significant connectivity.




Table 2 | AMOVA summary shows that genetic variation is highest among individuals within populations, and that fixation indices are all significant with a tendency toward genetic isolation.





Isolation by Euclidian Distance

Mantel tests revealed that distance accounts for < 5% of genetic differentiation between sites in the Yaeyama region (R2 = 0.045, p < 0.1), < 10% in the Sakishima region (R2 = 0.076, p < 0.05), and > 30% in the entire archipelago (R2 = 0.341, p < 0.01), which indicates isolation-by-distance over the archipelago, but not at a given island. We also found that the westernmost site in the archipelago, IRMg, revealed linearized FSTP values (LinFSTP), which are consistently above average regardless of Euclidean distance between IRMg and other sites (Figure 4). However, IRMg was not the cause of the lower fit, according to the sensitivity analysis.




Figure 4 | The tendency of IBD (isolation by distance) became more apparent over the Sakishima region (B) and over the entire Ryukyu Archipelago (A), which indicates decreasing gene flow affected by the absence of coastline over a certain distance. Within the Yaeyama region (C), Euclidean and genetic distance did not show a correlation. All outliers in the plots are associated with IRMg indicating that the site is isolated by other environmental factors beside geographical distance or ocean connectivity. The Y-axis shows linearized genetic differentiation values, and the X-axis shows the Euclidean distance between paired sites. All filled markers in (B, C) are paired sites with IRMg.





Structure Analysis

Bayesian analyses suggested 3 genetically homogeneous groups of individuals (genetic clusters) in the Ryukyu Archipelago (Figure 5): western Iriomote Island (WI), North Miyako Island (NM), and Okinawa Island (OKN). The majority of individuals (> 75%) on the west coast of Iriomote Island (WCI) had > 90% inferred ancestry from a local genetic cluster (WI), particularly at the westernmost site, IRMg, (> 95%). Site IRMf in the WCI area showed one individual with > 90% inferred ancestry from OKN. Most individuals (> 92%) at site OKI had > 90% inferred ancestry from a local cluster (OKN). OKI and IRMg exhibited homogeneous population genetic structures, highlighting the lack of common inferred ancestry between them. On the other hand, the remaining sampling sites showed heterogenous genetic structure within each site. Miyako, Ishigaki, and the east coast of Iriomote Island (ECI) (Figure 5) exhibited individuals with > 80% of inferred ancestry from NM admixed with individuals having inferred ancestry from OKN and WI. For example, 27 individuals from the northern site of Iriomote Island (IRMa) included 2 individuals with inferred ancestry (> 80% here after) from OKN, 4 individuals with inferred ancestry from NM, 9 individuals with inferred ancestry from WI, and the remaining 12 individuals with mixed ancestries. We also found that very few inferred ancestries were shared within an island, particularly between WCI and ECI.




Figure 5 | The optimal number of genetic clusters was 3 (K= 3); clustered with inferred ancestry from the west coast of Iriomote Island (WCI) (purple), from Miyako Island (orange), from Okinawa mainland (blue). Each bar represents an individual sample. The cluster from OKI was distributed throughout the Archipelago, but its ratio drastically declined at WCI (IRMe-g), while the cluster from WCI revealed very limited distribution, even among neighboring sites on Iriomote Island. Heterogeneous genetic structures were found at most sampling sites, except for IRMg and OKI, and such patterns were consistent from the results with K= 4, but not with K=2 where both clusters are distributed throughout the archipelago.





Contemporary Migration Rates

Contemporary migration rates (m) represent the frequency of genetic immigration in the last few generations between all pairs of sites in the archipelago, which ranged from m = 0.008 to m = 0.154 (m = 0.01 implies that on average 1 individual among a sample of 100 per generation would be a migrant). The highest migration rate (m = 0.154) was found from Ishigaki Island (ISGa) to east of Iriomote Island (IRMb), followed by pairs among neighboring sites along the west coast of Iriomote Island (i.e., m=0.149 from IRMg to IRMf, and m=0.114 from IRMg to IRMe). However, migration rates in the opposite direction were substantially lower (Figure 6). The analysis also identified ISGa as the site with the highest frequency of emigrants to other sites (ΣmISGa(Source) = 0.489). Furthermore, the analysis identified the potential for long distance (> 200km) propagule immigration from Okinawa Island (OKI) to Iriomote Island (IRMc) with relatively higher migration rates (m = 0.052) (Figure 7). The majority of migration rates were too low (m < 0.05) (Meirmans, 2014) to confirm genetic exchange between sites.




Figure 6 | Bayesian assignment test identified contemporary migration patterns in the Ryukyu Archipelago with posterior mean migration rates (m = 0.01 implying that 1 individual among a sample of 100 per generation is a migrant). The majority of site pairs showed lower m values (x-axis: target sites, y-axis: origin sites), and a few with higher, sporadic migration rates.






Figure 7 | All migration patterns with m > 0.05 were projected over a map with arrows pointing at target sites. The higher migration rates (m > 0.1) for R. stylosa in the Ryukyu Archipelago were unidirectional (bold arrows). The majority of site pairs with m > 0.05 were found between Iriomote and Ishigaki Islands, and site ISGa was identified as the strongest source population for gene flows among study sites. Black arrows have higher accuracy (FST > 0.25).





In Situ Drifter Experiments

Of 31 GPS drifting buoys released from a location just off the west coast of Iriomote Island, 6 drifters beached on the same island after an average of 23 days with high retention rates around the release points for the first 20 days (Figure 8), while one drifter took > 130 days to beach on the natal island coastline (Figure 8, Table 3). We confirmed 4 island-to-island dispersal beaching events, including one each on the coasts of Ishigaki Island (58 km in 12 days), Kuroshima Island (35 km in 9 days), Miyako Island (183 km in 58 days), and Yakabi Island (414 km in 109 days). We found that northeastward was the dominant direction of drifter movements north of the Yaeyama region (Figure 9). We also found that 60% of drifters were taken by the strong western boundary current, the Kuroshio Current, of which 76% were carried out into the mid Pacific Ocean and were eventually lost due to battery failure (Figure 10). We also observed sporadic counter-current drifting southwestward with various trajectories. Frequent local eddies were also observed in the archipelago, causing dispersal periods unrelated to Euclidean distance from the deployment site. For example, we identified a drifter traveling > 1,000 km in 50 days while another traveled 183 km in 59 days.




Figure 8 | 9 buoys beached within the Sakishima region, one of which drifted for over 100 days while others beached < 60 days, identifying a temporal scale of the trajectories. Deployment site is shown in *, and beaching locations are shown in red. Local beaching events highlighted the absence of trajectories within Sekisei Lagoon, between Iriomote and Ishigaki Islands. Color bars shows temporal data in days for each position of buoys.




Table 3 | In situ drifter experiments showed about 30% of local beaching (Bold letters) with a wide range of temporal variation from 0 to 132 days.






Figure 9 | The Ryukyu Archipelago, showing differences in concentration of trajectories within the island system, especially between west and east ends of the archipelago. Particles deployed from western Iriomote Island tend to stay on the west side of the archipelago, but showed frequent mixing within the Yaeyama region. The color bar shows temporal data in days for each position of the buoys.






Figure 10 | Trajectories of 31 GPS drifting buoys over 250 days are shown. The retention period of buoys in the Ryukyu Archipelago is < 100 days on average and only a few stayed as long as 200 days. The Kuroshio Current is involved in trajectories of particles released from western Iriomote Island. Potential to travel as far as the mid Pacific Ocean was confirmed. The color bar shows temporal data in days for each position of buoys, and a red point shows the deployment location.






Discussion


Genetic Diversity in Island Systems

Significant genetic disequilibrium found in this study may be due to high monomorphism caused by high rate of inbreeding expected in naturally fragmented population (Provan et al., 2008) or/and by selfing due to pollinator limitation (Bawa, 1990) both of which are common to Rhizophora species. The genetic variance (Na), inbreeding coefficient (FIS) and limited area of fringing mangroves in the current study all exhibited characteristics of habitats at the species range limit. The Ryukyu Archipelago is located at the northern edge of mangrove global distribution, and site OKI, showing the lowest genetic variance in the study (Ar=1.2), is the northernmost habitat of R. stylosa. Compared to a genetic connectivity study of R. stylosa in South China (Geng et al., 2021), the reduction of genetic diversity in this study area was apparent. Hence, R. stylosa in the Ryukyu Archipelago maybe subject to genetic drift and environmental selection due to population sizes limited by extreme and/or variable environments (Brown et al., 1996) at the edge of the species distribution. Based on genetic structures indicating infrequent gene flow among sites (Figure 5), we suggest that the genetic variation at the time of establishment in the archipelago may already have been limited.

Lack of riverine inputs may also have effects on low genetic variation. The current samples were collected at fringing mangrove habitats in proximity to the open ocean, where there were no inputs from rivers. On the other hand, samples used by Islam et al. (2014) were collected from river basins located further inland than our sampling sites. Over all, FIS of this study was substantially higher and Ho was also significantly lower than values reported by Islam et al. (2014) (Table 1). Proximity to open ocean has been suggested to influence inbreeding and genetic diversity of mangrove populations, in that the most seaward habitats should have a higher likelihood of propagule dispersal and should exhibit higher genetic diversity (Triest et al., 2021a). However, genetic comparisons with those of Islam et al. (2014) revealed the opposite, and suggested very low likelihood of propagule dispersal among fringing mangroves in the island system via ocean currents, despite being directly exposed to ocean hydrodynamics. In general, riverine systems provide more suitable habitats for mangroves because the constant sediment supply from upstream expands available habitat areas for new propagules (Kadoya and Inoue, 2015). This, in turn, supports larger population sizes resulting in greater genetic variation within habitats (Kadoya and Inoue, 2015). Additionally, gene flow in riverine systems may be bidirectional because of interacting river flow with tidal fluxes, coastal currents, and wind, which supports genetic diversity within fluvial systems (Ngeve et al., 2017). On the other hand, fringing habitats lack terrestrial input and fluvial interactions with rivers. Thus, habitat areas are often limited, and demographic connectivity must rely predominantly on ocean currents, which limit genetic diversity due to a lack of connectivity among populations on island systems. Over all, genetic heterozygosity (Ho > He) and inbreeding coefficients (FIS) in the current study indicated inbreeding/selfing as the dominant method to sustain population sizes, which suggests that propagule dispersal in the archipelago is restricted to local scale. Genetic variation revealed that fringing habitats of the Ryukyu Archipelago are naturally fragmented with higher potential for genetic isolation within the island system, making them vulnerable to environmental changes.



Sporadic Propagule Transport Throughout the Ryukyu Archipelago

Considering ecological characteristics of propagules that contribute to LDD, in addition to direct ocean access at each sampling site, we hypothesized a uniform level of genetic connectivity throughout the archipelago. However, contrary to our hypothesis, we found genetic structures indicating limited connectivity. The majority of sites in the Sakishima region (Iriomote, Ishigaki and Miyako Islands) displayed heterogeneous genetic structures in each population with inferred ancestries from all three bioregions (OKN, NM, WI) (Figure 5). Since the wind-pollination success rate of R. stylosa is low, structural heterogeneity may indicate that propagule immigration from other sites is consistently sporadic over many generations, and that the frequency of inbreeding/selfing is too high to achieve homogeneity. On the other hand, at the edges of the archipelago, both OKI and IRMg exhibited genetic structure with one dominant inferred ancestry (OKN and WI, respectively) indicating their genetic isolation. Overall, genetic structures and FIS showed that inbreeding/selfing has consistently been the major reproductive method and population connectivity even within islands is extremely limited.

Directionality and spatial range of historical genetic connectivity were interpreted based on shared inferred ancestries in populations. With > 80% of OKN inferred ancestry in an individual throughout the Ryukyu Archipelago, genetic exchange southwestward is suggested. On the other hand, inferred ancestry of WI is absent in Miyako and Okinawa islands, which suggests that northeastward genetic exchange declines drastically beyond Ishigaki Island (Figure 5). The decline of genetic exchange showed its correlation with distance between islands, according to the Mantel test between genetic differentiation and Euclidean distance (Figure 3). Hence, in the Ryukyu Archipelago, spatial range of > 100 km between islands in northeastward direction is identified as threshold for genetic discontinuity, and no population connectivity among islands was frequent enough to homogenize genetic structure within the archipelago. However, significantly high inbreeding coefficients from all study sites must be carefully considered since significant FIS may cause additional populations to be inferred (Falush et al., 2003). Additionally, high FIS and estimated selfing rates in the studied populations have been explained for R.mucronata (Triest et al., 2021b).The optimal K was 3 in this study, based on the Evanno method (Evanno et al., 2005), but according to the genetic structure with K=2, all islands are well admixed within the archipelago; however, not enough connectivity among islands was found to homogenize the genetic structure (Figure 5). On the other hand, at the edges of the archipelago, both OKI and IRMg exhibited genetic structure with one dominant inferred ancestry (OKN and WI, respectively) indicating their genetic isolation. Over all, genetic structures and FIS showed that inbreeding/selfing has consistently been the major reproductive method and population connectivity even within islands is limited.

Reliable migrant ancestry assignment values (m > 0.05) of the last few generations between populations were found between 14 site pairs, mostly from Ishigaki to Iriomote Island representing an influx of immigrant alleles among populations via propagule dispersal. This southwestward pattern of propagule immigration from Ishigaki Island to ECI was also found in a locally abundant broadcast-spawning coral species, Acropora tenuis (Zayasu et al., 2016). Low frequency of influx of alleles in recent generations was suggested over the archipelago, and inter-island influx was only found in a southwestward direction, as suggested from genetic structure. However, we must remain tentative with our results derived from only 7 loci, which is the lower limit of sample size suitable for BayesAss assignment (Wilson and Rannala, 2003). With a small number of loci (5 in Wilson and Rannala, 2003), accuracy of assignments is reasonable if migration is low (m < 0.2) and genetic differentiation is high (FST > 0.25) (Wilson and Rannala, 2003). Hence, migration ancestries with higher accuracy in this study were found only between 6 pairs (Figure 6). With obtained high FIS values in the archipelago, this suggests that the influx of propagules from other populations is extremely low, but still contributes to maintain genetic diversity within populations in the archipelago.

Overall, in this study, contemporary gene flow patterns identified with higher migration rates (m > 0.05) seem to correspond well to the results of STRUCTURE, indicating that those sites with m > 0.05 have undergone consistent, sporadic gene flow over a historical timescale (Wilson and Rannala, 2003). Based on the “one-migrant-per-generation” rule (Mills and Allendorf, 1996), one immigrant per generation is enough to avoid harmful effects of local inbreeding in a population (Lowe and Allendorf, 2010). Thus, populations with m > 0.05 and population size > 20 in the archipelago indicate that those populations may avoid harmful effects of local inbreeding/selfing, despite low genetic variation and limited genetic heterozygosity.



Spatiotemporal Interpretation of Propagule Immigration Based on Ocean Currents

Numerical ocean modeling and Lagrangian particle tracking methods have been widely accepted to estimate larvae dispersal of marine organisms. A previous mangrove study utilizing a numerical modeling method identified predominant coastal propagule transport along several continental coastlines, and island systems that are stepping stones to transpacific connectivity for mangrove species (Van der Stocken et al., 2019). However, the process of detachment from and settlement in nearshore areas before and after dispersal have not yet been examined. Despite the lower statistical power compared to numerical ocean modeling, the release-recapture method utilizing drifting buoys shows beaching events as part of settlement. Rhizophora stylosa’s propagules are about 23 cm in length, weigh about 35 grams, tend to maintain an efficient vertical floating orientation in higher salinity while fully submerged at the surface (Clarke et al., 2001). Hence, drifting buoys are suitable surrogates for mangrove propagules to simulate a subset of dispersal trajectories to estimate potential connectivity via propagule dispersal among islands, and to interpret genetic results at a current time scale.

Of 31 drifters deployed from just outside the reef at WCI, 4 trajectories revealed potential for inter-island dispersal with various destinations in the archipelago (Ishigaki, Kuroshima, Miyako, and Yakabi Islands), and 6 trajectories showed within-island dispersal (Table 3). Mangrove sites that are < 100 km apart were indicated as neighboring sites based on genetic analyses; thus, we suggest that beaching events on Ishigaki Island (~58km in 12 days) and Kuroshima Island (~35 km in 9 days) represent the potential extent of local dispersal, and those on Miyako Island (~180 km in 59 days) and Yakabi Island (~ 400 km in 109 days) represent potential for LDD. Those potentials for dispersal are further supported by the estimated minimum and maximum floating periods of propagules considering that they play significant roles restricting dispersal range (Van der Stocken et al., 2019). Although there have been no studies to our knowledge on R. stylosa’s maximum floating and viability periods, we assume that R. stylosa shares propagule traits with R. mucronata, morphology of which is almost indistinguishable from that of R. stylosa (Spalding et al., 2010). Hence, the potential for northeastward LDD among islands is supported by R. stylosa’s maximum dispersal viability (150 days, median: 70 days), even though the survival rate of propagules is also suggested to decrease as the dispersal period increases (Drexler, 2001). However, no genetic result confirmed long-distance connectivity from WCI to other islands. Hence, northeastward LDD in the archipelago was not documented by this study. On the other hand, the retention period of buoys in the Yaeyama region was below the maximum floating period (Figure 10), which may increase the potential for beaching at local scale and may explain the admixed genetic structures in this region (Figure 5).

The genetic isolation of OKI is probably influenced by the Kuroshio western boundary current. The Kuroshio current flows northeastward about 150~200km west of the Ryukyu Archipelago, and current velocity and location are not only seasonal, but also highly variable year by year (Uchiyama et al., 2018; Takeda et al., 2021). The majority of observed trajectories beyond Ishigaki Island following the Kuroshio current confirmed a tendency for fast, long-distance (< 100 days) northeastward dispersal without reaching any coast in the archipelago (Table 3). The limited distribution of the WI cluster on Miyako and Okinawa Islands maybe due to the Kuroshio current, with a temporal limitation imposed by propagule viability. These limited trajectories were also found with numerical ocean modeling in a previous study on the Ryukyu Archipelago (Uchiyama et al., 2018).

Local beaching events within 6 days on Iriomote Island were confirmed, except for one drifter that took > 131 days to beach on the coast 18 km from its deployment site. Drifter experiments highlighted the wide range of temporal variation in dispersal affected by local eddies. We suggest that the higher migration rate in WCI (IRMg-IRMf, IRMg-IRMe) and homogeneous genetic structure in the area (Figure 5) may be explained by the higher retention rate around the deployment site along the reef of WCI during the first 20 days (Figure 9). Retention by currents in WCI and a high proportion of self-recruitment were also hypothesized in a previous ocean-modeling study for coral dispersal in the archipelago (Uchiyama et al., 2018). Moreover, the absence of a trajectory from WCI to ECI indicated a potential local oceanic barrier, which may explain the genetic discontinuities we found between those areas. Using a numerical model, Uchiyama et al. (2018) also indicated lower particle density reaching ECI from WCI, which suggests a consistent local oceanic pattern.

The difficulties of propagule dispersal among sites were further suggested by observed alongshore currents. More than half the drifters (19) did not beach during our experiments, and their closest approaches to coastlines while drifting ranged from 20 m to ~1 km (Table 3). Most drifters reached reef edges, and drifted with the alongshore current without entering the reefs. It is important to note that shallow reefs even interfere with genetic exchange between close sites for coral species such as Pocillopora damicornis (Miller and Ayre, 2004) despite their floating capacities and higher abundance of larvae compared to mangrove propagules. Hence, we suggest that tendency of localized dispersal of R.stylosa is mainly due to its low propagule fecundity, despite the long floating and viable periods of propagules. Stokes drift, contrary to alongshore currents, also affects onshore transport (Monismith et al., 2018). However, these drifters were designed to eliminate effects of waves (Stokes drift); thus, representation of propagule dispersal with drifting buoys may have underestimated the success rate of actual propagules. It is also worth noting that the present in-situ results represent subset of entire dispersal trajectories that are specific to seasons and release locations.

In this study, with a single empirical dataset with genetic results, we discussed how ocean currents may affect fine-scale connectivity among islands. We interpreted genetic discontinuities within and among islands with current patterns, the distance between islands, and propagule characteristics such as fecundity and floating periods; however, further statistical approaches are needed for a more robust understanding of genetic discontinuities in the archipelago. Fine-scale numerical models may be suitable to estimate tidal amplitude affecting inundation of mangrove habitats and cross-shore currents at the reef edge to predict propagule dispersal from distant habitats. However, including wave-current interactions and obtaining the right combination of environmental parameters, such as topological factors as parameters for the model to achieve a finer-scale evaluation for near shore currents is difficult (Kamidaira et al., 2017; Uchiyama et al., 2018). Overall, in this study we showed that island-to-island propagule dispersal of R. stylosa in the Ryukyu Archipelago is possible even without stepping stones, although in reality, it is not frequent enough to unify population genetic structure. We also found that the archipelago is isolated from global distribution. Our findings are based on mangrove habitats with little or no human destruction, which should serve as a warning for habitats on island systems that are subject to ongoing threats from deforestation and environmental changes. It is important to identify the spatiotemporal scale of propagule movement specific to each island system to accurately understand demographic connectivity among populations.
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This paper contrasts seven spatial biodiversity conservation area designations by six different bodies: Other Effective Area-Based Conservation Measures (OECMs), and the Ecologically and Biologically Significant Areas (EBSAs) of the Convention on Biological Diversity (CBD); the Vulnerable Marine Ecosystems (VMEs) of the Food And Agriculture Organization (FAO); the Key Biodiversity Areas (KBAs) under criteria developed by the IUCN; the Areas of Particular Environmental Interest (APEIs) of the International Seabed Authority (ISA); the Particularly Sensitive Sea Areas (PSSAs) of the International Maritime Organization (IMO); and the Locally Managed Marine Areas (LMMAs) used by small island States in the Pacific Ocean; on five themes: biological and ecological features, functions served by areas receiving these labels, governance, threats and pressures, and other considerations. The seven different labels for such areas were generally similar in the biologically and ecological criteria to be met, and the functions typically served by these areas. Differences among the labels increased when considering governance, threat and pressures, and other considerations. Implications of these similarities and differences for policy development and outcomes are discussed. Performance reviews of the various labels under these themes could provide insight into both the effectiveness of the provisions in the Agreements and Decisions and how evidence is acquired and used to inform their application, allowing improvements to each approach to learn from experiences with other labels.
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Introduction

Over recent decades, there has been increasing recognition of the importance of enhancing the priority given to conservation of places that have special importance for biodiversity (Lopoukhine and Ferreira de Souza Dias, 2012; Ovando et al., 2021). Various types of biodiversity features may contribute to an area’s prioritization for enhanced risk aversion in management, including the presence of rare or vulnerable species (Walsh et al., 2013, Mamo et al., 2020), exceptional structural complexity and/or diversity of habitat features (Airoldi et al., 2008; Lipcius et al., 2019), critical functional significance such as the role of the areas as a migration corridor (Boulton et al., 2016; Lederhouse and Link, 2016), or simply by being in a comparatively undisturbed state (Bryan et al., 2011; Bax et al., 2016). Particular sites may be proposed as a priority for enhanced risk aversion due to even a single one of these types of features, but the features also may occur in a variety of combinations.

The value of targeting conservation measures on Special Places1 has been widely recognized by States, and other authorities responsible for conservation or protection of biodiversity, other authorities responsible for managing sectors that use or impact on biodiversity, and by interest groups focused on such conservation and/or management concerns. Each interest group may suggest and each jurisdictional authority may put in place a variety of spatial and non-spatial measures informed by the context of their historical engagement, each one using tools developed and refined within their respective mandates and competencies to increase the likelihood that these Special Places do indeed receive enhanced conservation and protection (FAO, 2011; Clark et al., 2020; Henriksen, 2020; O’Leary et al., 2020). Many of the papers in this special issue illustrate specific cases of such measures and actions taken.

Authorities and interest groups often communicate with each other about their spatially based plans and approaches. Individual experts associated with the various jurisdictions and interest groups often attend multi-disciplinary workshops and meetings of multilateral agreements and Conventions (Gjerde and Breide, 2003; FAO, 2007; CBD, 2018). Nevertheless, there is a tendency for each jurisdiction to adopt and implement strategies for management and conservation of biodiversity that are built around their customary practices, again at least partially justified by the need to respect their specific mandates and competencies, demonstrate transparency and accountability in their decisions and actions, and to make best use of their diverse expertise, experience, and capacity.

These processes of adopting and revising measures tend to be incremental and evolutionary, such that many different jurisdictional authorities and global conservation interest groups that have developed their own definitions, criteria and standards for identifying and acting as custodians for areas that warrant the application of enhanced conservation action also adopt their own measures to provide the desired level of enhanced protection (Maestro et al., 2019). Again, many papers in this special issue give specific cases of these jurisdiction-specific choices and how they are applied in practice.

This review and analysis focuses on a broad range of approaches, including Other Effective Area-Based Conservation Measures (OECMs), and the Ecologically and Biologically Significant Areas (EBSAs) of the Convention on Biological Diversity (CBD); the Vulnerable Marine Ecosystems (VMEs) codified by the Food And Agriculture Organization (FAO); the Key Biodiversity Areas (KBAs) using the criteria developed by the IUCN; the Areas of Particular Environmental Interest (APEIs) of the International Seabed Authority (ISA); the Particularly Sensitive Sea Areas (PSSAs) of the International Maritime Organization (IMO); and the Locally Managed Marine Areas (LMMAs) used by small island States in the Pacific Ocean. The names and acronyms used by each source are collectively referred to as “labels” in this paper.

The similarities in origin and subsequent translation into policy and practice summarized above means that spatially-based conservation of Special Places1 have potential similarities among jurisdictions. However, there can be differences among jurisdictions in several aspects of the identification and conservation of their respective Special Places. These differences can be described to exist in:

• The types of features whose presence are or are not included as criteria for Special Places;

• The functions the Special Places are supposed to provide for nature and for people;

• The governance processes relevant to their identification and management of the Special Places, and

• How potential threats to the biodiversity features are managed.

There also can be differences among jurisdictions in how similar criteria, functions and measures may be framed, even when the definitions and their intents may seem to be similar.

Moreover, development and adoption of these criteria and measures for identifying and protecting their Special Places has occurred at different times for various jurisdictions (Table 1). This means jurisdictions coming to the task later may have learned from and built on the efforts of other jurisdictions undertaking the task earlier. Also as experience with a particular set of criteria grows and lessons from other sets of criteria accumulate, various experts and sometimes a jurisdiction itself may reinterpret criteria already adopted, to take the additional knowledge and experience into account (https://www.cbd.int/ebsa/about).


Table 1 | Interpretation of scores used in Tables 2–6 and sources of the foundation documents for each of the labels.



This parallel, but asynchronous, development of definitions and criteria for Special Places among jurisdictions and global interest groups has also created opportunities for experts from one jurisdiction or interest group to assert particular relationships exist between their criteria and measures with those of other jurisdictions (Nelson and Burnside, 2019; Harvey et al., 2021). This is facilitated when original international agreements leave room for flexible implementation of their provisions in different social, economic and environmental contexts. In addition, multiple interest groups or perspectives with different backgrounds may independently interpret the intent and application of the criteria adopted by other jurisdictions according to their own approaches, culture, and preferences. This may result in multiple guidance documents for some sets of criteria being produced, as has happened for example, with OECMs, where multiple groups have provided guidance on the application of the criteria included in Decision 14/8 of the CBD, (see Garcia et al. this special issue).

As presented above and in Table 1, the proliferation of descriptor names (‘labels’) of areas that warrant and are intended to receive enhanced biodiversity conservation can be confusing. Different claims made by different experts regarding the similarities and differences of the intent and actions (taken or not taken) by different jurisdictions or interest groups (Zupan et al., 2018; Galparsoro and Borja, 2021) can both confuse and set up barriers to cooperation on biodiversity conservation and sustainable use, that can delay progress on making use of area-based management measures, or in achieving their stated goals (e.g. UN Environment Program, 2021).

The present work is limited in scope to looking at the specific definitions/criteria and associated functions for labels that were officially adopted by key marine jurisdictions or associated governance processes, to see how much overlap actually occurs, and where major differences, if any, may be found. Throughout the paper, the text in jurisdictional Agreements or their equivalents are being compared, but not the Special Places themselves. Comparisons include cases where there was explicit linkage in the agreed language of particular governance and management actions to particular types of Special Places, in cases where such linkages are made. This scope is necessary for two reasons. First, it is not feasible to systematically track how completely each jurisdiction or interest group has actually applied the specific definitions and criteria it has adopted, so it is only the definitions/criteria themselves that can be taken as reflecting the will of the Parties to the jurisdiction or adherents to the interest group. Second, there are sometimes numerous subsequent reinterpretations and critiques of each set of criteria. Often these actions are undertaken by small groups of experts and have neither explicit endorsement nor binding status relative to the full jurisdiction or interest group that originally adopted the criteria (e.g. Clark et al., 2014; Morato et al., 2018; Johnson and Kenchington, 2019). Consequently, this paper only considers the original Decisions or their governance equivalents. To avoid having the text be read as comparing the areas themselves rather than the jurisdictional Agreements or their equivalents, this paper will refer to contrasting the labels that are used by the various approaches, and not contrasting the collections of Special Places to which the labels have been attached.



Methods

We identified six Intergovernmental Organizations or global non-governmental organizations (NGOs) as using definition/criterion-based designations of areas considered special enough to warrant enhanced conservation and management actions for protection of biodiversity. For each organization, we identified the respective authority’s Conference of Parties Decision or comparable binding policy action taken by the appropriate governance body. Table 1 presents links to these sources.

Within each source document, we extracted the definition/criteria and expected functions of the Special Places that were adopted as guidance and standards when determining which areas were appropriate to include in their list of Special Places. In cases when governance or management actions were necessary or expected when an area was assessed to meet criteria and added to its list of Special Places, we tabulated those actions. All tabulations used the exact phrases in the ‘Decision’ language and/or governance bodies foundational documents.

Once the initial tabulations were complete, we evaluated them for commonality and differences in intent among five themes for the definitions/criteria and actions. This demanded some degree of subjectivity in scoring, given that phrasings were not standardized among the initial documents, and jurisdictions differed in preference for either terse Decisions that necessarily incorporated somewhat generic language and broad provisions, to those that used high specificity in Decisions with much more disaggregated criteria and detail in associated provisions. To facilitate the comparisons among labels, we tabulated jurisdictional treatments of five themes (Tables 2–6). The themes for comparison were, i) biological and ecological criteria used to identify Special Places (Table 2); ii) functions the Special Places are expected to serve for nature and/or for people (Table 3); iii) governance processes appropriate for determining and managing the Special Places (Table 4); iv) threats that were specified as requiring special management in the Special Places (Table 5); and v) any other relevant Considerations that might be explicit in the Decisions or comparable sources (Table 6). These themed tables constitute the core results for this review and analysis. Each label comprises a separate column in each table, allowing comparisons across rows for each of the five themes, so it would be possible to show:

	• Similarities amongst labels: Properties that are referenced in explicit and similar ways by most labels;

	• Ambiguity amongst labels: Properties that leave broad scope for interpretation when jurisdictions apply them, so different jurisdictions might reach different decisions when considering the same evidence;

	• Differences amongst labels: Properties that appear to be mentioned in some foundation documents but are not present in others; and

	• Properties that are present but referenced in substantially different ways across labels.

	Scoring the language used in the Decisions was relatively straightforward in most cases. However, some scores were not appropriate for some tables, because of the nature of the property being scored. The tables differentiate among cases when there are:

	• Strong similarities: Nearly the exact words of the property in the row being scored were in a provision of the Decision or foundation document (Score with a +);

	• Complementarity: The row property appears clearly intended by Decision or foundation document, but the exact phrasing of the respective row was not used (Score without a +); or

	• Inferred complementarity: When the specific property of the table row was not referenced in the Decision or foundation document, but logically would have to be present for other provisions in the Decision to have a required status [Score of I (= Inferred) in the tables].




Table 2 | Biological and Ecological Properties tabulated by explicitness and clarity of inclusion inthe foundation documents for each acronym. Scores and abbreviations explained in Table 1.




Table 3 | Functions intended to be served by either the area or the measures used, tabulated by explicitness and clarity of inclusion in the foundation documents for each acronym.




Table 4 | Governance properties and processes tabulated by explicitness and clarity of inclusion in the foundation documents for each acronym.




Table 5 | Management of threats and pressures occurring in or necessary to be implemented in the areas, tabulated by explicitness and clarity of inclusion in the foundation documents for each acronym.




Table 6 | Other considerations addressed in the foundation documents for each acronym, tabulated by explicitness and clarity of inclusion in the foundation documents for each label.



Table 1 presents a full explanation of each score for each theme.

These results will not prevent debates among various jurisdictions, interest groups, and perspectives about what types of aquatic areas deserve enhanced efforts at conservation of biodiversity and the types of measures that might be appropriate for specific Special Places. However, they may provide an objective basis of common information that can inform such discussions, and clarify when extrapolation of properties from one label to another may be appropriate, or not.



Results

Substantial commonalities (similarities and complementarities) and some noteworthy differences among both labels and the individual properties of Special Places emerge across the five themes examined in this review. These are presented singly first (Tables 2–6), and then the implications of the amalgamated findings are explored in the Discussion section.


Biological and Ecological Features

Commonalities are well represented in the biological and ecological features theme (Table 2). All labels have the presence of substantial biodiversity values as a necessary, and often sufficient, condition for positive status determination. Although this is only implied in the VME Decision, the list of specific biodiversity properties listed as individually sufficient for a positive VME status determination make the “Implied” a sound endorsement of having high biodiversity values. Listing of possible specific justifications for a positive status determination for any of the labels shows almost universal agreement on high priority features of biodiversity. Importance for Specific Life History Features, High Productivity areas, and areas of Regional Biographic Importance are only implied or not referenced explicitly in slightly more cases than the other biological and ecological features. However, this could reflect a lesser degree of splitting ecological properties rather than differing intent, because areas of high productivity or important to specific life history functions of particular species are likely also be rated highly when applying other selection criteria that are explicit in the label-specific Decisions. Areas regionally important for biodiversity are also areas likely to be considered important for high overall biodiversity value (row 1, Table 2) and for having representative biodiversity, so few are likely to be overlooked in sound applications of labels lacking an explicit “regional significance” criterion.

Two columns (labels) stand out from a general endorsement of most criteria as comparatively appropriate for positive status determination: APEIs and LMMAs. The APEI guidance gives habitat features much more explicit importance than population and local ecological community features. As the reference documents make clear, the APEI criteria emphasize features most likely to be available in assessments. This is consistent with the data and information sparseness in many parts of the deep ocean where deep-sea mining concessions have been awarded or are being considered. On each spatial scale from local to hundreds of km2, habitat features are more tractable to delineate than species composition or dynamics of the populations in these deep-sea areas, although again they are likely to be positively correlated (Hewitt et al., 2008; Vassallo et al., 2020).

LMMA determinations do not explicitly recognize most of the biological and ecological features given priority by the other labels. This possibly reflects the very different governance status of LMMAs; Inherent in the concept of LMMAs are the use of local community knowledge and the right of communities to identify features of nature important to their well-being (Gilchrist et al., 2020). There is ample evidence that when efforts of communities in the LMMA network to identify areas of importance are acknowledged and supported, communities are well aware of the value of areas of high productivity, representative biodiversity, special habitat features, and the life histories of key species in the ecosystems, and give such areas careful consideration in planning their activities in the LMMAs (Govan et al., 2009; Cinner et al., 2012; Cohen et al., 2014; Kawaka et al., 2017; Gilchrist et al., 2020). When contrasted with other labels, this does leave a potential weakness in areas identified as warranting enhanced risk aversion in management, as areas important to globally or regionally rare or endangered species and habitats are not explicitly prioritized.



Functions Served by Areas Receiving Enhanced Risk Aversion in Management

When the functions served by areas receiving enhanced risk aversion in management are considered (Table 3), many more features are optional in the sense that they can contribute to a positive decision if present, but their absence does not reduce likelihood of a positive decision if other appropriate features are present. Also functions served, often are implied but not explicit. Our review also found larger differences among the labels in how such functions are considered. All labels include provision for some form of conservation benefits as necessary for positive status determinations. For all but PSSAs, there must be an expectation that the benefits will persist for the long-term. The reason for absence of reference to long-term consequences for PSSAs cannot be resolved without more in-depth investigation. It might merely reflect that the determination of areas as PSSAs focuses on avoiding accidents such as ship strikes and spills, which are inherently episodic, rather than on avoidance of impacts of shipping on the seabed, which is already inherent in safe navigation, and optimal positioning of built infrastructure that alters marine habitats. Shipping does require substantial built infrastructure in near-coastal areas, but many tools and regulatory frameworks already are available for such coastal infrastructure (c.f. Ports & Harbors https://www.iaphworldports.org/pandh/), and PSSA determination might be considered to provide few incremental benefits on managing associated threats to biodiversity. However, there could be additional considerations in play, and study of the dynamics of PSSA identification processes might be needed to clarify the reasons why PSSAs do not require expectation of long-term conservation benefits.

Considering additional functions intended to be served by the various Special Places, most of the labels acknowledge at least three quarters of the specific functions in Table 3, with VMEs and APEIs as the marked outliers. The UN Decision at the root of VMEs does not discuss ecosystem or socio-economic functions of areas designated as VMEs, although the text that sets the standard of VMEs not being exposed to “significant adverse impacts” does not restrict the relevant impacts solely to impacts on structural properties of marine seabed to the exclusion of functions served by the structures. Consequently, such impacts are not excluded from consideration in VME status determinations. For APEIs, the functions not mentioned or inferred in the Guidance are partly related to roles of APEIs in governance of deep-sea mining and partly related to ecological functions often being particularly difficult to document in the deep-sea areas where APEI determination is undertaken. However, even though decisions regarding most other labels do acknowledge or imply it is appropriate to consider most of the functions listed in Table 3, in barely a third of the labels are the presence of individual functions necessary or sufficient for positive status determination. This is in marked contrast with the Biological and Ecological Features theme, where ‘Necessary’ and ‘Sufficient’ scores outnumbered ‘Considered’ or ‘Implied’ by more than 3 to 1.

A few functions were rarely addressed explicitly in the foundational agreements of the assessed labels. This included functions of the area for population dynamics (facilitate dispersal and promote recovery of depleted populations), which could have been considered to have been addressed adequately by more generic functions that were included. Other functions sometimes missing concerned either roles in governance (support decision-making, facilitate achievement of other objectives, serve as assessment benchmarks); where documents establishing VMES and APEIs, in particular, do not call for functions directly supporting decision-making, or human well-being. Those functions, in particular, stand out as a major difference of OECMs and LMMAs relative to all the other labels, as both the latter give particularly high priority to areas contributing to human community well-being and to equity, at least at the scale of those whose livelihoods would be directly affected by the management measures applied in the area. The absence of mention of equity and human well-being in the other foundational documents highlight one important way that labels can differ in important considerations, and are not just all minor variants of a commonly shared vision of Special Places.



Governance

The largest number of factors that were common and distinct enough to score were related to Governance, which was also addressed in quite different ways among the labels (Table 4). Here four of the seven foundational documents (for OECMs, EBSAs, PSSAs and LMMAs) included substantial guidance or standards for governance processes. The documents typically specified that processes had to be supported (and developed if necessary) for identifying and documenting biodiversity, other environmental, social, and economic features of candidate Special Places and for managing those that are accepted (even when the bodies selecting and applying the management measures may not be the bodies making the decision on status relative to the label); and that these processes have to be inclusive, participatory and take into account legitimate roles of multiple levels of governance (and government). For areas to be identified and managed under any of these labels, arguably such processes must exist. Therefore, the fact that some jurisdictions nevertheless spelled out substantial guidance on them in the foundation documents may reflect the importance these jurisdictions attach to how Special Places are identified, gain acceptance and managed for enhanced biodiversity conservation, not just which areas are chosen.

There are very few noteworthy differences among the subset of labels that do lay out expectations for governance. The absence of any clear calls for best available science for LMMAs is consistent with the community-based focus of LMMAs, and the concomitant requirement that regardless of how little or much “science” is available, community knowledge should be prominent in status determinations for LMMAs, and that community values must be respected. This emphasis on community-based governance processes in LMMAs carries on for several other governance features, including support for processes that document social and cultural values of areas under consideration, and takes those values and community knowledge and capacities into account in management, monitoring and evaluation of the biodiversity in LMMAs.

The EBSA Decision has substantial guidance on governance aspects for their determination, but is silent on how management should be governed once an EBSA is recognized. This is consistent with an intent by the CBD to ensure EBSAs are determined to appropriate standards, but also acknowledge the rights of many different jurisdictions and governance processes in applying the provisions of the Decision. On the other hand, the Decision for VMEs lays out several expectations for how jurisdictions are to avoid serious adverse impacts on VMEs, but does not instruct Regional Fisheries Management Organizations (RFMOs) and other fisheries bodies (e.g., national fisheries authorities) how to undertake site determinations.

The foundation documents for KBAs and APEIs have markedly little content on governance. For APEIs this could be because the International Seabed Authority is the only authority likely to identify APEIs, and its existing governance processes were taken into account by those developing the APEU guidance. This is in marked contrast to PSSAs, which has among the most numerous ‘Necessary’ and “Desirable’ governance features, possibly reflecting the desire for great clarity in how authorities, at levels from national to individual cities, are expected to implement PSSAs both within national jurisdictions and where flag carriers operate on the high seas. In contrast, the document first establishing the concept of KBAs intended them to be a general tool for conservation of biodiversity, bringing areas important to biodiversity to the attention of a range of governance process. It was expected that a wide range of both jurisdictions and independent expert groups might preform the case by case site determinations and subsequent management. Guidance on appropriate governance processes can be found in supporting documents (IUCN, 2016), but governance processes themselves are not intrinsic to the KBA related foundational documentation.

A few of the individual scorings under Governance do warrant attention. One of the few P (prohibited) scores was given for Processes Respect Cultural Practices under VMEs. The Decision and Annex are explicit that application of the VME standards is not optional for jurisdictions, and areas that are found to meet the criteria must receive the necessary policy and management measures. Together, those two provisions impede the ability of jurisdictions to allow cultural preferences and dislikes from influencing the processes or outcomes in substantial ways. Only the OECM guidance has determining status relative to Marine Protected Areas as a necessary part of the governance processes. That reflects the intent of OECMs to be a complement to MPAs in larger scale marine conservation efforts, but for reporting relative to Aichi Biodiversity Target 11 and its GBF successors, areas with a range of properties can be reported as one or the other (MPAs or OECMs), but not both.



Presence and Management of Threats and Pressures

The foundation documents for the labels differ most in how threats and their management influence the status determinations (Table 5), although all consider it necessary or at least desirable to remove or reduce pressures on biodiversity in the area associated with the label. The labels vary substantially in their expectations for site vulnerability to be assessed and considered in status designation. Whether or not the absence of priority for site vulnerability is a weakness depends on how that absence affects implementation by the relevant jurisdictions. Should a jurisdiction manage specific pressures, and also use vulnerability of a site to those pressures as a major consideration in status determination, at least challenges could arise. Such an approach could be challenged as a weakness in the evaluation, leaving currently unthreatened sites unprotected, and vulnerable to harm from new pressures or pressures displaced from other areas. Challenges could escalate if jurisdictions were to require vulnerability assessments, with the conscious intent to ensure that areas meeting other criteria but not currently threatened are excluded from positive status determination. Such circumstances could trigger debates between perspectives concerned about vulnerability to potential future threats, and perspectives concerned about status designations incurring high opportunity costs for possible future benefits that might never be realized.

OECMs stand out on threats and their management as having all but one of the scored factors as necessary or at least desirable, consistent with OECM status determination based on evidence of both biodiversity features and that major threats to biodiversity are identified and managed effectively to provide long-term in situ benefits to biodiversity. The only other labels that come close to OECMs in terms of expectations about threat management are APEIs and PSSAs — The jurisdictions using each Ecologically address specific potential threats respectively (deep-sea mining and marine transportation) and are similar to OECMs in prioritizing evidence that measures are in place, are effective, and are within the competence of the jurisdictions that must apply the measures. Standards of evidence that threats are identified and managed effectively are at least much less complete, if not weaker, for EBSAs, KBAs and VMEs. VME evaluations do make it necessary to identify threats that bottom fishing may pose to biodiversity within the VME and take measures to avoid harm, but say little about the standard of evidence needed nor about how VME status decisions might be affected, either positively or negatively, by activities other than fishing in the same areas. In fact, they are specifically discouraged from taking into account the potential consequences of positive status decisions on fisheries operations and other extractive uses.

At the other extreme, positive EBSA status determinations only expect the determination and subsequent management to be consistent with the precautionary approach, and whatever legislation and competencies are held by the jurisdictions in which the EBSA is located. The foundational documents for KBAs are nearly silent on management of threats, beyond actually discouraging the initial status determination from explicit consideration of threats individually, or matching of specific management measures to identified threats. As with governance, the initial steps in KBA status determination focus tightly on biodiversity properties present and outcomes desired with an implicit expectation that other documents by relevant sectors will provide potential guidance on how best to achieve the desired outcomes in relation to threats. LMMA guidance actually does take potential threats into consideration, but again, from a community-based perspective. The planning and management processes applied by appropriately empowered communities must have many of the features of the jurisdictions that oversee the other labels, given that the communities are striving to provide the outcomes that are priorities for them, specifically to counter recognized threats and pressures. One issue of importance is that only OECMs and PSSAs actually require evidence that the management of the threats is effective (or likely to be effective) and does not just shift harmful biodiversity impacts to other species or habitats, although for LMMA status determinations and management to proceed, those threats would have to be managed effectively as well.



Other Considerations

The final amalgamation of Other Considerations (Table 6) was developed to encompass factors that did not fit readily and exclusively into one of the other tables. Some were provisions that were reasonable to consider among the full set of other labels but were not mentioned or implied elsewhere; for example i) effectiveness demonstrated to be comparable to or better than effectiveness of alternative approaches, and ii) replication of areas within larger networks of areas receiving enhanced conservation efforts. Other considerations were that information used in status determinations should be documented and made publicly available, and the boundaries and baseline status of biodiversity inside the boundaries to be specified, which might apply to information needed in any of the other themes. All but OECMs and APEIs called for or strongly implied benchmarks for successful conservation to be identified.

Several factors were expected or implied by all but a single one of the six labels: VME documents being silent on ability to adapt the management to future threats, and documents for OECMs being silent on the need to determine whether the area included in the boundaries was sufficient to meet the goals of the area receiving protection. In the case of VMEs, the requirement that VMEs be protected from significant adverse impacts can be interpreted as expecting management to adapt should, for example, new gears be adopted by deep-sea fisheries. In the OECM case, the fact that evidence of likely effectiveness is necessary for a positive status determination de facto should mean the area is large enough to support the desired biodiversity outcomes. However, in neither case is the body conducting the status determination actually tasked to do the specific evaluations necessary to document the flexibility of responses (VMEs) or adequacy of the area to provide the range of biodiversity outcomes expected from a well-managed area.

In fact, although demonstrating that the coverage of the area receiving a positive status determination is optimal, use of buffer zones around the core areas, having pre-identified responses to possible transgressions of the management measure, and taking implementation capacity into account when making status determinations might be widely useful but are called for or strongly implied in half or fewer of the labels. Reasoning behind this could be varied, but acknowledges that the status of in area assets, especially mobile assets, is linked to factors active over scales larger than the likely area of designation, and therefore is potentially out of the full control of the authority. VME status determinations, in particular, are an obligation of jurisdictions managing deep-sea fisheries. If areas which meet the criteria are found, the jurisdiction must either have the capacity to manage the fisheries to prevent serious adverse impacts or not authorize the fishery to occur. The guidance associated with KBA identification similarly discourages specifying the specific intent and scope of conservation measures implemented in a KBA, encouraging a focus on the biodiversity properties that make the area important, and leaving consideration of management needs and actions for later steps in the conservation planning process.

Given the diverse range and nature of the Other Considerations, comparisons of numbers of the various scores across the labels is unlikely to provide novel insights. However, consistent with the degree of detail found for PSSAs in the other tables, and the number of properties that are implied as present in community-based governance processes at the heart of LMMAs, both PSSAs explicitly and LMMAs by implication do address all or nearly all the factors captured in the table.




Discussion

An informative pattern emerges through this comparative review of labels (Tables 2–6). Starting with the Biological and Ecological Features that can be used to justify positive status determinations, there are few substantive differences among those labels assessed. Even the properties that are not acknowledged as criteria for every label — specifically value for specific life history functions and areas of high productivity — are likely to also characterize areas with properties that meet other criteria, making such attributes implicit if not explicit. Moreover, many of the properties in the table are treated as ‘Necessary’ or ‘Sufficient’ for positive status determination by most or all of the labels. Even the approach for LMMAs, of allowing communities to base their priorities on community values, is likely to result in attaching high importance to areas that possess many of the properties in Table 2. This is reassuring from a conservation perspective, because, when different sectors apply spatial approaches to addressing their biodiversity impacts, areas with important biological or ecological features are likely to be identified as priorities by jurisdictions associated with any of the labels.

Similarity and complementarity across the theme of biological and ecological features provides an opening for efforts to integrate and catalyze management actions across sectors leading their own form of Special Place management. Examples of this include cases of collaboration of ENGOs with local communities that has resulted in rare or endangered species or habitats also being given special consideration in many LMMA initiatives, which bridges even the possible gap in similar bio-ecological priorities across the labels (e.g., Mills et al., 2011; Gilchrist et al., 2020). However, such collaborations may not be universally appropriate strategies, if funding and human resources brought in by the NGOs are used to promote the organization’s own priorities ahead of a community concerns for livelihoods, food security and cultural practices as part of their interest in biodiversity conservation.

Differences do appear when considering the functions that the various forms of Special Places are supposed to serve. There are relatively few differences among labels in the ecosystem and population dynamics functions used as criteria. The exceptions are the VME and APEI status determinations, which do not focus on population and ecological functions, possibly as they are difficult to document in the deep-sea areas for which both labels were developed. The differences among labels are much more pronounced when considering functions the Special Places provide for humanity. Only LMMAs and OECMs treat functional significance to people of comparable importance to ecosystems. The contributions to decision-making from positive status determinations for particular places is at most a secondary consideration in most labels, if it is mentioned at all in the foundation documents. This is an important point as equity for people has been identified as a critical property for achieving robust and lasting compliance in prosecution of biodiversity conservation initiatives (Jonas et al., 2020; Bennett et al., 2021)

Differences become much larger in how both governance and threat management are treated among labels. Many of the differences in how governance and threat management are treated may reflect differences in the competencies of the jurisdictions that developed the respective foundational documentation. However, this is an incomplete explanation for the sources of the differences. The guidance on governance and threat management in the foundation documents is most explicit and detailed for OECMs and PSSAs, even though OECMs were intended to be used by any jurisdiction and PSSAs were intended very specifically for authorities managing marine shipping. A possible explanation of the comparatively greater guidance on governance and threat management is that for OECMs, the jurisdictional bodies likely to apply the criteria identify areas warranting greater risk aversion may not be the bodies that adopt and apply the spatial conservation measures. This hypothesis requires further investigation, but could be a consideration of broader relevance than just spatial approaches to conservation.

The Other Considerations most closely related to properties of individual sites being evaluated, such as having adequate coverage of the ecosystem features intended to receive enhanced protection, clearly delineated boundaries, baseline data and benchmarks, are all present in some way in at least 2/3 of the labels. In contrast, the majority of properties of the processes intended to conduct the evaluations and management are much less universally addressed in the foundation documents of labels.

Even in cases where the differences among labels can be justified, they nevertheless might have consequences for actions by jurisdictions and associated outcomes. The actions and outcomes following a positive status determination could either be required to commence as rapidly as feasible, or the positive determinations could trigger prolonged, polarized, and contested consultation and decision processes that might delay actions by jurisdictions (Johnson et al., 2014; De Santo, 2017; Kubota and Kusumoto, 2020; Shiono et al., 2021). More systematic studies that follow the nature and timetable of governance and management actions triggered by positive and by negative status determinations would be valuable in making most effective use of these approaches to providing enhanced conservation for Special Places.

Although interesting and possibly informative, these patterns amongst properties of labels need to be interpreted with caution. A lack of scores in cells does not necessarily mean that the property is not present in some way. Rather it indicates that every jurisdiction choosing to implement each label, from local to global, has greater freedom to interpret the label according to the institutional and sometimes human cultures involved in the implementation. The absence of a specific property in the list of criteria could simply reflect an institutional culture that already has such features imbedded in its business-as-usual approach and may consider it unnecessary to specify the same features in individual decisions of the institution. On the other hand, the absence of specific properties in the criteria could reflect inability of the jurisdiction to find consensus on the property. This suggests the property could be contentious well beyond its role in identifying Special Places. Either possibility could be a factor in fewer of the foundation documents making reference to properties like specifying management responses if regulations in a Special Place are violated, and taking impacts on other uses of the area into account in status determinations.

Some properties that are widespread as best practices in most jurisdictions, such as assessing the adequacy of the area to receive enhanced protection and institutional transparency through providing complete documentation of decisions (Richards et al., 1996; Gaymer et al., 2014; Bull et al., 2017; DiGregorio et al., 2020; Owusu et al., 2020). They are either explicitly included or strongly implied in most of the label foundation documents. We are seeing that whatever the causes of the differences in attention to properties among the approaches, the relevant jurisdictions gain experience as individual cases are evaluated. This experience is often consolidated into updated additional guidance, and that guidance can become at least as influential on practices as the initial Agreement or Decision was when the label was first adopted. Many other contributions in this volume illustrate cases of such developments in label applications as experience with each label grows.

This may be another aspect where this review has found that there is no “best way” to set criteria intended to result in consistent outcomes. Failing to specify in guidance documents properties that the originating body already has established as routine best practices for its activities can leave concerning voids, if other bodies with their own institutional practices critically assess the approaches of others, or if they adopt and apply criteria without contextual understanding. However, embedding substantial detail in guidance means that the guidance needs to be regularly updated to keep up with evolving practices and growing knowledge. Cases in the literature illustrate both the value of ‘learning by doing’ as advocated by the Addis Adaba Practical Principle 4 https://www.cbd.int/doc/publications/addis-gdlen.pdf) and others (see Knight et al., 2006; Grantham et al., 2010; Roux et al., 2016) and the risk that when expectations are not laid out clearly, differing perspectives can produce differing guidance on implementation of a single label (IUCN, 2019). This can allow partisanship that the initial Agreement or Decision was intended to resolve to resurface at each opportunity for implementation. Our finding that even the need for evidence, let alone the standard that evidence would have to meet, varies substantially across approaches. The foundation documents for the various labels differ greatly in how they treat the matter of what can constitute evidence, highlighting opportunities for both the divisions that Agreements and related documents were intended to resolve to resurface and for new sources of disunity to surface.

The evolution of practice using each label highlights the value of occasional performance reviews not just of individual areas undergoing status determinations under any label, but also of the foundational Agreements or Decisions. Performance reviews can provide insight into both the effectiveness of the provisions in the Agreements and Decisions and how evidence is acquired and used to inform their application. These performance reviews, considering the themes reviewed here, could facilitate learning from a broader range of experiences with area-based conservation measures, and lead to proposals for revisions or augmentation of provisions to address shortcoming in performance of each label. Any Party to the original agreement has scope to voluntarily improve its practices within the interpretational “space” provided in the original Agreement. However, for revised or additional provisions to also be incorporated into Agreements and Decisions, whether binding or voluntary, they must also be adopted in a Plenary or other appropriate institutional process, not just promoted by experts or Parties with experience to share.



Conclusions

Looking at the patterns this review and assessment consolidated across jurisdictions, one of the initial concerns of this paper can be addressed directly. If one specific area is found to meet the biological and ecological criteria of its jurisdictional body, it is likely that it would be consistent with the corresponding criteria for any of the other jurisdictions as well, sometimes on the basis of exactly the same properties and in other cases possibly in combination with additional biological and ecological features. That relative legitimacy of generalization among labels largely, but not wholly, extends to the functions served by the area being evaluated. This is often valid for ecological and population functions, but less often for social and economic functions. However, it is in the Governance and Threat Management and Other Considerations (issues that speak to modes of implementation) that differences among labels are more prominent. Consequently, when a specific area is found to meet the criteria for any single label, it should be viewed as particularly appropriate for evaluation by jurisdictions using the other labels. However, the differences among labels in all the other factors mean that generalization of the status determination from one label to others is less likely to be legitimate without case-by-case consideration of the full range of biological, ecological, social, economic and governance factors against the jurisdiction-specific standards.

The differences emerging from comparison among labels also highlight opportunities to strengthen individual Decisions and Agreements. Adding provisions approved by the respective Plenary (or comparable body) where empty cells occur in the tables might improve performance of all the labels, and their interplay, whereas at present additional considerations are explicitly called for in only a few of them. Candidates to consider include factors such as:

	• Assessing optimality of coverage of the area and effectiveness of measures implemented in the areas;

	• Seeking measures that do not just displace conservation challenges to areas outside the Special Places (often less able to meet them);

	• Use of buffer zones around the core areas;

	• Having pre-identified responses to possible violations of the enhanced measures; and

	• Taking implementation, assessment and management capacity into account when making status determinations.



The distinct features of the LMMA guidance in each table are a noteworthy source of contrasts with the other labels that could be sources of additional provisions to improve practices. Although LMMAs do not explicitly prioritize areas important for globally or regionally rare or endangered species and habitats, they do acknowledge that local communities often have deep familiarity with the ecosystems on which they have depended often for many generations (https://ipbes.net/indigenous-localknowledge). OECMs also stand out as a label that deals fairly comprehensively with all the considerations reviewed.

Ensuring that areas are used and managed in ways consistent with local community or sectoral knowledge might be a strong foundation for positive biodiversity outcomes, as well as strong or improved well-being of the human communities dependent on those area, whether top-down governance dominates or communities are recognized and supported as needed for effective self-governance. In addition, when ENGOs and other interests form partnerships with local communities, such partnerships can use the financial and capacity-building potential of the ENGOs to support projects that benefit the most threatened biodiversity factors in ways in harmony with community practices and values.

If the inter-community dialogue is grounded in transparency and equity, such combination of interests may generate positive outcomes from all perspectives, rather than imposing the trade-offs featured in the narratives of many of the label documents. This would also address the conspicuous absence of the mention of equity and human well-being in most or all the other originating Agreements and Decisions. Even if equity is the only priority property to be adopted as a binding goal by the jurisdictions that are sources of the other labels, it would be a meaningful step towards an overarching objective already globally endorsed in the UN Universal Declaration of Human Rights (https://www.un.org/en/aboutus/universal-declaration-of-human-rights), the CBD and SDGs, and many other overarching agreements. However it is a property conspicuously lacking in the determination and management of areas in need of enhanced conservation and sustainability of use of biodiversity.
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In 2010, the Parties to the Convention on Biological Diversity (CBD) adopted the Aichi Biodiversity Target 11, calling for conserving 10% of the ocean through marine protected areas (MPAs) and “other effective area-based conservation measures” (OECMs), explicitly recognizing that other types of spatial conservation measures beyond areas designated as MPAs may also achieve biodiversity gains. Eight years later, CBD Parties adopted a definition and criteria for OECMs, and by early 2022, only a few OECMs had been reported. The OECM definition clearly requires that the measures be area-based and likely to contribute to conservation. However, conservation need not be their primary objective. Guidance on the extent and limits of what these “area measures” might include is needed. Clarity would assist countries in delivering on the CBD’s Post-2020 Global Biodiversity Framework, with decadal goals incorporating an area-based conservation target, in which OECMs will play a crucial role. To achieve greater recognition of OECMs, countries require sector-specific guidance to guide recognition, listing, and ongoing implementation of OECMs. Here, we evaluate how well area-based fisheries management measures meet the OECM criteria as well as sustainable use principles, broader ecosystem management objectives, and more general biodiversity conservation goals. We systematically review case studies across a broad range of spatial management approaches to provide evidence of correspondence with the OECM criteria, arguing that many with primary objectives related to fisheries sustainability provide co-benefits for biodiversity, and hence biodiversity conservation and sustainable development. This review highlights how fisheries measures can help achieve a number of Sustainable Development Goals alongside the global targets for biodiversity of CBD.
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Introduction

Growing demands and pressures on marine and coastal environments are resulting in inequitable and unwelcome outcomes for social–environmental systems across low- and high-income countries (FAO, 2022). Noting this and the shortfall in capacity and resources for remedial action, the need for integration of effective marine management and conservation has never been greater (Contestabile, 2021; FAO, 2022). In particular, establishing and strengthening spatial management across sectors, including marine protected areas (MPAs) and use of other types of area-based management tools, offers an opportunity to drive positive outcomes for biodiversity and people (Grorud-Colvert et al., 2021).

Numerous global, regional and national initiatives have promoted the use of area-based management tools (ABMTs) in marine and coastal zones. Correspondingly, commitment to using them is prominent in both the United Nations 2030 Agenda for Sustainable Development1 and decadal plans for the conservation of the Convention on Biological Diversity (CBD), in both their Strategic Plan 2010–20202 (CBD, 2010) and in the 2022 negotiations of the Post-2020 Global Biodiversity Framework (termed in this paper as the ‘Post-2020 Framework’). Within the CBD’s Post-2020 Framework, a draft target proposes increasing the coverage of protected areas and other effective area-based conservation measures (OECMs) from 10 to 30% of the ocean by 2030 (CBD, 2021). Although progress toward the global area-based management targets has accelerated, there remains skepticism regarding whether global aspirations for effective and equitable conservation of ‘special’ areas will recognize all efforts in the delivery of this target and whether it will be met.

Well-managed MPAs (particularly no-take MPAs) deliver effective conservation within their boundaries in many regions (e.g., Fenberg et al, 2012; Lester et al., 2009; Giakoumi et al., 2017; Topor et al., 2019), strengthening calls and advocacy for MPAs to be the principal method for conserving marine biodiversity (O’Leary et al., 2016). Yet, others have highlighted their shortcomings, with MPAs receiving criticism for frequent poor placement, design or management, and risks to vulnerable coastal populations reliant on the oceans for food and livelihoods (Agardy et al., 2011; Rife et al., 2013; Bennett and Dearden, 2014; Sowman & Sunde, 2018; Álvarez-Fernández et al., 2020). There are questions about an over reliance on the use of MPAs, one being the challenge of having adequate knowledge and capacity to deliver effective conservation in aquatic systems by environmentally focused authorities that in many cases have weaker connections to governance bodies with a mandate in aquatic systems. Second, there is an issue of finding adequate public funding for this form of biodiversity conservation when designated de novo and unlinked from community livelihood opportunities (Bohorquez et al., 2019).

In the case of MPAs, sustained and appropriate financial and human capacity for designation and effective long-term management often falls to the public purse. Reliance on this funding source can pose difficulties for robust and long-lasting investment (Emerton et al., 2006; Gill et al., 2017) and has contributed to numerous countries reporting coverage levels below the 10% target of the Sustainable Development Goal (SDG) 14.5 and CBD’s Aichi Biodiversity Target 11 (herein referred to as Target 11), with coverage averaging below 6% (UNEP-WCMCIUCN, 2021).

The inclusion of OECMs in the targets of the CBD represents a new opportunity to recognize the delivery of biodiversity conservation in place by a wider range of spatial management practitioners (Alves-Pinto et al., 2021; Beazley et al., 2021; Gurney et al., 2021; Jonas et al., 2021; Rodríguez-Rodríguez et al., 2021; Shackell et al., 2021; Agung et al., 2022; Gissi et al., 2022). Many sectors with established management frameworks use area-based management measures that result in co-benefits for local biodiversity and could qualify as OECMs (Reimer et al., 2021), including in the fisheries sector. Many ABMTs used to manage fisheries (herein collectively referred to as fisheries ABMT) already aim to meet socio-cultural sustainability goals with biodiversity conservation as part of broader ecosystem management approaches, which may well qualify for designation as OECMs, either as is, or with minimal modification (Rice et al., 2018). Recognizing that fishery ABMTs are often intricately linked to food, livelihood, and governance models of people with oversight frameworks already in place, there is an opportunity to potentially incorporate social and cultural norms of local communities for biodiversity conservation as OECMs. This broadens the capture of multi-sectoral efforts to conserve biodiversity under the umbrella of the CBD Post-2020 Framework while lowering the financial burden of inception and ongoing management to national authorities. It also offers recognition of sectoral efforts to conserve biodiversity within a globally recognized framework.

It was not until 2018 that the Parties of the CBD adopted a definition, criteria, and recommendations for OECMs (CBD, 2018). The novelty of the OECM definition and criteria by CBD means that government authorities and the private sector are still setting up standardized processes for the identification, designation, and ongoing management of OECMs. The evolving policy dialog on the development of criteria for identifying OECMs and the subsequent attempts at applying the criteria have illuminated issues in reconciling ABMTs with the novel OECM criteria. Recognizing which area-based management approaches can meet the OECM criteria, with or without modifications, and what contextual factors affect their effectiveness, remains a work in progress. Some headway in exploring a path forward is being made (Rice et al., 2018; ICES, 2021), but more localized delivery of sectoral guidance beyond the OECM definition, criteria, and recommendations of CBD is needed to guide countries in identifying OECMs in the case of fisheries and spur progress in reporting on fishery efforts under the CBD targets.

As countries now face a likely even greater challenge to achieving the proposed increases in spatial management aspirations currently under negotiation in the Post-2020 Framework, they need support in bringing ABMTs into line with the OECM Decision of CBD. Here, we attempt to add value to fisheries actors by taking a critical look at an existing typology of ABMTs used in fisheries management (Rice et al., 2018) to see how well they align with the definition and criteria of CBD for OECMs. We do this by:

	i) summarizing the OECM definition and criteria, and the status of OECM reporting in the marine environment;

	ii) documenting the methodology used to undertake a systematic literature review aimed at identifying fisheries ABMTs that may meet some or all of the OECM criteria; and

	iii) presenting the results of how the reviewed case studies provide evidence for meeting the OECM criteria for the case studies.



The paper concludes by suggesting a positive role that sustainable fisheries management and fishery OECMs can have in area-based biodiversity conservation.


OECM: Definition and Identification Criteria

Following the addition of OECMs to the CBD lexicon in 2010, in November 2018, the 14th Conference of Parties (COP) to the CBD formally adopted a definition, criteria, and recommendations for OECMs, all of which are intended to be applied flexibly and on a case-by-case basis (CBD, 2018). This Decision (CBD, 2018; herein referred to as Decision 14/8) defines OECMs by including reference to their biodiversity outcomes:

“a geographically defined area other than a Protected Area3, which is governed and managed in ways that achieve positive and sustained long-term outcomes for the in situ conservation of biodiversity, with associated ecosystem functions and services and where applicable, cultural, spiritual, socio-economic, and other locally relevant values.”

Furthermore, Decision 14/8 (Annex III) provides 13 Guiding Principles that describe characteristics that OECMs should have, including (1) biodiversity value; (2) contribute to conservation; (3) be in place long-term and in situ; (4) their conservation role is complementary with other roles; (5) a scientific foundation; (6) representativeness and connectivity; (7) consultation processes; (8) capacity-building; (9) empowerment; (10) cultural and spiritual values; (11) governance diversity; (12) knowledge diversity; and (13) transparency and evaluation. In addition, it outlines 4 criteria and 10 sub-criteria that area-based management measures should meet to be considered OECMs (Table 1).


Table 1 | Criteria included in Section B of Annex III to Decision 14/8 relevant for the identification of OECMs.



The OECM guiding principles, definition, criteria, and advice on OECMs are quite specific (CBD/COP/14/L.19). Together, they advance international area-based conservation standards by stressing the central role of equitable governance, effective management, and the need to account for locally relevant values, in addition to lasting biodiversity outcomes. The focus of the OECM definition and criteria on effectiveness in the delivery of biodiversity outcomes and ecosystem services enhances their ability to support the delivery of global biodiversity targets and several SDGs, including poverty eradication (SDG 1), food security (SDG 2), and coastal resilience (SDG 14.2), generating enduring environmental and social benefits for the oceans and people.

To date, although many countries are preparing their responses, few have already applied the OECM concept and only one has officially reported fisheries ABMTs as OECMs (as of June 2022). The analysis presented in this paper is intended to assist the fisheries sector in additional countries and their government authorities in identifying the types of fisheries ABMT are more likely to meet the OECM criteria, thereby encouraging them to conduct assessments that could result in increased identification and reporting of fisheries OECMs.




Materials and Methods


Identifying Publications for the Literature Review

We conducted a systematic literature review with the aim of 1) identifying case studies of ABMTs used to manage fisheries for which positive biodiversity outcomes have been documented in the published literature; and 2) comparing what is documented for each case study relative to the OECM criteria. To develop the search criteria for the review, we began with the wide range of area-based fisheries management measures (ABFM) (Rice et al., 2018) that were considered during a CBD expert workshop tasked with providing input to the development of the OECM definition and criteria that were eventually adopted in Decision 14/8. Decision 14/8 defines ABFM as “formally established, spatially defined fishery management and/or conservation measures, implemented to achieve one or more intended fishery outcomes” [Annex IV B.2(c)].

We used the ABFM categories described by Rice et al. (2018) except for zoning, given that the concept of zoning is frequently integrated into many of the other ABFM categories and is a widespread method for designating the general use of marine areas, often without associated management. We defined our search criteria by combining each of these types of ABFM identified with “AND fish* AND (biodiversity OR conservation).” The final list of ABFM in the search included: benthic protected areas, closed seasons, community conserved areas, fisheries restricted areas, gear ban, locally managed marine areas (LMMAs), marine managed areas, moratorium, move on rule for fishing, real time closures, reserve, ring fencing, rotational closures, sanctuary, territorial use rights for fisheries (TURFs), and vulnerable marine ecosystems (VMEs). Note that using these ABFM in the search criteria ultimately resulted in the identification of literature describing additional types of area-based management being used to manage fishing activities (e.g., biosphere reserves, MPAs, and national parks). This is likely due to the common reference in the literature to such areas being used by states to support fisheries and which function as a de facto fishery-based closed area. For simplicity, throughout the rest of the paper, we refer to the list of ABFM in Rice et al. (2018) and these additional categories collectively as “fisheries ABMTs.

”We followed the PRISMA (Preferred Reporting Items for Systematic Reviews and Meta-Analyses) statement as a guide for this review (Moher et al., 2010). For each search criterion, we conducted a literature review of the first 1000 publications identified in Google Scholar using Harzing’s (2021)4 scientific citation retrieval and analysis tool to capture a wide variety of publication types. We conducted the search in mid-April 2021 and included all publications that included the search criteria for all years before the search. While we recognize that there are likely additional publications on fisheries ABMT case studies that did not appear in this search (e.g., publications in languages other than English), it is not feasible to develop search criteria that will identify all possible case studies. We expect that the search criteria, however, did identify various case studies relevant to this analysis and are not biased toward any one type of fisheries ABMT.

We screened 8,972 publications in our first selection (Figure 1). We excluded all publications that were not in English and removed all duplicates. We reviewed the titles and abstracts for the remaining publications and only retained publications where the titles or abstracts gave some indication that the publication discusses a specific marine fishery or fisheries being managed with area-based measures or a group of such measures. This resulted in 1,071 publications (12.1% of all papers in the initial search) that warranted a full text review. Through this second selection, we reviewed the full text of each of these publications. We were unable to locate the full-text of 60 publications. For the remaining 1,011, we only included publications in the final selection if they reported on specific case studies where marine fisheries are being managed with ABMTs, resulting in 457 publications being included in the final selection. To limit the extent of the review to marine ecosystems, we excluded all publications focused on freshwater fisheries ABMTs (N = 76). We also excluded all publications for which the full text was not in English because of the language limitations of the review team.




Figure 1 | Methodology and search criteria used in the systematic literature review following the PRISMA statement as a guide for this review (Moher et al., 2010).





Analysis of Case Study Texts

For each publication retained in the final selection, we collected the following data: demographic information (author affiliation type, type of literature); basic case study information (type of fisheries ABMT employed, region/country, FAO fishing area, fishery being addressed, stated management objectives, identified species/habitats/ecosystems for conservation, year established); and information documented in the paper related to each of the 4 OECM criteria, 10 sub-criteria and 26 indicators included in Annex III of Decision 14/8. For publications that reported on more than one case study (n = 59, or 12.7% of papers retained for the full assessment), data were collected for each individual ABMT separately where possible. In instances where a publication discussed a geographically connected network of fisheries ABMTs without separately reporting on the individual measures, we collected data about the network. The review resulted in information collected from 669 individual case studies in the database, including 306 individual fisheries ABMTs and 363 fisheries ABMT networks.

Of the 669 case studies for which data were collected, there were 446 unique fisheries ABMT case studies reported (Figure 2), 91 of which were documented by two or more publications. We combined the reported data for each individual case study for which more than one publication was identified in the literature review.




Figure 2 | Locations of the unique fisheries ABMT case studies included in this review.



We first classified each case study by the fisheries ABMT category and the dimensions that constrain these tools, including time, space, and activities. The dimension of time refers to the period during which the ABMT is in place. We consider the time dimension as permanent, temporary, seasonal, real-time, or periodic. A fisheries ABMT is considered permanent when it is in effect year-round and without a particular end date. A fisheries ABMT is also considered “permanent” if, at the end of its duration period, it is subjected to a review with the intent that it will be renewed if specified conditions are met. For example, we considered a TURF concession that can be renewed after a set number of years to be de facto permanent unless the conditions for its renewal are not met. However, a temporary fisheries ABMT is in place for a set period. The expectation is that the measure will be terminated (lifted) after a given time unless conditions call for its renewal, such as a non-permanent closure to recover stocks. A seasonal fisheries ABMT, for example, closures during spawning seasons, goes into effect every year for a duration of less than one year and occurs during the same months/seasons every year (although beginning and end dates may be slightly adjusted every year). A seasonal fisheries ABMT is often nonetheless perennial if repeated every year indefinitely (the measure is seasonal but long-term). Some real-time fisheries ABMTs are triggered by a specific rule, such as meeting a set threshold, and these may last for a variable amount of time. An example is a move-on rule, where a specific rule triggers the movement of the fishery away from a given area, thus creating a de facto closed area.

A rotational fisheries ABMT involves the successive closing and opening of parts of the fishing grounds to specific fisheries or gears. The rotation cycle may be repeated many times, possibly forever. The duration of the rotation cycle and of its opening and closing periods depend on the fishing impact and on the recovery time of the biodiversity attribute(s) being protected. Ultimately, the whole area may be fished, but each sub-area is fished only part of the time. Lastly, occasional fisheries ABMTs are implemented or relaxed when needed, but are not done so seasonally or only on a regularly recurring basis. There may still be rules during the “relaxed period.” An example of such a measure is a taboo area inside an LMMA that may be lifted for exceptional ceremonies.

We refer to the dimension of space as the physical space that is regulated by a fisheries ABMT, including a) how the measure aligns with national jurisdictions (fully within national jurisdiction, fully in the high seas, straddling), and b) how the measure aligns with the distribution of the stock to which the measure is intended to apply (i.e., full or partial protection of the range of the stock). The first three categories depend on the geographical location of the measure, whereas the latter two are depend on the jurisdiction responsible for managing the stock that the measure is intended to conserve. High-seas fisheries ABMTs are located entirely in the high seas and outside of national jurisdiction. State fisheries ABMTs are located entirely shoreward of the EEZ outer boundary lines of one or multiple countries, including measures in more than one state jointly implemented. Straddling fisheries ABMTs are located in the high seas and within the outer boundary line of the EEZ of at least one country. Full fisheries ABMTs have fishing restrictions that apply to the entire geographical range of the stock the measure is intended to conserve, which may be located within the EEZ of a country, or shared between jurisdictions of multiple countries. Partial fisheries ABMTs have fishing restrictions that do not apply to the entire geographical range of the stock the measure is intended to conserve. Since the full and partial fisheries ABMT categories are concerned only with the range of a stock within the EEZs of the States, high sea measures are excluded from these categories.The dimension of activities refers to where opportunities exist to place restrictions on the types of harvesting activities allowed in the fisheries ABMT. Here, we adopt the definition of “fishing” used in Article 1 of the Agreement on Port State Measures to Prevent, Deter, and Eliminate Illegal, Unreported, and Unregulated Fishing: “searching for, attracting, locating, catching, taking or harvesting fish or any activity which can reasonably be expected to result in the attracting, locating, catching, taking or harvesting of fish” (FAO, 2017). We characterized the activity dimension in two ways: total closure and partial closure. Total closure prohibits all harvesting of marine species. Partial closures restrict only certain harvesting activities. For example, they may limit certain gear, methods, target species, or socio-economic categories.



Comparing Fisheries ABMTs to the OECM Criteria

We then reviewed the information in the publication(s) relevant to each case study that could be related to each of the four OECM criteria. In evaluating the performance related to Criterion A—the area is not currently recognized as a protected area—we attempted to identify all individual case studies in our review that have been reported as MPAs to the World Database on Protected Areas (WDPA)5 as of December 2021. Through this process, we searched for each case study name and identified any entries in the WDPA that matched the names used in the publications included in our review. In some cases, the names of the areas used in the case studies did not perfectly match those reported in the WDPA. In those cases, we compared the location of each case study as noted in the publication, with the protected areas mapped for each country in the WDPA. Additionally, we reviewed the case studies that countries have already reported to the World Database on OECMs6 to identify them in this analysis as well.

For Criterion B—the area is governed and managed—we recorded whether authors reported geographic boundaries and a legitimate governance authority for each case study. We also recorded who oversees managing the ABMT, whether indigenous peoples and local communities are involved in management, what the management system consists of, and whether there is a management plan.

To evaluate performance against Criterion C—achieves sustained and effective contribution to in situ conservation of biodiversity—we analyzed the information reported in the publications regarding the perceived or measured consequences for biodiversity resulting from the fisheries ABMT. For fisheries ABMTs to be recognized as OECMs and to contribute toward the achievement of the global biodiversity conservation goals, it is imperative that they contribute to positive biodiversity outcomes. Although fisheries ABMTs are managed to support the sustainable use of fisheries resources, biodiversity conservation is not usually the primary objective of fisheries ABMTs and their contribution to biodiversity might be overlooked. Therefore, we deemed it necessary to explore in more detail the biodiversity conservation outcomes provided by the fisheries ABMTs identified in this literature review. To do so, we used emergent coding to record and group the documented biodiversity conservation outcomes for each individual case study. We categorized the outcomes based on population/species, habitat, or ecosystem level. We note that the range of such reporting is varied in nature, and in data-limited situations, often narrative information collected from fishers is the best information available. It was not always known if controls in place were “likely to achieve (net) positive biodiversity conservation” in the presence of local pressures outside the control of area managers (e.g., human and natural pressures at larger spatial scales than the area, such as fishing pressures operational outside the area; unprecedented heat waves caused by climate change; or natural pressures, such as storms and cyclones). Therefore, as long as a positive biodiversity outcome was mentioned by the case study authors, the case study was scored positively.

Regarding Criterion D—associated ecosystem functions and services and cultural, spiritual, socio-economic, and other locally relevant values—we recorded whether the authors mentioned ecosystem functions and services as being associated with the area covered by the fisheries ABMT. These ecosystem functions and services include provisioning services (e.g., food, fiber, natural medicines, water, shells, decoration), regulating services (e.g., air quality, climate regulation, water quality, coastline protection, erosion reduction, natural hazards), supporting services (e.g., nursery habitats, nutrient cycling, water cycling, photosynthesis), and cultural services (e.g., coastal heritage, ethical values, existence value, aesthetic value, recreation, ecotourism, education).

We assessed how well the case studies corresponded to the OECM criteria. We calculated frequencies based on the fisheries management regime at the time the publication was written, even if management was expected to change. If the fisheries management approach at the time of writing was not provided, the management regime described by the author(s) is not included in the tables. Furthermore, there were seven cases in which an area had been designated but regulations had not yet been put in place. These areas are excluded from the time and activity dimension counts as there were no regulations at the time of writing, but they were included in the space dimension counts as they had defined boundaries. There were relatively few case studies that could be recorded as applying full or partial stock range protection. However, this is mainly because many authors did not specify what stock(s) the measure was intending to conserve. For the activity dimension, if a paper specified that fishing was prohibited, it was assumed that all harvesting of marine species was prohibited.


None of the identified publications is specifically aimed at assessing a case study against the OECM criteria. Therefore, if a publication did not present information allowing the evaluation of one or more of the criteria, we noted the assessment result as “not available” (N/A). An N/A evaluation does not indicate that the fisheries ABMT does not meet the OECM criteria. Rather, it means that, for case studies where the scoring indicated that some criteria were not met, the case study may actually meet the criteria, but that the information was not reported to allow an assessment to be made. Consequently, it means the counts and percentages are minimums, and the various measures could likely address each criterion more often than reported in this review.




Results


Summary of the Literature Review

We identified 20 different categories of fisheries ABMTs used across all case studies identified in the review (Table 2). These categories include those originally identified in Rice et al. (2018) as well as other measures such as biosphere reserves, closed areas, marine reserves, marine sanctuaries, MPAs, and national parks that were identified in the case studies. Although most of the categories can be defined specifically as ABFM, we did identify some fisheries ABMT categories that are used to manage marine resources more broadly than fisheries (i.e., MPAs, biosphere reserves, marine reserves). It was not always clear how the terminology used was adopted or if the original authors respected conventional definitions. Through this review, we found that the most common fisheries ABMTs are referred to in the literature review as marine reserves (n = 88), closed areas (n = 78), and MPAs (n = 56) (Table 2). The types of fisheries ABMT being used employ various constraints and restrictions on human pressures relating to time, space, and types of activities.


Table 2 | Categories of fisheries ABMTs characterized by their constraints in time, space and allowed activities. 




In Table 2, the frequencies for each fisheries ABMT category indicate how many case studies met the constraint definition or for which we considered the constraint met based on the information provided by the author(s). If there was moderate uncertainty around whether the case study met a constraint definition, it is not included in the table. We could define at least one constraint for all case studies in the review. Some case studies met the definition of numerous constraint categories, as only the High Seas, State, and Straddling categories are mutually exclusive. Therefore, they were counted for each constraint that applied (meaning that the categories are not mutually exclusive). For example, an LMMA that contains a permanent closure and an area that is seasonally fished would meet both the permanent and seasonal constraint definitions. If the measure was no longer in place at the time of writing, it was not classified as temporary (n = 5) and was excluded from the frequency counts.



Comparing Fisheries ABMTs to the OECM Criteria

With regard to Criterion A (not a protected area), we found that almost half of the case studies identified in this review (48.9% of all case studies) have been reported as MPAs to the WDPA (Table 3). One-third of the individual case studies in this review (34.8%) have not been reported to the WDPA, although three (e.g., Lophelia Coral Conservation Area, Hawke Box, and Northeast Channel Coral Conservation Area) have been reported as OECMs to the World Database on OECMs. For the remaining case studies (11.2%), it was impossible to determine whether they met Criterion A. This occurred for publications that referenced a network of fisheries ABMTs, where some measures in the network have been declared as MPAs and others have not, and it was impossible to separate the information reported, or when it was unclear whether the case study overlapped with an already reported MPA in the WDPA. The ABMT categories least likely to have been reported as MPAs, and therefore most likely to meet Criterion A, were benthic protected areas, closed seasons, gear ban moratoriums, move-on rules, real-time closures, managed VMEs, and ring fencing. In a minority of cases, references reviewed excluded a specific name and location of the ABMT. In such cases, we could not crosscheck with the WDPA. Given this, it is possible that some case studies included in our subsequent analysis may have already been reported in the WDPA.


Table 3 | Percentage of case studies that meet each OECM criterion by ABMT type.



With regard to Criterion B (Area governed and managed), over two-thirds of the case studies reported geographically defined boundaries (74.9%) and a legitimate governance authority (76%). Over half (58.3%) of the case studies met both criteria, therefore likely meeting Criterion B. The only measures where less than 50% of case studies met this criterion were moratoria and rotational closures. Move-on rules, real-time closures, benthic protected areas, and managed VMEs performed best regarding this criterion.

With regard to Criterion C (Achieves or is expected to achieve sustained biodiversity conservation), the authors of 36.1% of the case studies reported that the ABMT has a positive effect on biodiversity; 7% reported having both positive and negative effects on biodiversity; and 3.6% reported having a negative effect on biodiversity. More than half of the authors did not report explicit judgments about the impact of ABMT on biodiversity, and thus it could not be scored.

Of the case studies for which biodiversity outcomes were reported, only those reported as showing positive effects on biodiversity (including case studies showing both positive and negative effects) were considered to meet Criterion C (43.3%). Using the information reported in this literature review, this was the only individual criterion to be met by less than 50% of case studies. Overall, publications reporting on case studies in this review were less likely to provide adequate information related to Criterion C than for the other three criteria. In the review, publications describing rotational closures, LMMAs, gear bans, and closed areas were most likely to report information in support of Criterion C.


With regard to Criterion D (Associated ecosystem functions and services and cultural, spiritual, socio-economic and other locally relevant values), we found that for 58.1% of the individual case studies, authors reported on management measures that explicitly support the relevant ecosystem services and functions of the area covered by the fisheries ABMT and therefore likely to meet Criterion D. Rotational closures, real-time closures, gear bans, LMMAs, and TURFs performed best in this criterion. However, publications in this review rarely reported on locally relevant values associated with the area where the measures were applied.


Finally, we analyzed how many of the case studies could be argued as potentially meeting different combinations of the four criteria based solely on the information reported in the publications reviewed. A total of 36 fisheries ABMTs (8.1%) were evaluated as likely to meet all four criteria based on the information presented in this literature review (see Appendix A for the relevant publications). Managed VMEs (79%), fisheries sanctuaries (28.6%), and closed seasons (27.7%) are the most likely types of area-based management to meet all OECM criteria. Based on information reported in the publications identified in this review, the fisheries ABMTs that appear to most often meet all criteria include fisheries sanctuaries, closed seasons, benthic protected areas, and LMMAs (Table 3). Additionally, we scored 95 case studies (21.3%) as possibly meeting Criteria B, C, and D.

When looking only at the subset of case studies that meet Criterion A (i.e., they have not already been reported as MPAs), fisheries sanctuaries appear to perform best in meeting the rest of the OECM criteria (Table 4). This suggests that fisheries sanctuaries could be an important starting point for future work on identifying OECMs in the fisheries sector. Note also that 21.3% of the case studies meet Criteria B, C, and D but are characterized by publications in this literature review as MPAs (i.e., they do not meet Criterion A). In such cases, authorities should confirm that they are MPAs by internationally recognized provisions. If they are not formally recognized, states could go through a process to re-label them as either OECMs or internationally recognized MPAs to include them in accounting toward targets within the CBD (and 2030 Agenda) frameworks.


Table 4 | Summary of how the subset of case studies that meet Criterion A (i.e., have not been reported to the WDPA) also meet each of the other OECM criteria by ABMT type.





Typology of ABMT by Conservation Outcome

The most commonly reported indicators of positive species/population-level biodiversity outcomes included maintaining or enhancing species abundance or density; increases in the catch per unit effort; spillover; and increasing length, weight, biomass, and reproductive output of species in the case studies examined (Table 5). Additionally, indicators were reported for many other biodiversity outcomes (Figure 3). For example, at the habitat level, the most frequently reported outcome was the protection of a vulnerable or endangered habitat (Figure 4). Outcomes at the ecosystem level were much less frequently documented (Figure 5). Of the case studies included in this review, demersal and benthic communities were reported more frequently than pelagic communities. Additionally, several case studies reported improved ecological community cohesion, ecosystem structure and function, or conserving representative natural ecosystems. The limitations of this review were that biodiversity outcomes were not comprehensively reported for many case studies or the focus of the study was not on biodiversity outcomes. Given this, the percentage results presented here likely under-report potential biodiversity outcomes that are actually being achieved.


Table 5 | Summary of case studies with documented positive biodiversity outcomes by category of fisheries ABMT.






Figure 3 | Frequency of case studies for which population/species level biodiversity conservation outcomes were reported.






Figure 4 | Frequency of case studies for which habitat level biodiversity conservation outcomes were reported.






Figure 5 | Frequency of case studies for which ecosystem level biodiversity conservation outcomes were reported.






Discussion

This review of fisheries ABMTs in the literature assessed the likely overlap of such areas with the OECM criteria and offered tangible insights into the scope of the fisheries sector to receive biodiversity conservation recognition within international conventions. The designation and implementation of OECMs as a new internationally recognized description of spatial measures supporting biodiversity conservation provides an opportunity to use knowledge of the linkages among fisheries and other sectors to deliver coordinated strategies for biodiversity and people. This is welcome as fisheries ABMTs may offer both the fisheries sector and countries a greater opportunity to deliver on international conservation commitments.

OECMs provide an opportunity to use knowledge of the linkages among fisheries, biodiversity, and other sectors to design and implement concrete actions toward coordinated management strategies and policies. Given that the primary objectives of fisheries ABMTs are related to fisheries sustainability with improved biodiversity conservation as an additional objective, they are likely to generate multiple benefits for social, ecological, and economic development and provide a more flexible context for candid and transparent community dialog on alternative ways to balance conflicting interests. This makes OECMs recognized and managed by or for the fisheries sector particularly relevant to reconciling food security, biodiversity conservation, and sustainable development and to helping achieve several SDG targets alongside global biodiversity targets.

We found that although the case study ABMT literature did not hold a comprehensive overview on fisheries spatial measures, it did reveal a continuum on what types of fisheries ABMTs might be most eligible for delivery against the area-based conservation targets of CBD. The development of a practical typology with unambiguous categories for information eligibility was difficult, as descriptions of fisheries ABMTs revealed overlapping dimensions in space, time, and human activities, or were missing definitive components of the required information to show direct congruence between the case studies and OECM criteria. However, the results showed that few fisheries ABMT categories are likely, by definition, to be accepted or rejected as OECMs solely based on their definition on paper, and the results reinforced the idea that recognizing a fisheries ABMT as an OECM will depend on its unique area characteristics. This will require access to context-specific information on a case-by-case basis—where, when, and how individual measures are governed and applied.

The results of this review highlight the ranked likelihood of which categories of fisheries ABMTs most consistently aligned to the criteria of OECMs, as well as where work would need to be invested to extract more information for such a task. In particular, information supporting OECM Criteria A (not a protected area), B (area governed and managed), and D (associated ecosystem functions and services and cultural, spiritual, socio-economic, and other locally relevant values) is frequently reported for well-managed fisheries ABMTs, whereas criterion C (achieves or is expected to achieve sustained biodiversity conservation) is the criterion for which comparative coherence with OECM criteria was most challenging to assess with the information reported in the literature. Since biodiversity conservation is usually not a primary objective of fisheries ABMTs, information required to support Criterion C was less well documented, including on secondary or ancillary biodiversity outcomes that such fisheries ABMTs achieve.

This review suggests a need to encourage authors to report information on biodiversity outcomes when publishing on cases where fisheries ABMTs are used and highlight where future efforts to build capacity are needed in the areas associated with those fisheries ABMTs. There are few well-recognized metrics for reporting such outcomes, which also highlight the need for building capacity and international agreement on how to measure progress, or likely opportunities for progress, on such issues. Additionally, the use of terminology in the literature is not necessarily standardized, and investment in standardizing terminology and not introducing unnecessary new terminology will help in cross-sectoral discussions and understanding.

Many of the requirements of fisheries management present in the internationally adopted Code of Conduct for Responsible Fishing (FAO, 1995) reflect well against the OECM criteria. Most fishing activities, if effectively managed, could be operated in ways, times, and places where impacts on mobile life forms, the seabed, and other biotic community features can be kept within safe ecological limits so that biodiversity can remain stable or improve. This means that most fisheries ABMTs should be able to permit a range of fishing activities while still delivering the outcomes expected of an OECM, if the fisheries can act in a way that reflects the OECM criteria while monitoring and reporting effectively. However, many fisheries ABMTs might not meet the OECM criteria as they currently exist. Additionally, the categorization of a given measure as a type of fisheries ABMT does not ensure eligibility as an OECM through control of fishery activity alone. Even a complete closure of an area to all direct and indirect fisheries impacts might not result in the measure being classified as an OECM if the reason for biodiversity depletion is outside the control of the sector (e.g., long-term contamination of the area by pollution). Yet, even for categories that do not fare as well against the OECM criteria, there is the opportunity for relevant stakeholders to make practical changes in the governance, controls, monitoring, evaluation, and reporting to meet the OECM criteria.

Beyond the questions addressed in this study, other questions remain unanswered regarding how countries should move ahead in recognizing OECMs under fisheries governance and OECMs in general. For example, there is a lack of clarity regarding the issue of the duration of a fisheries ABMT with regard to the OECM criteria given there are varied descriptions of what “long-term” could mean in either the fisheries or the biodiversity context. Furthermore, the boundaries of OECMs will have to be dynamic to some extent, to account for climate change and the dynamic aquatic systems that marine systems represent. These issues will need to be addressed by the international community sooner rather than later if the fisheries sector is to embrace the concept of OECMs and be accepted as a valid contribution to CBD Post-2020 biodiversity conservation targets. Lastly, this review focused exclusively on fisheries ABMTs in the marine environment. However, area-based management is also commonly used to manage freshwater fisheries resources. Future work should include an analysis of freshwater ABMTs to highlight their contribution to biodiversity conservation.



Conclusion

Now that we have surpassed 2020, the CBD Strategic Plan for Biodiversity 2011–2020, including its Aichi Biodiversity Targets, gives way to new aspirations in the soon-to-be-finalized Post-2020 Global Biodiversity Framework, which is scheduled to be adopted in late 2022. This new framework will create new global targets, including a likely headline target to increase the percent coverage of marine spatial management, with the aim of achieving by 2030 a radical increase in coverage of MPAs and OECMs. However, given that most countries have not yet reached the 10% goal set by Target 11, and countries are only now beginning to promote the establishment of OECMs through cross-sectoral engagement, countries will be expected to expand their use of a range of recognized spatial management. This includes increasing the coverage of OECMs—including through recognition of fisheries ABMTs as OECMs—and tapping into the opportunities provided by sectoral-led spatial management approaches instead of being reliant solely on MPAs. This still requires the building of a common understanding and interpretation of the factors of importance that make fisheries ABMTs comply with OECM criteria, including which type of fisheries ABMT is used and, more importantly, how it is applied in a particular context. The extent to which ABMTs can support the achievement of the SDGs and CBD targets also depends on the effectiveness of the conservation benefits they can deliver (Geldmann et al., 2015; De Santo, 2018; Zafra-Calvo and Geldmann, 2020), which are enhanced by the active engagement of ocean users (Charles and Wilson, 2009; Christie et al., 2017; Reimer et al., 2021).

The evolution and growth of the discussion on OECMs provides an opportunity to take a more pluralistic and grounded approach to conserving and sustainably using the oceans. This study addresses some of the knowledge gaps by providing a scaled assessment of how reporting on fisheries ABMTs indicates which fisheries area-based approaches are most likely to comply with the OECM criteria, but also which information collation efforts need to be focused on to conduct such a task. This review and assessment shows that fisheries ABMTs produce a broad range of positive biodiversity outcomes related to the conservation of target species and other biodiversity features. This demonstrates that some fisheries ABMTs, as presently implemented or through minor adjustments, could be recognized as OECMs, allowing their contribution to biodiversity conservation goals to be internationally recognized and spurring further efforts by the fisheries sector to uptake conservation goals of relevance to the global Convention.

The results of this study highlight the value that recognizing fisheries ABMTs as OECMs could bring to achieving global coverage and progress on spatial conservation of marine biodiversity. Although there is already some guidance on OECMs (IUCN-WCPA, 2019), sector-specific guidance remains an outstanding requirement to support countries in evaluating fisheries ABMTs against the OECM criteria. If possible, the investment of the global community in the delivery of this guidance should recognize regional differences in management capacities, which have hindered the progress of CBD targets until now and action on the use of OECMs as well.

Finally, there is a need to look at the bigger picture regarding the achievement of biodiversity conservation goals. OECMs and MPAs should be part of the toolbox, along with sustainable use, using ecosystem approaches across 100% of the ocean, with measures of spatial protection included as just part of the strategy for improving people’s relationship with the rest of nature. As such, highlighting the concept of effectiveness in achieving positive biodiversity conservation outcomes needs to be central to all management of social–environmental systems. Blending all approaches and ensuring each is implemented with effective monitoring systems in place—that respond adaptively to feedback on overall performance—can set us on a pathway to achieve the goal of 100% of the oceans being effectively managed.



Data Availability Statement

The original contributions presented in the study are included in the article/Supplementary Material. Further inquiries can be directed to the corresponding author.



Author Contributions

AH-C oversaw the review, led the design of the search strategy, paper screening protocol, data collection and analysis and data interpretation, conducted thematic analysis and co-wrote the manuscript. JLS assisted in the design of the search strategy, paper screening protocol, data collection and analysis and data interpretation, conducted thematic analysis and co-wrote the manuscript. CP and CM conducted the search, screened the papers, conducted the thematic analysis, and co-wrote the manuscript. JR, KF, SG, and DF reviewed the findings of the thematic analysis, verified scientific merit, and contributed to the discussion. All authors listed have made a substantial, direct, and intellectual contribution to the work and approved it for publication.



Acknowledgments

We would like to thank the anonymous reviewers of this journal for their constructive comments and suggestions for improving this paper. We would also like to thank Kristin Hoelting, Imen Meliane and Tundi Agardy for their insightful comments and suggestions as we developed the literature review and manuscript FAO gratefully acknowledges the financial support from the Government of Japan for publishing this paper through the project “The Programme for supporting the sustainable use of fisheries resources in the twenty-first century” (GCP/GLO/173/JPN). CP and CM gratefully acknowledge scholarship support from the Dayton "Lee" Alverson Endowed Fellowship, University of Washington.



Supplementary Material

The Supplementary Material for this article can be found online at: https://www.frontiersin.org/articles/10.3389/fmars.2022.932283/full#supplementary-material



Footnotes

1The United Nations 2030 Agenda for Sustainable Development (UNGA, 2015) stimulates national and regional action towards sustainable development via 17 Sustainable Development Goals (SDGs) and 169 associated targets. Specifically, SDG 14 – life below water – is a call to “conserve and sustainably use the oceans, seas, and marine resources for sustainable development” by 2030. Target 14.2 calls on countries to “By 2020, sustainably manage and protect marine and coastal ecosystems to avoid significant adverse impacts, including by strengthening their resilience, and take action for their restoration in order to achieve healthy and productive oceans” and Target 14.5 calls for countries to “By 2020, conserve at least 10 per cent of coastal and marine areas, consistent with national and international law and based on the best available scientific information.”

2The Convention on Biological Diversity’s (CBD) Strategic Plan 2010-2020 includes 20 targets—the Aichi Biodiversity Targets—as a means to achieve the vision that “by 2050, biodiversity is valued, conserved, restored and wisely used, maintaining ecosystem wservices, sustaining a healthy planet and delivering benefits essential for all people.” Similarly to the SDG 14.5, the Aichi Biodiversity Target 11 (Target 11)—part of the CBD’s Strategic Plan 2010-2020—called for conserving “at least 10 per cent of coastal and marine areas, especially areas of particular importance for biodiversity and ecosystem services, through effectively and equitably managed, ecologically representative, and well-connected systems of protected areas and other effective area-based conservation measures” by 2020 (CBD, 2010).

3A protected area is defined as “a geographically defined area which is designated or regulated and managed to achieve specific conservation objectives” (CBD, 1992).

4Harzing A. (2021). Publish or Perish. Retrieved 9 March 2022 from: https://harzing.com/resources/publish-or-perish.

5The WDPA is the central database for protected areas that is reported to the CBD. Retrieved December 2021 https://www.protectedplanet.net/en/thematic-areas/wdpa?tab=WDPA.

6The World Database on OECMs is the central database for OECMs that are reported to the CBD. Retrieved June 2022 from: https://www.protectedplanet.net/en/thematic-areas/oecms?tab=OECMs.
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Understanding metapopulation dynamics is critical for effective species conservation, but they are not always considered for marine species due to difficulties in assessing connectivity in marine environments. This is particularly true for species that are rare or threatened, as demographic and life history data are usually sparse. We employ Lagrangian Particle Tracking (LPT) to assess metapopulation dynamics and inform spatial management measures for the Atlantic Mud Piddock (AMP; Barnea truncata), a poorly studied and threatened marine bivalve mollusk in Canada, whose distribution in the country is limited to a single population in the Minas Basin, Nova Scotia. In a series of simulations designed to account for uncertainty in biological attributes of AMP, we identified that sub-populations along the southern coastline of the Minas Basin were the most strongly connected to other sub-populations by acting as the greatest sources and sinks of simulated larvae. Propagules released from the Minas Basin dispersed as far as the US coast of the Gulf of Maine, which harbors the closest known population of AMP outside of the Minas Basin. However, there was no exchange of larvae in the opposite direction, from the US population of AMP in the Gulf of Maine to the Minas Basin. These results suggest that sub-populations in the Minas Basin are self-sustaining (i.e., sub-populations that exchange larvae and ultimately act as a meta-population), supporting the need to protect critical source sites along the southern coastline for the regional persistence of this species. More generally, these results show how LPT outputs can be directly applied to conservation planning, and used to identify key knowledge gaps to address with future work to reduce uncertainty in model predictions.
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Introduction

Maintaining metapopulation connectivity has emerged as a primary goal of species conservation due to its role in supporting resilience in seascapes and landscapes where disturbances are heterogeneous in space and time (Crowder et al., 2000; Botsford et al., 2001; Gaines et al., 2003; Samways et al., 2020). Disturbances can cause significant population loss on local scales, but this can be mitigated by the immigration of individuals or propagules from nearby sub-populations (Brown and Kodric-Brown, 1977; Pulliam, 1988; Heinrichs et al., 2018). Protecting multiple connected sub-populations (i.e., metapopulation) and the mechanisms by which they are connected reduces the likelihood that a species will become extinct due to a local disturbance (Hanski 1998; Cowen et al., 2006; Treml et al., 2008), and supports resilience by promoting genetic diversity (Hanski and Gilpin, 1997). However, it is not always practical to protect entire metapopulations, so sub-populations are often prioritized for conservation based on their relative contribution to overall metapopulation sustainability, with sub-populations identified as primary sources of individuals receiving the highest priority (Crowder et al., 2000).

Conservation measures may fall short of meeting target objectives if they fail to account for source-sink dynamics (Burgess et al., 2014), yet in many cases connectivity is not accounted for in conservation planning (Gilroy & Edwards, 2017). This is likely because of the complexity of describing source-sink dynamics, which traditionally requires detailed estimates of population growth rate based on births, deaths, and emigration/immigration (Holt, 1985; Pulliam, 1988; Runge et al., 2006). Immigration and emigration can be estimated from direct measurements of species movements between sub-populations (e.g., tagging, tracking and mark/recapture studies), but such measures are difficult or impossible to acquire for marine species that are microscopic and/or those that disperse during larval stages. (DiBacco et al., 2006)). As a result, connectivity via larval dispersal remains one of the most common areas of uncertainty in the design and optimization of Marine Protected Areas employed to identify and protect meta-populations (Cowen and Sponagule, 2009; Burgess et al., 2014)

Conservation planning is especially challenging for rare and cryptic species for which distribution and demographic data are usually sparse or incomplete. Genetic analysis may be a powerful tool in these situations for describing population structure (Storfer et al., 2006; Peery et al., 2008), but genetic techniques have their limitations (Lowe and Allendorf, 2010). Moreover, collecting tissue samples for genetic analysis can be difficult and potentially damaging for populations of rare and threatened species. Coupled biological-physical models are a complementary and, in some cases primary method for evaluating population connectivity and assessing source/sink dynamics. Lagrangian particle track (LPT) modelling is used to describe the movements of simulated larvae, spores, sediments, plastics, etc. (i.e. particles) in the ocean environment, and has a range of applications (van Sebille et al., 2018), including modelling larval dispersal and assessing population connectivity (North et al., 2008; Botsford et al., 2009; Davies et al., 2014; van Sebille et al., 2018). Model outputs can be used to quantify larval exchange among extant sub-populations or defined regions and to generate connectivity matrices. Particle tracking is advantageous over other methods of assessing connectivity in that it demands relatively limited empirical biological data and can be used more easily than other methods to investigate connectivity over a range of spatial scales. Moreover, LPT offers the opportunity to analyze connectivity over a range of time scales, including those which are shorter than detected by genetics, and the influence of stochastic events, seasonal and interannual change. Where there is uncertainty in the biology of a species, LPT can be used to explicitly test the effects and sensitivity of unknown parameters on connectivity (e.g., swimming speeds, larval development time [PLD]). Prior studies have shown good concordance between particle modelling results and other methods of assessing connectivity, such as genetics and empirical connectivity data (Haase et al., 2012; Sponagule et al., 2012; Pujolar et al., 2013, Davies et al., 2014).

Barnea truncata, commonly known as the Atlantic mud-piddock (AMP) is a threatened species of bivalve in Canada (COSEWIC, 2009). Throughout its global range, it is found intertidally in soft muds, mudstones, and peats (Frank, 2009), but it’s distribution in Canada is limited to the red mudstone found only at its northern range limit in the Minas Basin, Nova Scotia. The viability of available red mudstone habitat for AMP in the Minas Basin has been variable through time, owing to strong tidal forces, storm-driven coastal erosion, and sediment deposition, leading to sub-population instability in some parts of the Minas Basin (COSEWIC, 2009; Clark et al., 2019). Moreover, climate change, dredging, coastal development, and tidal energy extraction pose more recent and serious threats to the persistence of AMP sub-populations (DFO, 2010; Wu et al., 2015). Given the restricted range of the species in Canada, limited habitat availability, and current and future threats to its population, AMP was listed as Threatened on Schedule 1 of the Species at Risk Act (SARA) in 2017. The nearest known population outside of the Minas Basin is at least 350 km away in the US portion of coastal Gulf of Maine, and currently it is unknown whether these two distant sub-populations are connected. Such information is critical towards understanding whether the AMP population in the Minas Basin is potentially self-sustaining and what implications population loss in the Minas Basin or coastal Gulf of Maine has for the regional persistence of the species.

Identifying critical habitat and describing sub-population connectivity within the Minas Basin and between the US and Canada are key aspects of the AMP recovery strategy (DFO, 2010). In response to this, field surveys were conducted in 2017-2018 to describe the current distribution and extent of known sub-populations of AMP in the Minas Basin, and to provide some qualitative estimates of changes in sub-population sizes at extant sites based on limited historical data (Clark et al., 2019). Clark et al. (2019) identified 16 AMP sub-populations within the Minas Basin, but there is no existing information on sub-population connectivity among these sites (COSEWIC, 2009; Clark et al., 2019). More generally, little is known about the biology of the species, with most information available for Canadian sub-populations originating from personal communications, records of occurrence, and taxonomic and morphological descriptions (COSEWIC, 2009; Clark et al., 2019). There have been only a few studies of AMP throughout its global range published in the primary literature (see COSEWIC, 2009), with one study of larval development rates conducted in Virginia, USA (Chanley, 1965).

In this study, we conduct model experiments to investigate factors influencing metapopulation dynamics of AMP by simulating the dispersal of AMP larvae (i.e. particles) within and outside of the Minas Basin using LPT modelling. We parameterize the model based on the best available information on the species’ distribution, spawning seasonality, larval development, and sinking and swimming behavior. Model outputs are used to describe potential connectivity (hereafter referred to as connectivity) between local, disjunct sub-populations and distinct sub-regions within the Minas Basin. Given uncertainty in some of the biological characteristics of the species, we also investigate how connectivity varies among spawning months, planktonic larval durations (PLD), and larval behaviors (i.e. passively sinking vs. active vertical swimming). Connectivity was also assessed for larvae originating from known sub-populations in the Minas Basin to regions of the Bay of Fundy and Gulf of Maine, which represents the northern range limit of B. truncata outside of Canada (COSEWIC, 2009), and from the Gulf of Maine to the Minas Basin. Our results describe source-sink dynamics and inform the prioritization of sub-populations within the Minas Basin for conservation measures. We highlight key issues for future study on this species, including where future field sampling efforts should be directed to better characterize the distribution of the species in Atlantic Canada and New England, USA.



Materials and methods


AMP characterization

To simulate spawning and larval dispersal, particles were seeded in particle tracking simulations at 16 sites where AMP are known to occur within the Minas Basin (i.e. suitable habitat, Figure 1), as identified by field surveys in Clark et al. (2019). Sites were defined as circles whose centroid points were located where noted by field surveys (Clark et al., 2019) and size scaled to the population area recorded in Clark et al. (2019). Particles were then randomly seeded throughout each site, with the numbers of particles per site proportional to the total area for each site (total particles summed across sites = 50,000) (Figure 1). To investigate the potential for larvae released in the Gulf of Maine to reach the Minas Basin, particles were released in 2 bands of varying widths (0.5 km and 1 km) that extended continuously along the outer New England coast from Ipswich Bay, Massachusetts to the Canada/US border (0.5 km width band shown in Figure S1). This approach was used because reports of AMP populations along the Gulf of Maine are anecdotal with no coordinates associated with observations (COSEWIC, 2009). Using a band gives the best chance at identifying any location in the Gulf of Maine that potentially contributes as a source of larvae to the Bay of Fundy. The chosen band widths represent our estimate of the potential distribution of larvae spawned from this high intertidal species in the early days of larval release. The 0.5 km band width represents the most likely nearshore distribution of the larvae within a couple days of spawning but including a 1.0 km band allows us account for some uncertainty in this estimate in our assessment of potential connectivity.




Figure 1 | (A) Site locations (yellow and black circles) within sub-regional delineations (as colored bands) in the Minas Basin. (B) Broader regional delineations, including the Minas Basin (NW, NE, SW, S, SW 1 and SW 2), inner, middle, and outer regions of the Bay of Fundy (BoF), and northern, middle and southern regions of the Gulf of Maine (GoM).



In addition to advection and diffusion, particles moved vertically according to two particle vertical “behaviors”: 1) sinking (i.e. passive), and 2) sinking plus vertical swimming (i.e. swimming). For swimming simulations, larvae would swim towards a preferred depth at each model time step at a swimming speed that was randomly selected from a normal distribution with a mean and standard deviation of 2.4 and 2 mm s-1, respectively, to a maximum of 3 mm s-1 and a minimum of zero (Chia et al., 1984; Tremblay and Sinclair, 1990). There have been no direct studies of swimming behaviour in AMP, so we based this behaviour in our model on in situ observations of other bivalve larvae studied in the Bay of Fundy (e.g., Tremblay and Sinclair, 1990). The mean preferred depth was set at 15 m, which corresponds approximately to the model’s estimate of the average summer mixed layer depth throughout the Bay of Fundy. Where the bathymetry was shallower than 15 m, the particle’s preferred depth was instead set to half of the bathymetry. A random quantity within the range of 75% of the distance between the preferred depth and the bathymetric depth (to a maximum of 10 m) was added to the preferred depth to give some variation in particle preferred depth in a given location. The sinking rate of particles was set to a random quantity sampled from a normal distribution with a mean and standard deviation of 0.6 and 0.3 mm s-1, respectively, to a maximum of 1.3 mm s-1 and minimum of zero (Mann et al., 1991). If particles reached the surface or lowest depth limit of the model domain or the coastline, they were reflected at a displacement equal to the distance the particle would have travelled out of the model domain.

Planktonic larval duration (PLD) has been estimated at around 35 days from a laboratory study conducted in Virginia, USA (Chanley, 1965). It is expected that the PLD may be longer for the population in the Bay of Fundy, however, as cooler waters typically result in longer larval development time (Widdows, 1991; COSEWIC, 2009; Talmage and Gobler, 2011). Given this uncertainty, we evaluated source/sink connectivity at two maximum PLDs (40 days and 56 days) and implemented a competency period corresponding to the last 8 days of the PLD, during which larvae can settle if they encounter suitable habitat (i.e. realized model PLDs are 33-40 days, and 49-56 days) and particles are assumed to settle at first contact with suitable habitat (defined as suitable habitat sites, as above, or sub-regions defined within the Minas Basin, Bay of Fundy, and Gulf of Maine, see below). Chanley (1965) spawned AMP in Virginia from mid-May through September, but spawning has been observed to start later in the Minas Basin due to colder water temperatures (A. Hebda, pers. Comm.). Therefore, we simulate spawning in July and August.



Model description

The hydrodynamic model used in this study is based on the Finite-Volume Community Ocean Model (FVCOM), which solves the free surface, employs mode time split technology, and uses sigma coordinates in the vertical direction and a triangle mesh system in the horizontal directions (Chen et al., 2003; Chen et al., 2006). The highest resolution is in shallow coastal waters, including the Minas Basin. The model topography is based on high resolution survey data (50 to 200 m) from the Canadian Hydrographic Service (CHS) and smoothed to reduce sigma-coordinate pressure gradient truncation errors. The model is vertically discretized into 45 layers based on a hybrid terrain-following coordinate, with the vertical resolution of the model increasing near the surface and bottom (0.3-3m resolution in the surface layers above 15m). The triangle grid system is spatially flexible to fit complex coastal lines with the grid cell size ranging from 0.0028 km2 in near-shore waters to 73.85 km2 in the open ocean. At the same time, flooding and drying processes in tidal flat areas are simulated with mass-conserving wetting and drying treatment. The model domain covers the Bay of Fundy, Gulf of Maine, Georges Bank and Scotian Shelf, extending to the shelf break. The model runs under air forcing, initial conditions and lateral boundary conditions of water elevations, currents, temperature, and salinity derived from the daily reanalysis results of GLORYS12v1 (Jean-Michel et al., 2021). At the ocean boundaries, harmonic constants (amplitudes and phases) of seven major tidal constituents (M2, S2, N2, O1, K1, P1, and Q1) are derived from the tidal dataset of FES2014 (Lyard et al., 2016). The model has been validated with observational data including water elevations, currents, temperature, and salinity. Models were run in FORTRAN, and more detailed information about the model can be found in Feng et al. (2022).

The LPT model used in this study includes the modules for three-dimensional advection, vertical and horizontal turbulence and biological behavior (Feng et al., 2018). The particle tracking model was run offline using hourly data from the hydrodynamic model. The fourth-order Runge-Kutta scheme with a time step of 120 seconds was used to model 3-D particle displacement due to advection, while displacement due to vertical turbulence was modelled with a random walk that accounts for the gradient in vertical diffusivity (Visser, 1997). The time step used in the random walk was set to 5s. Hydrodynamic fields used in the model were from the year 2017.



Simulations

All particles in the Minas Basin were released at 1 m below the sea surface at the spring high slack tide on two dates: 25 July and 24 August 2017 (Figure S2). Release timing was limited to high spring tides, when adult AMP distributed in the mid to high intertidal are completely submerged (Clark et al., 2019). All combinations of release date and behavior (passive and swimming) were run for 56 days total, ending on 18 September for the July simulations and 19 October for the August simulations (Table S1). In the Gulf of Maine simulations, particles were released at 1 m below the surface on 24 August 2017 at high slack tide and run for 56 days with swimming behaviour, ending on 19 October (Table S1). To investigate the potential for release timing to effect connectivity with the Bay of Fundy, Gulf of Maine particles were also released one hour before and one hour after this time.



Analysis

Model outputs were analyzed to describe site and sub-regional connectivity in each simulation at two maximum planktonic larval durations (40 and 56 days). Site-to-site connectivity within the Minas Basin was estimated by enumerating the number of particles originating at each site that settled within each of the other site delineations (black circles shown on Figure 1) within an 8-day competency period (33-40 days, 49-56 days). The number of particles arriving in each suitable habitat site was then standardized to the total area of each settlement site (Table 1) to assess the number of particles settled per unit area (m2).


Table 1 | Site number, name, and corresponding sub-region, as well as the GPS location (centroid latitude, centroid longitude) size (site area), and the number of particles seeded at each site.



The study area was also delineated to assess connectivity on a sub-regional scale based on knowledge of local bay dynamics. Within the Minas Basin, the intertidal zone was defined as model grid nodes that were dry at any point in time in August (colored polygons shown in Figure 1A), and this intertidal area was divided into 6 sub-regions based on cardinal direction and cross-shore features suspected to affect connectivity [e.g. Economy Point, Burntcoat Head (Figure 1A)]. Outside of the Minas Basin, the Bay of Fundy was delineated into inner, middle, and outer regions, while the Gulf of Maine was divided into northern, middle, and southern regions (Figure 1B). Regional delineations outside of the Minas Basin do not include any definition of suitable habitat or intertidal area. Site-to-region connectivity was assessed by enumerating the number of particles that originated at each site and subsequently arrived within a defined region (intertidal sub-regions within the Minas Basin, northern, middle, and southern Gulf of Maine, and inner, middle, and outer Bay of Fundy) by the end of each competency window. Within the Minas Basin (only), particles ending up in any area outside of defined sites (site to site connectivity analysis) or intertidal sub-regions (site to sub-region connectivity analysis) were designated as arriving in unsuitable habitat. Outside the Minas Basin, there was no designation of suitable or unsuitable habitat.

Site to site connectivity results were analyzed using generalized linear mixed effects models (GLMM). To investigate the relative importance of settlement sub-region and biological factors on settlement patterns across suitable habitat sites, the first model evaluated the effects of PLD (33-40 days, 49-56 days), spawning month (July, August), behavior (passive, swimming), settlement sub-region (NW, NE, S, SE and SW Minas 1 & 2), and the interaction between all pairs of factors on the total number of particles settling within suitable habitat sites within the Minas Basin in each simulation (sampling unit is simulation-site). The second model analyzed the contribution of sub-regions as sources of particles by including source sub-region instead of settlement sub-region in the same model, with all other factors included. Settlement site was included as a random factor in these models, while all other factors were considered fixed. To investigate the effects of biological factors on settlement patterns across regions within the Minas Basin, two generalized linear models (GLMs) were constructed. The first analyzes the effects of PLD (33-40 days, 49-56 days), spawning month (July or August), behavior (passive vs. swimming), settlement sub-region (NW, NE, S, SE and SW Minas 2), and the interaction between all pairs of factors on the total number of particles settling within intertidal area within the Minas Basin. The second regional model analyzed the contribution of sub-regions as sources of particles by including source sub-region instead of settlement sub-region in the same model, with all other factors included. Data are counts did not meet the assumptions of normality and homogeneity of variances, so the nb.glmer function in the nlme package in R (Pinheiro et al., 2020) was used to fit a negative binomial model to the site connectivity data and the glm.nb function from the MASS package in R was fit to the regional connectivity data. Statistical significance was assessed at alpha = 0.05.




Results


Site to site connectivity

In all simulations, regardless of spawning season, behavior and PLD, settlement was highest at sites within the SE Minas and S Minas regions, particularly sites 3, 8, 9, 13, 14, and 16 (Figures 2F–M, S3-S10, Table S3). Most of these particles originated from sites within the same two regions, SE and S Minas (i.e., sites 1, 2, 3, 8, 9, 13, 14, 16) (Figures 4F–M, S3-S10, Table S4). Total settlement at suitable habitat sites within all regions was higher in August compared to July, with a significant interaction between settlement region and spawning month driven by a higher settlement of particles within the S Minas region in August as compared to July (Figures 3A, B, Table 2, Table S3). Sites within the NW, NE and SW Minas 2 regions were larger sources and sinks of particles in August than July (Figures 2A–E, N–P, 3A–D, 4A–E, N–P, Tables 2A, B), but their importance overall as source and sink sites was low in both spawning months relative to the S and SE Minas regions (Figures 2F–M, 3A–D, 4F–M). The effects of behaviour and PLD on settlement were inconsistent across regions, as indicated by a significant interaction with settlement region in statistical models (Table 2), with some regions experiencing higher settlement with longer PLDs and when particles were swimming (Figure 2). In all simulations, most particles settled in unsuitable habitat in the Minas Basin (19-63%) or Inner Bay of Fundy (22-66%, Figure 5), but the percentage of particles retained within the Minas Basin (suitable or unsuitable habitat) was higher for particles exhibiting behavior (swimming: 40-76%, passive: 26-42%) during simulations in both spawning months and at both PLDs (Figure 5).




Figure 2 | The number of particles settled at each site (see sites 1-16, Figure 1) in the Minas Basin (A–P) in each simulation. Bar colours show the relative proportion from each source sub-region, and each panel has a colored horizontal line to indicate settlement sub-region. Percentages above each bar indicate the total percent of particles settling at each site in each simulation. Simulations with passive particles have gray shaded backgrounds while simulations with swimming particles have white shaded backgrounds.






Figure 3 | (A, B) The mean number of particles settled at suitable habitat sites within each sub-region for the two spawning months, and (C, D) the mean number of particles settling at suitable habitat sites from each source sub-region in the two simulation months. Means are calculated from all simulations in each month to show that the effects of spawning month and source/sink subregions are relatively consistent across simulations. Bars show means +/- standard error.






Figure 4 | The number of particles from each source site that settled at suitable habitat sites (A–P) in each simulation. Bar colours show the proportion in each settlement sub-region, and each panel has a colored horizontal line to indicate source sub-region. Percentages above each bar indicate the total percent of particles settling at each site in each simulation. Simulations with passive particles have gray shaded backgrounds while simulations with swimming particles have white shaded backgrounds.




Table 2 | Results of generalized linear mixed effects models (GLMM) examining factors affecting settlement at suitable habitat sites within the Minas Basin.






Figure 5 | The proportion of total particles in each simulation settling at suitable habitat sites, colored by sub-region within the Minas Basin, as well as unsuitable habitat within the Minas Basin, and regions in the Bay of Fundy and Gulf of Maine.



After standardizing the number of particles settled at each site by the site area, site 16 (S Minas region) received the highest or second highest density of particles of all sites in nearly all simulations (except for July passive, both PLDs) (Figure 6). Select sites within the NW (i.e., sites 6, 11), SW Minas 2 (i.e., 5, 7), and NE Minas Basin (i.e., 15) regions also received relatively high numbers of particles per unit area. These patterns were most prominent in the August simulations (Figure 6).




Figure 6 | The number of particles settled at each site in each simulation, standardized by the settlement site area (shown in Figure 1). Bars are colored by the settlement sub-region, and results from July simulations are in the top row (A–D), while results from August simulations are in the bottom row (E–H).





Site to sub-region connectivity

On a sub-regional scale, settlement dynamics were significantly different between July and August (Figures 7, 8, Table 3), though a significant interaction between spawning month and source/settlement sub-region indicates that seasonal patterns varied by sub-region. The majority of particles modelled in July simulations ended up in unsuitable habitat either in the central Minas Basin (12.9-50%) or the Inner Bay of Fundy (29.4-61.6%) (Figures 7G–J, 8, 9A, S11). In July, the highest settlement (p<0.05) in intertidal sub-regions within the Minas Basin (not just at strictly defined suitable habitat sites) occurred in the NW (3.8-8.0% of the total number of particles), SE (2.4-5.8%), and SW Minas 2 (2.3-3.6%) regions (Table S5), though most particles did not settle in suitable habitat sites, particularly for the NW and NE Minas sub-regions (Figures 7A–C, F, 8A–D). Most of the particles arriving in intertidal sub-regions within the Minas Basin originated from sites within the SE Minas sub-region (blue bars, Figure S11, statistical significance in Table S6), and to a lesser extent the S Minas sub-regions (yellow bars, Figure S11, statistical significance in Table S6). Sub-regional patterns were largely similar regardless of behavior and PLD, though there were slightly more particles retained within unsuitable habitat in the Minas Basin and arriving in the S Minas basin sub-region when they were given swimming behavior (26.7-50.0%) vs. passive dispersal (12.9-26.2%), indicated by a statistically significant interaction between behavior and settlement sub-region in statistical models (Figures 7G, 8, S11, Table 3, Tables S5, S6). The effects of PLD on regional settlement dynamics was inconsistent, and this factor interacted with settlement sub-region in statistical models (Figure 7, Table 3).




Figure 7 | The number of particles settled by region. Within the Minas Basin, sub-regions represent all intertidal area (not just strictly defined sites), while outside of the Minas Basin, regions include all intertidal and subtidal area. Bar colours represent settlement sub-region, and percentages show the percent of total particles released that settled within that sub-region. Also shown are particles settled in unsuitable habitat in the Minas Basin (G). Panels A-F denote settlement sub-region within the Minas Basin, panels H-J denote settlement within the Bay of Fundy, and K-M denote settlement within the Gulf of Maine. Simulations with passive particles have gray shaded backgrounds while simulations with swimming particles have white shaded backgrounds.






Figure 8 | Density plot showing the number of particles settling in 0.005 x 0.005 degree bins within the Minas Basin for the July (A–D) and August (E–H) swimming simulations at PLDs of 40 (A, B, E, F) and 56 (C, D, G, H) days. Yellow colors indicate higher particle numbers, and blue colors indicate lower particle numbers. Note, the total number of particles in some cells was higher than 25, but the scale was capped at this value to show spatial variation more clearly in particle densities (data also shown in Figure 7).




Table 3 | Results of generalized linear models (GLMs) examining factors affecting settlement within sub-regions of the Minas Basin.






Figure 9 | Results showing examples of connectivity between Minas Basin and the Gulf of Maine. (A) shows the location of particles released from sites within the NW Minas sub-region after 56 days when released in July and given swimming behavior. (B) shows the final locations of particles released in a 1 km width band along the coast of the Gulf of Maine in August 24, 2017 at 17:00 and given swimming behaviour. The green circle on the right panel shows the final location of the only particle that entered the Bay of Fundy from the Gulf of Maine.



This contrasted with sub-regional settlement dynamics in August, in which settlement within intertidal sub-regions within the Minas Basin was higher overall than in July (Figures 7A–F, 8, S12). Also, in August there was a clear trend towards select southern regions within the Minas Basin receiving considerably more particles (i.e., S: 11.6-30.1%, SW Minas 2: 7.8-12.2%) than northern regions (NW: 0.7-4.9%, NE: 2.2-6.2%) (Figures 7A–F, 8, S12, Table S5). The S (yellow bars, Figure S12, Table S6) and SE Minas (blue bars, Figure S12, Table S6) sub-regions contributed the most particles to suitable habitat sites, as compared to sites in other sub-regions. Behavior had a more prominent effect on sub-regional connectivity dynamics in August than July, as indicated by a significant interaction between these two factors (Table 3) with more particles being retained within the Minas Basin when particles were given swimming behavior versus when they dispersed passively (passive: 36-45.1%, swimming: 65.9-77.6%) (Figures 7A–F, 8, S12, Table S5). The majority of the swimming particles in August simulations were retained in unsuitable habitat within the central Minas Basin (15.4-28.8%), or the S Minas Basin (24.8-30.2%), as compared to passive particles in August, which were mainly exported to the Inner Bay of Fundy (50.1-52.7%) or retained within the NW (4.6-4.9%), NE (4.8-6.2%), SE (1.5-2.6%), and SW Minas 1 (0.5-0.9%) or 2 sub-regions (7.8-10.0%, Figures 7A–M, 8, S11, Table S5).



Connectivity with the Gulf of Maine

Only particles that were assigned swimming behavior dispersed into the Gulf of Maine (Figure 7). The northern region of the Gulf of Maine received the most particles at a PLD of 49-55 days (July: 337 particles, 0.7%; August: 279 particles, 0.6%) followed by the middle region (July: 47 particles, 0.1%; August: 16 particles, 0.03%), while no particles dispersed to the southern Gulf of Maine (Figures 7, 9A). Fewer particles dispersed into the northern (July: 27 particles, 0.1%, August: 5 particles, 0.01%) and middle regions (July: 0 particles, 0%, August, 3 particles, 0.01%) of the Gulf of Maine at the shorter PLD of 33-40 days.

Particles seeded in the Gulf of Maine generally moved southward with shoreward retention (Figure 9B). There were no particles initialized in the Gulf of Maine that reached the Minas Basin, and effectively no particles (i.e., only one out of 7080 total particles) released entered the southernmost part of the outer Bay of Fundy (Table S2, Figure 9). This particle originated from the northernmost part of the seeded 1.0 km band, while none of particles seeded closer to shore (i.e., 0.5 km band) reached the Bay of Fundy (Table S2). Release timing effected this connectivity somewhat, with the only instance in which particles seeded in the 1 km band reached the Bay of Fundy being when they were release at one hour past slack tide (19:00, Table S2)




Discussion

In this study, we used LPT modelling to quantify source/sink dynamics among extant sites for the AMP in the Minas Basin, including evaluating how connectivity was affected by variations in spawning seasonality, behavior and planktonic larval duration (PLD). Our results show that sites along the southern coastline of the Minas Basin (S and SE sub-regions) serve as the most important sources and sinks of particles (e.g., Figure 3). This finding was consistent across simulations, regardless of variations in spawning month, behavior, and PLD. Prior field surveys highlighted that the S and SE Minas sub-regions have the highest concentration and most extensive sub-populations of AMP, and largest suitable habitat area in the Minas Basin (Clark et al., 2019). These sub-populations have also remained relatively stable through time as compared to sites in other sub-regions of the Minas Basin, such as Economy Point and Parrsboro in the NW Minas sub-region (Clark et al., 2019). Given the high sub-population density, large cumulative sub-population area, relatively high habitat stability, and strong role of sites in the region as sources and sinks of particles, our results combined with existing field data provide evidence that sites along the S and SE coast of the Minas Basin should be prioritized for protection against coastal development activities that may disturb this critical habitat.

Sub-regional connectivity modelling showed that the NE and NW Minas sub-regions also receive a consistent larval supply from the S and SE Minas sub-regions (Figure 2, S11, 12), and when the number of particles settling in these sub-regions is standardized per unit area, settlement is among the highest of any sub-region within the Minas Basin (Figure 6). Field studies have noted that red mudstone habitat area along the northern coastline of the Minas Basin is relatively small and unstable through time with several AMP sub-populations in that sub-region having been extirpated over the past couple decades due to an increase in the presence of fine silt and sediment (Clark et al., 2019). This suggests that the relatively small sub-populations in this area may be the result of limited suitable habitat, rather than larval supply. However, this also suggests that if there were an increase in suitable habitat in the area due to changes in sedimentation and scouring dynamics, larval supply may promote sub-population establishment and growth.

Though there was a high degree of consistency across simulations in the relative importance of sites as sources and sinks of particles, the overall magnitude of settlement at suitable habitat sites was significantly higher in August as compared to July (Figure 5). Most particles retained within the Minas Basin in July simulations ended up in unsuitable habitat in the central basin and Minas Passage, whereas more particles were transported shoreward to southern sub-regions (e.g., S and SW Minas 2) in August. Monthly changes in circulation patterns are driven by variation in atmospheric conditions, particularly rainfall, winds, temperature, and stochastic events (e.g. storms) (Chen et al., 2006). Our results suggest that even within-season (e.g. summer; July vs. Aug) variation in resulting circulation patterns was sufficient to significantly affect settlement dynamics of AMP. The magnitude of variability due to inter-annual changes in atmospheric forcing conditions is not assessed in this work, which employed 2017 conditions to drive model hydrodynamics. The relatively high sensitivity of our modelling results to monthly changes in hydrodynamic conditions suggests that the impacts of environmental variability on connectivity is an important consideration for future study, including the effects of inter-annual variability and extreme (stochastic) events.

Larval swimming behavior and PLD also affected transport and settlement patterns of AMP to some degree within the Minas Basin, but this effect was inconsistent across sub-regions and spawning months as indicated by statistically significant interactions between behavior, PLD, settlement sub-region, and spawning month. Swimming had a stronger effect on sub-regional connectivity dynamics, with more particles reaching the outer Bay of Fundy and the Gulf of Maine when they were assigned swimming behavior than when they were dispersing passively (Figure 7). Larval swimming speeds are generally comparable to or greater than vertical transport processes (Queiroga and Blanton, 2005). However, high tides in the Minas Basin cause turbulent velocities in the vertical dimension that exceed larval swimming speeds, causing larvae to mix throughout the water column in those sub-regions (Figure S13A). This likely contributed to the inconsistent effect of larval swimming behavior on connectivity within the Minas Basin. By contrast, swimming particles in the Bay of Fundy maintained a noticeably shallower position in the water column (associated with their preferred depth being the mixed layer depth) than particles that dispersed passively (i.e. sinking only), which tended to be distributed throughout or concentrated in bottom layers of the water column due to gravitational sinking (Figure S13B). As a result, swimming particles were transported farther southwestward down the coasts of New Brunswick and Maine than in simulations where particles were sinking only (Figure S13) due to higher mean currents in a southwestward direction near the surface (e.g. Greenberg, 1984) as compared to considerably weaker currents at depth (Figure S14). This is evidence that implemented vertical swimming behavior at swimming velocities realistic to bivalve larvae (Chia et al., 1984) can have a dramatic effect on lateral transport dynamics where turbulent processes are minimal and as horizontal currents vary with depth (Tremblay and Sinclair, 1990; DiBacco et al., 2001; Queiroga and Blanton, 2004; DiBacco and Therriault, 2015).

Across all simulations, most particles (~90-95%) ended up in unsuitable habitat within the Minas Basin or in the Inner Bay of Fundy (Figures 5, 7). No AMP populations have been identified in the Bay of Fundy despite our modelling results that suggest many coastal areas in this region likely receive a high supply of AMP larvae. Despite the lack of mudstone substrate in the Bay of Fundy, the fact that AMP are known to establish in other habitat types (e.g. muds and peats) (COSEWIC, 2009) suggests that larval supply from the Minas Basin could support population establishment in the Inner Bay of Fundy in these substrates (Greenlaw et al., 2012). Our modelling results suggest that future work to characterize suitable AMP substrate types could help establish currently unidentified sub-populations and monitor for the establishment of new populations along the Inner Bay of Fundy.

The US coast of the Gulf of Maine hosts the closest anecdotal populations of the AMP, but these populations are separated by ~350 km from those in the Minas Basin (COSEWIC, 2009). It is currently unknown whether populations in these regions are connected via larval dispersal. Our simulations suggest that there is the potential for larvae released in the Minas Basin to reach the Northern and even the middle coast of Maine. Particles arriving in the Gulf of Maine (295 and 385 total in July and August) originated at all sites within the Minas Basin, but larger sites located in the NW Minas sub-region and closest to the entrance of the Minas Basin (Economy, site 4; Parrsboro, site 10) contributed the most particles (20% and 49% of the particles reaching the Gulf of Maine in July and August). The opposite was not true since particles originating at sites within the Gulf of Maine did not disperse to the Minas Basin. There was only one particle originating at the northern region of the release bands with a width of 1.0 km from shore that dispersed to the western-most region of the Outer Bay of Fundy. This is consistent with regional circulation characterized by surface flow to the southwest along the northern coasts of the Bay of Fundy and Gulf of Maine (Greenberg, 1984). The fact that particles concentrated and released closer to shore (i.e., 0.5 km release band) did not supply any particles to the Bay of Fundy provides additional evidence that AMP larvae released from intertidal areas are unlikely to disperse northwards to the Bay of Fundy or the Minas Basin. Overall, these results indicate some potential for sub-populations within the Minas Basin to supply larvae to the Gulf of Maine, but no connectivity in the opposite direction. Therefore, it is likely that the Minas Basin metapopulation is self-sustaining, further supporting the need for the protection of critical habitat and especially predominant source/sink sites along the southern coastline of the Minas Basin.


Implications for conservation planning and future research directions

Overall, our results demonstrate how outputs from Lagrangian Particle Tracking (LPT) can directly inform conservation planning by elucidating sub-population source/sink dynamics, even for a species with sparse demographic and life history data. Our model was parameterized using the best available information for AMP, including the locations and area of substrate colonized by AMP sub-populations, as well as information for related taxa when it was not available for AMP. We designed our simulations to consider the greatest sources of uncertainty for AMP, which included the spawning seasonality, larval behavior and development time, and compared simulations to describe common patterns in source-sink dynamics. Our simulations consistently pointed to sites along the southern coastline of the Minas Basin as the most highly connected to other sites and sub-regions, both supplying the most particles to suitable habitat within the Minas Basin and receiving the highest number particles across simulations. This is supported by field surveys, which identified the largest and most persistent AMP sub-populations in these areas (Clark et al., 2019). This suggests that sites along the southern coastline likely play any important role in contributing to metapopulation sustainability and should be a priority for spatial conservation measures.

Model outputs also highlight the need for future studies, in particular sensitivity analyses for model parameters that contributed the most to variability in connectivity estimates and dynamics. Of the parameters we considered, settlement dynamics varied most strongly between simulation months, with significantly higher settlement in suitable habitat in August as compared to July. This highlights the sensitivity of our model results to variability in environmental conditions, and points to the need to characterize potential impacts of intra- and interannual variability, extreme events, and climate change on AMP dispersal dynamics. This is particularly important since our model results employed hypodynamic conditions for a single year (2017). Running our model for additional months and years, including climate-based projections, would help to assess the sensitivity of source/sink dynamics to these different parameters. Further, while our results indicate a low potential for connectivity of AMP in the direction of the Gulf of Maine to the Minas Basin, extreme events could alter these dispersal dynamics and effect our conclusions about potential connectivity with Gulf of Maine populations. Nevertheless, prior studies show the same generalized flow dynamics in the Bay of Fundy and Gulf of Maine (Greenberg, 1984; Brickman 2014), with the mouth of the Bay of Fundy representing a well-known biogeographic barrier characterized by limited connectivity from the Gulf of Maine to the Bay of Fundy (Einfeldt et al., 2014; 2017). In addition to the long-term effects of climate change on circulation patterns, the increased frequency and intensity of storms (Knutson et al., 2015) is likely to influence the availability and suitability of habitat within the Minas Basin through changes in sedimentation, which can be modelled and examined in relation to source/sink dynamics (Clark et al., 2019).

Simulation results can also be used to direct further study into the distribution and biology of AMP. In particular, they can be used to inform future efforts to delineate populations that may exist, but are currently unknown, such as in regions of the Inner Bay of Fundy that received a high larval supply or the areas west of Tennycape (site 16) along the southern coastline of the Minas Basin. Our simulation results can also be used to prioritize resources for monitoring areas of the coastline for AMP sub-populations where the amount of suitable habitat may change in the future, for example the NW Minas sub-region where larval supply is relatively high, but sub-population abundance is low due to a lack of suitable habitat. The sensitivity of our modelling results to the seasonal timing of particle release also points to the need for further study into the seasonality of AMP spawning, including the timing of larval release with respect to the tidal cycle and number of spawns per year. Also, better characterizing aspects of their larval behaviour and development during dispersal, including swimming speeds, the response of larvae to environmental cues (e.g. vertical density gradients/mixed layer depth), and environmental effects (e.g., temperature) on larval development rates will improve predictions of source/sink dynamics within the Minas Basin, and further resolve potential linkages between the Minas Basin and Gulf of Maine populations, as particles only dispersed into the Gulf of Maine when they were assigned swimming behavior. It is also important to note that only 50,000 particles were used per simulation due to computational limitations, which is a significant underrepresentation of the actual number of larvae released naturally. True metapopulation connectivity could be established by including data on sub-population density, fecundity at size, larval mortality, and the number of spawns per year into our model, if they become available, and these data would help to elucidate the role of recruitment dynamics in driving the lack of AMP at sites that were extirpated or with small sub-populations (Clark et al., 2019). Genetic analyses could also help to elucidate regional connectivity dynamics between the Minas Basin and Gulf of Maine, which are important to resolve given their implications for the regional persistence of the species.

Our results also help to highlight the other anthropogenic factors that are likely to most affect AMP in the future, particularly those activities that alter circulation dynamics within the Minas Basin. Tidal energy development is expected to significantly alter the magnitude and direction of advective currents (Neill et al., 2009; Wu et al., 2015), which clearly has the potential to impact source/sink dynamics of AMP, as well as the availability of suitable habitat for the species through changes in tidal ranges and sedimentation dynamics (Neill et al., 2009). Source/sink dynamics will also change in response to losses and gains of suitable habitat due to dredging and coastal development, as sub-populations disappear and become established in different areas of the Minas Basin. In particular, activities that threaten sites along the southern coastline of the Minas Basin should be carefully monitored and managed, as they have the greatest potential to impact the stability of the entire metapopulation in the short and long term.

In general, our results provide a useful example of how maintaining metapopulation sustainability can promote the persistence of a species (Hanski and Gilpin, 1997; Cowen et al., 2006; Treml et al., 2008). Suitable habitat is highly dynamic within the Minas Basin by nature of strong tidal flows, with some areas experiencing more frequent disturbances that can cause local species extinctions (Clark et al., 2019). Our results suggest that sub-populations along the southern coastline of the Minas Basin, which have remained relatively stable through time, are likely responsible for enabling sub-population recovery in areas where the availability of suitable habitat is more variable (e.g. northern coastline of the Minas Basin). Moreover, our result show that sub-populations within the Minas Basin may supply larvae to the Gulf of Maine, with the potential for sub-populations in the Minas Basin to mitigate the effects of disturbance on Gulf of Maine populations. It is evident in this case how conservation measures may fall short of promoting species persistence within the Minas Basin and over the broader region if they fail to account for these connectivity dynamics and prioritize key source-sink sub-populations for protection. Though our results would undoubtedly be improved by refinements to model parameters, including estimates of sub-population size, fecundity, and larval mortality, they are immediately useful for designing spatial management measures, and for identifying the most pertinent areas for future research into this poorly understood and threatened marine species.
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Area-based conservation is essential to safeguard declining biodiversity. Several approaches have been developed for identifying networks of globally important areas based on the delineation of sites or seascapes of importance for various elements of biodiversity (e.g., birds, marine mammals). Sharks, rays, and chimaeras are facing a biodiversity crisis with an estimated 37% of species threatened with extinction driven by overfishing. Yet spatial planning tools often fail to consider the habitat needs critical for their survival. The Important Shark and Ray Area (ISRA) approach is proposed as a response to the dire global status of sharks, rays, and chimaeras. A set of four globally standardized scientific criteria, with seven sub-criteria, was developed based on input collated during four shark, biodiversity, and policy expert workshops conducted in 2022. The ISRA Criteria provide a framework to identify discrete, three-dimensional portions of habitat important for one or more shark, ray, or chimaera species, that have the potential to be delineated and managed for conservation. The ISRA Criteria can be applied to all environments where sharks occur (marine, estuarine, and freshwater) and consider the diversity of species, their complex behaviors and ecology, and biological needs. The identification of ISRAs will guide the development, design, and application of area-based conservation initiatives for sharks, rays, and chimaeras, and contribute to their recovery.




Keywords: biodiversity, chimaeras, conservation, Important Shark And Ray Areas (ISRA), marine spatial planning (MSP), protected areas, rays (fish), threatened species



1 Introduction

Biodiversity loss is a global concern and establishing measures to address its conservation is a priority for governments, policy makers, and conservation scientists worldwide (Selig et al., 2014). The accelerating impact of anthropogenic activities on the environment (such as resource use, habitat destruction, and/or climate change) makes protecting and restoring global biodiversity vital to securing Earth’s resilience to further environmental change (Rands et al., 2010; Lockwood et al., 2012). Area-based protection is a cornerstone for halting the loss of biodiversity, and the number of initiatives focused on identifying key sites or seascapes of importance for biodiversity conservation has proliferated in recent decades (Convention on Biological Diversity [CBD], 2010; Donald et al., 2019). 

The first such approach, Important Bird and Biodiversity Areas1 (IBAs), was developed in response to knowledge gaps on where the most important sites for birds were located. This program guided the identification of discrete bird and biodiversity sites that could be managed for conservation (Donald et al., 2019). Over time, IBAs have contributed to spatial planning and the design of protected areas specifically adapted to the ecology of birds. IBAs have been widely used to inform the description of other area-based approaches for identifying important sites crucial for preserving biodiversity, such as the Convention on Biological Diversity (CBD) process for describing the oceans’ Ecologically or Biologically Significant Areas2 (EBSAs) (Clark et al., 2014; Dunn et al., 2014; Johnson et al., 2018), and Key Biodiversity Areas3 (KBAs) (Eken et al., 2004; Langhammer et al., 2007; International Union for Conservation of Nature [IUCN], 2016)  (Table 1). Both EBSAs and KBAs identify areas of ecological importance for a range of taxa or specific habitats that may require special management considerations, including area-based management that takes species or habitat needs and vulnerability to a range of activities into consideration (Dunn et al., 2014).


Table 1 | Definitions of Important Bird and Biodiversity Areas (IBAs) (Donald et al., 2019), Ecologically or Biologically Significant Areas (EBSAs) (Clark et al., 2014), Key Biodiversity Areas (KBAs) (Eken et al., 2004), Important Marine Mammal Areas (IMMAs) (Corrigan et al., 2014), Important Marine Turtle Areas (IMTAs) (Bandimere et al., 2021), and Important Shark and Ray Areas (ISRAs).



These often-complementary approaches support the identification of vital habitats for plant and/or animal species in terrestrial and aquatic ecosystems and have been used to guide implementation of the Strategic Plan for Biodiversity 2011–2020 and its Aichi Biodiversity Targets (Carr et al., 2020). Specifically, Aichi Target 11 stipulates that ‘at least 17% of terrestrial and inland water, and 10% of coastal and marine areas, especially areas of particular importance for biodiversity, are conserved through effectively and equitably managed, ecologically representative, and well-connected systems of protected areas and other effective area-based conservation measures’ (Convention on Biological Diversity [CBD], 2022a). Agreement on these targets was followed by a rapid expansion of protected areas worldwide with, for example, the total marine area covered increasing from 0.67% of the world’s ocean in 2000 to 8.09% in 2022 (UNEP-WCMC 2021).

The CBD is now negotiating a Post-2020 Global Biodiversity Framework to set new conservation targets, with intermediate goals to halt and reverse biodiversity loss by 2030 while achieving recovery and restoration by 2050 (Convention on Biological Diversity [CBD], 2020). This includes negotiations ‘to protect and conserve 30 per cent of land and sea areas through well-connected systems of protected areas and other effective area-based conservation measures by 2030’ (known as the 30x30 initiative; Convention on Biological Diversity [CBD], 2021a; Convention on Biological Diversity [CBD], 2021b). The importance of protected areas for preventing further biodiversity loss is also recognized under other international agreements and United Nations (UN) resolutions including the UN Sustainable Development Goals (SDG) (e.g., SDG 14: ‘conserve and sustainably use the oceans, seas, and marine resources for sustainable development’; United Nations [UN], 2016; UNEP-WCMC 2021). With protected areas seen as a critical component for halting the global biodiversity crisis, targets set in these international agreements have stimulated the increased development of protected area networks worldwide. The knowledge of terrestrial and aquatic biodiversity generated by the IBA, EBSA, and KBA processes has been integral in the identification and design of these areas.

Despite the uptake and contributions of the above approaches to spatial planning, protected areas were still failing to consider the specific habitat needs of some species and often provided insufficient protection for ecosystems (Hoyt, 2005; Notarbartolo di Sciara et al., 2016; Lindegren et al., 2018; Tetley et al., 2022). In particular, global efforts to compile, analyze, and disseminate data on important sites for species groups such as marine mammals and marine turtles lagged behind those for seabirds. Hence, limited representation of these species in spatial planning processes was highlighted as a challenge to conservation (Corrigan et al., 2014; Bandimere et al., 2021). To overcome this, taxon-specific biogeographical approaches, including Important Marine Mammal Areas4 (IMMAs) (Corrigan et al., 2014; Tetley et al., 2022) and Important Marine Turtle Areas5 (IMTAs) (Bandimere et al., 2021), were developed to ensure robust data are available to support conservation planning and inform protection efforts at the species-level across a broader range of taxa (Table 1).

Like marine mammals and marine turtles, the class Chondrichthyes (sharks, rays, and chimaeras [ghost sharks], hereafter ‘sharks’) is a taxonomic group of high conservation concern. The most recent global IUCN Red List of Threatened Species™ (hereafter ‘IUCN Red List’) assessment of sharks estimated that over one third of species (37%, range 32.6–45.5%) are threatened with extinction (i.e., included in the categories Critically Endangered, Endangered, or Vulnerable; Dulvy et al., 2021). The status of certain groups, taxa, or regions is worse. Three quarters of oceanic species are threatened with extinction (Pacoureau et al., 2021) and all but one of the 16 species of wedgefishes (family Rhinidae) and giant guitarfishes (family Glaucostegidae) face an extremely elevated risk of extinction (Kyne et al., 2020). In the Arabian Sea and adjacent waters, over 50% of sharks are considered threatened, a rate much higher than the global average (Jabado et al., 2018). Fishing impacts 89.6% of species (Fowler et al., 2021) and is the primary reason for almost all species listed as threatened having an elevated risk of extinction (Dulvy et al., 2021). A third of all threatened species are also confronted with habitat loss or degradation and impacts from climate change and pollution (Fowler et al., 2021). Exposure to all these threats is greatest in tropical and subtropical coastal waters, which support the highest shark biodiversity (Dulvy et al., 2021). Recent regional biodiversity maps have identified species richness and threatened species hotspots (Dulvy et al., 2021) but, due to their relatively coarse resolution, mapped outputs have not been particularly informative when identifying areas of importance for shark biodiversity conservation at finer spatial scales.

To date, the inclusion of sharks into approaches for identifying important sites for biodiversity like EBSAs and KBAs has been limited, often due to the scarce population and occurrence data required to apply their criteria (Harvey et al., 2021). Of the current existing EBSAs and KBAs, only two EBSAs have been specifically identified for sharks (although many note the occurrence of sharks within their boundaries) and, so far, only three global KBAs have been confirmed for sharks since publication of the KBA Standard in 2016 (BirdLife International, 2022; Convention on Biological Diversity [CBD], 2022b; Figure 1). The limited application of these approaches to sharks has hampered their ability to inform protected area networks for these species. Despite this, significant area-based management for sharks has been implemented and includes marine protected areas (MPAs) and shark sanctuaries (areas that ban commercial shark fishing and often the retention of shark products within a country’s entire Economic Exclusive Zone [EEZ]; Davidson and Dulvy, 2017; Ward-Paige, 2017; Ward-Paige and Worm, 2017; Anonymous, 2018). To date, these designations collectively cover ~12.4%6 of oceans, highlighting rising understanding of the urgent need to protect these increasingly threatened species and the important progress that has been made. The large spatial coverage of shark sanctuaries suggests that they have the potential to benefit highly mobile and resident sharks; however, this largely depends on the extent to which overall fishing mortality is reduced, since other fishing is still allowed within these areas and sharks can be taken as bycatch (Ward-Paige, 2017; MacNeil et al., 2020). No-take MPAs have shown particular success at reducing fishing pressure and have benefited many highly-resident species (e.g., McCook et al., 2010; Bond et al., 2012; Espinoza et al., 2014).




Figure 1 | Baseline map of shark area-based conservation. Detailed information on each area delineated is provided in Supplementary Material 1.



Despite these positive steps, many protected areas are failing to adequately provide benefits to sharks (MacKeracher et al., 2019; Dwyer et al., 2020), often because they were not designed for that purpose. In many cases, current protected areas are too small to reduce fishing risk across sufficient proportions of the space used by sharks, do not cover areas that are demographically important, or do not encompass shark biodiversity that requires conservation (Davidson and Dulvy, 2017; Rigby et al., 2019a; Dwyer et al., 2020). When designing effective protected areas for sharks, it is essential to consider species-specific information on life-history, movement patterns, behavior, and habitat use. These can differ across environments (e.g., freshwater, estuarine, or marine) and life-cycle stages (such as presence of newborns, including young-of-the-year, or juveniles in nursery areas; Heupel et al., 2007; Martins et al., 2018). Furthermore, the effectiveness of protected areas would be increased by encompassing areas where known single species aggregations or multispecies assemblages of sharks occur for vital functions, including reproduction, feeding, or resting (García et al., 2008; Francis et al., 2015; Crowe et al., 2018). Given the high diversity of sharks (>1,260 species; Ebert et al., 2021), suitable habitat for many species at different life-cycle stages likely occurs outside of the current protected area network or shark sanctuaries (e.g., for oceanic or deep-water species; Ebert et al., 2021; Finucci et al., 2021), or are not adequately protected by them. Considering the urgent need for increased shark conservation action globally, a taxon-specific approach incorporating the ecological needs of sharks is required to identify critical sites for these species and ensure their integration into area-based approaches.

Inspired by efforts to delineate biogeographical networks of areas important for other marine taxa (i.e., IBAs, IMMAs, and IMTAs; Corrigan et al., 2014; Donald et al., 2019; Bandimere et al., 2021), the IUCN Species Survival Commission (SSC) Shark Specialist Group (SSG) has developed the Important Shark and Ray Area7 (ISRA) approach. The ISRA vision is to ensure that discrete portions of habitats critical to sharks are identified and delineated globally. The aim is to mobilize scientists and conservationists to ensure the ranges of all known shark species are assessed, so that ISRAs can be identified and mapped [International Union for Conservation of Nature Species Survival Commission Shark Specialist Group (IUCN SSC SSG), 2022a]. This will provide decision-makers and other relevant stakeholders with actionable knowledge necessary for the implementation of adequate systematic area-based conservation for sharks. Here, we introduce the ISRA Criteria, the rationale behind their selection, highlight how the ISRA approach is critically needed to ensure shark habitats are considered in area-based management, and how delineated ISRAs can be integrated with other area-based approaches such as the EBSAs and KBAs, ultimately informing protected area expansion and management.



2 Materials and methods


2.1 ISRA criteria

The ISRA Criteria were developed through a consultative process. Between January and April 2022, a series of four workshops were organized by the IUCN SSC Shark Specialist Group (SSG) and the IUCN Ocean Team, with support from the IUCN Marine Mammal Protected Areas Task Force. Online workshop invitations were disseminated through the SSG (>230 global members), and IUCN SSG and Ocean Team networks, and no limits were placed on participation. Two online workshops were held in January 2022, attended by 110 shark and biodiversity experts working across academia, governments, and non-governmental organizations in 47 countries around the world. The objective was to establish an inventory of knowledge regarding the variability of shark biological and ecological needs and gather input on key considerations and data sources to examine in the development of the ISRA Criteria. Registered participants reviewed a preliminary report of four topics related to shark biodiversity and/or conservation requirements. These considered: (1) species and/or populations of conservation concern; (2) sites of occurrence which support species and/or populations; (3) importance for life-history stages; and, (4) areas of biodiversity (richness, diversity, or distinctiveness) and ecological considerations, as well as alignment of these topics to IBA, EBSA, KBA, and IMMA criteria. Focused breakout groups on topics 1–4 were conducted and discussions provided a detailed overview of key considerations for ISRAs. These included: data sources and types (e.g., qualitative vs quantitative, availability of data, global vs regional species status assessments); species groups and habitat considerations (e.g., freshwater, coastal, oceanic, deep-water species); extinction risk status (i.e., the inclusion of IUCN Red List threatened and/or Data Deficient species); and the complexities of life-history attributes (e.g., reproductive modes, aggregations). All participants were provided an opportunity to review the workshop report (Hyde et al., 2022a).

A third online policy-focused workshop was held in February 2022 to complement the prior science-focused workshops in January. Fifty-seven participants from national and regional government and non-government organizations were presented with three questions for open discussion on how to guide the adoption of ISRAs at national and regional scales. These were: (1) What needs to be done to ensure national and regional uptake by governments?; (2) How do we leverage experiences from what was accomplished with IBAs, EBSAs, KBAs, and IMMAs?; and, (3) How can we integrate ISRAs into existing protected areas and spatial planning approaches? (Hyde et al., 2022b). Input from workshop participants formed the basis of a draft Important Shark and Ray Areas (ISRA): Guidance on Criteria Application (International Union for Conservation of Nature Species Survival Commission Shark Specialist Group [IUCN SSC SSG], 2022b). This guidance details the draft ISRA Criteria, first reviewed by the ISRA team, and then by shark and/or biodiversity experts. Following this, a fourth, hybrid (online and in-person) workshop was held by the core ISRA Team in April 2022 at IUCN headquarters in Gland, Switzerland. The focus was to further refine the ISRA Criteria and guidance document. The ISRA Criteria presented here are the result of these four workshops, consultations, and subsequent finalization of the guidance document (International Union for Conservation of Nature Species Survival Commission Shark Specialist Group [IUCN SSC SSG], 2022b).



2.2 Mapping

The ISRA baseline map (Figure 1) was created using QGIS version 3.24 (Supplementary Material 1) (QGIS Development Team, 2022). Major fishing area boundaries were downloaded from the Food and Agriculture Organization of the United Nations8 (FAO). All EEZ boundaries were downloaded from the Flanders Marine Institute Maritime Boundaries Geodatabase9. Shark sanctuaries10 and ‘full shark fishing bans’ were mapped based on EEZ boundaries. Key Biodiversity Areas11 were downloaded from the online KBA GIS Database, and maps for EBSAs were downloaded from The Clearing-House Mechanism of the Convention on Biological Diversity (CHM) database12. Biologically Important Areas were downloaded from the Australian Government Department of Climate Change, Energy, the Environment and Water: Species of National Environmental Significance Distributions13. Marine Protected Areas were downloaded from the World Database on Protected Areas14 and manually subset to delineate full/high protection zones based on the MPA Atlas15. Due to the developing nature of the MPA Atlas, this method may result in some MPA designations that are not shown on the baseline map.




3 Results


3.1 Species inclusion in the ISRA process

ISRA Criteria are only applied to sharks at the species level. Lower-level classifications, including subspecies, subpopulations, or stocks, are not considered at this stage due to low levels of such delineations for sharks. Qualifying or Supporting Species are defined as those species that are known to regularly or predictably occur in an area. Qualifying Species satisfy one or more of the ISRA Criteria within the area. Supporting Species are present in the area, but they do not satisfy ISRA Criteria. Species that occurred historically but that no longer occur, or vagrants that do not normally occur in a habitat within the area, are not considered. Only areas with naturally occurring shark species, aggregations (a group of individuals of the same species), or assemblages (a group of individuals of more than one species), can be considered under the ISRA process; shark provisioning sites (e.g., where tourism operators use a variety of stimuli [e.g., chum, food, sound] to attract sharks) are excluded from consideration.



3.2 The ISRA criteria

The ISRA Criteria were developed to provide a science-based framework to objectively identify areas of importance to sharks, crucial for their persistence and, where required, recovery. These criteria can be applied to all environments where sharks occur (marine, estuarine, and freshwater), and consider the diversity of species, their complex behaviors and ecology, and biological needs. The ISRA Criteria are non-hierarchical and address ways in which to identify an ISRA according to the known regular or predictable presence and/or activities of sharks within that area. With the exception of Criterion A (Vulnerability), a single criterion is sufficient to identify an ISRA. However, if appropriate, multiple criteria can be applied. The ISRA Criteria and sub-criteria were developed, to the extent possible, to facilitate alignment with IBA, EBSA, KBA, and IMMA criteria (Supplementary Material 2), but account for particular aspects of shark biology and ecology.

Four criteria incorporating seven sub-criteria were defined (Figure 2). Guiding examples of the application of the ISRA Criteria are provided in Annex A of International Union for Conservation of Nature Species Survival Commission Shark Specialist Group [IUCN SSC SSG], (2022b).




Figure 2 | The Important Shark and Ray Areas (ISRA) Criteria. The term ‘sharks’ refers to all species of sharks, rays, and chimaeras.




3.2.1 Criterion A: Vulnerability

Criterion A refers to areas important to the persistence and recovery of threatened sharks. Threatened sharks are those listed on the IUCN Red List as Critically Endangered, Endangered, or Vulnerable (International Union for Conservation of Nature [IUCN], 2022). Under this criterion, ‘threatened’ could also refer to sharks at risk of extinction as reflected in other available assessments (e.g., national regulatory and legal frameworks that assess the extinction risk of species such as the United States Endangered Species Act [ESA] or the Australian Environment Protection and Biodiversity Conservation Act [EPBC]). To ensure its application to areas supporting the persistence and recovery of sharks, and not merely the occurrence of threatened species, Criterion A must also be associated with at least one additional criterion (B, C, or D) describing the type of usage of the area by the species.



3.2.2 Criterion B: Range restricted

Criterion B refers to areas holding the regular and/or predictable presence of range-restricted sharks, that are occupied year-round or seasonally. The distribution of sharks may be restricted to those habitats by geographical features (e.g., land masses, bathymetric barriers) or by environmental conditions (e.g., habitat type, temperature, salinity, or depth). Populations of sharks with very restricted natural ranges are especially susceptible to extinction if their natural habitat is eliminated or significantly disturbed. To identify an area based on Criterion B, Large Marine Ecosystems (LMEs) (Sherman and Alexander, 1986) can be used to judge the scale of range restriction appropriate for sharks. Large Marine Ecosystems align with broad biogeographic patterns of fish distribution and many sharks are endemic to a single LME or to two adjoining LMEs. Therefore, under Criterion B, range-restricted sharks are species whose distribution is entirely limited to one LME or two adjoining LMEs. Large Marine Ecosystems have been delineated for continental, polar, and large island/island chain marine waters. However, species that primarily occur outside of delineated LMEs (e.g., oceanic, offshore islands, or inland waters) may also be considered range restricted. In these cases, if the species’ distribution is similar to, or less than, the spatial extent a single LME, or two adjoining LMEs, then it may be considered range restricted.



3.2.3  Criterion C: Life-history

Criterion C refers to areas that are important to sharks for carrying out vital functions across their life-cycle (i.e., reproduction, feeding, resting, movement, or undefined aggregations). Five sub-criteria were developed to encompass the wide variety and complexity of shark life-histories.


3.2.3.1 Sub-criterion C1: Reproductive areas

Reproductive areas are important for shark mating, birth, egg laying, or providing refuge or other advantages to the young (e.g., predator avoidance or access to food sources), and are therefore critical to reproductive success. These include sites which can be identified as ‘nursery areas’ that are important for newborns, young-of-the-year, or juveniles of viviparous species; or ‘egg nursery areas’ that are important for egg laying and development until hatching and the development of newborns and juveniles of oviparous species. Sub-criterion C1 can also extend to areas where the regular or predictable presence of mature sharks has been recorded for mating, and/or where pregnant females aggregate (e.g., to avoid aggressive males).



3.2.3.2 Sub-criterion C2: Feeding areas

Feeding areas are important for shark nutrition at one or more life-cycle stages. Sub-criterion C2 relates to areas where sharks are known to derive nutrition, and that are supported by the regular and predictable occurrence of prey. This sub-criterion can apply to any life-cycle stage; for example, from the occurrence of newborns or young-of-the-year, or juveniles within inshore and estuarine habitats, to sub-adult or adult sharks which filter-feed and therefore predictably occur in areas of high planktonic productivity (e.g., upwellings). This sub-criterion also applies to areas or conditions (e.g., season, temperature, nutrients, or water activity) where natural aggregations or assemblages of sharks regularly and predictably occur, including where species come to feed during biological or ecological events of a prey species or at geomorphological features (e.g., large species migrations [such as sardine runs], spawning events, marine mammal breeding grounds, submerged reefs, or seamounts). Predictable spatial or temporal dynamic features (e.g., hydrographic features such as fronts and eddies) that are associated with known feeding activities of sharks are also recognized under Sub-criterion C2.



3.2.3.3 Sub-criterion C3: Resting areas

Resting areas are important for sharks to conserve energy and are often related to environmental conditions or temporal factors. These are areas where an aggregation or assemblage of sharks spends time during daily activity cycles and which can be influenced by environmental conditions (e.g., tidal cycle) or temporal factors (e.g., time of day). Resting areas are a key component of the daily activity of many sharks. They are most relevant to sharks with distinctly diurnal, nocturnal, or crepuscular patterns of activity, and/or sharks that are largely influenced by daily environmental cycles, in particular tidal cycles, which limit access to important habitat. These resting areas are often distinct from areas that are used for reproduction or feeding purposes, and can provide essential refuge for species.



3.2.3.4 Sub-criterion C4: Movement

This Sub-criterion identifies areas used by sharks regularly or predictably during their movements, such as migrations, which contribute to the connectivity of important areas. Sub-criterion C4 addresses the predictable movement of sharks, aggregations, or assemblages from one place to another, often related to a seasonal or vital function such as reproduction or feeding. Repeated movements are common in many species of sharks and can encompass a variety of spatial and temporal scales; for example, short tidally-mediated journeys, seasonal movements along coastlines, or transoceanic and trans-equatorial crossings, as well as vertical (in some cases daily) migrations between deeper and shallower water. These areas maintain the connectivity of areas with important life-history functions (Sub-criteria C1, C2, C3, C5) by recognizing that these migratory corridors are critical for sharks.



3.2.3.5 Sub-criterion C5: Undefined aggregations

This sub-criterion identifies areas where an aggregation or assemblage of sharks regularly and/or predictably occurs, year-round or seasonally, but the function of the aggregation is currently unknown. Sub-criterion C5 refers to aggregations or assemblages of sharks in an area which engage in, or display a behavior that is known to occur, but is not (yet) attributed to a known vital function (e.g., reproduction, feeding, resting, or movement) or predator avoidance (e.g., schooling). With further understanding, these aggregations could be attributed to one of the above sub-criteria (C1, C2, C3, C4). Recognizing these aggregations and the areas where they occur is important to ensure that data deficiency does not preclude their consideration in the ISRA process.




3.2.4 Criterion D: Special attributes

Criterion D refers to areas important for sharks considered for distinct biological, behavioral, or ecological attributes (unique or associated with a unique habitat type) or which support an important diversity of species. It consists of two sub-criteria related to distinctiveness and diversity.


3.2.4.1 Sub-criterion D1: Distinctiveness

Sub-criterion D1 identifies areas where sharks display distinct biological, behavioral, or ecological characteristics. The variety of sharks, their unique features, and their adaptations could result in distinctive characteristics. Sharks considered under Sub-criterion D1 for distinctiveness must display such characteristics on a recurrent basis. Sharks which display a non-replicated biological, behavioral, or ecological characteristic should not be considered. These distinct characteristics may have stemmed from a loss of connectivity from the global population (i.e., shark species displaying a different behavior from the same species in other parts of the world). Recognizing areas of distinctiveness is important to ensure the persistence of adaptive unique biological, behavioral, or ecological traits of sharks.



3.2.4.2 Sub-criterion D2: Diversity

Sub-criterion D2 identifies areas that sustain an important diversity of sharks. These are areas that may host a high diversity of sharks (i.e., the diversity of the assemblage of shark species occurring is high or exceptional for that region) and are critical for the persistence of shark diversity. To avoid situations where only peripheral portions of many species’ ranges happen to overlap, care must be taken to ensure these areas contain core habitat for the species being considered. The attribution of Sub-criterion D2 is therefore based on a relative assessment, depending on the broader shark diversity in any particular area. The threshold number of species for the attribution of Sub-criterion D2 is set at a percentage of known regional species diversity within an LME. This threshold can be adjusted in consultation with the SSG, regional experts, and the ISRA Independent Review Panel (see Section 3.3) prior to its application. Sub-criterion D2 is not applicable to areas containing a single species and therefore technically containing 100% of local diversity (e.g., where one freshwater ray species occurs in one river system).





3.3 ISRA identification process

ISRAs are identified through regional expert workshops. These are organized by the IUCN SSC Shark Specialist Group after consultation with its Regional Vice-Chairs. Workshop invitations are extended to regional members and non-members who have knowledge and expertise useful for the identification of ISRAs. Sources of information for consideration and assessment during each workshop are actively sought during an engagement period prior to each regional workshop and become part of the ISRA Inventory of Knowledge (IoK). Based on expert input, preliminary Areas of Interest (pAoI) are examined for the regular or predictable presence of species to which the criteria can be applied. Qualifying or Supporting Species assessed against each of the ISRA Criteria within a pAoI allow for a candidate Important Shark and Ray Area (cISRA) to be justified. Finally, after the workshop, each (cISRA) is subject to peer-review through an Independent Review Panel. This panel is composed of recognized shark experts who have not been involved in the regional workshops, but who have an in-depth understanding of the species, habitats, and ISRA Criteria (Notarbartolo di Sciara, 2021).




4 Discussion


4.1 ISRAs as a new tool for shark conservation

Given the declining state of many shark populations globally, identifying important sites for sharks that can inform the design and development of protected areas is particularly urgent. Existing area-based management tools (Figure 1) have largely been designed without incorporating the biological, behavioral, and ecological attributes of sharks. To maximize positive outcomes for sharks, systematic planning is required to determine the locations that will provide the greatest conservation benefit. The ISRA process is a new tool addressing this need by delineating discrete areas critical to the demographic success of sharks globally (both marine and inland). Here we discuss the value of the ISRA approach as an independent, science-based, and peer-reviewed model, its need in the context of existing area-based conservation planning initiatives, and outline some of the considerations and justifications for the development of the ISRA Criteria.

One of the most salient properties of the ISRA approach is that it is purely biocentric and relies on the application of science-based criteria. In view of their nature, the identification of ISRAs does not imply a requirement for the adoption of specific policies, management, or conservation measures. Rather, the science-based guidance and actionable knowledge that ISRA identification provides can support management and conservation actions by consolidating and mapping information on sharks (such as occurrence, status, habitat, ecology) into a freely available format for national and regional decision-making. Such actions include marine spatial planning (MSP), environmental impact assessments, fishery spatial management, monitoring, compliance, and surveillance, and, not least, the designation of protected areas. Furthermore, the identification of ISRAs can underpin effective shark conservation by facilitating greater integration of shark species into broader biogeographical conservation planning approaches (e.g., KBAs and EBSAs) through alignment with their criteria. For example, where relevant data are available for sharks and one or more KBA criteria and threshold/s met, a KBA can be proposed through the appropriate processes. Finally, this process can assist in identifying key knowledge gaps (e.g., where instances of data deficiency are noted in regional workshops) that need to be addressed through research on the biology and ecology of sharks, including their potential responses to climate or other environmental changes.

Existing area-based conservation approaches have, so far, largely failed to incorporate sharks. Only two of the 321 EBSAs identified have been justified on the basis of their importance for sharks (Convention on Biological Diversity [CBD], 2021c). Of >18,000 KBAs identified worldwide, of which 4,853 are marine (BirdLife International, 2022), only three global KBAs have been confirmed for shark species based on the 2016 KBA Standard, although 43 other KBAs identified for sharks under previous versions of the KBA Criteria are pending review (International Union for Conservation of Nature [IUCN], 2016). Given the global diversity of sharks (>1,260 species; Ebert et al., 2021), this highlights the under-representation of this group in these tools and stresses the need for an area-based conservation approach specific to sharks. The ISRA approach is designed to incorporate aspects of the biological, behavioral, and ecological characteristics of sharks and account for uncertainty and data deficiency by taking a qualitative direction. For most sharks, quantitative data are insufficient to support application of relevant KBA criteria. Most species-based KBAs are identified based on the proportion of the global population size that regularly or predictably occurs at the site (International Union for Conservation of Nature [IUCN], 2016), information which is unavailable for most sharks.



4.2 The ISRA criteria

The ISRA Criteria were designed to consider species’ vulnerability, range restriction, life-history, distinctiveness, and diversity. The criteria are non-hierarchical and address ways in which to identify an ISRA according to the known regular or predictable presence and/or activities of sharks within an area. Despite the general rule that any ISRA can be identified on the basis of a single criterion, Criterion A (Vulnerability) is the exception. Considering the number of threatened shark species globally, and that many of these have wide geographical ranges (e.g., shortfin mako [Isurus oxyrinchus] assessed as Endangered on the IUCN Red List; Rigby et al., 2019b), applying this criterion alone would lead to vast areas of the ocean delineated as ISRAs. Such an approach would defy the very purpose of ISRAs, which is to focus attention on the places that are most important for the survival of sharks. Additionally, it would diminish the value of ISRAs in assisting future, targeted, and representative spatial planning. Requiring Criterion A to be associated with, at minimum, one other criterion ensures that essential habitats which support threatened sharks are delineated as important areas.

The geographic distribution of sharks varies from globally-ranging cosmopolitan species (e.g., oceanic whitetip shark [Carcharhinus longimanus] found worldwide in tropical and temperate waters; Ebert et al., 2021) to range-restricted species (e.g., ornate sleeper ray [Electrolux addisoni] found only in a small area off eastern South Africa; Last et al., 2016). For wide-ranging species, the risk from threats is spread across their range (Joppa et al., 2016). In contrast, species occupying a limited spatial area face higher risk of population decline or even extinction, since the likelihood of threats acting across their entire range (or a relatively large proportion of their range) is far greater (Joppa et al., 2016; Manes et al., 2021). The ISRA Criterion B (Range Restricted) recognizes this vulnerability and the value of important areas for species occupying small spatial scales.

Determining the scale at which the geographic range of species needs to be considered is key. One of the most readily-used metrics for defining restricted geographic range is Extent of Occurrence (EOO). This specifies a threshold of <20,000 km2 for a species to be considered as having a restricted geographic range under the IUCN Red List Categories and Criteria (International Union for Conservation of Nature [IUCN] Standards and Petitions Committee, 2019). This threshold is well below the geographic range of nearly all data-sufficient sharks (some sharks are known only from the original collection site or only from fishery landing sites and therefore do not have an adequately defined geographic range, e.g., Grace et al., 2019; Habib and Islam, 2021). In defining the ISRA Criteria, the thresholds of the IUCN metric EOO were considered to be too narrow to specify range restriction at a scale relevant to sharks. To circumvent this issue, ISRA Criterion B applies Large Marine Ecosystems (LMEs; Sherman and Alexander, 1986) as a measure of range restriction, since these are at a spatial scale more appropriate to what can be considered range restricted in sharks and LMEs generally align with broad biogeographic patterns of fish distribution.

Life-history parameters and ecological characteristics of sharks vary widely (Compagno, 1990; Smith et al., 1998; Pardo et al., 2016). The ISRA Criteria recognize the importance of areas that support shark survival across the varying life-history strategies of all sharks. ISRA Criterion C encompasses reproductive areas, feeding areas, resting areas, areas used for movement, and undefined aggregations (i.e., aggregations or assemblages that occur for unknown purposes but likely linked to vital functions or activities). Some sharks form reproductive aggregations for mating and pupping, sometimes occupying areas seasonally for these vital life-history activities (e.g., Carrier and Pratt, 1998; Chaikin et al., 2020). Identifying places where reproductive functions occur as ISRAs recognizes that they play disproportionately important roles in the demographic success of sharks. Some species regularly visit areas to consume specific prey. For example, tiger sharks (Galeocerdo cuvier) move between areas with seasonally abundant prey such as albatross (Simpfendorfer et al., 2001; Meyer et al., 2010) or turtle rookeries (Fitzpatrick et al., 2012). Resting behavior may vary with respiratory mode. For stationary-respiring species, which possess spiracles allowing water to be actively pumped over the gills, resting on the substrate is common, particularly amongst rays. Resting may also occur in places like caves (e.g., whitetip reef sharks [Triaenodon obesus]; Randall, 1977). For ram-ventilating species, which generally require forward motion to pass water over the gills, resting may involve the use of updrafts to provide lift normally produced by swimming (e.g., gray reef sharks [Carcharhinus amblyrhynchos]; Papastamatiou et al., 2021). The application of ISRA Sub-criteria C1–C3 enables a wide range of life-history characteristics that are vital to sharks to be used to identify important areas.

Advances in understanding movement ecology are providing an improved baseline of knowledge on shark movements and migrations (Carrier et al., 2019). Many sharks are known for their movement patterns, ranging from seasonally-driven limited migrations along coasts to long-distance trans-oceanic movements (e.g., Dudgeon et al., 2013; Guzman et al., 2018). Even in sharks exhibiting site fidelity, there may be considerable movement within individual feeding and breeding grounds (e.g., Chapman et al., 2015). Sub-criterion C4 (Movement) was designed to allow for the identification of regularly used corridors as important areas supporting the connectivity of sharks during predictable migratory movements. The spatial scale of important areas identified through the ISRA process will vary depending on the extent of movement displayed. However, recognizing and mapping migratory connectivity pathways of sharks across the oceans has become increasingly important.

A large number of migratory species have an unfavorable conservation status (Fowler, 2014). Several of these have now been listed on international agreements such as the Convention on the Conservation of Migratory Species of Wild Animals (CMS) and its daughter agreement, the Memorandum of Understanding on the Conservation of Migratory Sharks (Sharks MOU). These treaties highlight the need to contribute to the conservation of migratory species and promote ecological networks and connectivity in the development of conservation measures (e.g., Convention on Migratory Species [CMS], 2020). Without delineating areas of shark movement, it will not be possible to advance regional and international cooperation, including transboundary cooperation, among various stakeholders, or ensure the success of cooperative initiatives between countries. Further, many sharks, particularly epipelagic and mesopelagic species, exhibit regular vertical movements, often on a daily basis (e.g., Coelho et al., 2015; Coffey et al., 2020; Schaber et al., 2022). The three-dimensional lens of the ISRA approach allows the capture of details on non-horizontal movements and migrations. For example, the bluntnose sixgill shark (Hexanchus griseus) undertakes diel vertical migrations from 650 m to 200 m for foraging (Coffey et al., 2020). In this case, the spatial extent of habitat use is sub-surface, and a delineated important area may exclude surface waters, an important consideration of the ISRA identification process.

Ecological knowledge of sharks continues to advance and yet, the purpose of some observed aggregations or assemblages remains unknown. The inclusion of ISRA Sub-criterion C5 (Undefined Aggregations) captures this data deficiency and ensures that potentially important areas are not overlooked due to a lack of information or knowledge relating to specific vital functions or life-history activities. Most aggregations or assemblages of sharks can be assigned to an ecological purpose covered by the ISRA Sub-criterion related to reproduction, feeding, resting, or movement (Sub-criteria C1–C4). In some cases, however, the reason behind predictable and/or regular gatherings of sharks cannot be defined. For example, the precise function of a daytime aggregation of female gray reef sharks (Carcharhinus amblyrhynchos) at Johnston Atoll in the remote Central Pacific Ocean is unknown (Economakis and Lobel, 1998). This aggregation is possibly linked to embryonic development, adult growth, or a navigational ‘landmark’ (Economakis and Lobel, 1998). The reason for the aggregation of white sharks (Carcharodon carcharias) at the ‘white shark café’, a remote area beyond national jurisdiction (ABNJ) in the Pacific Ocean, was initially unknown (Jorgensen et al., 2012); now it is recognized as a feeding aggregation, identified as an EBSA (Northeast Pacific White Shark Offshore Aggregation Area EBSA; Convention on Biological Diversity [CBD], 2016), and proposed for high seas World Heritage Site status (Freestone et al., 2016). While further research may reveal that the gray reef shark aggregation described above is also linked to a vital function or life-history activity, the current uncertainty can be captured in ISRA Sub-criterion C5 (Undefined Aggregations).

With threats to global biodiversity predicted to increase (e.g., overexploitation of species, climate change, habitat destruction; Rands et al., 2010), identifying areas where high biodiversity occurs is a key priority in meeting global conservation targets (Jenkins and Van Houtan, 2016; Carr et al., 2020). ISRA Criterion D (Special Attributes) recognizes areas that house an exceptional diversity of sharks as well as areas where sharks display distinct biological, behavioral, or ecological characteristics. Distinctive sites may include cleaning stations, unique use of habitats, or behavior not observed elsewhere. For example, the Endangered pelagic thresher shark (Alopias pelagicus) visits cleaning stations at a deep-sea seamount off the Philippines (Oliver et al., 2011). This is the only global location where this oceanic shark has so far been recorded to engage in this behavior, suggesting this area (and behavior) might be distinct. Other such distinctive behaviors include mantas and devil rays (Mobula spp.) frequenting cleaning stations (O’Shea et al., 2010; Barr and Abelson, 2019) or skates (e.g., Pacific white skate [Bathyraja spinosissima]) laying eggs at hydrothermal vents (Salinas-de-León et al, 2018). Estuaries harboring the Maugean skate (Dipturus maugeanus) of southwest Tasmania, Australia, may be considered distinct since this species is a Gondwanan relict and the only estuarine-adapted skate (Treloar et al., 2016). Distinct ecological interactions such as cleaning symbiotic relationships are a key component of biodiversity; areas where they occur need to be identified and recognized.

The need to maintain biodiversity of sharks through the viability of populations has long been recognized (e.g., Food and Agriculture Organization of the United Nations [FAO], 1999). Yet, three shark species are already considered Critically Endangered (Possibly Extinct) and have not been seen in over 80 years (Dulvy et al., 2021). These possible extinctions signal that delineating areas that harbor a high diversity of species is essential to ensure an inventory of the most important sites is available. Within the ISRA Criteria, the threshold number of species for Sub-criterion D2 should be set based on known regional species diversity within an LME (this is be adjusted depending upon the region). This is to ensure ISRAs capture the uniqueness of the community structure which contributes to the richness, diversity, and endemicity of an area (e.g., global shark diversity hotspots identified by Lucifora et al., 2011).



4.3 Conclusion

The ISRA approach will directly contribute towards global conservation goals by focusing spatial management where it is most needed for sharks. ISRAs will support the design and implementation of protected area networks through their adoption into national and regional policy frameworks, thus ensuring the inclusion of essential shark habitats and biodiversity features into future conservation and management initiatives. This has already been achieved for essential marine mammal habitats with the inclusion of IMMAs into policies (e.g., the Malaysian National Policy on Biological Diversity 2021–2030, Perlis Integrated Shoreline Management Plan [ISMP], and Mersing Special Area Plan) (as described in Tetley et al., 2022), and national biodiversity and spatial planning initiatives including Australia’s Biologically Important Areas (International Union for Conservation of Nature [IUCN] Marine Mammal Protected Areas Task Force [MMPATF], 2020b). Similarly, ~60% of globally identified KBAs have already been designated as protected areas thereby contributing to Aichi Target 11 (protected areas) (Kullberg et al., 2019).

The delineation of important areas for sharks presents an opportunity to similarly spearhead area-based management for this group of high conservation concern. If ISRAs can follow the successes of established taxa-specific spatial planning approaches (e.g., IBAs, IMMAs), they will not only directly support shark conservation, but also contribute to the EBSA and KBA processes, Aichi targets, the 30x30 initiative, and the CBD Post-2020 Biodiversity Framework. Through the identification of the ecological networks and crucial areas which support and enhance shark species and populations, ISRAs represent a vital and timely step towards improving shark and biodiversity conservation globally, with potentially wide-ranging policy and conservation outcomes.
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Marine mammals provide diverse and interconnected ecosystem services. According to the literature, the use of these services is associated with human needs related to provision, ecosystem regulation, education, culture, spirituality, and recreation. Tourism with marine animals can provide psychological benefits, emotional connection, fun, and learning, in addition to generating high income in local communities. This study aimed to determine the willingness to pay of the community and visitors for the conservation of the West Indian manatee (Trichechus manatus), identify the revenue from manatee watching, and evaluate well-being according to the participants of this attraction. The study was conducted from January 2020 to February 2021, in the Costa dos Corais Environmental Protection Area, Brazil. Data were collected using questionnaires and specific forms for the seven categories of social actors involved with manatee watching. The contingent valuation method was used to evaluate the willingness to pay of the respondents for the conservation of the manatee. The willingness of individuals to conduct voluntary work was also considered and subsequently converted into monetary values. Revenue from manatee watching was calculated through the direct costs of acquiring tour tickets and indirect expenditure on accommodation, food, transportation, and souvenirs. The feelings of the tourists who completed the trip were determined using a semi-structured question and their level of satisfaction was established using a five-point Likert scale. A total of 761 interviews were conducted. Most of the survey respondents were female, with a high level of education, and with a median monthly income of USD 1 800 dollars. The average mean value declared for willingness to pay was USD 3.6 dollars per month. The median hours devoted to volunteer work were 60 hours per year, which is the equivalent of USD 2.59 dollars per month. Direct revenue from this form of tourism was USD 125 595 dollars and total projected revenue was USD 15 392 225.45 dollars in the studied period. The vast majority of tourists managed to see the manatee and declared positive feelings after the trip. We believe that more elaborate promotion of manatee-watching would attract a higher number of tourists to the protected area.




Keywords: sirenians, ecosystem services, valuation, conservation, community-based tourism



Introduction

Ecosystem services can be defined as the benefits that humans derive from nature (Daily, 1997) and they can be maintained through biodiversity conservation (Eastwood et al., 2016). The contribution of biodiversity to the monetary value of certain ecosystem services (Isbell et al., 2015) demonstrates that the benefits of biodiversity conservation can be much greater than the costs of its maintenance (Isbell et al., 2017). The scientific literature shows that in the last 50 years, ecosystem services have been increasingly identified, especially those related to culture such as recreation, tourism, relaxation, and quality of life (Felipe-Lucia et al., 2015). A growing number of publications have focused on marine ecosystem services to inform decision-makers as to their importance for human well-being and the multiple implications of their loss (Sagebiel et al., 2016; Ferreira et al., 2017; Cook et al., 2019; Malinauskaite et al., 2020; Malinauskaite et al., 2021).

Marine mammals provide a wide range of interconnected ecosystem services relevant to humans, such as raw materials (meat, teeth, bones, fins, and oil), ecosystem support and regulation, cultural identity, education, spiritual enrichment, and recreational fun (Cook et al., 2020; Malinauskaite et al., 2021). In the past, marine mammals were mostly exploited for subsistence and commercial hunting (Whitehead, 1977; Domning, 1982; Luna et al., 2008a; Luna et al., 2008b; O’Connor et al., 2009; Silva Júnior, 2010; Hoyt and Parsons, 2014). With respect to sirenians, a combination of subsistence hunting and small-scale commercial hunting eventually reduced known populations to extinction (in the case of Steller’s sea cow), or close to extinction, in the case of manatees (Forestell, 2008; Silva et al., 2017). Recently, we have observed a transition accompanied by changes in human understanding of nature. The old strictly utilitarian vision focused on economic exploitation (Sousa and Mota, 2006) and obtaining resources (Sparemberge and Lacerda, 2015), gave way to the recognition and appreciation of aesthetic pleasure and recreation options (Reid et al., 2005). At the same time, the importance given to spiritual and mental well-being needs has become as important as access to other natural resources for consumption. In this perspective, today these animals are emblematic species and considered conservation icons. They are also known as “charismatic megafauna”, that is, groups of large animals, usually mammals, with more popular appeal than others (Einarsson, 2009; Hausmann et al., 2017; Lück and Porter, 2017; Cook et al., 2020). They are also considered “emblematic species” because they have great capacity to raise awareness of the need for conservation (Barney et al., 2005; Lück and Porter, 2017). These animals are more likely to trigger sympathy, awareness, and financial resources for conservation, thus enabling funds to be made available for other less attractive species (Lorimer, 2007).

Manatees is among the animals that humans consider charismatic (Thompson and Rog, 2019), arousing the interest of tourists in attractions involving the species. The tourism for observation and interaction with animals in nature has been considered a potential conservation measure for faunal species (Vidal et al., 2017). This type of entertainment provides for visitors psychological benefits, emotional connection, fun, and learning (Zeppel, 2008; Zeppel and Muloin, 2008; Silva Júnior, 2017; Patroni et al., 2019), in addition to generating high revenue for the local communities (Beattie, 2005). Many studies have shown the economic and social advantages of whale watching in different locations around the world (O’Connor et al., 2009; Knowles and Campbell, 2011; Cook et al., 2019; Cook et al., 2020; Guidino et al., 2020; Malinauskaite et al., 2020); however, information regarding the effects of manatee watching remains scarce in Brazil.

Manatee watching occurs mainly in two Brazilian protected areas: Barra do Rio Mamanguape Environmental Protection Area (APA Barra do Rio Mamanguape) in Paraíba and Costa dos Corais Environmental Protection Area (APACC) in Alagoas. A long-term program for the release and conservation of West Indian manatee (Trichechus manatus) is ongoing in APACC (ICMBio, 2021). The first release occurred in 1994 in the municipality of Paripueira (Andrade et al., 2011; Normande et al., 2015). However, after two releases, translocations were interrupted due to the negative effects caused by proximity to the state capital, Maceio (with an estimated human population of 1 031 597, according to IBGE, 2017). A new site (Porto de Pedras) 70 km north of Paripueira was subsequently chosen and has been used since 1998 (Normande et al., 2015). This location is situated between two disjointed populations of T. manatus (Lima, 2008), and, interestingly, the release of animals in this area was an attempt to recover the historical range of occurrence and create gene flow between these subpopulations (Luna et al., 2012). To date, 36 manatees have been released, of which 13 are still sighted in the region (personal communication obtained with the APACC environmental analyst).

The occurrence of the West Indian manatee also triggered new business opportunities, such as community-based tourism, and created tourist reception jobs that positively stimulated the region (Oliveira, 2019). However, wildlife managers were faced with the challenge of providing visitors with opportunities to observe the rare or endangered fauna while protecting the species from harmful impacts (Sorice et al., 2006). For this, in 2009, Associação Peixe-Boi was founded with the aim of ensuring that the community would assure and participate in the orderly tourist observation of manatees. Tourism is a tool that helps in the national dissemination of the presence of West Indian manatee and can reduce threats to the species. As a result of the recent tourist interest involving marine animals, there has been an increase in consciousness and changes in long-term pro-environmental conservation behavior (Zeppel and Muloin, 2008; Silva Júnior, 2017). As in the case of whales (Cook et al., 2020), increasing awareness of the importance of manatees is critical for the creation of conservation policies for this species so negatively impacted by human action (Parente et al., 2004; Meirelles, 2008; Anzolin et al., 2012; Attademo et al., 2015; Balensiefer et al., 2017).

Manatees also have high cultural values, which vary by taxon and by region (Ponnampalam et al., 2022; Izidoro et al., 2022). There are several methods to value services like these for society (Ferreira et al., 2017), however, fauna assessment is still difficult and complex (Wiener et al., 2020). It is particularly challenging to increase appreciation and valuation toward animals such as whales and other aquatic mammals since they are large, usually wild, and not commercialized (Knowles and Campbell, 2011). The first non-market valuation studies were based exclusively on the contingent valuation method (Cook et al., 2020). This methodology has been used to value a broad range of non-commercial commodities, from air quality to wildlife (Hageman, 1985). As in other studies (Hageman, 1985; Loomis and Larson, 1994; Ferreira et al., 2017), this method was preferred to determine the willingness to pay. Contingent evaluation is a research-based technique to declare the preferences of unusual values or indirect values for society in relation to other items of private consumption (Ferreira et al., 2017). This method estimates the willingness of individuals to pay or accept to guarantee the improvement of their well-being in relation to changes in the availability of this resource (Motta, 1997). In this regard, scenarios that are as close as possible to the real world must be simulated. Thus, preferences are established in the study that should reflect the decisions agents would make if there was a market for the environmental asset described in the hypothetical scenario. In more general terms, willingness to pay (WTP) is the maximum amount of money an individual would willingly spend to acquire a given product, good, or service, whether environmental or not (Moraes et al., 2015).

That said, the objectives of this study were the following:

	Determine the willingness of the community and visitors to pay of for the conservation of the West Indian manatee in the APACC, in the state of Alagoas, Brazil.

	Identify the revenue related by manatee watching tourism, particularly within the APACC.

	Determine the well-being declared by tourists after manatee watching.





Material and methods


Study area

The APACC is a sustainable use conservation unit (Figure 1) that covers the municipalities of Maceio, Paripueira, Barra de Santo Antonio, Passo De Camaragibe, Sao Miguel dos Milagres, Porto de Pedras, Porto Calvo, Japaratinga, and Maragogi, in the state of Alagoas, and Sao Jose da Coroa Grande, Barreiros, Tamandare, and Rio Formoso, in the state of Pernambuco (Brasil, 1997; ICMBio, 2021). This protected area is a federal marine conservation unit of more than 400 thousand hectares extending for about 120 km along the coast (ICMBio, 2021).




Figure 1 | Map of the study area with representation of the municipalities that make up the Costa dos Corais Environmental Protection Area (Contribution by Romário Oliveira de Santana).



The trip for tourists to watch the West Indian manatee is carried out on a dinghy steered by rowers (Braga and Selva, 2016) and is only allowed in the estuary of the Tatuamunha River (Porto de Pedras). This estuary includes an enclosure in which the rehabilitated animals remain until their release (ICMBio, 2013). Manatee watching is governed and regulated by the Management Plan of the Costa dos Corais Environmental Protection Area (ICMBio, 2013).



Methodology

This study was based on participant observation, tourism sector interviews and market research. The research was carried out using questionnaires and forms carefully drafted and pre-tested to prevent biased results (Laurila-Pant et al., 2015). Specific questionnaires were created for the seven categories of social actors involved in tourism, namely artisans, business owners (included shops, restaurants, coffee shops, bars, and the like), manatee watching guides (community members who lead manatee watching), tour operators (tourism business owners), tour guides (workers who conduct sightseeing tours), accommodation service providers, and tourists. The social actors (with the exception of tourists) were selected using the non-probability intentional snowball sampling method (Bailey, 1994). The study was initiated during the coronavirus pandemic, at which time visitation to federal conservation units was legally suspended in Brazil (Ordinance No. 227, Supplementary Material). As a result, the study was first conducted remotely with the accommodation sector, through telephone interviews. When participants showed interest in contributing to the study but were unable to respond at the time of contact, they were given the option of receiving the form (by e-mail or WhatsApp). Remote interviews were conducted between June and October 2020. When tourism resumed at the APACC (Ordinance No. 771, Supplementary Material), the interviews became face-to-face.

The tourists were interviewed after taking the observation tour, with an opportunistic and voluntary choice according to their interest in participating. Face-to-face interviews were conducted from November 2020 to February 2021. The questionnaire was also sent by e-mail to tourists registered at the Associação Peixe-Boi from January 2020 to February 2021. In order to avoid duplication, we asked tourists who had answered the questionnaire in person not to respond to the email.

The questionnaires consisted of different sections according to the interviewed category (Supplementary Material). The first section, included in all the questionnaires, collected data on the socioeconomic characteristics of the respondents and willingness to pay (WTP) a fee for the conservation of the West Indian manatee. The fee amount was proposed by the interviewee himself and the payment method presented was through an additional charge on a fixed bill such as water, light, or telephone bills (Adams et al., 2003; Ferreira et al., 2017).

If respondents agreed to pay the fee, the next question referred to the amount they would like to donate (i.e. the respondents themselves who set the WTP amounts). The respondents could also choose a preferred and trusted institution (governmental, non-governmental, or private) to manage the donated funds. Moreover, the willingness of the respondents to conduct volunteer work in favor of West Indian manatee conservation was considered under this same topic. Thus, the respondents who declared they could not contribute financially were given the opportunity to participate through volunteer work (Paiva, 2015; Ferreira et al., 2017).

The interviews were used to calculate the percentage of people who accepted WTP for the conservation of the West Indian manatee in the form of a hypothetical tax added to their utility bills (measured in United States dollars - USD) and the percentage of people who were willing to invest their time (measured in hours) in volunteer work. Two types of contributions were considered and subsequently converted into monetary values, namely the WTP in the form of a donation and/or the volunteer work (Ferreira et al., 2017). The number of volunteer hours was converted into a monetary value based on 2080 work hours per year (8-hour workday, 5 days a week, for 52 weeks of the year) and considering the median of declared incomes of all categories.

On the manatee watching guides questionnaire, a second section was included with a question related to the willingness to accept the absence (WAA) of manatee watching tourism. The question was open-ended and the respondent could answer with any value.

The direct revenues attributable to manatee watching and generated from the sale of tickets by the Associação Peixe-Boi were also considered to calculate values (O’Connor et al., 2009; Knowles and Campbell, 2011; Guidino et al., 2020). To complement the value of recreational manatee watching, the travel cost method was also used (Sagebiel et al., 2016), including all indirect expenditure related to tourism of the West Indian manatee, such as travel costs, accommodation, food, and souvenirs (O’Connor et al., 2009; Knowles and Campbell, 2011; Guidino et al., 2020). In our study, we considered as travel costs the sum of expenses self-reported by tourists in all means of transport used until arriving the region where manatees and manatee ecotourism occur. Accommodation and food costs were calculated considering the amount paid during the total period in which they stayed in the region. And the spending on souvenirs was calculated from the sum of the value declared by each interviewee. The total amount obtained (sum of direct and indirect expenses) was divided by the number of participants who answered questions about indirect costs (n=362). To calculate the revenue projection, we multiply the average value obtained by the total number of tourists who participated in manatee watching (n=13,955) during the study period (January 2020 to February 2021). As in the case of Knowles and Campbell (2011), the existence value of these animals for humans, for the manatees themselves or other species was not included. The questions related to this information were in a third section on the tourist questionnaires.

A fourth section addressed the feelings of tourists when they saw or if they saw the West Indian manatee during the tour, and their level of satisfaction with the information and guidelines provided during the trip. In this section, a 5-point Likert scale was used (Likert, 1932), ranging from 1 “dissatisfied” to 5 “very satisfied”. As a result, information related to the well-being and satisfaction declared by the tourists was obtained.



Data analysis

All statistical analyses were conducted using R software (R core Team, 2021), and the data are shown in Table 1. Values expressed in USD were considered for WTP, income, and costs declared by the respondents. Some participants omitted certain answers, while others answered inadequately (answers in mismatched fields, or with incoherent alternatives to what was asked), leading to the exclusion of inconsistencies in certain questions. For the descriptive analyses, the information in the entire data set was used. For statistical analyses, only the subset of data with exclusions of inconsistencies was considered.


Table 1 | Statistical analyses conducted in the study.






Results


Socio-economic characteristics

A total of 761 interviews were conducted. Table 2 shows the socioeconomic data of the respondents by category. Among the respondents, 76.15% (n=428) declared having higher education and/or graduate studies.


Table 2 | Level of education and income of the interviewed categories.



The median monthly income of respondents ranged from USD 234 (manatee watching guides) to USD 2 160 (tourist). The median values declared by the respondents, in the different categories, are presented in Table 2. Regarding gender, 56.20% (n=426) of the respondents stated they were female and 43.80% (n=332) stated they were male. Men were more present in the categories of manatee watching guides (male=31, female=4), tour guides (male=6, female=2) and tour operators (male=6, female=2). While women were the majority in the artisans (female=17, male=6) and tourists (female=324, male=207) categories. There was no major difference regarding gender between respondents in the business owners (female=30, male=26) and accommodation service providers (male=50, female=47) categories.



Willingness to pay for the conservation of the West Indian manatee through monetary contributions and/or volunteering

Among the respondents, 46.65% (n=355) were in favor of contributing to the conservation fund, 52.56% (n=400) did not agree to contribute, and 0.79% (n=6) did not wish to comment. Among those in favor of contributing, 83.66% (n=297) mentioned a monetary value. The average monthly value of the declared contribution was USD 3.6 ( ± 11,45 SD), ranging from USD 3.6 to USD 18 (Table 3). Considering only the tourist-related workers and excluding the tourists, the mean WTP contribution was USD 13.66 ( ± 15,69 SD).


Table 3 | Willingness to pay (WTP) for West Indian manatee conservation according to interviewed categories.



The respondent categories differed in relation to the monthly amount they would be willing to pay for maintaining the conservation fund (F=29.33; P<0.001). These differences were observed between artisans and manatee watching guides (P = 0.008), tourists and artisans (P = 0.01), tourists and business owners (P = 0.004), tourists and manatee watching guides (P = 0.004) and between tourists and the accommodation service providers (P = 0.004). On average, the manatee watching guides declared a donation to the fund that was USD 13 higher than that declared by the artisans (Figure 2).




Figure 2 | Average amounts in dollars (USD) that respondents would be willing to pay to maintain the manatee conservation fund, according to categories. Vertical bars indicate ± standard deviation.



In contrast, the tourists intended to donate the lowest amount of all the investigated categories, averaging USD 3.85 per month. Considering only the category of tourists, the amount they were willing to donate to the fund showed differences when the motivation for the trip was to do manatee watching (t=-2.65; P=0.02). Tourists who traveled to the location motivated by manatee watching (16.10%) were willing to donate an average of USD 2.38 more to maintain the conservation fund when compared to those who traveled to the place for other reasons (83.9%).

Statistically, the same proportion of female (53.08%) and males (n=46.92%) respondents agreed to contribute to the manatee conservation fund (X2 = 0,04; P = 0,86). Male and female respondents differed in terms of the amount they would be willing to pay monthly to maintain the manatee conservation fund (t = -3.62; P = 0.004). Although no significant differences were observed between the monthly income of the men and women (t=1.14; P=0.18), male respondents declared they would make higher donations (mean USD 5.28) than female respondents (mean USD 2.51, Figure 3A).




Figure 3 | (A) Average amounts in dollars (USD) that respondents would be willingness to pay to pay (WTP) to maintain the manatee conservation fund, according to gender. (B) Average amounts in dollars (USD) that respondents would be willingness to pay to pay (WTP) to maintain the manatee conservation fund, according to their level of education. Vertical bars indicate ± standard deviation.



The WTP also differed according to the schooling of the respondents (F=19.69; P<0.001). These differences were observed among respondents who had not finished elementary school (P=0.002) and who had finished middle school (P=0.004) and high school (P=0.016) compared to respondents who claimed to have higher education or graduate studies (Figure 3B).

Among the respondents demonstrating WTP, 65.90% (n=232) stated they would choose a non-governmental organization to administer the conservation fund. Moreover, 14.20% (n=50) of respondents chose private institutions and 6.25% (n=22) indicated the government as fund manager. However, 7.95% (n=28) chose institutions other than those listed and 5.68% (n=20) did not answer the question.

Of all the respondents, 55.99% (n=412) stated they were willing to volunteer. The median hours they would devote to volunteer work was 60 hours per year. Considering that the median monthly income among respondents was USD 1 080, the correspondence of volunteer time with income revealed a contribution of USD 31.15 per year or USD 2.59 per month. The willingness to volunteer was influenced by the WTP to help maintain the manatee conservation fund (X2 = 55.9; P=0.0001). The willingness to volunteer was not influenced by the gender of the respondents (X2 = 0.07; P=0.80). The number of hours dedicated to volunteering did not differ between the respondents’ schooling (F=1.80; P<0.12); that is, the respondents’ schooling did not influence the number of hours they were willing to devote to volunteering. The intention to act as a volunteer was not influenced by the interviewee’s gender (X2 = 0.07; P = 0.80).



Willingness to accept absence

Among the manatee watching guides, 60% (n=21) would accept and suggested monetary compensation if manatees were no longer available for watching, 28.57% (n=10) could not state an amount, 8.57% (n=3) did not agree to receive compensation, and 2.86% (n=1) declared that no amount of money could compensate the absence of manatees on site.

The median declared WAA value among the guides was USD 198 monthly.



Revenue from tourism related to West Indian manatee

Most tourists traveled in groups of three (46.67%) and stayed for five days or more (47.81%). Between January 2020 to February 2021, 13 955 tourists took the manatee watching. The fee charged for the tour during this period was USD 9, totaling a direct cost of USD 125 595.

Indirect expenditure related to such tourism (including travel costs, accommodation, food, and souvenirs) declared by the tourists totaled USD 273 412.35 (Table 4).


Table 4 | Indirect costs associated with manatee watching from January 2020 to February 2021.



The sum of the direct and indirect costs from manatee watching was the amount this attraction and these animals inject into the local economy, which totaled USD 399 007.40 in the period studied. A total of 362 respondents accounted for indirect expenditure, totaling USD 1 102.20 per tourist. By way of projection based on this average cost and the number of tour visitors in the study period, average revenue for manatee watching in the APACC was USD 15 381 623.10.



Feelings of tourists and level of satisfaction

In total, 95.13% (n=508) of the tourists who took the tour managed to view the manatees, while 4.31% (n=23) did not see them, and 0.56% (n=3) did not respond. Regarding their feelings when viewing/if they viewed the animal, 97.72% (n=514) of the tourists declared positive feelings (excitement, confidence, contemplation, awe, emotion, enchantment, enthusiasm, happiness, surprise). Negative feelings, such as frustration and sadness, were reported by 0.95% (n=5); while 1.33% (n=7) said they felt indifferent.

Regarding the level of satisfaction, 74.81% (n=398) of tourists rated the tour with a score of 5, that is, they were very satisfied with the information received. Moreover, 18.80% (n=100) rate the tour 4, 4.51% (n=24) gave a score of 3, 1.13% (n=6) rated the tour 2, and 0.75% (n=4) rated the tour 1, that is, they were very dissatisfied.




Discussion

In general, most of the survey respondents were had a high level of education, an median monthly income of USD 1 800 and a greater participation, in the responses, of the female gender. In this study, just under half of the respondents were in favor of contributing and would be willing to donate to a conservation fund. This favorable number of respondents corroborates the numbers found in other studies (Solomon et al., 2004; Paiva, 2015; Ferreira et al., 2017). The WTP value of the respondents (excluding tourists) was USD 13.66 per month, which is lower than the value declared by residents interviewed in Florida (Solomon et al., 2004). Excluding the respondents who were unwilling to donate any amount, the current days corrected WTP value in Florida averaged USD 33,63 per survey respondent (Solomon et al., 2004). In the present study, more women agreed (53.56%) to participate in the research and more willing to pay the fee (53.08%); however, the men stated they would donate a higher amount, as also reported by Paiva (2015) and Solomon et al. (2004). Most of the studies reviewed by Yang et al. (2018), however, showed no significant differences between men and women with respect to recreation, tourism, and other cultural ecosystem services.

In relation to schooling, the categories directly related to the tourism production chain were the respondents with lowest level of education. These actors were also those who wished to donate higher amounts for maintaining the conservation fund compared to those with a higher level of education (F=19.69; P<0.001). This result was contrary to the results found by Malinauskaite et al. (2020), who noted that people with a higher school education level were more likely to pay a conservation-oriented fee.

With respect the interaction between income and WTP, it was observed that the higher the income, the lower the amount the respondent was willing to donate to the conservation fund, as also found by Paiva (2015). The monthly income of the tourism-related social actors (except for tour operators) was lower than the income of the tourists, and yet the WTP of these sectors was higher than that of the tourists. On average, the manatee watching guides were willing to donate the highest amounts. The greater willingness of the tourism-related actors to donate to a conservation fund may be related to the fact that they benefit financially from the presence of manatees at that location. The tourists declared the lowest donation values compared to the others, although their category has the second highest income. The minority of tourists traveled to the location motivated by the presence of manatees, and they were the most favorable regarding WTP. This fact suggests that awareness and conservation campaigns could help promote the tour nationally. Such efforts would attract more visitors interested in viewing the animal and contribute financially to its conservation, if a fund were available for this purpose. About the institution that would administrate the conservation fund, most respondents declared greater confidence in non-governmental organizations for this purpose. By way of justification, some respondents stated they were dissatisfied with the public management of other services and attractions in Brazil. Moreover, in regard to public management, they feared corruption and embezzlement of funds.

The willingness to support the conservation of manatees was also evaluated through volunteer work, which was approved by most of the respondents. The visitors who intended to donate an amount to maintain the fund were also the most willing to work as volunteers, while those who had no intention of contributing financially did not intend to work as volunteers.

Regarding the WAA, most manatee watching guides agreed to contribute and suggested an amount. The mean monthly declared amount in the case of absence of manatee watching operation was equivalent to a minimum wage, which is similar to the amount they usually earn for this activity. Only one driver replied that no amount of money would pay for the absence of manatees on site. The locally led ecotourism initiative for the observation of T. manatus was established to manage the conflict between fishermen and conservationists, while increasing public awareness of the subject (Normande et al., 2015). Tourism with these animals has gained national visibility in recent years and has promoted the conservation of the species and income generation for the local community (Camêlo and Araujo, 2018). In Greenland, for example, when respondents were asked what would happen to their community should whales disappear from their area, most stated they could not imagine such a scenario since these animals represented a part of what they are as people (Malinauskaite et al., 2021). Similarly, the Associação Peixe-Boi strengthened the sense of cooperation among residents, both to promote tourism and to guarantee their rights over the location. Thus, tourism, along with other traditional economic activities, is a strong rallying and support point for local societies that increases the local community’s sense of belonging to a place (Camêlo and Araujo, 2018).

According to Goodwin and Roe (2001), in some areas, tourism can generate significantly higher financial returns and revenue than other wildlife uses. The average length of stay of tourists in the present study area was similar to other places with aquatic mammal observation tourism (Tischer et al., 2018). In relation to net revenue, Wilson and Tisdell (2003) showed that whale watching attracted 62,670 visitors and AUD 30 million for the Hervey Bay region (Australia). According to Guidino et al. (2020), the total expenditure of tourists who traveled for whale watching exceeded USD 3 million in Peru. In 2009, around 70 000 visitors spent around USD 2 625 000 in Fernando de Noronha, exclusively due to dolphin watching (Silva-Júnior, 2010). Marine tourism that involves cetacean watching requires high-cost logistics due to the large vessels and need for fossil fuel and skilled crew for navigation, all of which increase the ticket cost. Consequently, cetacean watching can be very costly for tourists (O’Connor et al., 2009). In general, sirenians are much less attractive to tourists than many other marine mammals. In addition to being less well known, sirenians often occur in turbid water with limited underwater visibility, do not exhibit spectacular surface behaviors, and can be wary and difficult to approach. Even so, Florida manatees engender passion and interest in the local populace and visitors alike (Ponnampalam et al., 2022). Regarding the tourist benefits, Solomon et al. (2004) estimated a gross total, the current days correcte, of USD 24 338,79 (considering transportation, lodging, dining and retail purchases) for the 30 000 tourists per year who visit the Citrus County (Florida) to view manatees. However, it is important to emphasize that the logistics structure of the manatee-watching tour in Florida is more expensive than in Brazil. Manatee tourism in Florida is big business and it includes more than a dozen locations throughout the state and a variety of ways to interact and observe them such as: snorkeling, diving, kayaking, canoeing, platform viewing, among others (Solomon et al., 2004). In Brazil, tourists cannot under any circumstances have any physical contact with the animals (ICMBio, 2021). In the present study, the tourist costs for manatee watching were most likely underestimated regarding the total contribution to the economy of this activity. Since the study was conducted during the coronavirus pandemic, tourist activities were suspended for five months, leading to interferences. Furthermore, of the 534 tourists interviewed, 362 respondents answered the questions related to indirect costs. Therefore, the response rate was 67.74%, thus approaching the response rate presented by Guidino et al. (2020). The highest tourist expenses at the APACC were with accommodation, food, and transportation, as also found by Guidino et al. (2020) and Solomon et al. (2004).

Unlike manatee watching in Florida, which attracts around an estimated 380 000 and 590 000 visitors a year, respectively, to Crystal River and Blue Springs (Ponnampalam et al., 2022) in the present study, only 16.10% of tourists knew about the manatees and visited the location to observe the animals. Most of the respondents learned about the attraction after arriving at the location. In contrast, whale watching has become an important revenue generator in recent years (Einarsson, 2009; Cook et al., 2020). According to the study by O’Connor et al. (2009), global estimated revenue from whale watching was USD 2.1 billion per year, attracting more than 13 million tourists and employing more than 13,000 people in 119 countries. In the case of Iceland, whale watching has expanded with tourism and is currently the largest economic sector in the country, totaling around USD 33 million per year in direct revenue (Malinauskaite et al., 2020). Since whales are highly migratory species that cannot be confined to a marine ecosystem, the forms of regulating, maintaining, and provisioning of associated ecosystem services are limited and difficult to measure when they are not present in a given tourist location (Malinauskaite et al., 2021). Manatees on the central West Coast of Florida aggregate in large numbers in the warm springs during the winter (Sorice et al., 2003; King and Heinen, 2004; Solomon et al., 2004; Sorice et al., 2006; Ponnampalam et al., 2022), which makes them easier to locate by tour operators and guides. In Brazil, part of the manatees observed in Porto de Pedras is released and remains at the location, with no seasonality of occurrence. For this reason, this type of tourism can occur all year round.

In the place where manatee watching is authorized as a tourist product, negative impacts to manatees are low because normative instructions regulate the activity. The transit of motorized vessels is prohibited, avoiding noise disturbance and risk of collisions. However, there are reports of harassment by marine manatees outside the area intended for manatee watching. As a result, in the review of the APACC management plan (ICMBio, 2021), the needs for planning awareness campaigns on harassment and appropriate conduct when encountering a marine manatee were added.

According to Zeppel and Muloin (2008), marine wildlife tours offer a number of education and conservation benefits to visitors. The information that tourists receive during the trips seems to directly influence their behavior (Zeppel, 2008). According to Schänzel and McIntosh (2000), this type of tourism provides cognitive benefits, such as improved environmental awareness and mood (endearment). An encounter with a manatee is a unique experience that involves interacting with a large and docile marine mammal (Sorice et al., 2003). In the present study, feelings of well-being and positive emotions were stated by almost all respondents (97.90%) after seeing or if they saw the manatee. Overall, Lück and Porter (2017) noted that respondents were satisfied with the dolphin swim ride, as revealed by high satisfaction scores. Vidal et al. (2013) reported feelings considered positive (joy, excitement) in 53% of respondents who visited the Flutuante dos Botos (floating house of the Amazon River dolphin), in the Parque Nacional de Anavilhanas (Anavilhanas National Park), state of Amazonas, Brazil. Pleasant feelings resulting from charisma provide an “affective” dimension particularly associated with strong emotional responses, especially as feedback for the esthetic appeal of the appearance and behavior of the animal in question (Lorimer, 2007). According to McGinlay et al. (2017), people’s “aesthetic perspective” favors “charismatic megavertebrates”. Factors such as rarity, visual appearance, size, and cultural familiarity can influence our charisma for mammals (MacDonald et al., 2015). According to Malinauskaite et al. (2021), whale watching guides and operators reported that spotting a whale for the first time can be a highly sought-after and even spiritual experience due to the rarity and sheer size of these animals. Once the protection of charismatic species is guaranteed, these symbols can ensure environmental survival and attract large contingents of people to visit and view them, while providing leisure and a source of income for the local community (Vilas Boas and Dias, 2010). Charisma can be expanded through marketing and is open to a certain degree of construction by conservationists; however, it is also limited by particular ecological characteristics of the species themselves (Lorimer, 2007).



Conclusion

Current knowledge demonstrates that marine mammal watching tourism provides physical and emotional well-being, which is increasingly sought by visitors who appreciate this type of experience. The significance given to the need for spiritual and mental well-being is currently considered as important as access to other natural resources of consumption. Recognizing and understanding the ecosystem services provided by our biodiversity is a major step towards promoting more favorable decision-making and ensuring the protection of the ecosystems that provide these services.

The revenue from manatee watching tourism, shown in the present study, further confirm that maintaining this attraction highly benefits the community in which the manatees occur. Manatee watching in Brazil could become more attractive with the use of technologies, such as hydrophones equipment, which would provide tourists with the experience of hearing underwater environments and even vocalizations of nearby West Indian manatees. Even with all the advantages resulting from the observation of the manatee, possible negative consequences resulting from the increase in the search for the attraction must be foreseen in the local environmental regulations.

In general, increased awareness and interest in aquatic mammals supports the argument that the ecological and cultural contribution of these animals is more beneficial than when merely used for provision. Moreover, the high satisfaction declared by visitors helps restore and maintain the local way of life.

In this regard, however, the institutions responsible for developing and standardizing the tour did not appropriately promote the attraction. More elaborate and far-reaching advertising in the local and national media and tourism operators could help attract a greater number of tourists who visit the APACC to watch the manatees. Moreover, more widespread awareness of the attraction could add value to local tourism and differentiate it from the other already popular sun and beach tourist destinations in northeastern Brazil.

The information presented in this study is unpublished and sheds valuable insight into the monetary value of manatees and their potential cultural benefits to other APACC communities.
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The ‘Other Effective Area-based Conservation Measure’ (OECM) concept was first introduced in 2010, by the Conference of the Parties of the Convention on Biological Diversity (CBD COP) in the CBD Strategic Plan for Biodiversity conservation 2011–2020. The concept acknowledged that a range of spatial measures other than protected areas were appropriate for reaching Aichi Target 11 spatial conservation coverage. The OECM definition was adopted in 2018 in CBD COP Decision 14/8, which calls on States to mainstream OECMs into economic sectors, to recognize the current biodiversity conservation benefits and co-benefits from their area-based management measures and enhance them as much as possible. In the marine capture fisheries sector, the identification of OECMs is a work in progress and the issues addressed in this paper are key implementation issues that States and fisheries authorities are or will be encountering regarding their governance, management, and biodiversity outcomes. The purpose of the paper is to draw attention to some key OECM implementation issues arising in marine capture fisheries and to suggest possible approaches to address them. The governance issues addressed relate to enabling frameworks, industrial fisheries, legitimate authorities, long-term commitments, cross-sectoral coordination and planning, and contribution to the Post-2020 Global Biodiversity Framework of the CBD. The management issues considered relate to effectiveness in achieving expected outcomes, costs and benefits of OECMs, spatial relations between OECMs and fisheries, and the role of OECMs in the Ecosystem Approach to Fisheries (EAF). Regarding the significant positive biodiversity outcomes expected from OECMs, issues relate to the type of outcomes expected, their current or intended nature, the level of evidence required, and their relationship to area-based conservation standards.
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Introduction

The concept of ‘Other Effective Area-based Conservation Measure’ (OECM1) was introduced for the first time in the Aichi Biodiversity Target 11 of the Convention on the Biological Diversity (CBD) Strategic Plan for Biological Diversity 2011–2020 in relation to area-based conservation. The Target stated: “by 2020, at least…10 per cent of coastal and marine areas, especially areas of particular importance for biodiversity and ecosystem services, are conserved through effectively and equitably managed, ecologically representative and well-connected systems of protected areas and other effective area-based conservation measures, and integrated into the wider … seascapes”2. The Target indicated key properties required for both protected areas and OECMs to be considered in the global area-based conservation coverage. To date, this formulation has been practically retained verbatim in Target 3 of the draft Post-2020 Global Biodiversity Framework, ensuring coherence and continuity in conservation efforts.

The CBD Parties identified these properties against a background of growing concerns expressed over threats to a degrading biodiversity (including from climate change); variable effectiveness of existing protected area and lack of systematic performance assessment; sluggish mainstreaming of biodiversity concerns in economic sectors, including fisheries; failure to achieve global conservation coverage targets; the lack of instruments or reluctance of many communities to establish marine protected areas (MPAs), and particularly no-take areas; slow development and gaps in spatial conservation; and lack of accounting of conservation achieved outside MPAs (Lopoukhine and Ferreira de Souza Dias, 2012:2; Visconti et al., 2019; Visconti et al., 2015; Hilborn and Sinclair, 2021).

In 2018, following a 4-year process of scientific and technical meetings and political negotiations, the CBD COP Decision 14/8 defined OECM as “a geographically defined area other than a Protected Area, which is governed and managed in ways that achieve positive and sustained long-term outcomes for the in-situ conservation of biodiversity3, with associated ecosystem functions and services and where applicable, cultural, spiritual, socio–economic, and other locally relevant values”. An OECM is therefore both an “area” (as indicated in the definition) and a “conservation measure” (as explicit in its full name), within which distinct regulations apply. In this paper, we use the term OECM to refer to both the area and the controls applying within its boundaries, unless specified differently in the text. The positive outcomes of a fishery-OECM occurs inside the OECM boundary but also in the fishery and ecosystem within which it operates.

The definition inherits some fundamental properties of conservation areas specified in Target 11—such as positive biodiversity outcomes and effective management—and adds the need to demonstrate sustained governance and management systems and long-term positive outcomes. CBD Decision 14/8 gives a strong legal foundation to the OECM concept that extends beyond the CBD Strategic Plan for Biological Diversity 2011–20204. Moreover, Decision 14/8 calls on States to mainstream OECMs in all relevant sectors, including through the use of either existing or new areas that would meet the OECM criteria. As such, OECMs are not a new category of spatial measures (see examples in Rice et al., 2022) but rather a specific international label, given to existing or new area-based sectoral or conservation measures that have in common that they are consistent with the required OECM properties. When identified as OECM, such measures maintain their original nature and objectives but benefit from an international recognition of the biodiversity benefits they are out in place to generate.

In addition to the OECM definition, Decision 14/8 outlined four Identification Criteria (A to D) regarding (A) the legal status of the area; (B) geolocalization, governance, and management; (C) effective and sustained contribution to biodiversity conservation, information, and monitoring; and (D) ecosystem services and other locally relevant values (see Himes-Cornell et al., 2022 for details). In addition, Decision 14/8 also provides voluntary guidance on equitable governance of OECMs and their integration in broader conservation networks and across sectors. Fairly similar criteria were adopted by IUCN for Green-listed MPAs (IUCN-WCPA, 2017). Additional elements of guidance and interpretation are available in IUCN-WCPA (2019) and, specifically for marine capture fisheries, in Rice et al. (2018) and (Garcia et al., 2020; Garcia et al., 2019). Regional, national, local, or sectoral level actions to implement OECMs may encounter additional challenges as the agreed definition, principles, criteria, and guidance elaborated at global-level “hit the water”, suggesting there may be opportunities to improve the global framework as experience grows.

The formal identification of marine OECMs first began in Canada (CCFAM, 2017; Hiltz et al., 2018; Aften and Fuller, 2019) and is progressively being considered for fisheries management in more and more jurisdictions (Jorgensen et al., 2020; ICES, 2021; Shackell et al., 2021). The implications of OECMs for marine capture fisheries have been considered by various expert meetings, including one organized by CBD (2018), the Food and Agriculture Organization (FAO), CBD and the IUCN Fisheries Expert Group (FEG) (FAO, 2019), and the International Council for the Exploration of the Sea (ICES) and FEG in 2020 (ICES, 2021). During these meetings, elements of guidance have been tested on real-world situations and progressively clarified for the application of the OECM definition, criteria, and voluntary guidance to the marine capture fisheries sector (FAO, 2019; Garcia et al., 2019; Garcia et al., 2020 and ICES, 2021). Experience is showing that often with little change to fully meet the criteria, OECMs of relevance to fisheries might either be conventional area-based fisheries management measures (ABFMs or fishery closures)5 or traditional or modern multi-objective community-based management areas within which fisheries operate. This article focuses on the first type which we refer to as “fishery-OECMs” for convenience.

In this evolving context, this paper addresses some selected implementation issues encountered in the identification and use of OECMs in marine capture fisheries. These issues are grouped into three sections on (i) governance, including high-level policy and legal issues at national and sectoral levels, and on which all depends; (ii) management, covering a number of operational questions such as effectiveness, costs and benefits, spatial dimensions of OECM management, and the role of OECMs in the ecosystem approach to fisheries (EAF; FAO, 2003); and (iii) the past and expected biodiversity outcomes, their types, actual or intended nature, the level of evidence required, and the relation with area-based conservation standards. For each issue, we will refer briefly to the related part of the CBD Decision; the relevant elements in the fishery policy and management frameworks; and the specific actions or options available to address it.



Governance issues

Many issues need to be addressed by governance authorities to facilitate the process of identification and use of OECMs in the marine capture fisheries sector, relating to enabling frameworks, industrial fisheries, legitimate authority, long-term nature of the commitment, cross-sectoral coordination and planning, and contribution to the Post-2020 Global Biodiversity Framework (GBF).


Enabling frameworks

The quality and performance of fishery-OECM governance will depend on the existence of an appropriate overarching enabling framework allowing the fishery sector to act effectively. At the global level, CBD Decision 14/8 established the international framework enabling the identification and implementation of OECMs in all ecosystems and economic sectors, referring briefly to the policy and finance enabling frameworks (p. 5) and enabling conditions (p. 8) needed to mainstream biodiversity conservation in economic sectors and improve equity. With regard to the oceans, the OECM guidance complements the overarching legal and policy frameworks provided by the 1982 United Nations Convention on the Law of the Sea (UNCLOS), the 1992 CBD, and the 1995 United Nations Fish Stocks Agreement (UNFSA).

At the regional level, there already exist international arrangements to manage transboundary and high seas resources, including through ABFMs, in line with the UNFSA. In some cases, minimal updates of the arrangements may be needed to identify and manage OECMs and the specific biodiversity attributes6 concerned. All regional fishery bodies (RFBs) and Regional Fisheries Management Organizations (RFMOs) have already adopted the EAF in which OECMs have many possible roles, and identified vulnerable marine ecosystems (VMEs)7 which are good potential OECMs. These regional organizations can therefore be mandated by their State Parties to identify OECMs with little or no need to further update their conventions and management frameworks. However, RFBs and regional seas organizations (RSOs) could benefit from strengthened collaborations to promote effective OECMs in cross-sectoral environments.

At the national level, several governance pathways are available. Some States may prefer to review the overarching national policy, legal, and financial frameworks from the onset to speed up a harmonized OECM implementation process in all sectors. Others may decide to start the process with some pilot initiative(s), e.g., in one or a few promising fisheries, progressively discovering what forms of framework updating might be needed. Some may even take lessons learned from other sectors as potential ways to accelerate progress on OECMs in fisheries. Because of the context specificity and diversity of national jurisdictions, generalizations are inappropriate beyond stressing that many of the mainstreaming actions required in the fishery sector and described in the next sections would be facilitated if enabled by explicit but adaptive national policy frameworks giving fishery authorities the ability and incentives to engage in rolling out the process within the sector, in partnership with other sectors as appropriate. Regarding fisheries, States, individually, jointly across their respective EEZs, or as members of regional fisheries management organizations (RFMOs) in the high seas, are accustomed to implementing ABFMs, some of which may already meet the OECMs criteria or may be enhanced to do so. However, their identification and use may require updating existing legal, policy, financing, and regulatory frameworks at different levels (Garcia et al., 2019; Garcia et al., 2020; Marnewick et al., 2020: 14). In many States, the environmental authorities have firmly started the process in conservation areas under their jurisdiction, and effective collaboration will be needed to ensure the required mainstreaming in the fishery sector ABFMs.

In the marine capture fisheries sector, effective mainstreaming of OECMs may require some or all of the following enabling factors, depending on the current level of development and capacity of the sector:

	A clear legitimate authority with mandate for sectoral OECMs in both centralized and devolved management systems;

	A review and updating of the fisheries legislation to ensure that OECMs fit within the legal framework;

	A sectoral vision or policy commitment for an inclusive mainstreaming process; (iv) a specific strategy, plan, and timetable for OECM implementation in the whole sector, adopting a comprehensive or incremental approach;

	A review of the fishery sector governance systems, inter alia to promote and facilitate the identification of additional stakeholders (as may be required by the broader OECM objectives), recognition of their knowledge and values, and effective participation;

	The translation of international guidelines on OECMs into national guidelines, in the formats and local languages required to foster local participation; and

	Special funding mechanisms or other incentives to help start and sustain the OECM process, e.g., for capacity-building in a chronically underfunded sector.



The list is intimidating, but every enabling factor mentioned in it would be useful for any substantive new step in fisheries management, as factors enabling adaptive the whole management and not just OECMs.

An effective collaboration with fisheries stakeholders and conservation authorities has the potential to help build multidisciplinary capacity and mutual trust. Cross-sectoral collaborations to maintain or enhance OECMs may be established bilaterally in some cases but would often benefit from a national enabling framework, such as marine spatial planning (MSP), to ensure that threats to biodiversity by other sectors are addressed collectively by the respective authorities (Decision 14/8, Annex III). Finally, a sectoral audit process under independent oversight would help ensure the effective and transparent contribution of OECMs to national objectives and also strengthen mutual trust between the sector and the authority, among sectors, and with the public.



OECMs in industrial fisheries?

The CBD Decision 14/8 lists the objective requirements to be satisfied by any OECM but does not propose types of conservation areas that should be a priori considered OECMs or, conversely, activities or sectors that should a priori be considered incompatible with OECMs. Nonetheless, there is a clear reluctance in some conservation quarters to consider industrial extractive activities—including industrial fishing—as compatible with conservation in general and protected areas in particular (Day et al., 2012; Day et al., 2019)8. The same reluctance has been expressed by (IUCN-WCPA, 2019: 6) in relation to OECMs which, by definition, are not “protected areas”.

To our knowledge, there is no agreed definition for an “industrial fishery”. The criteria used to distinguish “artisanal” from “industrial” fisheries vary between countries and socioeconomic contexts (Rousseau et al., 2019). For example, in the literature, the length of vessels considered as industrial is over 7 m in Cape Verde (Knoops, 1995), over 15 m in the South Pacific islands (Gillett, 2007), around 60 m for squid jigging (https://www.fao.org/fishery/fishtech/1114/en), over 100 m for catcher/processer factory trawlers, and over 140 m for the super-giant trawlers (Tracey et al., 2013). In addition, in the European Union, the term is usually associated with vessels used in fish meal and oil (reduction) fisheries. Nonetheless, an industrial fishery9 would usually involve small or large commercial companies, established for profit, with a large capital investment, using large vessels, and able to stay at sea for a long period of time and travel far away from their base. Capture, preservation, and processing may be integrated on board (factory ships) or through land-based facilities. Artisanal fisheries tend to have the opposite properties within a wide range of technological and other dimensions (Misund et al., 2002; Griffiths et al., 2007).

From a conservation point of view, more industrialized fisheries are considered to be associated with higher extraction rates, persistent and sequential overfishing10, and stronger environmental impact, particularly on the bottom and in terms of bycatch. The reality is that the situation varies greatly among fisheries and regions and generalizations may often be unfair and inappropriate. It is obvious that destructive fishing practices—whether industrial or artisanal—should not be allowed inside OECMs. However, effective OECMs may very well be identified or newly established inside any type of fishery with appropriate protective regulations, enforcement, and monitoring. As a matter of fact, Decision 14/8 suggests to “identify and prioritize the sectors most responsible for habitat fragmentation, including … fisheries … to engage them in developing strategies for mitigating the impacts on protected areas and protected area networks including OECMs…” (Annex 1, page 4e). Therefore, the compatibility of different types of fishing activities with an OECM status should be assessed applying the CBD Criteria case by case, in context, using the best evidence available, and keeping in mind the potential environmental risks associated with the fishing activities concerned.



Legitimate authority

Some tensions exist still about who may identify or recognize and report on OECMs. Decision 14/8 stresses the importance of the wide range of governance systems under which OECMs may be identified and used, from centralized or decentralized State-driven governance, to shared governance (e.g., co-management) and community-based governance [as in the case of Indigenous Peoples and Local Communities (IPLCs)]. In Decision 14/8, the term “legitimate authority” is used (notably in Criteria B1) together with the “governance authority” and “management authority” underlining the importance of legitimacy across all levels of governance.

In marine fisheries, the only legitimate authority recognized by current international law is the State or an authority mandated or recognized by the State or established by States, at the international level (e.g., RFMOs) or the national level (e.g., national agencies, IPLC municipalities, and fishery associations). Tensions exist, however, in some countries, between the centralized State’s authority and customary rights’ holders (cf. Govan et al., 2019; Dominguez and Luoma, 2020), and solutions have usually been negotiated at the national level which provide for varying degrees of recognition of these rights.

Decision 14/8 establishes that the legitimate authority can report identified OECMs and their performance, if they so wish, to the World Conservation Monitoring centre (WCMC) global database (WD-OECM) for global reporting. The Decision, however, also allows reporting of OECM sites by non-State entities where specific conditions are met, but these sites are clearly distinguished from government data in the database (John Tayleur, UNEP-WCMV, personal clarification).



How to “ensure” a long-term commitment to OECMs?

Decision 14/8 requires evidence of a long-term intent to maintain the OECM to ensure the continuation of its expected outcomes without specification about the duration of the commitment. Experts participating in preliminary meetings on OECMs in fisheries (CBD, 2018a; FAO, 2019; ICES, 2021), and familiar with management processes and instruments, stated that in most of the areas they considered, there was enough circumstantial evidence of areas similar to OECMS being established and held in place for long periods of time, across many jurisdictions, to consider that, in most cases, the necessary measures would be in place for the “long term”. Nevertheless, they also argued that, to inspire confidence, such a commitment should come from the high-level governance and may be demonstrated by various elements including the historical existence of the ABFM before its identification as OECM; or an explicit expression of the long-term intent of the measure, in legal and/or central policy documents and statements; and by the establishment or existence of a functional monitoring and recurrent evaluation system.

Fishery management is a long-term activity by nature, and maintenance of the resource base has been a prominent concern of sustainable development and sustainable use in responsible fisheries. This concern is explicit in the UN Fish Stocks Agreement, which aims “to ensure the long-term conservation and sustainable use of straddling fish stocks and highly migratory fish stocks through effective implementation of the relevant provisions of the Convention (Art. 2).

However, fishery measures are flexible and adaptable by design, in order to maintain a dynamic regulatory system, and rapidly adapt in case of poor performance or changing conditions. There is therefore a concern that many fishery measures may be in place over too short of a time period to provide meaningful and sustained biodiversity conservation benefits as shown, for example, by McClanahan et al. (2007). The fact is that ABFMs are generally easier to put in place than MPAs but also much easier to modify or eliminate. Two reviews have found that some ABFMs have been totally eliminated, usually when proven ineffective, but also that they have very rarely been formally assessed for effectiveness and adjusted as needed once established (Rice et al., 2018; Shackell et al., 2021). Nonetheless, the OECM potential “volatility” is seen as potentially threatening its role in long-term conservation of biodiversity. This weakness could be strengthened by explicit provisions in the adaptive management process, to require the maintenance of the OECM status (and properties) when adapting ABFMs to changing conditions.

Even if the risk of removing ABFMs is currently small, it may increase because (i) as OECMs they formally need to be recurrently assessed for performance11, and (ii) with climate change, both ABFMS and OECMs are likely to require dynamic adjustments (Barange et al., 2018). Short-term and seasonal closures which, a priori, might be considered as violating the OECM long-term requirement, might in fact be good potential candidates if repeated in the long-term and have shown to maintain biodiversity benefits (IUCN-WCPA, 2019).



Contribution of OECMs to the CBD post-2020 global biodiversity framework

OECMs and MPAs were considered jointly in Target 11 on area-based conservation coverage, and there seems to be a general agreement by CBD Parties that they will play a similar role in the Post-2020 Global Biodiversity Framework (GBF)12 under its successor Target 3. The Post-2020 GBF does not have any successor for Target 6 (specific to sustainable fisheries), but fisheries-related OECMs may contribute also to several GBF targets, including Target 5 (on sustainable, legal, and safe use of wild species), Target 9 (on most vulnerable people’s nutrition, food security, livelihoods, and customary sustainable use), and possibly several other targets. Consequently, fishery OECMs illustrate the interconnections among the GBF Targets as well as the fact that single initiatives may simultaneously serve many targets. The synergetic action of spatial and non-spatial measures in fisheries, and the partial dependence of OECM’s performance on measures applied in and out of the OECM, also illustrates the fact that more than one initiative may be needed to reach one target. From that perspective, OECMs have a unique potential to concretely bridge fisheries and conservation communities of practice. States could be strongly encouraged to consider fishery OECMs as one of the instruments they promote nationally and regionally, in order to more fully reflect—and increase global awareness on—their conservation efforts in the GBF.




Management issues

An overriding and obvious requirement for OECMs to be effective is that an effective management system is active and a range of systems may exist from highly sophisticated to very traditional. Once duly identified as OECMs, their conservation objectives should be integrated in the fisheries management plan (or any informal version of that instrument) if this was not yet the case. The additional operational aspects specific to the OECM conservation functions will be simpler to address in well-managed ABFMs with good monitoring and assessment systems. A number of issues may emerge anyway in the implementation process, related to management effectiveness, costs, and benefits of OECMs mainstreaming in the sector, spatial dimensions of their management, and the role of EAF.


Management effectiveness

Management effectiveness relates to the extent to which objectives and expected outcomes are reached and maintained. Decision 14/8 recommends that the eventual collateral benefits of an ABFM be identified and reflected in the OECM objectives for future monitoring. In community-based OECMs, objectives may not be very specific, monitoring capacity may be limited, and, therefore, effectiveness may only be approximately and qualitatively assessed (i.e., using local knowledge). Effectiveness is a standard issue in both fisheries management and conservation and a strong requirement for OECMs (CBD Decision 14/8, Criteria C).

As for all ABMTs, OECM effectiveness will depend on the appropriateness of the location; the quality of resource assessments and management advice, the suitability of measures taken inside it; and the rigour of their enforcement. Effectiveness also depends on factors external to the OECM, such as the quality of fishery management13 around it, the degree of integration of measures taken in and around the OECM, the socioeconomic conditions of the fishery, the current state of the biodiversity attributes of concern, the existence and type of subsidies, and stakeholders’ engagement.

Ideally, the management effectiveness of an operational OECM might be measured against its specific stated objectives (CBD, 2018b) in its transitional and final states, and in the long term. This may be done at three levels:

	At site level, inside the OECM area, e.g., regarding amount and quality of positive biodiversity outcomes;

	At fishery level, in relation to the integration of spatial and non-spatial conservation measures within the fishery management plan to coordinate measures taken inside and outside the OECM including for monitoring and enforcement; and

	At network level, across the entire fishery sector, exclusive economic zone (EEZ), regional ecosystem, seascape, and conservation network.



OECMs may be established based on current or expected outcomes (CBD, 2018b), and therefore, effectiveness will measure the extent to which the original outcomes are maintained or augmented, and the expected ones materialize. Improving the probability that the fishery-OECM management will be effective may call for a variety of combinations of the following:

	Elaboration of additional regulations, e.g., to protect fishery OECMs from external negative impacts on biodiversity;

	Updating the EAF framework within which OECMs should be nested;

	Strengthening monitoring and evaluation capacity; and

	Identification of cross-sectoral issues; and (v) mobilization of international collaboration for OECMs straddling beyond national jurisdiction or located in the high seas.



More generally, management effectiveness of fishery OECMs is enhanced when they are nested within EAF. Decision 14/8 states in fact that management of OECMs is consistent with the ecosystem approach and the precautionary approach, providing the ability to adapt to achieve biodiversity outcomes, including long-term outcomes, inter alia, the ability to manage a new threat. Thus, identification and use of OECMs would concretely illustrate and possibly reinforce the implementation of the EAF (FAO, 2003) which, in principle, combines sustainable use and protection of biodiversity. In addition, the numerous EAF frameworks now available at national, regional, and global14 levels and the related capacity-building efforts should greatly facilitate OECM identification and implementation. A substantial part of the information and infrastructure needed may already be available, including historical datasets, collaborations, with biodiversity agencies, and participatory management processes, as demonstrated in the ICES-FEG workshop on the North Atlantic (ICES, 2021).

OECM management effectiveness would be easier assessed if the expected biodiversity achievements were reflected in the primary and secondary objectives of the OECM and the fishery (CBD, 2018b: 13). Given its dual role for sustainability and conservation and its ecological functional relations with the whole fishery, the full (or net) effectiveness of an OECM may only be fully appreciated when the state of the biodiversity attributes of concern is assessed both inside and outside it, accounting for spillover (including production of recruits and propagules) and other interactions, and sometimes even at a distance, if key biodiversity or fishery benefits are for highly migratory species (Garcia et al., 2019; Garcia et al., 2020; Shackell et al., 2021). For factors such as connectivity and representativeness, effectiveness should be measured at the ecosystem and conservation network levels, preferably in collaboration with environmental agencies and other sectors. In particular, if there was a risk that specific biodiversity attributes of concern that were protected in the fishery were significantly impacted by other economic activities, in the OECM or in areas adjacent to it, a cross-sectoral arrangement would be necessary to jointly ensure that the expected outcome and the OECM status were not jeopardized.

Potential problems in measuring fishery OECMs’ effectiveness may relate to:

	The required recurrent performance assessments of each individual OECM15 and the related workload;

	The usual difficulty in reliably establishing the cause–effect relation between a single measure and its outcomes in complex social-ecological systems, (Garcia and Charles, 2007; Ovando et al., 2021); and

	The absence of a specific performance benchmark in Decision 14/8 about the amount of outcome that may be required to satisfy each criterion individually and in aggregate to achieve the “positive”, “sustained”, and “long-term” requirements of the Decision (cf. also Section 4.3).



In addition to the criteria given in Decision 14/8, and considering the budgetary limitations, effectiveness should also address “cost-effectiveness”, e.g., the extent to which the outcomes have been obtained at the lowest possible cost (see below).



Costs and benefits in OECM outcomes?

Costs and benefits of management relate to management efficiency, i.e., the price that has to be paid for the expected benefits. The question is given significant importance in Decision 14/8 in relation to efficiency; assessment and monitoring; allocation and equitable sharing; and eventual compensations. As with any fishery management measure, the expected or perceived “benefits and “costs” of recognizing or creating an OECM and their equitable distribution among stakeholders and right-holders will influence effectiveness through attractiveness, of the benefits of and willingness for compliance. Some of these costs and benefits to the sector or to biodiversity may not be easily valued, but nevertheless can be important to consider in judging effectiveness (Table 1).


Table 1 | Potential benefits and costs of OECMs.



When an ABFM is recognized as an OECM, the occurring biodiversity benefits may simply be recognized, the related costs are already absorbed in current management and fishing operations, and there should be fewer cost/benefit problems. However, if additional measures are needed to enhance the ABFM biodiversity benefits, the related additional cost and its distribution will influence the decision and its outcomes. The question is particularly strategic in Small Islands Developing States (SIDS) and least-developed countries, with limited budgets and monitoring and assessment capacity. In this environment, capacity-building may be required incorporating traditional knowledge and local competences.



Spatial dimensions of OECMs

Area-based management and zoning are essential for EAF and conservation (FAO, 2003; Norse et al., 2005; Young et al., 2007). In this regard, a useful step in designing OECMs would be the delimitation of the historical fisheries footprints16, clarifying the spatial relationship among fisheries, with other sectors, and among sectoral OECMs, within a broad conservation network. In the marine realm, zoning may, a priori, be horizontal or vertical depending on context consistent with Decision 14/8, which stresses the importance of the three-dimensional nature of marine and coastal ecosystems and of OECMs (in Criteria B1). This draws attention to connectivity, spatial integration, and potential overlap of OECMs with existing traditional territories. The implementation issues below, regarding horizontal and vertical zoning of OECMs and their static or dynamic nature, are not addressed explicitly in the Decision but are briefly discussed in IUCN-WCPA (2019) and Garcia et al. (2021).

ABFMs are horizontally delimited areas, on the bottom or at the surface, in which the special measures applied are typically more restrictive than in the surrounding fishing ground17. Fishery OECMs are ABFMs that meet the OECM criteria. Most of the issues related to horizontal dimensions of OECMs, e.g., their boundary, size, and location, are addressed in the Decision, similar to those concerning ABFMs or MPAs, and are rarely controversial. However, a few specific points may be noted. Some ABFMs may need spatial improvements to better meet the OECM criteria—for example, (i) adjustment of existing boundaries to better protect key biodiversity attributes; (ii) fusion of neighbouring or overlapping ABFMs to integrate their management and enhance the aggregated OECM performance; and (iii) additional internal zoning to more effectively protect the additional biodiversity attributes of the OECM, to distribute costs and benefits more equitably, or to accommodate cases where the OECM straddles multiple jurisdictions. Such adaptations may increase in the future as climate change continues to move biodiversity across jurisdictional boundaries (Pinsky et al., 2018).

The vertical dimension of an ABFM is practically never explicitly stated, possibly because the extension of the water column to be protected (below a surface ABFM or above a benthic one) is addressed by the gear regulations. The importance of ocean depth is stressed in Decision 14/8, but whether fishery-OECMs should or could be vertically zoned is an unresolved issue. Horizontal zoning of ABFMs and MPAs intends to focus and improve management. For similar reasons, vertical zoning might improve OECM performance. Some sort of vertical zoning is implicitly undertaken when allowing or forbidding pelagic, mesopelagic, or benthic fishing techniques in a given area. Vertical zoning exists also de jure over the extended continental shelf where the bottom and the water column are respectively under national and international jurisdiction. However, concerns have been expressed in relation to the potential lack of coherence of regulations across the water column or difficulties of three-dimensional monitoring and enforcement (IUCN-WCPA, 2019: box 2; Garcia et al., 2019: 31). The issue is complicated by the fact that in a dynamic ocean, the ecological connections between the surface and the bottom are not all contained in the vertical water column above the OECM bottom, and a network of OECMs at different places and depths might be more effective. There is also no reason a priori why a fishery OECM could not just be pelagic or benthic, demonstrating long-term biodiversity benefits at these levels. It must be stressed that Decision 14/8 requires the achievement of positive and sustained long-term biodiversity conservation outcomes but does not call for the protection of “ the full range of native biodiversity” as suggested in IUCN-WCPA (2019). Therefore, pending better clarity about the intent of the CBD with regard to vertical zoning, the issue is one where the pragmatism and the flexibility provided in Decision 14/8 will be needed, balancing ecological objectives and operational realities as well as fears and opportunities, case by case.

Just as for ABFMs, OECMs’ location and boundaries may a priori be static or dynamic. The biodiversity elements of concern may be linked to fixed bottom structures and habitats (e.g., seamounts, canyons, deltas, reefs) or to dynamic oceanographic features (e.g., thermoclines, photic zone, upwellings, currents, gyres, and fronts). OECMs may therefore need to be static or dynamic as appropriate. Dynamic OECMs shifts may be either forecast when reliably predictable or determined in quasi real time, using move-on rules (Dunn et al., 2016). Nevertheless, the concept causes concern in parts of the biodiversity conservation community18. Potential difficulties include:

	Detectability of changes in the oceanographic features;

	Speed and appropriateness of management responses;

	For existing ABFMs, the fact that the ABFM targets species and the OECM broader biodiversity of concern may not move similarly;

	The applicability of the approach mainly to large-scale fisheries with sophisticated electronics, on-on-board observers, and fast management procedures; and

	The complication of tracking the OECM coverage area for global reporting.



These challenges might be addressed by:

	Not counting mobile ABFMs as OECMs, which would remove some real conservation benefits from global calculations, compromising some of the intent of the global targets;

	Considering as OECM the average area covered by high concentrations of conservation targets, disregarding interannual variations; or

	Enclosing in the OECM the entire area historically covered by the moving conservation targets, accepting to protect areas of low risk for biodiversity, decreasing economic efficiency.



The most effective and/or acceptable solution may only be determined in context. As the issue is likely to be common to many economic sectors, cross-sectoral cooperation may help finding common approaches.




Biodiversity issues


What types of biodiversity outcomes are to be considered?

It is fundamental to understand what biodiversity attributes may be protected in a fishery-OECM. The OECM definition indicates that they are expected “to achieve positive and sustained long-term outcomes for the in-situ conservation of biodiversity…” (emphasis added). CBD Article 2 defines the latter as “the conservation of ecosystems and natural habitats and the maintenance and recovery of viable populations of species in their natural surroundings…”(emphasis added). Decision 14/8 (Criterion C3) identified particular elements of biodiversity to be protected: e.g., communities of rare, threatened, or endangered species, representative natural ecosystems, range restricted species, key biodiversity areas, areas providing critical ecosystem functions and services, and areas necessary for ecological connectivity. Additional elements suggested by (IUCN-WCPA, 2019: box 4) include spawning and migrating aggregations; habitats important for species life stages, feeding, resting, moulting, and breeding; and food chain structure.

In the fishery sector, the Code of Conduct for Responsible Fisheries (CCRF; FAO, 1995) and the EAF (FAO, 2003) already include explicitly as objectives:

	Maintenance and recovery of target and non-target species19, including vulnerable and protected species;

	Protection or recovery of critical, essential, or vulnerable habitats; and

	Maintenance of ecosystem structure (as reflected for example by the food-chain) (Zhou et al., 2019), acknowledging all the properties desirable under the CBD (2018) and IUCN-WCPA (2019)guidance.



Moreover, many of the measures taken, when effectively applied, may also produce other broad and not yet identified biodiversity outcomes, positive or negative and context dependent. Ideally, the full range of outcomes should be identified, and documented for any management measures, and explicitly included in OECM objectives (if positives) or addressed (if negative).

The CCRF and EAF already commit the fishery sector to take action on the elements of biodiversity that are or could be impacted by its operations, and which the sector can protect, maintain, or recover through fishery management20. This pragmatic selection of actually or potentially impacted biodiversity attributes as sectoral conservation targets or focal management targets21 is comparable to guidance on MPA management effectiveness as MPA managers and stakeholders must also “select those [biodiversity values] which should be given priority in planning, management and evaluation and it is impossible to individually plan for management to ensure survival of every animal species” (Hockings et al., 2006). These elements for which activities of a sector present a risk and on which the sector should focus its conservation action may be referred to as “biodiversity attributes of concern” (Garcia et al., 2020; Garcia et al., 2019), and they should logically be the elements on which a fishery-OECM identification and performance assessment should be prioritized. There may be cases where fishing is not the threat but may be part of the solution, for example developing harvesting techniques and value chains to cull the invasive lion-fish species from coral reefs (Dahl et al., 2016).

When managing a complex set of biodiversity attributes in an OECM, ABFM, or MPA, not all outcomes of any measure will be positive for all biodiversity attributes (see also Shackell et al., 2021) and even some positive (or negative) effects might be transitory. For example, a measure increasing the abundance of top predators is likely to result also in a decrease in abundance of their prey species in that area, possibly impacting other predators’ food sources and potential reproduction rate (trophic cascades). Similarly, the additional exclusion of an impacting gear from an existing ABFM (to be consistent with OECM criteria) may lead to transfer of the gear pressure outside the OECM. The resulting ecological and socioeconomic impacts might reduce the overall net benefit of the OECM. Moreover, if the seabed habitat “recovers” after excluding an impacting gear, the area may become unsuitable for species that were well adapted to its disturbed state, or it may attract communities of predators that impede recovery of populations expected to increase when the fishing pressure was removed. Approaches to address these possibilities might be to modify the OECM boundaries as suggested above (Section 3.3a) or to better harmonize the fishery regulation inside and outside the OECM. Guidance produced for protected areas also had confronted these issues and is another source of useful information to characterise, monitor, and assess biodiversity outcomes from spatial measures.



Actual or intended outcomes?

CBD Decision 14/8 states that the positive biodiversity outcomes of an OECM may be achieved or expected (Criteria C1). Therefore, the outcomes might be actual (presently occurring and verified) or intended and reasonably expected (e.g., based on simulations, scientific literature, and other information on similar sites and measures, supporting reasonable expectations). A concern could be that the provision for intended outcomes might be used as a loophole leading to enlisting of “paper OECMs” that do not produce and may never achieve the alleged outcomes (IUCN-WCPA, 2019:9) (see also Section 4.3). However, such “paper OECMs” would be exposed by the insistence of Decision 14/8 on long-term monitoring of OECM’s effectiveness22. The frequency of the assessments required cannot be generalized. It is related to the time needed for the benefit to materialize, to the means available for monitoring, and it is implicitly left to States to decide. However, the WCMC reporting guide refers to an updating of States report every 5 years, which could be an incentive to update assessments and detect failing OECMs.

The Decision 14/8 allowance of “expected outcomes” to be accounted for in OECM identification also opens the possibility—and may be an incentive—to upgrade existing ABFMs to improve their conservation performance, or create new OECMs, with the recurrent evaluations allowing for the verification of the time needed for the expected outcome to materialize through local ecological dynamics. The same situation happens de facto in any MPA and fishery stock restoration programme. Moreover, when identifying an OECM, sufficient biodiversity outcomes may already exist, and some more could be expected to emerge from implementation.

In any case, Decision 14/8 recognizes that its scientific and technical advice is to be “applied in a flexible and on a case-by-case basis”. For example, the legitimate authority could choose to formally allow a given time for some additional intended outcomes of the OECM to materialize, beyond which the OECM must be reassessed and eventually confirmed or delisted. This time will vary according to biodiversity population parameters (e.g., short- or long-lived species), and although this is not required, States may choose to spell this out when reporting their OECMs to global bodies (UNEP-WCMC, 2019). If desired by States, OECMs not yet meeting sufficiently the required criteria (e.g., if some benefits needed more time to be ascertained and could not yet be considered even as “intended”) may remain in the national inventory as “candidates”, to be acted upon and monitored as a priority, but not reported in status relative to global targets, until the expected outcomes are confirmed. Moreover, with concern growing about greenwashing and “paper parks” (IUCN-WCPA, 2019:9), there may be calls for periodic transparent evaluations of the effectiveness of any conservation measures being reported under many provisions of the GBF, both MPAs and OECMs.



What level of evidence is required?

Decision 14/8 requires that the biodiversity outcomes be demonstrated or soundly predicted (and verified later). However, the level of evidence required to demonstrate actual or intended outcomes of OECMs is not specified in Decision 14/8. The Decision indicates only that the outcomes should be positive and maintained over the long term. Few identification criteria would lead unambiguously to a binary (yes/no) response, and most criteria may be met to some high, medium, or low degree. Considering the range of ecological and socioeconomic situations in which OECMs may be identified, an agreement on “universal” standards of evidence for each criterion and all biodiversity attributes23 is impossible. Even in very narrow contexts, standards of evidence are complex to develop and costly and time-consuming to apply24. Therefore, Decision 14/8 leaves it to the legitimate authorities to determine the satisfactory level of evidence required in each case, and just as with MPAs, the OECMs identified are likely to be of variable “quality” (see Petza et al., 2019, for an illustration). It is important to stress that in most cases, demonstrating that an existing pressure has been effectively suppressed (e.g., that in a deep-sea VME a bottom-contact gear has been effectively excluded through effective enforcement) is faster and easier and more cost effective than demonstrating the biodiversity outcome of such action.

Doubts have been expressed as to whether ABFMs might really produce broader positive biodiversity outcomes than those narrowly related to the target resources. On the one hand, ABFMs have rarely been recurrently assessed for effectiveness—which appears to be extremely sensitive to context (Rice et al., 2018; Shackell et al., 2021). On the other hand, significant positive ecological effects have been observed in partially protected areas (PPAs) relative to open fished areas, suggesting that ABFMs can be valuable, particularly in areas where exclusion of all extractive activities is not a socioeconomically and politically viable option (Sciberras et al., 2013). Moreover, evidence is widespread that populations of marine fish and invertebrates often recover when fishing pressure has been reduced (e.g., Sainsbury, 1988; OECD, 1997; Murawski et al., 2000; Collie et al., 2005; Pitcher et al., 2008; Garcia and Ye, 2018) albeit not always (Shackell et al., 2021). A more complete and recent systematic analysis of the contribution of fishery ABMTs to biodiversity conservation (Himes-Cornell et al., 2022) across a broad range of spatial management showed that many of them, with primary objectives related to fisheries sustainability, do provide co-benefits for biodiversity, conservation, and sustainable development. Himes-Cornell et al. (2022) confirmed that fishery OECMs may contribute positively to biodiversity conservation, but noting that such contribution needs to be confirmed, case by case.

A concern might arise, however, because the performance of ABFMs in relation to their objectives has rarely been recurrently assessed25. Reasons include the fact that ABFMs act “in concert” with other spatial and non-spatial measures, and there have been few incentives to disentangle the respective contributions of each management measure. In addition, in complex aquatic social-ecological systems, establishing and demonstrating causal relationships is difficult and elusive (STECF-SGMOS, 2007; Rice et al., 2018; Shackell et al., 2021), particularly when climate change is a ubiquitous and overriding driver. The complexity of standard fishery resource assessments increases significantly when conventional monitoring systems need to be upgraded and upscaled to deal with the larger range of biodiversity components of relevance in an OECM. This situation mirrors the difficulty in demonstrating management outcomes of MPAs, e.g., in Australia (MPRA, 2014; GBRMPA, 2019), in the USA (Ovando et al., 2021), and in small-scale fisheries (FAO, 2019a).

Notwithstanding these difficulties, the best scientific evidence available and traditional knowledge need to be provided and, particularly with the incentive added by OECM reporting, the quality of such assessments may improve with time. Initially, assessment of a few key biodiversity attributes may be used as indicator of broader impacts. A strong collaboration between fisheries and conservation science would also be an asset in this regard.

To limit as much as possible the risk of “paper-OECMs” while not missing opportunities to increase conservation outcomes, the tangibility of the “intended outcomes” could be supported by existing literature; modelling; experts’ opinions; formal statements and reports by the legitimate authorities; management and monitoring objectives and targets explicitly set for the long term; formal setting of a maximal time for the intended outcomes to materialize; and identification of a special category of “upgradable” or “candidate” OECMs” integrated as OECMs in the fisheries management plans, with dedicated monitoring and assessment (Garcia et al., 2019; cf. Section 4.2).



Fishery-OECMs and conservation standards

Following from the issues addressed in Sections 4.1 to 4.3, three related issues emerged.


a. OECMs may lower international conservation standards?

There is a concern for the risk that fisheries-related OECMs might lower the international standards for area-based conservation established in well-managed MPAs (MacKinnon et al., 2015; Shackell et al., 2021). Certainly, fisheries sustainability, the primary objective of ABFMs, has been threatened for decades by overfishing and IUU (FAO, 2020), raising doubts about the fisheries management capacity to produce the expected biodiversity benefits of OECMs. The concern may also be related to the fact that, for similar reasons, MPAs are often in the same situation and their performance has been regularly questioned (Agardy et al., 2003; Norse et al., 2003; Dichmont et al., 2013; Spalding et al., 2013; Devillers et al., 2014; Klein et al., 2015; Visconti et al., 2015; Jones and De Santo, 2016; and Alves-Pinto et al., 2021). However, the OECM standards adopted in Decision 14/8, together with the requirement for long-term evidence of the positive biodiversity outcomes, sustained governance and management systems, and recurrent monitoring, are separately and, overall, much stronger than those required or historically applied to MPAs (Jonas et al., 2021) and, indeed, very similar to those developed in parallel for green-listed MPAs (Grorud-Colvert et al., 2021). Moreover, broad reviews show that when fisheries authorities devote increased priority to and resources for fisheries assessment and management, outcomes also improve (see case studies in Garcia and Ye, 2018). Therefore, instead of a threat to conservation standards, faithfully implemented fishery OECMs can be argued to represent a good opportunity to involve the fishery sector in the improvement of conservation areas’ standards and of its own environmental performance (Garcia et al., 2019; Marnewick et al., 2020; ICES, 2021) in line with the EAF adopted 20 years ago (FAO, 2003) and still developing at different pace in different areas (Juan-Jordi et al., 2017; FAO, 2021; Reum et al., 2021).



b. OECMs may represent an enhanced international standard?

“OECM Criteria were found to set a much higher bar for evidence of effectiveness in delivering biodiversity conservation benefits (for identification as well as performance reassessment) than is set for designated MPAs” (ICES, 2020: 27), particularly regarding governance, management, and the burden of proof about positive long-term biodiversity outcomes (CBD, 2018b: Criteria B2, B3, C1 and C2). By comparison, there are no internationally agreed performance criteria for MPAs and the only evidence apparently required is that they are legally designated. As a matter of fact, the process leading to Decision 14/8 and its very detailed set of criteria and principles for OECMs may have set, de facto, an upgraded international standard for all conservation areas (Jonas et al., 2021) and the recently developed criteria for the IUCN Green List of Protected and conserved Areas are already largely aligned with them26.



c. OECMs as a biodiversity conservation label

In relation to the above, it appears to not be clear yet to all concerned that OECMs are not a new type of area-based measure like MPAs, PSSAs, LMMAs, and ABFMs (Rice et al., 2022). The OECM concept recognizes common biodiversity-related properties in a large range of conservation areas, belonging to existing types, created under different jurisdictions, with their distinctive features and objectives. When recognized as OECM, a closed area does not change either type, function, or specific name. The North Atlantic Haddock box, for example, which is an ABFM protecting Haddock recruitment, would remain what it is, with its name, within its ABFM category, with perhaps additional measures to enhance broader conservation outcomes. It is important to stress that it is not the category of area (e.g., MMA, LMMA, EBSA, or ABFM) that gets the OECM label but the specific, geographically delimited site. However, its recognition as an OECM would provide it with an additional “conservation label” allowing it to be counted against international conservation targets. There should therefore be no fear national or regional fishery authorities that the OECM process might deflect priority attention from their “own” measures.

If not accompanied by additional measures, this labelling, in itself, may not improve global marine biodiversity, but it is a good incentive in that direction and reduces the likelihood that the measure be negatively altered in the future. In addition, it materializes the fact that sustainable use is an integral part of conservation as foreseen in the 1980 World Conservation Strategy (IUCN-UNEP-WWF, 1980) and triggers new conversations across sectors and with civil society about the place of sectoral efforts in conservation.





Conclusions and discussion

Many of the issues likely to be encountered with the mainstreaming of OECMs in marine capture fisheries are likely common to many economic sectors operating in the oceans, particularly those sectors that directly impact biodiversity. Some aspects of these issues, however, are particularly important in marine capture fisheries, given how widespread they are in the world’s ocean and the peculiarities of this environment compared to terrestrial ones (e.g., relative opacity, variability, complexity of ecological processes and food chains, hydrodynamics, diversity of interconnected ecosystems, resource mobility, importance of the water mass, complex jurisdictional framework).

Many of these issues, however, are already met in conventional marine fisheries assessment and when using conventional ABFMs. Consequently, in many fisheries, OECMs could be implemented through existing management systems, adding to them if necessary to maintain and enhance biodiversity benefits in the long term. Considering how slowly Target 11 was approached in the last decade, boosting the identification of OECMs in marine fisheries is probably one of the best ways for States to meet their “30x30” commitment for conservation coverage in the ocean ecosystems at an affordable political, financial, and social cost, while still improving biodiversity outcomes. In the high seas, the role of RFMOs and RSOs is primordial.

Notwithstanding, the value of developing fisheries-specific guidelines for mainstreaming OECMs in capture fisheries in the ocean, but certainly also inland, is clear. If well adapted to the range of contexts in which they will apply, they will help in ensuring the correct direction, cost effectiveness, and coherence of the action, providing a “translation” of Decision 14/8 with clarifications and interpretations specifically for the sector (FAO, 2019; Garcia et al., 2019; ICES, 2021). For example, OECM guidance may need specific provisions for small-scale and large-scale fisheries; in densely populated coastal areas; in the high seas; and under multiple jurisdictions. These issues will be taken into account by FAO following the mandate given by its Members at the 34th Committee on Fisheries to develop such guidelines for fisheries in the near future.

Other issues not yet fully addressed and sometimes not even explicitly mentioned in publications or meetings may emerge in the near future. For example, it may already be time to start thinking about the need and ways to dynamically adapt OECM parameters to climate change as species will continue to move, including across jurisdictional boundaries (Pinsky et al., 2018). It might also be important to consider the potential role of OECMs in the context of Payments for Ecosystem Services (PES) or “green banks” as already done for forests, as well as nature-based solutions (NbS), keeping in mind the controversies about this concept.

Mainstreaming OECMs in marine capture fisheries is a golden opportunity for an increased and more effective collaboration between authorities respectively in charge of fisheries and biodiversity conservation, at national, regional, and global levels (e.g., between FAO, IUCN, CBD, and other partners). The OECM identification process has started slowly, in a few leading States, but for its smooth, fast enough, and correct evolution, there is a need for more rapidly shared learning, empowered coastal communities, and stronger management partnerships and capacity-building, particularly in developing countries. Once OECMs are finally recognized, their management and recurrent performance assessment will be the real challenge if the potential they offer to reduce collateral impact, improving conservation and fostering sustainable use, is to be realized. As such, together with other ABMTs, fisheries-related OECMs will contribute to the 100% recognition, protection, and sustainable use of IPLC land and territories (CBD, 2019), as well as to the 2020 commitment of the High Level Panel For a Sustainable Economy to achieve 100% sustainable ocean management in EEZs, by 2025 (https://oceanpanel.org/14-world-leaders-commit-100-percent-sustainable-ocean-management-solve-global-challenges/).
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Footnotes

1We use “OECMs” (plural) when referring to all OECMs or to the category and OECM (singular) when referring to a single site.

2https://www.cbd.int/sp/targets/

3As defined by Article 2 of the Convention on Biological Diversity and in line with the provisions of the Convention.

4For example, in Target 3 of the Post-2020 Global Biodiversity Framework.

5In Decision 14/8, ABFMs are defined as formally established, spatially defined fishery management, and/or conservation measures, implemented to achieve one or more intended fishery outcomes. The outcomes of these measures are commonly related to sustainable use of the fishery. However, they can also often include protection of, or reduction of impact on, biodiversity, habitats, or ecosystem structure and function (CBD, 2018b:15).

6The term “attributes” is used here in the same sense as in Decision 14/8 to refer to “communities of rare, threatened or endangered species, representative natural ecosystems, range restricted species, key biodiversity areas, areas providing critical ecosystem functions and services, areas for ecological connectivity”.

7https://www.fao.org/in-action/vulnerable-marine-ecosystems/en/

8Between the 2012 and 2019 versions of these MPA guidelines, the reference to industrial activities has increased eight times (from 3 to 25).

9The “industrial revolution” transformed the world since the 18th century through the development of capitalism, technology, machinery, and communications (Larousse online Dictionary). These elements’ factors have boosted industrial fisheries development.

10The successive overfishing of the world stocks, across time and space.

11Although fisheries management requires recurrent assessment of the state of stocks, and more generally of management performance, the recurrent assessment of individual ABFMs is still rare.

12Still available only in draft when writing this article.

13It has been shown that management effectiveness is strongly related to gross domestic product (GDP) per capita and to total landings, reflecting the importance of the fisheries in the economy and the capacity to invest in an effective management system (Melnychuk et al., 2017).

14http://www.fao.org/fishery/eaf-net/en; see also FAO (2021)

15In well-managed fisheries, the recurrent assessment of the overall management performance is common practice but single ABFMs may be assessed only occasionally.

16A process sometimes referred to as “ring-fencing” (Augustyn et al., 2018; https://www.sadstia.co.za/sustainability/ring-fence-initiative/)

17Fishing may also be prohibited in and around aquaculture farms, oil and gas fields, navigation channels, wrecks, telephone cables, etc., but these measures are not ABFMs and are not considered in this paper.

18Although IUCN-WCPA (2019: box 2) agrees that in exceptional circumstances boundaries may be defined by physical features that move over time, such as riverbanks, the high-water mark, or extent of sea ice.

19UNCLOS refers to non-target species as “dependent and associated species”.

20E.g., to avoid Significant Adverse Impact (SAI) from fisheries

21A terminology used, for example, by The Nature Conservation (TNC)

22E.g., in relation to biodiversity outcomes, governance, equity, costs, and benefits, impacts arising from the OECM status, threats, e.g., in the OECM definition, criteria C4 on monitoring, on adaptive management, and in Annexes III and IV (see also Section 3.3.1). The frequency of the assessments cannot be imposed and is left to States, but the WCMC reporting guide refers to an updating of States report every 5 years, which could be an incentive.

23In CBD Decision 14/8, the term “attributes” is specifically referred to “communities of rare, threatened or endangered species, representative natural ecosystems, range restricted species, key biodiversity areas, areas providing critical ecosystem functions and services, areas for ecological connectivity”.

24https://www.msc.org/standards-and-certification/developing-our-standards?gclid=EAIaIQobChMIiaeq7-_H9AIV_QFMCh1dBQwxEAAYASAAEgLCBfD_BwE

25Also, the same can be said of MPAs.

26https://iucngreenlist.org/standard/components-criteria/.
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We delineated and scored Biologically Important Areas (BIAs) for cetaceans in the Aleutian Islands and Bering Sea region. BIAs represent areas and times in which cetaceans are known to concentrate for activities related to reproduction, feeding, and migration, and also the known ranges of small and resident populations. This effort, the second led by the National Oceanic and Atmospheric Administration (NOAA), uses structured elicitation principles to build upon the first version of NOAA’s BIAs (BIA I) for cetaceans. Supporting evidence for BIA II came from aerial-, land-, and vessel-based surveys; satellite-tagging data; passive acoustic monitoring; Indigenous knowledge; photo-identification data; whaling data, including stomach and fecal contents; prey studies; and genetics. In addition to narratives, maps, and metadata tables, the BIA II products incorporate a scoring and labeling system, which will improve their utility and interpretability. BIAs are compilations of the best available science and have no inherent regulatory authority. They have been used by NOAA, other federal agencies, and the public to support planning and marine mammal impact assessments, and to inform the development of conservation measures for cetaceans. In the Aleutian Islands and Bering Sea region, a total of 19 BIAs were identified, delineated, and scored for seven species, including bowhead, North Pacific right, gray, humpback, fin, and sperm whales, and belugas. These include one hierarchical BIA for belugas that consists of one localized “child” BIA within an overarching “parent” BIA. There were 15 feeding, 3 migratory, and 1 small and resident population BIAs; no reproductive BIAs were identified. In some instances, information existed about a species’ use of a particular area and time, but the information was insufficient to confidently delineate the candidate BIA; in those cases, the candidate BIA was added to a watch list. A total of 22 watch list areas were identified and delineated for 10 species, including all species mentioned above and minke whales, harbor porpoises, and Dall’s porpoises. There were 15 feeding, 4 migratory, 2 reproductive, and 1 small and resident population watch list areas. Some BIAs and watch list areas were transboundary between the Aleutian Islands and Bering Sea region and the Arctic region.
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1 Introduction

Cetacean seasonal distributions in the Aleutian Islands and Bering Sea overlap with numerous anthropogenic activities, including commercial fisheries, shipping, recreational activities, and subsistence activities, which are all increasingly influenced by climate change. The ecosystems in the region are changing rapidly due to the warming climate, highlighted recently by the unprecedented lack of sea ice over the eastern Bering Sea shelf during the winters of 2017/18 and 2018/19, with little or no cold bottom water formation (Siddon and Zador, 2018; Siddon and Zador, 2019; Stabeno and Bell, 2019).

Many cetacean species are found in the Aleutian Islands and Bering Sea region, including mysticetes, or baleen whales, such as bowhead (Balaena mysticetus), North Pacific right (Eubalaena japonica), gray (Eschrichtius robustus), humpback (Megaptera novaeangliae), fin (Balaenoptera physalus), and minke (Balaenoptera acutorostrata) whales. Mysticetes feed primarily on zooplankton and small schooling fish. Also present in the region are odontocetes, or toothed whales, such as belugas (Delphinapterus leucas), harbor (Phocoena phocoena) and Dall’s (Phocoenoides dalli) porpoises, killer (Orcinus orca) and sperm (Physeter microcephalus) whales, and Pacific white-sided dolphins (Lagenorhynchus obliquidens). Odontocetes feed on fish, squid, crustaceans, and other marine mammals.

As the climate continues to warm and the annual open water (ice-free) period continues to lengthen, there will be more human interest in the Bering Sea and Arctic regions, and anthropogenic stressors are expected to increase in magnitude, space, and time (Huntington et al., 2015; Aksenov et al., 2017). These stressors may affect marine mammals by disrupting behavior (e.g., migrating, feeding, breeding, resting); increasing environmental and noise pollution, which can mask communication and lead to elevated stress levels; increase risk of ship strike; degrade habitat; and introduce non-native species (Huntington, 2009; Moore et al., 2012; Rolland et al., 2012; Blackwell et al., 2013; Reeves et al., 2014; Huntington et al., 2015; Silber et al., 2021). These issues are particularly concerning for the Bering Strait area because it is narrow (85 km), shallow (50 m), and the only gateway into the Pacific Arctic for all ships and migratory marine mammals. We are presently in a critical time for making conservation and management decisions that affect the Bering Sea and Aleutian Islands.

To inform impact assessment and place-based marine conservation and management efforts in the region, we identified and scored biologically important areas (BIAs) for cetaceans in marine waters surrounding the U.S. as part of a nationwide process led by the National Oceanic and Atmospheric Administration (NOAA). BIAs represent places and periods (months or seasons) that are important to cetacean species, stocks, or populations for feeding, migrating, or activities related to reproduction (Ferguson et al., 2015; Harrison et al. in review). BIAs may also be defined to encompass the range or core areas of small and resident populations. BIAs are compilations of the best available information and have no inherent or direct regulatory power. They have been used by NOAA, other federal agencies, and the public to support planning and marine mammal impact assessments, and to inform the development of conservation measures for cetaceans. This effort builds on NOAA’s inaugural BIA process (BIA I; Van Parijs et al., 2015) by revising existing BIAs (Ferguson et al., 2015) and creating new BIAs (BIA II) based on new information, and by scoring each BIA based on intensity of use, data support, spatiotemporal variability, and boundary certainty (Harrison et al. in review).

The ecosystems in the Aleutian Islands and Bering Sea region are spatially heterogeneous and temporally dynamic. Here, we present a synopsis of this ecological variability because it shapes the spatiotemporal variability in cetacean distribution, density, and habitat upon which this BIA assessment was based.

The Aleutian Islands and Bering Sea region (Figure 1) is a highly productive marine ecosystem (Stabeno et al., 2005; Grebmeier et al., 2006; Grebmeier, 2012) and contains the largest fishery in the U.S. (Liddel and Yencho, 2021). In the Aleutian Islands, currents (Figure 1) flow through the passes of the Aleutian archipelago, bringing nutrient-rich water, with net flow going northward particularly east of Samalga Pass (Ladd et al., 2005; Stabeno et al., 2005). The waters mix while flowing through the passes, but become stratified north of the passes, concentrating nutrients in the euphotic zone and leading to enhanced productivity (Ladd et al., 2005; Stabeno et al., 2005).




Figure 1 | Aleutian Islands and Bering Sea region, showing water masses and prevailing direction of flow.



The deep Aleutian Basin encompasses the western and southern Bering Sea. The eastern and northern Bering Sea comprise a broad continental shelf. In the Bering Sea, the shelf break between the Aleutian Basin and the continental shelf has high primary and secondary productivity, with upwelling bringing nutrients into the euphotic zone on the eastern Bering Sea shelf, and influencing planktonic and benthic food webs and sediment community dynamics on the shelf (Springer et al., 1996; Grebmeier et al., 2006; Grebmeier et al., 2018).

The eastern Bering Sea shelf may be divided into coastal (shore to 50 m), middle (50-100 m), and outer (100-180 m) domains, which are separated by oceanographic fronts. The locations of the fronts vary, but are generally near the 50- and 100-m isobaths (Coachman, 1986; Kachel et al., 2002). On the middle shelf, the cold pool that usually forms in the bottom water layer from winter sea ice formation separates the pelagic-dominated ecosystem of the southern Bering Sea from the benthic-dominated ecosystem of the northern Bering Sea (Kachel et al., 2002; Stabeno et al., 2012). The cold pool acts as a barrier for subarctic crab and fish species, historically keeping them in the outer domain (Wyllie-Echeverria and Wooster, 1998; Stabeno et al., 2012); however, there appears to be a northward shift in the cold water temperature barrier in recent decades, with potential to restructure the ecosystem (Grebmeier et al., 2006; Grebmeier, 2012; Grebmeier et al., 2018; Stabeno and Bell, 2019; Stevenson and Lauth, 2019; Huntington et al., 2020).

In the northern Bering Sea, three water masses (Figure 1) flow through Bering Strait in a generally northward direction (Grebmeier et al., 1988; Woodgate and Aagaard, 2005; Grebmeier et al., 2006; Woodgate et al., 2015). These water masses include the nutrient-rich Anadyr Water on the western side of the northern Bering Sea and Chukchi Sea, and the fresh and nutrient-limited Alaska Coastal Water on the eastern side (Grebmeier et al., 1988; Weingartner et al., 2005; Grebmeier et al., 2006; Woodgate et al., 2015). The third Bering Strait water mass is the Bering Shelf-Anadyr Water, consisting of intermediate salinity Bering Shelf Water mixed with Anadyr Water (Grebmeier et al., 1988; Grebmeier et al., 2006). Transport of Pacific Water through Bering Strait peaks in summer. Currents are important sources of nutrients, heat, freshwater, organic carbon, and plankton for Arctic ecosystems, which provide foraging opportunities for seabirds and marine mammals (e.g., Piatt and Springer, 2003; Bluhm et al., 2007; Ashjian et al., 2010). Current advection and velocity to the Arctic affect organic carbon cycling, sediment structure, and pelagic-benthic coupling (Grebmeier et al., 2006; Grebmeier et al., 2015; Pisareva et al., 2015; Woodgate et al., 2015; Grebmeier et al., 2018; Moore et al., 2018).

The marine environment of the Aleutian Islands and Bering Sea region is highly seasonal. Sea ice covers the Bering Sea shelf in winter; the southerly extent can vary by >100 km per year (Stabeno et al., 2012), with maximum ice extent occurring in March, and no ice during summer or fall. Arctic and subarctic sea ice extent, volume, and duration are declining with warming ocean temperatures and changing wind patterns, resulting in sea ice forming later in the season and melting earlier in the season (Maslanik et al., 2011; Stroeve et al., 2012; Stroeve et al., 2014; Frey et al., 2015; Wood et al., 2015; Siddon and Zador, 2018). Some models predict a seasonal sea-ice-free state in the Pacific Arctic by 2040 (Wang and Overland, 2012; Koenigk et al., 2013; Wang and Overland, 2015; Wang et al., 2018; Guarino et al., 2020). This reduction in sea ice and warming temperatures will affect oceanic circulation and water column processes that influence primary productivity, benthic faunal biomass and composition, and ecosystem processes, and will have profound impacts throughout the Bering Sea region, possibly shifting the benthic-dominated system of the northern Bering and Chukchi seas to a pelagic-dominated system (Grebmeier et al., 2006; Grebmeier et al., 2018).

Sea ice and the cold pool are extremely important to this region’s ecosystems. In the Bering Sea, the cold pool is defined as cold bottom water <2°C that persists from winter sea ice (Stabeno et al., 2012). Melted sea ice provides freshwater, contributing to water column stratification and allowing the cold pool to form, with cascading effects on the timing of the spring phytoplankton bloom (the base of the marine food web) and the distributions and densities of species across a range of taxa and trophic levels. Documented effects of the lack of sea ice in winters 2017/18 and 2018/19 were numerous. In 2018, the spring phytoplankton bloom in the northern Bering Sea was delayed by one month (Siddon and Zador, 2018). Species of large, lipid-rich zooplankton (>2 mm, e.g., Calanus spp., Neocalanus spp.) and euphausiids (>15 mm, e.g., Thysanoessa spp.) exhibited low abundances in 2018 and 2019; in contrast, there were relatively high abundances of small zooplankton (≤2mm, e.g., Acartia spp., Pseudocalanus spp., Oithona spp.), which represent only small packages of energy for higher trophic level predators (Siddon and Zador, 2018; Siddon and Zador, 2019). Large numbers of adult Pacific cod (Gadus microcephalus) and pollock (Gadus chalcogrammus) were found farther north than usual in the northern Bering Sea in 2017-19 (Siddon and Zador, 2018; Eisner et al., 2020). Seabird die-offs and near complete reproductive failure occurred at breeding colonies in the northern Bering Sea in 2018 (Siddon and Zador, 2018; Romano et al., 2020; Will et al., 2020). An ice seal Unusual Mortality Event (UME) was declared in 2019 for bearded (Erignathus barbatus), ringed (Pusa hispida), and spotted (Phoca largha) seals in the Bering and Chukchi seas due to elevated strandings beginning in June 2018. Although the cause of the ice seal UME has not yet been determined, the loss of spring sea ice habitat for pupping and nursing and reduced prey increased mortality and resulted in a decline in body condition of these seals (Siddon and Zador, 2018; Siddon and Zador, 2019; Huntington et al., 2020; https://www.fisheries.noaa.gov/alaska/marine-life-distress/2018-2021-ice-seal-unusual-mortality-event-alaska). In 2019, a gray whale UME was declared due to the elevated number of gray whales that stranded along the west coast of North America; the cause of this UME has yet to be determined as of April 2022 (Siddon, 2020; https://www.fisheries.noaa.gov/national/marine-life-distress/2019-2021-gray-whale-unusual-mortality-event-along-west-coast-and).

The Aleutian Islands and Bering Sea region has few villages along the coastline and is a difficult and challenging place to study cetaceans. The region is vast, most of it is very remote, and the environment is harsh. The region can experience severe storms. The northern portion of the Bering Sea receives little daylight during the winter and is covered by sea ice into the spring. Cetacean studies are often funded by the oil and gas industry or U.S. Navy when they are working or conducting exercises in areas that overlap with cetacean presence; however, there have been few of these activities in the Aleutian Islands and Bering Sea region in recent years, resulting in relatively few cetacean studies. Within the region, the Bering Strait area has not had as much cetacean or cetacean prey research done as the southeastern Bering Sea due to commercial fisheries research in the latter. The Aleutian Islands and Bering Sea region has not had as much cetacean research as the Arctic region due to oil and gas-funded work in the latter. For these reasons, in some cases there is little information to inform the BIA II assessment for this region.

The goals of this manuscript are to provide insight into the processes used to delineate and score BIAs in the Aleutian Islands and Bering Sea region and a summary of the results. The objectives are to:

	Present detailed information on the data sources and decision-making processes used to delineate and score BIAs in this region. (See Harrison et al. in review for the detailed and comprehensive BIA delineation and scoring protocols for all regions.)

	Summarize all BIAs for the region by BIA type, species, scores, and summary statistics.

	Present three example BIAs which span a range of BIA types, intensities, information availability, and spatiotemporal variability, detailing the information used to assess BIA status, the process used to delineate the BIA in space and time, and the scoring decisions.

	List the region’s watch list areas. In some instances, information existed about a species’ use of a particular area and time, but was insufficient to confidently delineate the candidate BIA; in those cases, the candidate BIA was added to a watch list.

	Provide recommendations to facilitate future conservation and management efforts in the region.



It was not practical to include details on every BIA in the manuscript; rather, information and shapefiles for all BIAs can be found in the Supplementary Information Descriptions available via the BIA website (https://oceannoise.noaa.gov/biologically-important-areas).



2 Methods

BIAs for all seven regions around the U.S. were consistently delineated, scored, and labeled using the methodology described in the Introductory chapter included in this special edition (Harrison et al. in review). Additionally, Harrison et al. (in review) highlights the changes in BIA II since Van Parijs et al. (2015), describes the intended use of the BIAs, and specifically addresses common mischaracterizations of the BIA I products to try to eliminate inappropriate use of BIAs in the future. Fundamentally, BIAs are compilations of the best available information and have no inherent or direct regulatory power. We provide a brief overview of the methods outlined in Harrison et al. (in review) below.

The BIA II effort applied principles of expert elicitation in a structured manner to identify, delineate, and score BIAs to ensure that information that was not incorporated during BIA I (e.g., Indigenous knowledge, local knowledge, or community science) was included. Expert elicitation is a formal, structured process for obtaining experts’ opinions and knowledge to help inform decision-making, particularly in an information-limited situation. During an introductory workshop between the BIA II Working Group (WG) leads, NOAA and Navy project sponsors, regional leads with cetacean expertise, cetacean Subject Matter Experts (SME), and other interested parties, the WG presented an overview of the purpose and BIA delineation and draft scoring protocols. Workshop participants were encouraged to provide targeted input to help finalize scoring and labeling protocols. Based on feedback from workshop participants, WG leads revised the scoring and labeling protocols and subsequently met with regional leads and SMEs to present the protocols in a comprehensive, step-by-step manner. An individual with extensive experience in structured expert elicitation facilitated these early meetings to ensure a shared understanding of the scoring and labeling protocols across regional leads and SMEs. Regional check-in meetings were held with regional and WG leads and available SMEs to answer questions and provide clarity. To promote consistency, notes from regional check-in meetings were shared across regions. In a few instances, protocols were revised to address issues that arose in practice. Additional details on expert elicitation are included in Harrison et al. (in review).

Information for all cetacean species occurring in the Aleutian Islands and Bering Sea region was evaluated by the regional lead and SMEs. The regional lead oversaw the identification, delineation, and scoring of BIAs and engaged with SMEs as needed to ensure all available information and necessary expertise were included for all cetacean taxa. Each BIA was delineated only for times and areas for which direct information exists on a particular cetacean species, population, or stock. Any reliable published or unpublished information from scientific research, Indigenous or local knowledge, or community science, including both data and personal observations, were considered valid. Four types of BIAs were defined (Table 1): feeding areas (F-BIAs), reproductive areas (R-BIAs), migratory routes (M-BIAs), and small and resident populations (S-BIAs). F-BIAs, R-BIAs, and M-BIAs indicate where a substantial portion of a species “preferentially feeds”; “selectively mates, gives birth, or is found with neonates or calves”; or within which “a substantial portion” is known to migrate, and likely include less than 100% of the area and time in which the associated activity occurs. In contrast, BIA boundaries for small and resident populations aim to include 100% of the population. Geographic boundaries were delineated using a variety methods, such as geographic features (isobaths, boundaries of bays or inlets, etc.), distances to geographic features, hydrographic features, minimum convex polygons around observation points (e.g., sightings, acoustic detections, or satellite tag locations), and polygons surrounding a certain percentage of individuals engaged in a specific activity. The polygons were made as detailed and specific as possible, and depended on the quantity and quality of available information. Intentional “buffers” or other “precautionary” additions of area or time were not allowed. Similarly, predictions of potential habitat alone were insufficient to support BIA delineation. BIAs were delineated within U.S. waters; however, the BIA was not truncated if it extended past the U.S. Exclusive Economic Zone (EEZ). When a BIA spanned more than one region, region leads worked together to delineate and score the BIA as a “transboundary” BIA. Transboundary BIAs are included in only one region’s metadata, generally the region containing the larger area of the BIA.


Table 1 | Definitions of BIA types.



All candidate BIAs were scored and labeled using five metrics: Intensity, Data Support, Importance, Boundary Certainty, and Spatiotemporal Variability (Table 2). All scoring metrics except Spatiotemporal Variability were assigned an integer value ranging from 1 (“low”) to 3 (“high”). For each candidate BIA, Intensity and Data Support were independently scored using scoring rules specific to each BIA type. Boundary Certainty and Spatiotemporal Variability were assigned to each BIA using the same rules across BIA types, and independent of the Intensity and Data Support scores.


Table 2 | Descriptions of the five metrics used to score and label BIAs.



The Intensity score indicates the comparative significance of an area to a species in the context of the BIA type definition and the species’ range and size. This score considers factors such as abundance, density, spatial or temporal extent of use, and proportions, rates, or frequencies of relevant processes (e.g., proportion of the population that uses a migratory corridor; biomass of prey consumed per day; annual use). Intensity was scored entirely quantitatively for S-BIAs and entirely qualitatively for F-BIAs and R-BIAs. Experts could use either an entirely qualitative or partially quantitative approach for M-BIAs. Quantitative scoring criteria can be found in Harrison et al. (in review).

The Data Support score is intended to distinguish meaningful differences in the information used to support the identification of and score for the BIA. The scoring included consideration of four factors: information type, sample size, and quality and uncertainty of supporting information. To score Data Support, the available information is variable enough and presents enough possible permutations of type, sample size, quality, and uncertainty that a strict quantitative scoring system (e.g., matrix) would be challenging to construct; therefore, a qualitative approach was applied.

The Intensity and Data Support scores were combined to determine an overall Importance score using a single Importance score matrix (Figure 2) for all BIA types. Candidate BIAs with an Importance score of 0 were added to a watch list of areas for future consideration, but were not included as BIAs.




Figure 2 | Matrix used to combine Intensity and Data Support to identify Importance.



Boundary Certainty describes the degree of confidence in the location and timing of the BIA boundary. The score incorporates information about the factors that define the boundary and certainty regarding the size, location, and period of occupancy of the BIA.

Spatiotemporal variability among different areas exists across a continuum. The geographic location of some BIAs may be known, or be highly likely, to vary with time according to some periodicity (i.e., inter-annual, inter-decadal, etc.); however, in this BIA II effort, Spatiotemporal Variability was characterized using one of three descriptors: static, ephemeral, or dynamic.

The definition of a BIA unit was expanded for this BIA II process. In the simplest case, a BIA unit corresponds to a single polygon and one continuous period within which a species engages in a particular biologically important activity, or it corresponds to the range of a small and resident population. However, it is possible that multiple polygons of the same type of BIA for a species could exist in a single region and period. In that case, a cluster of BIA polygons could be delineated, scored, and labeled as a single unit, regardless of whether they share common boundaries, as long as the scores for all metrics were identical across all polygons in the cluster. Another new feature of this BIA II process was the option to identify “hierarchical” BIAs for cases in which high-resolution information are available and it is appropriate and helpful to reflect a gradation in animal use (Intensity), available information (Data Support), Boundary Certainty, or ecological characteristics (Spatiotemporal Variability) across a broader area. For example, in some cases data may support a single core area (a “child” BIA) identified within the larger “parent” BIA. In other cases, one or more clusters of identically scored polygons may appropriately be identified as child BIAs within a larger parent BIA. For R-, F-, and M-BIAs, the Intensity score for the parent BIA must be less than the highest Intensity score among the child BIAs. For S-BIAs, when hierarchical scoring is used to identify core habitat within the population’s range, the Intensity score may be the same for the core habitat (the child BIA) and the overall range (the parent BIA), as S-BIAs have quantitative scoring protocols and the parent BIA could score a 3.

Because ecosystems in the Aleutian Islands and Bering Sea region are experiencing alterations due to climate change, we did not think it appropriate to base BIAs on data that are several decades old; therefore, the oldest data considered for this BIA assessment were from ~1999-2000. The exceptions to this are two gray whale M-BIAs. We expect the spatiotemporal boundaries for migration to be less likely to change over time than for feeding or activities related to reproduction. Gray whale M-BIAs are based primarily on data from the 1970s and 80s due to lack of more recent studies or information.



3 Regional summary

In the Aleutian Islands and Bering Sea region, a total of 19 BIAs were identified and delineated for seven species, including bowhead, gray, humpback, fin, North Pacific right, and sperm whales and belugas (Figures 3–9, Table 3). This includes one hierarchical BIA for belugas that consists of one parent and one child BIA. There are 15 feeding, 3 migratory, and 1 small and resident population BIAs; no reproductive BIAs were identified. The seasonality of BIA types is depicted in Figure 10. A summary of scores per scoring metric and summary statistics by species and BIA types can be found in Supplementary Tables 1, 2, respectively.




Figure 3 | Aleutian Islands and Bering Sea region bowhead whale BIAs and watch list areas.




Table 3 | Aleutian Island and Bering Sea region BIAs by species and BIA type, with general locations, scores, and designated months.



One transboundary BIA was included in the Aleutian Islands and Bering Sea region: a bowhead whale feeding BIA that extends into the Arctic region along the north coast of the Chukotka Peninsula. Within the Arctic region, six transboundary BIAs were created that extend into the Aleutian Islands and Bering Sea region (Clarke et al. in review). These include two bowhead whale spring migratory BIAs that begin in the Bering Sea and extend north to the Chukchi and Beaufort seas; one bowhead whale feeding BIA along the Chukotka Peninsula that extends south of Bering Strait; one gray whale feeding BIA along the Chukotka Peninsula that extends north and south of Bering Strait; one Eastern Chukchi Sea beluga fall migratory BIA north and south of Bering Strait; and one Beaufort Sea beluga spring migratory BIA that begins south of Bering Strait and extends north (Clarke et al. in review).

The Bering-Chukchi-Beaufort Seas (BCB) stock of bowhead whales were included in four feeding BIAs (Figure 3). These included three individual BIAs in December: 1) north and east of the Chukotka Peninsula, Bering and Anadyr straits, Chirikov Basin, and St. Lawrence Island; 2) the Gulf of Anadyr; and 3) at moorings in the northern Bering Sea. The fourth BIA was defined for January-April in Bering and Anadyr straits, Chirikov Basin, Gulf of Anadyr, St. Lawrence Island, and near St. Matthew Island. Three of the BIAs cross international boundaries with Russia.

Gray whales of the Eastern North Pacific stock were included in one feeding BIA and two migratory BIAs (Figure 4). The feeding BIA is in the Chirikov Basin during late May-December. A northbound migratory BIA encompasses Unimak Pass to Nunivak Island during April-June and a southbound migratory BIA is described near Unimak Pass in November-January.




Figure 4 | Aleutian Islands and Bering Sea region gray whale BIAs and watch list areas.



Humpback whales that occur in the Aleutian Islands and Bering Sea region can be from either the Western North Pacific or Central North Pacific stock, though these stock designations are currently being revised. Three U.S. Endangered Species Act Distinct Population Segments (DPS) occur in the Aleutian Islands and Bering Sea region; these include the Western North Pacific, Hawaii, and Mexico DPSs (Federal Register, 2016). Two feeding BIAs were defined for humpback whales (Figure 5). One BIA is located in Unimak and Umnak passes and in the North Pacific right whale critical habitat area in May-January, and the other is in Bristol Bay in June-September.




Figure 5 | Aleutian Islands and Bering Sea region humpback whale BIAs and watch list areas.



Fin whales of the Northeast Pacific stock were included in three feeding BIAs (Figure 6). One of these is located in the southeast Bering Sea for May-February, one is in the western-central Bering Sea in June-August and crosses international boundaries with Russia, and one is near a mooring in the northern Bering Sea in July-January.




Figure 6 | Aleutian Islands and Bering Sea region fin whale BIAs and watch list areas.



North Pacific right whales of the Eastern North Pacific stock were included in one feeding BIA in the North Pacific right whale critical habitat in June-January, and one migratory BIA was identified in Unimak Pass year-round (Figure 7).




Figure 7 | Aleutian Islands and Bering Sea region North Pacific right whale BIAs and watch list areas.



Sperm whales of the North Pacific stock were included in two feeding BIAs (Figure 8). One BIA is located along the Aleutian Islands in April-September and the other BIA is located along the Bering Sea slope in May-September.




Figure 8 | Aleutian Islands and Bering Sea region sperm whale BIAs and watch list areas.



Belugas of the Eastern Bering Sea stock were included in two feeding BIAs and belugas of the Bristol Bay stock were included in one small and resident population BIA (Figure 9). One of the feeding BIAs was delineated as a hierarchical BIA with one parent and one child BIA, and is located in Norton Sound in May-November. The child BIA encompasses an especially high density area where belugas congregate to feed. The second feeding BIA is non-hierarchical and is located in Norton Bay in April-May and August-October. The small and resident population BIA is for belugas of the Bristol Bay stock in Nushagak and Kvichak bays in mid-April-mid-December.




Figure 9 | Aleutian Islands and Bering Sea region beluga BIAs and watch list areas.






Figure 10 | Aleutian Islands and Bering Sea region seasonality of BIAs by month and BIA type. The number of BIAs includes the hierarchical BIA parent only and does not include the child BIA.





4 Detailed BIA examples

Three detailed BIA case studies are provided below. For each case study, we present the life history and background information for the species, the available information sources that were used to assess candidate BIAs, the process used to delineate the BIA in space and time, and details of how each score was determined. Comprehensive metadata for every BIA is available in the Supplementary Information and BIA website.


4.1 Example 1: Bowhead whale F-BIA in the Bering and Anadyr straits, Chukotka, Gulf of Anadyr, and St. Lawrence and St. Matthew islands region, in January – April.

Importance: 3; Intensity: 3; Data Support: 2; Spatiotemporal Variability: d; Boundary Certainty: 2

F-BIA3-d-b2-ABS019-0 (Figure 11)


4.1.1 Life history and background information

Bowhead whales are endemic to the Arctic, living in and near Arctic seas year-round. They are currently listed as endangered on the U.S. Endangered Species List. The majority of BCB bowhead whales winter in the Bering Sea over the continental shelf and north of the sea ice edge (Citta et al., 2021). In spring, they migrate through the Chukchi Sea to summertime foraging areas in the Beaufort Sea and Amundsen Gulf (Citta et al., 2021). In autumn, they migrate back through the western Beaufort Sea, stopping to forage when oceanographic conditions are conducive to aggregating prey (Citta et al., 2021; Ferguson et al., 2021), through the Chukchi Sea, along the Chukotka coast where they also spend time feeding (Moore and Reeves, 1993; Moore et al., 1995), and back to the Bering Sea. Some BCB bowhead whales deviate from the stereotypical migration described above. For instance, bowhead whales were documented overwintering in the southern Chukchi Sea during winter 2017-2018 by two satellite tagged whales (Moore et al., 2021) and from moored passive acoustics (Alaska Fisheries Science Center, 2021), although the number of whales present is unknown. Indigenous knowledge, aboriginal subsistence whaling data, stable isotope analysis, and bowhead whale satellite telemetry data indicate bowhead whales also feed while on their wintering grounds in the Bering Sea (Schell and Saupe, 1993; Noongwook et al., 2007; Sheffield and George, 2013; Citta et al., 2015; Citta et al., 2021; Sheffield and George, 2021).

Bowhead whales are filter feeders and use their baleen to strain zooplankton, namely calanoid copepods, euphausiids, mysids, and amphipods (Lowry, 1993, Lowry et al., 2004; Moore et al., 2010; Sheffield and George, 2021). They need dense prey patches on productive foraging grounds to meet their energetic requirements (Lowry, 1993).



4.1.2 Information sources

Information supporting this bowhead whale F-BIA included Indigenous knowledge, satellite telemetry, visual, and acoustic data.

Satellite tags were deployed on a total of 77 bowhead whales from 2006-2018 near Point Barrow and St. Lawrence Island, U.S., and Tuktoyaktuk, Herschel Island, and Shingle Point, Canada (Citta et al., 2021). The average tag transmitted for 167 days, although 10 tags lasted more than 365 days (Citta et al., 2021). The following maps showing the highest densities of bowhead whale distribution in the Bering, Chukchi, and Beaufort seas were available: 1) per month for 2006-2019, utilizing data from 77 tagged bowhead whales (Citta et al., 2021); 2) per season, December-April and May-November, for 2006-2015, utilizing data from 46 tagged bowhead whales (Citta et al., 2018a); and 3) year-round, May 2006 – December 2012, utilizing data from 54 tagged bowhead whales (Citta et al., 2015). In the Bering Sea, tagged bowhead whales began traveling through Bering Strait during their southern migration in November. The tagged whales occurred in high densities in the region during two periods: 1) from December through April, ranging from Bering Strait through Anadyr Strait and in the Gulf of Anadyr; and 2) January through April, near St. Matthew Island (Citta et al., 2021). Dive data from tagged bowhead whales in the Gulf of Anadyr and Anadyr Strait indicated half of the whales’ time was spent at the seafloor, more so than at other depths (Citta et al., 2015; Citta et al., 2021). Two-thirds of their dives were square-shaped, where the majority of the dive duration is spent at the maximum depth of the dive (Citta et al., 2021). These bowhead whales were presumed feeding on overwintering copepods and possibly euphausiids that were in diapause and aggregating near the seafloor, where a subsurface front between cold Anadyr Water and warmer Bering Shelf Water and a strong thermocline exist (Citta et al., 2015; Citta et al., 2021). The bowhead whale spring migration corresponded with copepods ending diapause, rising from the seafloor, and dispersing (Citta et al., 2015; Citta et al., 2021).

Indigenous knowledge from St. Lawrence Island, including firsthand knowledge dating to the 1940s and earlier, indicated that bowhead whales became more abundant around St. Lawrence Island in winter. Bowhead whales feed along the north coast of the island in December-January, are seen near Gambell in December-February, and feed in spring (March and April) near Pugughileq (Southwest Cape) (Noongwook et al., 2007).

Oceana and Kawerak, Inc (2014) used the satellite tag data and Indigenous knowledge described above in a synthesis of available information sources for the Bering Strait and St. Lawrence Island region to map subsistence use (40-km buffers around whaling communities and camps) near Gambell and Savoonga in late fall and winter, and near Gambell and Pugughileq in spring. They mapped high concentration areas of bowhead whales during winter along the Chukotka, Russia, coast on the western side of Bering Strait, and between St. Lawrence Island and Chukotka. During spring, high concentration areas are shown between St. Lawrence Island and Chukotka (Oceana and Kawerak, Inc, 2014).

Stomach and fecal samples (n >15) were collected from bowhead whales taken in aboriginal subsistence hunts in the St. Lawrence Island area from November through April, 2007-2017 (Sheffield and George, 2013; Sheffield and George, 2021). These samples indicated that bowhead whales were feeding on copepods, mysids, euphausiids, shrimp, clams, and amphipods (Sheffield and George, 2013; Sheffield and George, 2021).

Shore-based counts and experienced hunter observations of migrating bowhead whales were conducted at Sireniki, on the Chukotka Peninsula, Russia, in April 1999-2001 (Melnikov et al., 2004). During the Sireniki counts, typically 1-5 bowhead whales were sighted per day, though sometimes large groups of up to 27 whales were sighted in a single day (Melnikov et al., 2004). Some whales were reported to be milling and lingering in place for long periods, indicative of feeding behavior (Melnikov et al., 2004).

Acoustic data were obtained from several moored acoustic recorders. Two recorders were deployed from September 2011 through September 2018, (BS1, between St. Lawrence and St. Matthew islands and M8, outside the Gulf of Anadyr). One recorder was deployed from September 2012 through September 2018 (NM1, Chirikov Basin). These three moorings had an ~30% duty cycle and 16 kHz sampling rate (Alaska Fisheries Science Center, 2021). Bowhead whales were present at each mooring in January-April each year, 2012-2018 (Alaska Fisheries Science Center, 2021).

Three additional acoustic recorders had an ~10-20% duty cycle and 16-48 kHz sampling rate and were deployed in Bering Strait and near Gambell and Savoonga (Chou et al., 2019). The Bering Strait mooring was deployed from September 2012 to May 2013 and recorded bowhead whale calls from November to January and mid-March to April (Chou et al., 2019). The Gambell mooring was deployed from October 2014 to July 2016 and recorded bowhead whale detections from December to April (Chou et al., 2019). The Savoonga mooring was deployed from October 2014 to June 2015 and recorded bowhead whale detections from December to April (Chou et al., 2019).

Data not included in this BIA are Aerial Surveys of Arctic Marine Mammals (https://www.fisheries.noaa.gov/alaska/marine-mammal-protection/aerial-surveys-arctic-marine-mammals) line-transect data in the Chirikov Basin and near St Lawrence Island, April through May, 1980-84. These data are ~40 years old, and considerable changes to the northern Bering Sea ecosystem due to climate change (e.g., Grebmeier et al., 2018; Huntington et al., 2020), indicate this is likely an unreliable dataset for evaluating current bowhead whale spatiotemporal distribution.



4.1.3 BIA space and time delineation process

All information sources described above indicate that bowhead whales are present and feeding in high densities from January through April, from Bering Strait through Anadyr Strait, near St. Lawrence Island, the Gulf of Anadyr, and St. Matthew Island (Figure 11). Polygons in this F-BIA are based on the satellite tag 50% density contour from (Citta et al. (2021), Fig. 4.4, January through April, 27-32 satellite tags were transmitting during January-April); St. Lawrence Island Indigenous knowledge (Noongwook et al., 2007; Oceana and Kawerak, Inc, 2014, the “Concentration” area); the Sireniki Chukotka shore station (Melnikov et al., 2004); a 37-km radius around acoustic moorings BS1, M8, and NM1 (based on an average detection range of 28-37 km per mooring), and a 20-km radius to the south of the Gambell mooring (Chou et al., 2019). The detection range for the Gambell mooring is reported as several tens of kilometers; we extended the radius around that mooring only 20 km south because bowhead whale direction from the mooring cannot be determined; additionally, from satellite tag data, we expected higher densities of bowhead whales to be north (not south) of the Gambell mooring in December.




Figure 11 | Aleutian Islands and Bering Sea region BIAs for bowhead whale, beluga, and fin whale that were detailed in case studies.



Bowhead whales are also present in high densities in some but not all of the same areas as this F-BIA in December. High densities of bowhead whales have been documented feeding in December on the northern side of the Chukotka Peninsula, but are not present in that area in January. Bowhead whales were not documented in high densities near the Gulf of Anadyr or St. Matthew Island in December. For these reasons, the December F-BIA could not be combined with the January-April F-BIA, and separate F-BIAs were delineated for December.



4.1.4 Score determination

We scored Intensity high (3). Data presented above indicate bowhead whale feeding in this BIA is substantial. Satellite tag data indicate consistent bowhead whale use in these areas of the Bering Sea from January through April. From satellite tag dive data, we can infer bowhead whales are feeding while on their winter grounds. St. Lawrence Island Indigenous knowledge and subsistence whaling data, including bowhead whale stomach and fecal contents, indicate bowhead whales have been feeding there for generations or longer and that their presence in winter has become more abundant. Passive acoustic moorings show a strong annual bowhead whale presence. In the Arctic region, bowhead whale F-BIAs in the eastern Beaufort Sea in summer also scored high (3) Intensity (Clarke et al. in review). These common Intensity scores do not imply that bowhead whale feeding in these F-BIAs are perfectly equal; rather, high densities of bowhead whales are feeding consistently in these areas during the designated BIA time frames, and the coarseness of the numeric scale used to score BIAs resulted in these BIAs having the same Intensity score.

We scored Data Support moderate (2). The satellite tag data are recent. However, while we assume they are representative of the population, 27-32 tags per month out of a population numbering ~16,000-17,000 (Givens et al., 2016; Givens et al., 2021) is a small proportion of the population. Satellite tag data are important because feeding behavior can be inferred from a combination of satellite tag dive behavior and zooplankton data. It is difficult to factor in acoustic data because they provide information on presence only, not behavior, density, or abundance; however, the acoustic presence is substantial. The other data sets are for smaller regions within the overall F-BIA (St. Lawrence Island & Chukotka shore station), but Indigenous knowledge is important because St. Lawrence Island residents have generations of experiential knowledge of their area.

We scored Spatiotemporal Variability as dynamic. Some of the information sources (satellite tag, Indigenous knowledge) did not provide information by year, so it is difficult to infer the level of temporal variability in these F-BIAs. Bowhead whales tend to stay north of the sea ice edge, which varies in space and time by year. Bowhead whales also tend to feed where there are dense aggregations of prey, and dynamic oceanographic factors such as currents, winds, fronts, and upwelling will affect if, when, where, and how dense those prey aggregations form.

We scored Boundary Certainty as moderate (2). Satellite tag data indicate where tagged bowhead whales are feeding during January to April. St. Lawrence Island Indigenous knowledge and subsistence whaling data go back for generations, but represent a small area within the F-BIA. The Chukotka data spanned only three years and are from 20 years ago. Acoustic data provided presence only near the moorings, not the entire F-BIA. During recent extreme winter sea ice loss in the Bering Sea, tagged bowhead whales shifted their range northward, never moving south of the marginal ice edge in winter 2018-19 (Citta et al., 2021), and were documented overwintering in the southern Chukchi Sea in winter 2017-18 by two tagged whales (Moore et al., 2021) and from passive acoustic detections (Alaska Fisheries Science Center, 2021).




4.2 Example 2: Beluga S-BIA in Bristol Bay, in mid-April – mid-December.

Importance: 1; Intensity: 1; Data Support: 3; Spatiotemporal Variability: d; Boundary Certainty: 3

S-BIA1-d-b3-ABS045-0 (Figure 11)


4.2.1 Life history and background information

Belugas are small (3-5 m long) odontocetes that are found in Arctic and sub-Arctic seas. Belugas are circumpolar, but occur in distinct populations; some of these populations migrate across vast ranges, and some are residents of a particular bay or inlet. In the Bering Sea, there are five beluga stocks that winter in discrete areas that are mostly exclusive to each other (Citta et al., 2016a). The Bristol Bay, Alaska, population of belugas is considered resident to Bristol Bay. Bristol Bay is an estuarine system and home to the largest commercial sockeye salmon fishery in the world (Tiernan et al., 2021). Research on belugas in Bristol Bay began in the 1950s (Heintzleman et al., 1955) and is ongoing, with multiple objectives to assess the following: whether belugas consume enough salmon to cause salmon stocks to decline; whether there is incidental mortality of belugas in the commercial salmon fisheries; potential impacts of proposed mining within the headwaters of Bristol Bay rivers; potential impacts of proposed oil and gas exploration and development in the Bering Sea; and population abundance, which is needed to sustainably manage the aboriginal subsistence hunt.

Bristol Bay belugas spend late spring, summer, and fall in smaller bays within the greater Bristol Bay region, including Nushagak and Kvichak bays, and associated river mouths and tributaries where they concentrate to feed on salmon and smelt fish runs migrating upriver to spawn (Citta et al., 2016b; Citta et al., 2018a; Citta et al., 2018b; Citta et al., 2019; Lowry et al., 2019). In winter, when sea ice forms in the inner bays, belugas disperse into the greater Bristol Bay region (Citta et al., 2016a; Citta et al., 2016b; Citta et al., 2018a; Lowry et al., 2019).



4.2.2 Information sources

Data Support for this beluga S-BIA included satellite telemetry, aerial survey, and genetic mark-recapture data that documented thousands of belugas in Nushagak and Kvichak bays in summer.

A total of 40 belugas were outfitted with satellite tags from 2002-2013 (Citta et al., 2016a; Citta et al., 2016b; Citta et al., 2018a; Lowry et al., 2019). These telemetry data documented Bristol Bay belugas in Nushagak and Kvichak bays from spring (16 April) through late fall/early winter (15 December). In spring (16 April – 22 June), ice in the river breaks up, rainbow smelt (Osmerus mordax) migrate upriver to spawn, and salmon smolt (Oncorhynchus spp.) begin out-migrating from rivers to the ocean. In summer (23 June – 23 July), adult sockeye salmon (Oncorhynchus nerka) begin spawning in the rivers. In fall (24 July – 31 August), pink (Oncorhynchus gorbuscha) and coho (Oncorhynchus kisutch) salmon begin spawning. In the “post-salmon season” (1 September – 15 December), most salmon runs have ended, though belugas are still present in the inner bays (Citta et al., 2016a; Citta et al., 2016b; Citta et al., 2018a; Lowry et al., 2019). In winter (15 December – 15 April), belugas have been documented farther out in Bristol Bay, though never farther than Cape Newenham, Alaska, south of the southern sea ice edge, or leaving Bristol Bay (Citta et al., 2016a; Citta et al., 2016b; Citta et al., 2018a; Lowry et al., 2019). Belugas likely move out of inner bays in winter because the rivers freeze and sea ice moves into the inner bays, potentially posing a risk of ice entrapment to belugas, and there is likely less beluga prey in the area.

Aerial line-transect surveys were conducted in July 2016 in Nushagak and Kvichak bays (Citta et al., 2019). Previous aerial surveys were also conducted in 1993, 1994, 1999, 2000, 2004, and 2005 (Lowry et al., 2008). In 2016, nine surveys were flown, with 484-1,024 belugas sighted per survey. The 2016 survey resulted in a population estimate of 2,040 (CV =0.22, 95% CI=1,541–2,702); this is the most recent population estimate (Citta et al., 2019).

Genetic mark-recapture studies were conducted in 2002-2011 (Citta et al., 2018b). Skin biopsies were collected from 516 belugas (468 from Kvichak Bay and 48 from Nushagak Bay), and there were 85 recapture events in separate years from 75 belugas, resulting in a population estimate of 1,928 (95% CI = 1,611–2,337) (Citta et al., 2018b). The authors note this should be considered a minimum estimate because it was likely that some belugas did not enter the study area during the sampling time (Citta et al., 2018b).

Information on beluga distribution, abundance, and movements in western Alaska through the 1980s (Seaman et al., 1985; Frost and Lowry, 1990) was not directly incorporated in this BIA assessment due to the availability of more recent information. The general beluga distribution and temporal movements inferred from the historical data are similar to recent data.



4.2.3 BIA space and time delineation process

Satellite tag, aerial survey, and genetic mark-recapture data described above indicate that this is a small and resident population of belugas concentrated in high densities in Nushagak and Kvichak bays from mid-April through mid-December (Figure 11). The boundary of this S-BIA is based on satellite tag data, particularly the tags per season as outlined in Citta et al. (2016b) and Lowry et al. (2019), using 100% of satellite tag locations, and aerial survey sightings (Citta et al., 2019).

From mid-December through mid-April, belugas are distributed farther out in Bristol Bay, and a winter small and resident population watch list area was created for them. That watch list area cannot be combined with this S-BIA into a year-round S-BIA because the Intensity and Data Support scores are different due to the difference in geographic range that belugas cover in the different seasons and differences in Data Support (see Intensity and Data Support sections below for more details).



4.2.4 Score determination

We scored Intensity low (1) based on an abundance score of 1 and geographic range score of 2. S-BIA Intensity is scored quantitatively based on abundance and range size (Harrison et al. in review). For abundance, this S-BIA scores low (1), in the abundance range of 501-2,000. The most recent Bristol Bay beluga abundance estimate from aerial surveys in 2016 is 2,040 individuals (Citta et al., 2019). Although that is slightly higher than the maximum of 2,000 for small and resident BIA classification, the lower bound of the 95% confidence interval on the abundance estimate is 1,541 individuals (the upper bound is 2,702 individuals). The previous abundance estimate from genetic mark-recapture methods in 2002-2011 was a minimum estimate of 1,928, with a confidence interval of 1,611–2,337 (Citta et al., 2018b). The estimated trend in abundance from aerial surveys in 1993-2005 was 4.8% increase per year over the 12-year period; however, the 2016 survey produced an estimate similar to that in 2005, suggesting the population has been stable in recent years and is not significantly increasing (Citta et al., 2019). Given the uncertainty around the most recent point estimate of 2,040, and the lower 95% confidence bound of 1,541, we consider Bristol Bay belugas to be a small and resident population.

For geographic range size, this S-BIA scores moderate (2: 2,001-10,000 km2) because the S-BIA polygon is 6,932 km2.

Data Support scored high (3) because there are ample recent satellite tag, aerial survey, and genetic mark-recapture data for this population. Satellite tag data spanned 12 years, with a relatively high number of belugas tagged (n=40). Aerial surveys were flown in 2016 and also previously in 1993, 1994, 1999, 2000, 2004, and 2005; during the 2016 surveys, many belugas were sighted on each survey (n=484-1,024). A large number of biopsies (n=516) were collected over 10 years.

Spatiotemporal Variability was scored dynamic. Bristol Bay beluga distribution and density are dependent on prey distribution and density, namely salmon and smelt runs. In spring, the timing of these runs vary by ~2-3 weeks each year depending on ice melt in the rivers. From 2002 to 2009, the first date each year that belugas were reported in the Naknek River ranged between 10-29 April. The freeze-up timing of the rivers and bays, when belugas likely start moving out of inner bays, is also highly variable per year.

Boundary Certainty scored high (3) based on high Data Support, particularly satellite tag data that provide tracks of animals wherever they go, and aerial survey data, which cover broad areas. Additionally, Bristol Bay beluga distribution has not changed perceptibly from the decades of data available prior to the data used in this BIA assessment.

The winter small and resident population watch list area (S-BIA0-d-b1-ABS047-0) cannot be combined with this S-BIA due to geographic range scoring. In winter, when beluga distribution expands into greater Bristol Bay, the range is >30,000 km2, resulting in a range score of 1. Furthermore, Data Support for the winter small and resident population watch list area (S-BIA0-d-b1-ABS047-0) consists of only satellite tag data, so it scored low (1), resulting in an Importance score of 0.




4.3 Example 3: Fin whale F-BIA in the western-central Bering Sea, in June – August.

Importance: 2; Intensity: 3; Data Support: 1; Spatiotemporal Variability: d; Boundary Certainty: 1

F-BIA2-d-b1-ABS036-0 (Figure 11)


4.3.1 Life history and background information

Fin whales are the second largest baleen whale and are found in all of the world’s oceans. They were hunted extensively by commercial whalers and are currently listed as endangered on the U.S. Endangered Species List. Fin whales have been documented in the Aleutian Islands and Bering Sea region year-round (Alaska Fisheries Science Center, 2021), although it is unknown whether any individuals remain year-round. There is evidence of seasonal movements within the region (Mizroch et al., 2009; Clapham et al., 2012; Muto et al., 2021), and some fin whales migrate through Bering Strait to feed in the Chukchi Sea in summer and fall (Clarke et al., 2013; Brower et al., 2018; Alaska Fisheries Science Center, 2021, Clarke et al., 2020). However, current information on fin whales in the region is sparse, particularly in the northern and western Bering Sea and off the continental shelf (Muto et al., 2021) and is not enough to fully describe seasonal movements. Fin whales that occur in the Bering Sea and near the Aleutian Islands are considered to be from the Northeast Pacific stock; however, it is possible that multiple stocks occur in the Bering Sea, but data are lacking to determine this (Muto et al., 2021).

Fin whales feed on small schooling fishes, squid, and crustaceans, including copepods and krill. In the eastern Bering Sea, fin whales historically consumed euphausiids of the genus Thysanoessa when over the continental shelf, and copepods of the genus Calanus in waters beyond the slope (Thompson, 1940; Nemoto, 1957; Nemoto, 1959). Fish, particularly capelin (Mallotus villosus) and juvenile pollock (Gadus chalcogrammus) were consumed over the Bering Sea shelf north of 58°N in years with low euphausiid abundance (Nemoto, 1957; Nemoto, 1959).



4.3.2 Information sources

Shipboard line-transect surveys for cetaceans were conducted during echo-integration trawl surveys for walleye pollock on the eastern Bering Sea shelf in June-July of 2002 (a warm year) and 2008 and 2010 (cold years) (Friday et al., 2013). The study area included three oceanographic domains separated by two fronts: 1) coastal domain, shore to inner front; 2) middle shelf domain, inner front to middle front; and 3) outer domain, middle front to the western edge of the study area on the eastern edge of the continental shelf (Friday et al., 2013). Locations of the fronts vary, but are generally near the 50- and 100-m isobaths, which were used to demarcate the domains in Friday et al. (2013). A salinity front also separated the outer shelf domain from the shelf break (200 m). Friday et al. (2013) combined the outer shelf domain and shelf break as the “outer stratum” because zooplankton communities in the two areas were similar and only the eastern edge of the slope was sampled (Friday et al., 2013).

Fin whales were broadly distributed in the outer stratum in 2008 and 2010, and sighting numbers were higher than in 2002 when sightings were few and found in low densities (Friday et al., 2013). Fin whale density in 2008 and 2010 was highest in the outer stratum; within the outer stratum, density was higher in the Russian section than the U.S. section (Friday et al., 2013). In 2002, density was higher in the coastal domain than the middle or outer domain; the Russian section was not surveyed (Friday et al., 2013). Fin whale abundance in all three years in U.S. waters was highest in the outer stratum; abundance estimates in 2010 (n=911) and 2008 (n=802) were higher than 2002 (n=295) (Friday et al., 2013).

Zerbini et al. (2016) used the 2008 and 2010 fin whale data from Friday et al. (2013) and fisheries data to provide a habitat baseline for fin whales based on a quantitative assessment of the relationship between fin whale abundance, environmental variables, and density of euphausiids and age-1 pollock. Modeling results indicated fin whale abundance increased at higher euphausiid biomasses and near the shelf edge at the 200-m isobath. Zerbini et al. (2016) did not find a relationship between fin whales and age-1 pollock, which is expected if fin whales are consuming pollock only in years with low euphausiid abundance (Nemoto, 1957; Nemoto, 1959).

Shipboard line-transect surveys were also conducted in the central Bering Sea in July-September 2018 (Matsuoka et al., 2019). There were 102 sightings of 153 fin whales and several acoustic detections, though most of these sightings and acoustic detections were in the south-central Bering Sea (Matsuoka et al., 2019).

Non-systematic vessel surveys occurred along the shelf break in the southeastern and central Bering Sea in July-August 2002 (LeDuc, 2004). There were 8 sightings of 20 fin whales in the western-central Bering Sea.

Data not included in this assessment are cetacean line-transect data from the pollock trawl surveys of the 1990s (Friday et al., 2012) because those data were > 20 years old and not considered representative of present conditions.



4.3.3 BIA space and time delineation process

The line-transect and non-systematic vessel sighting and acoustic data, and quantitative modeling of fin whales and their relationship to their prey, indicate that fin whales are present in high densities in the western-central Bering Sea on the continental shelf in the outer domain from the 100-m isobath to the eastern edge of the continental slope (Figure 11). The F-BIA polygon is based on fin whale sightings and acoustic detections from line-transect and non-systematic vessel surveys. Along the north side, the polygon follows just shallow of the 100-m isobath, to incorporate all of the outer domain. Along the south side, the polygon runs just deeper than the 1000-m isobath to incorporate the eastern edge of the continental shelf where the vessel line-transect study area ended (Friday et al., 2013).



4.3.4 Score determination

Intensity scored high (3). Zerbini et al.'s (2016) spatially-explicit density model suggests this is likely an important feeding area for fin whales. The model results show a higher abundance of fin whales in this F-BIA than farther to the southeast, in the southeastern Bering Sea.

Data Support scored low (1). The majority of data supporting this F-BIA (Friday et al., 2013; Zerbini et al., 2016) includes only two months (in three different years) of surveys; other surveys (LeDuc, 2004; Matsuoka et al., 2019) covered only the southwestern edge of this F-BIA. All of these sources are at least 10 years old.

Spatiotemporal Variability scored dynamic. Fin whale prey availability on the eastern Bering Sea shelf is affected by the prevailing temperature regime. The Bering Sea shelf underwent various temperature regime shifts with high interannual variability until 2000, followed by a warm period from 2001-2005, and a cold period from 2006-2013, and another warm period beginning in 2014 that is greater in magnitude and duration than that of the early 2000s (Siddon and Zador, 2017; Siddon, 2020). Sea ice cover on the eastern Bering Sea shelf determines whether it will be a warm or cold year in that region. The minimum southerly extent of sea ice can vary by 100 km each year and is affected by prevailing winds and ocean currents, particularly in spring (Stabeno et al., 2012). Winds and ocean currents also affect the location of fronts that separate the coastal, middle, and outer domains.

Boundary Certainty scored low (1). These boundaries are uncertain because of the limited spatial and temporal extent of the data. Fin whales may be present longer than the three months during which surveys were conducted and in an area greater than what was surveyed. For example, at passive acoustic mooring M8 (see ABS region fin whale F-BIA M8 Mooring, “F-BIA2-d-b1-ABS038-0”), located just northeast of this F-BIA, there were high detections of fin whale calls from July to January in each year, 2010-2018 (Alaska Fisheries Science Center, 2021). That F-BIA could not be combined with this one because that F-BIA extends to January. Another source of uncertainty is that fin whale abundance was higher in the cold years of 2008 and 2010 than in the warm year of 2002. Cetacean line-transect surveys conducted on the Bering Sea middle shelf and outer stratum in 1999, a cold year, also indicated higher fin whale abundance compared to the warm year of 2002 (Friday et al., 2012; Stabeno et al., 2012). Adult and juvenile euphausiids and Calanus spp. increased in biomass, and recruitment of pollock increased, on the southeastern Bering Sea shelf during cold years, indicating that fin whale abundance may be linked to prey availability (Stabeno et al., 2012). With the extensive warming that the Bering Sea has been undergoing, particularly since the extreme loss of winter sea ice in 2017-18, it is possible that fin whales’ and their prey’s spatiotemporal distribution and density could be changing.





5 Watch list areas

A total of 22 watch list areas were identified and delineated for 10 species, including bowhead, gray, humpback, fin, minke, North Pacific right, and sperm whales; belugas; and harbor and Dall’s porpoises (Figures 3–9, 12; Supplementary Table 3). There are 15 feeding, 4 migratory, 2 reproductive, and 1 small and resident population watch list areas. One minke whale feeding watch list area is transboundary with the Arctic region. All watch list areas scored the lowest score of 1 in both the Intensity and Data Support categories, which resulted in Importance scores of 0. All watch list areas also received the lowest score for Boundary Certainty due to lack of information. For Spatiotemporal Variability, 13 watch list areas scored dynamic, 4 ephemeral, and 0 static, and 5 watch list areas received no Spatiotemporal Variability score because there was not enough information to determine a score.




Figure 12 | Aleutian Islands and Bering Sea region minke whale, harbor porpoise, and Dall’s porpoise watch list areas.



The species represented in the watch list areas for the Aleutian Islands and Bering Sea region included all seven species for which BIAs were created, plus three additional species. This region is data poor, with significant areas and periods that have had no dedicated cetacean surveys conducted in recent years. Throughout the region, there is sparse information on cetacean presence, density, and behavior. To better evaluate these watch list areas, more and current data are needed in all months and in all areas of the Aleutian Islands and Bering Sea region. Shipboard line-transect surveys of the vast Bering Sea would help obtain spatiotemporal distribution and density of all cetaceans in the area. Aerial line-transect surveys collecting data on all cetaceans could be conducted in smaller regions such as Bristol Bay. Satellite tag deployments on additional species would provide important data on migration timing and habitat use. Experienced and dedicated marine mammal observers could be included on other research cruises that operate in the area to obtain opportunistic sighting data. Finally, unmanned aerial systems could be used in remote areas to collect visual data. Regions that are expected to be used most heavily by humans with potential for anthropogenic impact to cetaceans, such as the Bering Strait and proposed shipping lanes, would benefit from focused survey effort to obtain baseline cetacean distribution, density, and abundance data.



6 Conclusions and recommendations

During the BIA II process, 19 BIAs were identified and delineated in the Aleutian Islands and Bering Sea region, including: feeding areas for bowhead, gray, humpback, fin, North Pacific right, and sperm whales, and belugas; migratory routes for gray and North Pacific right whales; and a small and resident population of belugas. In addition, 22 watch list areas were identified and delineated, including: feeding areas for gray, humpback, fin, minke, North Pacific right, and sperm whales, and harbor and Dall’s porpoises; migratory routes for bowhead and fin whales, reproductive areas for bowhead whales and belugas; and a small and resident population of belugas.

With the addition of information on cetaceans that was made available after the BIA I effort, we were able to better delineate BIA areas and time periods to reflect current cetacean use of this region, at times expanding the time period into winter months due to the addition of year-round acoustic data. Expanding BIAs beyond the U.S. EEZ into adjacent nation EEZs (e.g., Russia) and into international waters allowed for a more accurate account of the areas that cetaceans are using.

The Aleutian Islands and Bering Sea region is vast, remote, harsh, and difficult to study; consequently, spatiotemporal information on cetacean distribution, density, and habitat use is relatively limited. For this BIA II assessment, we considered all available information and incorporated all that was relevant. However, there may be areas and times where a species occurs in high density and engages in biologically important activities that were not identified here due to lack of available information. A portion of the seasonality of BIAs in the Aleutian Islands and Bering Sea region is depicted in Figure 10. Few BIAs were identified in the late winter/early spring months, which may be partly due to limited information during those months.

Too little information was available to consider creating even watch list areas for a number of additional cetacean species that inhabit the Aleutian Islands and Bering Sea region. These species include killer, sei (Balaenoptera borealis), Baird’s beaked (Berardius bairdii), and Stejneger’s beaked (Mesoplodon stejnegeri) whales, and Pacific white-sided dolphins. In future BIA assessments, information for these species should be evaluated to determine whether sufficient new information is available to delineate and score BIAs.

Climate change continues to cause rapid changes in the ecosystems of the Aleutian Islands and Bering Sea. Some species are expanding their ranges northward (Brower et al., 2018; Siddon and Zador, 2018; Eisner et al., 2020), unusual mortality events have occurred (Siddon and Zador, 2018; Siddon and Zador, 2019; Huntington et al., 2020; Siddon, 2020), and there is the potential for a complete restructuring of the northern Bering Sea from a benthic-dominated to a pelagic-dominated system (Grebmeier et al., 2006; Grebmeier et al., 2018). These, and many other changes, suggest that BIAs be reassessed and updated every 4-5 years.
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Connectivity plays a key role in the effectiveness of MPA networks ensuring metapopulation resilience through gene flow and recruitment effect. Yet, despite its recognized importance for proper MPA network functioning, connectivity is not often assessed and is very seldomly used in marine spatial planning. Here, we combined biophysical modelling with graph theory to identify Mediterranean marine reserves that support connectivity between different ecoregions through stepping-stone processes, thus preventing network fragmentation, and those that have an important role as propagule source areas contributing to the recruitment and rescue effects. We identified 19 reserves that play a key role towards the functioning of the network, serving either as stepping-stones or as propagule sources, yet with distinct patterns between ecological groups with contrasting propagule duration (PD). The Côte D’Azur marine reserves are important both as stepping-stones and propagule sources for several ecological groups. Also, key is the Capo Rizzuto and Plemmirio marine reserves due to their role as stepping stones between different marine ecoregions, particularly for species with longer PD (Pisces, Crustacea and Echinodermata). These results provide stakeholders and managers with crucial information for the implementation and management of an efficient marine reserve network in the Mediterranean.
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Introduction

The implementation of marine protected area (MPA) networks has been encouraged as these can accommodate key features, such as replication and representativity, without the need to encompass very large areas (Gaines et al., 2010). A successful network of MPAs should operate synergistically with its benefits being more than just the sum of the individual benefits of single MPAs (Hamilton et al., 2010; Grorud-Colvert et al., 2014; Roff, 2014). In this sense, connectivity plays a key role in ensuring metapopulation resilience (Kininmonth et al., 2011) and the successful functioning of an MPA network (Magris et al., 2014). Marine connectivity, i.e., the exchange of individuals among geographically separated populations, is strongly influenced by species’ behavioural and demographic characteristics (e.g., propagule duration, migratory patterns) as well as oceanographic processes (Magris et al., 2018; Balbar and Metaxas, 2019). Well-connected MPAs are able to facilitate metapopulation persistence and reverse species decline (Bonin et al., 2016), improve MPA effectiveness (Goetze et al., 2021), and better cope with climate change and stochastic events such as heatwaves or environmental disasters (Micheli et al., 2012; Bates et al., 2019).

The Convention on Biological Diversity Aichi target 11 states that conservation should be based on effectively and equitably managed, ecologically representative, and well-connected systems of protected areas (CBD, 2010). Most connectivity studies have focused on single species (e.g., Nolasco et al., 2022) or several species of the same taxonomic group (e.g., Faillettaz et al., 2018) with very few studies exploring MPA connectivity for a wide range of taxonomic groups and/or large geographic scales (but see Romero-Torres et al., 2018; Roberts et al., 2021). The incorporation of connectivity in marine spatial conservation planning has become more accessible with the development of systematic conservation planning frameworks that allow the inclusion of such data (Balbar and Metaxas, 2019; Daigle et al., 2020; Virtanen et al., 2020). Various tools have been used to estimate connectivity (for a review, see Calò et al., 2013). Depending on the spatial and temporal scale of the study, and on the species’ life stage, these can include population genetics (Jenkins and Stevens, 2018), natural tags (e.g., otoliths, Gillanders, 2005) and biotelemetry (e.g., Abecasis et al., 2009). A more recent approach to estimate the extent to which metapopulations are connected is the use of bio-physical models coupled with centrality measures from graph theory, which can predict potential connectivity at large spatial and temporal scales (Ospina-Alvarez et al., 2020). These models simulate the dispersal of propagules advected by ocean currents adding biological traits such as propagule duration (PD) or larval mortality to increase the realism of connectivity processes (Treml et al., 2012; Assis et al., 2018). The use of centrality indices from graph theory allows the identification and sorting of nodes (MPAs) in a network according to their ecological relevance (Ospina-Alvarez et al., 2020; Keeley et al., 2021). Two centrality indices can provide relevant information in the context of networks of protected areas: the Betweenness and the Out-Strength. The Betweenness centrality identifies the nodes that act as bridges or stepping-stones and thus preventing network fragmentation (Freeman, 1977; Ospina-Alvarez et al., 2020). The Out-Strength centrality identifies the nodes with the highest probability of spreading their propagules to other nodes thus acting as essential spawning habitats (source areas) for the network (Barrat et al., 2004; Ospina-Alvarez et al., 2020), translating into a higher recruitment effect. Understanding the overall structure of the MPA network and knowing the connectivity role each MPA plays is key to the successful planning and management of MPA networks (Balbar and Metaxas, 2019; Ospina-Alvarez et al., 2020).

The Mediterranean Sea is a marine biodiversity hotspot facing some of the highest anthropogenic impacts (Myers et al., 2000; Coll et al., 2012). Yet, current conservation management measures are insufficient and largely ineffective (Pérez-Ruzafa et al., 2017; Claudet et al., 2020). The existing MPAs are unevenly distributed across regions and underperforming as a network (Calò et al., 2013; Claudet et al., 2020). Indeed, low connectivity has been anticipated for the European marine reserves network, particularly striking for species with limited dispersal capacities, such as ecosystem structuring species of corals and seagrasses (Assis et al., 2021b) and some fish species (Andrello et al., 2013), highlighting the possible conservation implications. Although potential connectivity was identified for the Western Mediterranean marine reserves it is practically nonexistent among the Eastern Mediterranean marine reserves (Assis et al., 2021b). In such a context of low connectivity, identifying key MPAs acting as connectivity hubs promoting crucial links between otherwise isolated regions and/or areas acting as important propagule sources for the network provides stakeholders and managers crucial information for the implementation and management of an efficient marine reserve network.

Considering international initiatives calling for highly protected and well-connected MPAs (Convention on Biological Diversity Aichi Target 11), here, we identify the key Mediterranean marine reserves enhancing stepping-stone connectivity and increasing recruitment effect for distinct biodiversity groups. The estimates were aimed at the strongest protection level provided by marine reserves (MPAs with the strongest protection level, i.e., fully protected), owing to the higher conservation value for biodiversity (e.g., higher density of organisms; Giakoumi et al., 2017; Sala and Giakoumi, 2017) and to the lower anthropogenic impact (e.g., trawling; Sala and Giakoumi, 2017) relative to additional areas with lower protection levels (Zupan et al., 2018). Together, these traits allow reducing/removing confounding effects while inferring connectivity estimates (Eigaard et al., 2016; Sala and Giakoumi, 2017; Dureuil et al., 2018; Assis et al., 2021b). Our findings provide key insights on the individual role of marine reserves, particularly important in the scope of MPA resource management, and climate change adaptation and resilience (Almany et al., 2009; Pascual et al., 2017).



Methods

The Atlas of Marine Protection (Marine Conservation Institute, 2020) and the Database of Marine Protected Areas in the Mediterranean (MAPAMED, 2022) were used as a starting point for the compilation of the marine reserves database, as these contain the most up to date information on MPAs. To ensure that every existing marine reserve was included a further web search was conducted for each country as in Zupan et al. (2018). For each marine reserve, we gathered information on its location, size, shape, and marine ecoregion as defined in Spalding et al. (2007).


Marine taxa and ecological groups

To examine the potential connectivity of Mediterranean marine reserves across multiple taxa and ecological groups, we considered four ecological groups based on the similarity of their PD following Assis et al. (2021b). Group 1 (G1) as representative of Cnidaria, Tunicata and Porifera (mean PD of 2 days), group 2 (G2) representing Macroalgae and Seagrass (mean PD of 6 days), group 3 (G3) representing Bryozoa, Mollusca and Polychaeta (mean PD of 17 days) and group 4 (G4) representing Pisces, Crustacea and Echinodermata (mean PD of 36 days). Empirical PD data was compiled from published literature as in Assis et al. (2021b). To ensure a representative sample and given the low number of species with PD information this compilation comprised marine species from all oceans.



Connectivity model and graph theory

Estimates of connectivity between the Mediterranean marine reserves were inferred with a bio-physical numerical model (Assis et al., 2015; Buonomo et al., 2017; Assis et al., 2021a) that simulated the spatial and temporal distribution of drifting propagules (i.e., planktonic dispersal stages such as larvae, spores, gametes, seeds and drifting fragments) with information on ocean currents derived from the Hybrid Coordinate Ocean Model (HYCOM), a high-resolution hindcast of three-dimensional velocity fields (spatial resolution of 0.08°, approximately 7 km in the Mediterranean Sea, with 40 depth levels). The HYCOM model is forced by wind stress, wind speed, precipitation, and heat flux (Chassignet et al., 2007) and assimilates data from an array of satellites, bathythermographs, Argo floats and moored buoys (for additional information please refer to Chassignet et al., 2007; see Supplementary Figure S1 for a representation of the surface circulation in the Mediterranean Sea). Within its spatial resolution, orders of magnitude lower than reserve distances, it mimics key oceanographic processes such as meandering currents, oceanic eddies, filaments, and fronts (Lett et al., 2008). Currently, there is no validation of the HYCOM model for the Mediterranean Sea against empirical observations (like in Domingues et al., 2012; Nolasco et al., 2018; Nolasco et al., 2022), however, studies comparing its performance elsewhere (e.g., Southern Pacific and Northern Atlantic) found accurate estimates of the prevalent oceanographic features (Fossette et al., 2012; Kendall et al., 2013). When used in bio-physical modelling, such as the current approach, HYCOM has recurrently explained the patterns of population connectivity estimated from independent genetic data of macroalgae, mussels, limpets, fish, crustaceans, echinoderms, and seagrass (Assis et al., 2015; Assis et al., 2018, Assis et al., 2022; Klein et al., 2016; Cunha et al., 2017; Ntuli et al., 2020). In particular, one of the studies, focusing on the Mediterranean Sea, showed HYCOM explaining > 75% of the variability found in population genetic data of a macroalgae (Buonomo et al., 2017).

The bio-physical model released individual particles simulating the passive drifting propagules from sites located 1km apart at the borders of each reserve every 24 hours, throughout a complete year. In the simulation, landmass was defined with a high-resolution polygon (Haklay and Weber, 2008). The geographic position of each particle was determined every hour of simulation by using bilinear interpolation over the eastward and northward components of the HYCOM’s velocity fields. The particles drifted until eventually ended up on a reserve or land (e.g., Assis et al., 2015; Assis et al., 2018; Buonomo et al., 2017; Cunha et al., 2017). Given the general absence of comprehensive information on key ecological traits for most species (e.g., fecundity, larval mortality, larval vertical migrations, and onset of swimming abilities) only the species PD was considered. To account for interannual variability, simulations were run individually for each year for a 10-year period (2008-2017) and a connectivity matrix between all pairs of sites was produced by the aggregated trajectories. Asymmetrical pairwise probabilities of connectivity between reserves were determined by dividing the number of particles released from reserve i that reached reserve j, by the total number of particles released from reserve i, thus accounting for the relative effect of reserve size, as larger reserves imply a greater amount of source sites, and therefore higher contribution to the connectivity estimates.

A graph theory approach (also referred to as network analysis) was implemented to infer and visualize stepping-stone connectivity processes between reserves (e.g., Assis et al., 2021b; Buonomo et al., 2017). To this end, the reserves defined the nodes of the graph and the pairwise connectivity matrix, averaged for the 10-years of simulation, defined the strength of its edges. Individual results were produced per ecological group, sharing similar dispersal ecology. To address the role of each marine reserve towards the functioning of the network we estimated two centrality measures of the graph, namely Betweenness and Out-Strength. To facilitate interpretation, centrality measures were normalized between 0 and 1, with 1 representing the highest values. For the Betweenness measures this normalization was performed by considering the maximum and minimum values retrieved by component (cluster), to capture the less/more central reserves, at the scale of each network aggregation. Reserves whose Betweenness or Out-Strength values were above the 95th percentile of the distribution were considered as key.

Two additional metrics were computed to characterize network structure, namely, number of components (clusters) and the relative size of the largest component. The first represents the number of disconnected subgraphs, while the second represents the ratio between the number of reserves existing in the largest component (subgraph) and the number of reserves in the entire graph (Urban & Keitt, 2001; David et al., 2022). Lastly, to examine the potential effect of losing one or more reserves (e.g., through perturbation) in network structure we performed an analysis of sequential reserve (node) deletion (Urban & Keitt, 2001; David et al., 2022), which allowed testing the importance of individual reserves to the overall coherence of the network. To this end, reserves (and all associated oceanographic connections) were removed iteratively from the network (69 iterations; considering the total number of reserves) under 3 scenarios: (1) from the highest to the lowest betweenness centrality, from the highest to the lowest out-strength centrality and randomly with 999 permutations, with no replacement. On each iteration, the number of components and relative size of the largest component metrics were computed.

All the analyses were performed in R (Team, 2021), graph analyses were produced using the ‘igraph’ package (Csardi and Nepusz, 2006).




Results

We identified a total of 70 marine reserves in the Mediterranean Sea, distancing on average 1187.63± 772.18 km from each other (median: 1040.56km) and summing an area of 644.46 km2 representing less than 0.2% of the Mediterranean Sea (Table S1). Most of the marine reserves are located in Western Mediterranean European countries with very few in North African countries or in the Eastern Mediterranean (Table S1). This is also evident when assessing their distribution by marine ecoregions with the vast majority located in the Western Mediterranean (65.7%), and few marine reserves in the Adriatic (8.6%), Aegean (7.1%), Alboran (7.1%), Ionian (8.6%), and Levantine seas (2.9%), and none in the Tunisian plateau (Table S1).

The biophysical modelling estimating connectivity over a 10-year period released a total of 3,280,394 particles from 898 sites located at the edges of marine reserves, resulting in 1,263,927 connectivity events (38.52% of all possible events). Increasing PD per ecological group produced more distant connectivity events between reserves. Average distances of connectivity spanned from 6.95km (range: 0-44.07km), 10.68km (range: 0-186.12km), 20.01km (range: 0-530.79km) and 46.73km (range: 0-695.53km), for G1, G2, G3 and G4, respectively. Such contrasting distances driven by the PD of the 4 ecological groups correlated with the potential connectivity between reserves, with the two groups with shorter PD (G1 and G2) structuring a fragmented network (Figures 1, 2; Supplementary Figures S2-S5) with 9 and 15 components and relative size of the largest component of 0.13 and 0.11, respectively. The two groups with longer PD (G3 and G4) are able to link reserves at larger spatial scales and structuring a more coherent network (Figures 1, 2; Supplementary Figures S6–S9) with 3 and 6 components and relative size of the largest component of 0.75 and 0.94, respectively.




Figure 1 | Betweenness centrality estimated for the Mediterranean network of marine reserves. Reserves are depicted as circles, with their size and colour reflecting the normalized value of betweenness. Higher betweenness, above the 95th percentile of the distribution of values, is indicated in each legend by a vertical line in the colour scale. Isolated reserves are shown in white. Mean propagule duration (± standard deviation) is shown per ecological group.






Figure 2 | Out-strength centrality estimated for the Mediterranean network of marine reserves. Reserves are depicted as circles, with their size and colour reflecting the normalized value of out-strength. Higher out-strength, above the 95th percentile of the distribution of values, is indicated in each legend by a vertical line in the colour scale. Isolated reserves are shown in white. Mean propagule duration (± standard deviation) is shown per ecological group.



Graph theory using pairwise connectivity estimates showed that 19 out of 70 reserves (~27%) play a key role towards the functioning of the network (above 95th percentile of Betweenness or Out-strength), acting as stepping-stones, propagule source areas or both, for one or more ecological groups (Table 1). The marine reserves with the highest Betweenness centrality, contributing for stepping-stone connectivity, are spread throughout the Ligurian and Tyrrhenian Seas for the low dispersive groups G1 and G2, which in general display poor network connectivity (Table 1; Figure 1). As the network expands with increasing PD, new links are formed and the reserves with highest Betweenness centrality are found in the Balearic Islands and the Ionian Sea. Particularly, the Plemmirio and Capo Rizzuto reserves play an important role for G4 (Table 1), supporting stepping-stone connectivity between the western and eastern Mediterranean basins (Figure 1). The marine reserves with the highest Out-Strength centrality (Table 1; Figure 2), are located in Gibraltar and the Ligurian and Tyrrhenian Seas for G1 and G2. For G3 and G4, highest Out-Strength centrality was found in the Ligurian Sea, particularly in the Côte D’Azur area (Calanques, Port Cros and Cote Bleue reserves; Table 1), where the network of reserves is denser and therefore more connectivity events occurred (Table 1; Figure 2).


Table 1 | Marine reserves on the 95th percentile for Betweenness (B), Out-Strength (O) and both (BO) for each of the ecological groups (G1 - Cnidaria, Tunicata and Porifera; G2 - Macroalgae and Seagrass; G3 - Bryozoa, Mollusca and Polychaeta; G4 - Pisces, Crustacea and Echinodermata).



The tests examining the potential effect of losing reserves in network structure allowed us to verify that reserves with higher betweenness and out-strength centrality are particularly important to the overall coherence of the network. When these reserves were iteratively removed from the network, the number of components (i.e., isolated subgraphs) increased and the size of the largest component decreased in a more pronounced way than when reserves were removed randomly, particularly for G3 and G4 (Figure 3; Supplementary Figures S10–S15).




Figure 3 | Effect of removing marine reserves (nodes) on (A) the number of components of the network (i.e., number of clusters) and (B) the relative size of the largest component, under the 3 scenarios of sequential node deletion from the highest to the lowest betweenness centrality (highBetw.), from the highest to the lowest out-strength centrality (highOut-S.), and randomly with 999 permutations, with no replacement (Random). Network tests are related to G4 (Pisces, Crustacea, and Echinodermata). Independent figures for the additional groups (G1, G2, and G3) are available in supplementary information (Figures S10-S15).





Discussion

Using theoretical bio-physical modelling coupled with graph theory, we evaluated the current network of marine reserves in the Mediterranean Sea and identified 19 reserves that can play a key role towards the functioning of the network, serving either as stepping-stones linking biogeographic regions or as propagule sources securing gene flow along the network, yet with distinct patterns for the different ecological groups. For instance, the reserves found in the central region of Côte D’Azur (Ligurian Sea) can support connectivity, either as stepping-stones or propagule sources, for numerous ecological groups with contrasting PD, while the Capo Rizzuto and Plemmirio reserves (Ionian Sea) are key hubs supporting connectivity between the western and eastern Mediterranean basins, particularly for biodiversity groups with longer PD. In general, groups with lower dispersal potential tend to be more isolated and would benefit from a denser network of marine reserves, as only 0.2% of the Mediterranean Sea is fully protected. The expansion of the current network to include currently unprotected areas that may hold high biodiversity, could improve connectivity, and should be considered for future conservation and management strategies.

Previous studies had already identified the Mediterranean Sea poor network connectivity (Andrello et al., 2013; Ospina-Alvarez et al., 2020; Assis et al., 2021b), particularly for low dispersal ecosystem structuring species like macroalgae, seagrasses and corals (Assis et al., 2021b). These connectivity patterns expose the uneven distribution of reserves throughout the Mediterranean Sea, with a low number in the Adriatic, Ionian, Aegean and Levantine Sea and a total lack of reserves in the Tunisian plateau, leading to a highly fragmented and poorly connected network, adding to the lack of habitat representativity (Abdulla et al., 2009). Thus, this generally low potential connectivity of the Mediterranean network of marine reserves undermines its overall resilience and reveals its poor capacity to perform as a proper network.

Against this background of poor connectivity, we identified those marine reserves that may standout in supporting connectivity, acting as stepping-stones between different components (high Betweenness centrality), hence securing links between different regions (Ospina-Alvarez et al., 2020) and/or acting as propagule source (high Out-strength centrality) hence representing spawning areas that play an important role towards recruitment and rescue effects (Eriksson et al., 2014; Ospina-Alvarez et al., 2020; Roberts et al., 2021). We found that 19 of the 70 Mediterranean marine reserves presented such key roles (Betweenness or Out-strength value above 95th percentile of the distribution) for at least one group of species (Table 1). However, the spatial extent of the links depended on the PD. For species with low PD (G1 and G2), connectivity links were limited in spatial scale, occurring almost exclusively with nearby marine reserves, thus failing to ensure links between different oceanographic regions. This is the case of the Gibraltar marine reserves where their proximity to each other and the local oceanographic characteristics, favour the exchange of propagules between them for the G1 and G2 species. An increase in the number of (stepping-stone) marine reserves is required to guarantee overall connectivity, particularly across different oceanographic regions. Adding new sites to expand the current network of marine reserves should be done by identifying sites that are highly connected to, but currently are not part of, a marine reserve (Magris et al., 2018). This would be crucial in transitional areas between marine ecoregions, especially in those underrepresented (e.g., Tunisian plateau, Levantine Sea) to ensure gene flow. Additionally, enhancing connectivity of G1 and G2 ecological groups, which include species such as gorgonians, sponges, and seagrass, is particularly relevant given that these species form essential habitats for other biodiversity (Pascual et al., 2017; Magris et al., 2018). In contrast, for species with longer PD, propagule flow between different marine ecoregions (e.g., Western Mediterranean, Ionian and Adriatic Seas) was partially ensured, preventing further network fragmentation. The marine reserves acting as connectivity hubs have a greater probability of spreading the genes of the local populations throughout the network thus ensuring a higher gene flow (Pascual et al., 2017). For example, the marine reserves of Capo Rizzuto and Plemmirio possibly assume a key role for connecting metapopulations between the Ionian and the Adriatic and Western Mediterranean regions, respectively. The simulated scenarios where marine reserves were sequentially removed, representing hypothetical perturbations, emphasised the role of these marine reserves acting as key connectivity hubs towards the coherence of the Mediterranean network. When marine reserves with high betweenness (or high out-strength) were removed from the network this resulted in a drastic fragmentation of the network, compared to random removal of reserves.

The approach used in the present study provided key knowledge unknown until now, however, it may have some degree of oversimplification that needs to be addressed. First, marine reserves are not the exclusive source of propagules or stepping-stone locations of marine biodiversity throughout the Mediterranean Sea, as regions outside protected areas may have an important role as well. Thus, our results provide a what-if scenario, where marine reserves are the unique source and sink locations serving connectivity (Assis et al., 2021b). Only considering such effective conservation areas is somewhat unrealistic; however, the approach is supported if we consider the increasing rate of potential threats to marine biodiversity and the need to provide adequate protection and recover ecosystems, i.e., highly protected and well-connected MPA networks. In fact, Dureuil et al. (2018) found that 59% of European MPAs are commercially trawled, precluding the expected benefits of MPA implementation such as increased productivity and spillover. This is particularly true in the Mediterranean Sea, where (over)fishing may be targeting the larger individuals that are the main spawners and source of propagules (Cardinale and Arrhenius, 2000; Vielmini et al., 2017). Secondly, despite integrating key ecological traits (i.e., propagule duration) and oceanographic processes (e.g., fronts and eddies; Manel et al., 2019), as well as the actual spatial arrangement of marine reserves, it did not consider population dynamics or larvae behaviour (Anadón et al., 2013; Faillettaz et al., 2018). For example, spawning seasonality is known to affect propagule dispersal and consequently connectivity (Kough and Paris, 2015; Torrado et al., 2021). Additionally, some species exhibit ontogenetic shifts in habitat use and/or large migrations during adult phases (e.g., Abecasis et al., 2009; Vandeperre et al., 2014). Our goal was to provide an overall view across a wide range of taxa and therefore it would be impractical to consider population dynamics (e.g., fecundity, size structure, spawning seasonality, propagule mortality) or larvae movements (e.g., vertical migrations, chemical attraction) given the general lack and inter- and intra-specific variability of these parameters (e.g., Endo et al., 2019), as well as the challenges imposed on the modelling task. Numerous studies using the same bio-physical modelling approach systematically provided evidence on how propagule duration alone coupled with oceanographic transport can explain independent genetic and demographic data, from macroalgae and corals, to fish and invertebrates (e.g., Buonomo et al., 2017; Lourenço et al., 2017; Assis et al., 2018; Nicastro et al., 2020; Ntuli et al., 2020). This is particularly true for low dispersive structuring species, such as those represented by G1 and G2, but not only, as the propagule phase represents the major dispersive phase for most marine species (Calò et al., 2013). Lastly, we assume that the ecosystem health of the marine reserves is intact allowing them to fulfil the potential connectivity roles identified by the bio-physical model. If that is not the case, then connectivity patterns among the Mediterranean network of marine reserves can be compromised.

Network connectivity and its effectiveness to provide ecological benefits can be compromised by inadequate management or poor enforcement (Edgar et al., 2014; Gill et al., 2017). Therefore, ensuring that the reserves identified here benefit from adequate compliance is key to ensure the entire network efficiency. For example, the marine reserves in the Côte D’Azur area play a key role as propagule sources for most ecological groups. Thus, ensuring their adequate management and strong enforcement is fundamental for maintaining gene flow along the network. The 19 marine reserves identified as key connectivity hubs (Table 1) present a medium to high enforcement level (Guidetti et al., 2008; Giakoumi et al., 2017; Di Lorenzo et al., 2020) fulfilling two key attributes, no-take and well enforced, that are known to influence MPA performance (Claudet et al., 2008; Di Franco et al., 2016). Increasing the size of these reserves could contribute to further maximizing network connectivity, as larger marine reserves are able not only to supply but also to capture more propagules emanating from other marine reserves (Assis et al., 2021b). Local stressors such as marine invasions (Giakoumi and Pey, 2017) and water pollution (Abessa et al., 2018), as well as global climate change (Hannah et al., 2002) can further compromise the effectiveness of the network and should be managed and controlled a priori, as impacts may be impossible to prevent once established (Abessa et al., 2018). For example, if the marine reserve of Capo Rizzuto is affected by some disaster and its role is compromised this could lead to connectivity loss between the Ionian and Adriatic Seas for G4 (fish, echinoderms and crustaceans) eventually resulting in biodiversity loss (species and genetic). Therefore, safeguarding the identified key reserve areas might be particularly relevant to ensure network resilience in the long-term, as these can function as propagule sources to replenish other regions in case of catastrophic events causing mass mortalities, such as localized pollution or heatwaves (Eriksson et al., 2014; Bonin et al., 2016; Fung et al., 2017). Climate change is expected to impact network connectivity (Lima et al., 2021) and therefore its efficiency, by altering species distributions (Ramos Martins et al., 2021) and by affecting propagule duration and ocean hydrodynamics (Connor et al., 2007). Thus, the inclusion of connectivity and its potential shifts due to climate change in conservation planning is highly recommended (Andrello et al., 2013; Álvarez-Romero et al., 2018).

Until recently, conservation prioritization in the Mediterranean Sea was based on estimates of biodiversity distribution and anthropogenic threats (Myers et al., 2000; Coll et al., 2012), while connectivity was overlooked. Here, we identify the key connectivity hubs (stepping-stones and propagule sources) of the current network of the Mediterranean reserves. In line with the ongoing efforts to increase protection to 30% by 2030 and considering the low reserve coverage of the Mediterranean Sea and the fragmentation of the current reserve network, future studies should focus on identifying additional areas (currently unprotected) that may be key in improving network connectivity. Including such areas in the network, particularly in the Eastern and Southern Mediterranean, could contribute to a more efficient and resilient network. The overall Mediterranean connectivity should then be included in systematic conservation planning to optimize the design and efficiency of the network (Schill et al., 2015; Balbar and Metaxas, 2019), transforming it from a group of isolated MPAs to a truly functional reserve network (Albert et al., 2017; Roberts et al., 2021).
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  In this assessment we incorporated published and unpublished information to delineate and score Biologically Important Areas (BIAs) for cetaceans in the Hawaiʻi region following standardized criteria. Twenty-six cetacean species have been documented in Hawaiʻi. Eleven odontocete species have distinct small populations resident to one or more island areas: rough-toothed dolphins, pantropical spotted dolphins, common bottlenose dolphins, spinner dolphins, short-finned pilot whales, false killer whales, pygmy killer whales, melon-headed whales, Blainville’s beaked whales, Cuvier’s beaked whales, and dwarf sperm whales. Eight species of mysticetes have been documented, although their occurrence and behavior are poorly understood, with the exception of breeding humpback whales and, more recently, common minke whales. Thirty-five BIAs were delineated or revised from the initial 2015 effort: 33 for small and resident odontocete populations and two for humpback whale reproductive areas. Hierarchical BIAs reflecting core areas of use or population-specific ranges were delineated for nine species. Reproductive watch list areas were designated for common minke whales in the main Hawaiian Islands (MHI) and humpback whales in the Northwestern Hawaiian Islands (NWHI); these areas did not meet the criteria for a BIA due to limited supporting information. All but three BIAs were in the MHI, reflecting the disparities in research effort between this region and the NWHI. Spatial extents of BIA boundaries ranged from 457 km2 to 138,001 km2 (median = 8,299 km2). Scores (range: 1-3) for Data Support and Boundary Certainty were moderate to high (mean = 2.40 and 2.43, respectively), while Intensity and Importance scores were slightly lower (mean = 1.94 and 1.89, respectively). Many of the Hawaiʻi species have been extensively studied over several decades; accordingly, this region ranks among the highest in terms of Data Support relative to other regions. BIAs presented here describe known ranges of small resident populations, intensities of use, and uncertainties in important areas for cetaceans in Hawaiʻi based on the best available data, and have also revealed knowledge gaps to guide future research efforts.
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  1. Introduction.

Cetaceans in Hawaiian waters overlap with a number of anthropogenic activities that have the potential to result in both indirect and direct harmful population-level consequences. Threats include military operations (e.g., Martin et al., 2015; Henderson et al., 2019; Baird et al., 2021a; Durbach et al., 2021), commercial and recreational fishing (e.g., Baird and Webster, 2020; Baird et al., 2021b), tourism (e.g., Currie et al., 2021), shipping (e.g., Lammers et al., 2013), pollutants (e.g., Ylitalo et al., 2009; Bachman et al., 2014; Kratofil et al., 2020), protozoal disease from feral, non-native cats (Migaki et al., 1990; Landrau-Giovannetti et al., 2022), and marine debris (Currie et al., 2017). The range-resident behavior of many Hawaiian cetaceans (Baird, 2016) may further exacerbate risk from these threats; where site fidelity may have once been evolutionarily advantageous, this mechanism may become maladaptive in the Anthropocene (Merkle et al., 2022). To inform cetacean impact assessments and marine conservation and management efforts in this region, we identified and scored Biologically Important Areas (BIAs) for cetaceans in Hawaiʻi as part of a nationwide process coordinated by the National Marine Fisheries Service (NMFS; Harrison et al in review; Van Parijs et al., 2015).

BIAs represent areas and times (months or seasons) that are important to cetacean species, stocks, or populations for reproduction (R-BIAs), feeding (F-BIAs), or migration (M-BIAs; Harrison et al in review; Ferguson et al., 2015). BIAs may also be defined to encompass the range and core areas of small resident populations (S-BIAs). Fundamentally, BIAs are compilations of the best available science and have no inherent or direct regulatory authority. Several types of information relating to a species’ occurrence in a region are used to delineate BIAs, including (but not limited to) density or abundance, behavior, range size, and data availability. This effort builds upon the initial BIA effort (BIA I Van Parijs et al., 2015) by revising existing BIAs (Baird et al., 2015a), creating new BIAs based on new information, and scoring each BIA based on Intensity of use, Data Support, Importance, Spatiotemporal Variability, and Boundary Certainty (BIA II, hereafter; Harrison et al in review). Details on the BIA II delineation methodology applied in this study are available in  Supplementary File A .

The archipelago spanning the main Hawaiian Islands (MHI) – from Hawaiʻi Island to Kauaʻi and Niʻihau (Kauaʻi/Niʻihau for brevity, hereafter) – to the shallow atolls of the Northwestern Hawaiian Islands (NWHI) is surrounded by an area of deep, unproductive waters (Doty and Oguri, 1956; Ziegler, 2002). In contrast to high-latitude regions, the central North Pacific is often characterized as a biological desert as it lacks an abundance of phytoplankton and zooplankton that typically underlie dynamic and productive ecological communities (Iverson, 1990; Polovina et al., 2008; Gove et al., 2016). Despite this, the Hawaiian Islands interrupt wind and ocean currents in a manner that produces biologically favorable conditions. This “island mass effect” involves several localized causative mechanisms, such as upwelling, precipitation patterns, and island-associated inputs (e.g., groundwater discharge), that collectively enhance productivity in the marine environment immediately surrounding the islands (Doty and Oguri, 1956; Gilmartin and Revelante, 1974; Gove et al., 2016). Seasonal variation in the Hawaiian environment is characterized by latitudinal shifts in trade winds and sea surface temperature (Flament, 1996). However, the magnitude of seasonal and dynamic or ephemeral environmental changes are not as drastic as those observed in high-latitude regions (e.g., the California Current System; Hickey, 1979; Checkley and Barth, 2009). Accordingly, evidence for spatiotemporal variation in habitat use by non-migratory cetaceans in this region is generally limited and only recently emerging (Ziegenhorn, 2022), but also less understood compared to those in some higher-latitude systems (e.g., Tynan et al., 2005; Becker et al., 2017).

As a result of the island mass effect and nearshore habitat provided by steep slopes of the volcanic islands, the Hawaiian Islands provide suitable habitat for many typically pelagic-ranging cetaceans (Baird, 2016). Not surprisingly, many of these deep-water species have formed island-associated populations resident to this region that are genetically distinct from offshore counterparts (Baird, 2016). The close proximity of deep-water habitat to accessible nearshore waters has enabled long-term studies on such species, primarily odontocetes, including a number of blackfish (e.g., false killer whale (Pseudorca crassidens), short-finned pilot whale (Globicephala macrorhynchus), pygmy killer whale (Feresa attenuata), melon-headed whale (Peponocephala electra)) and beaked whale species (Baird et al., 2013a; Baird, 2016). In addition, the shallow, warm waters created by island complexes and bays provide ideal nursery and breeding grounds for humpback whales and a protected refuge for small delphinids (Baird, 2016).

Sufficient information on population structure and occurrence is available to delineate BIAs for 12 of 26 cetacean species documented in Hawaiian waters (Baird, 2016; Baird et al., 2022). The majority (11) of these species are odontocetes found in nearshore regions of the MHI and/or NWHI and meet the criteria for small and resident population BIAs. Species with S-BIAs include the rough-toothed dolphin (Steno bredanensis), common bottlenose dolphin (Tursiops truncatus), pantropical spotted dolphin (Stenella attenuata), spinner dolphin (Stenella longirostris), pygmy killer whale, melon-headed whale, false killer whale, short-finned pilot whale, dwarf sperm whale (Kogia sima), Cuvier’s beaked whale (Ziphius cavirostris), and Blainville’s beaked whale (Mesoplodon densirostris). The remaining BIA is an R-BIA for humpback whales (Megaptera novaeangliae). Some of the BIAs were delineated for populations that are formally recognized as “stocks” by NMFS (Caretta et al., 2021), and others for populations that are not designated as stocks, but whose existence as a distinct population is supported by several lines of evidence that collectively warrant BIA delineation. For general purposes, throughout this assessment we use the term “population” in reference to the population unit (i.e., stock, population, or activity group, such as breeding population of humpback whales) that each BIA reflects, and only use “stock” when one is specifically recognized by NMFS. Our detailed definitions of stock, population, and other relevant terms in the context of this regional assessment are provided in  Supplementary File A .

Studying many of these species in Hawaiʻi involves persistent challenges, primarily pertaining to the behavior of the species and limitations in data collection methods (Baird, 2016). For example, many species, such as beaked whales and dwarf sperm whales, are rare, cryptic, and long divers, and are therefore seldom visible to surface observers (Baird, 2016; Baird, 2019; Baird et al., 2021c). Additionally, many species often have an unpredictable occurrence compared to those with seasonal life history behaviors (e.g., breeding humpback whales) or move frequently and quickly among island areas (e.g., false killer whales; Baird et al., 2012). Further, poor working conditions outside of the islands’ protected leeward waters restricts direct observation using common methods (e.g., dedicated small-boat surveys; Baird et al., 2013a; Baird, 2016). The vast majority of information is available only for populations in the MHI. Although almost all of these species are known to occur in the NWHI (Bradford et al., 2021), its remoteness has precluded extensive research efforts that could provide a more comprehensive understanding of population structure, ranges, and abundance in the NWHI. Collectively, these factors drive variation among species in Hawaiʻi in the quality and quantity of data used to inform BIA boundaries and scores described herein.

For this BIA II effort, a synthesis of existing published and unpublished information was used to identify and characterize each population’s areas of importance following the new guidelines detailed by Harrison et al. (in review), in a manner consistent within the Hawaiʻi region and across regions in the nation. More specifically, the primary aims of this regional effort were: (1) to delineate S-BIA boundaries that encompass each population’s entire known spatial extent for those populations that meet the S-BIA criteria; (2) delineate new S-BIAs for populations that have gained recent recognition from ongoing research efforts; (3) use more contemporary and comprehensive sets of information to support BIA boundary delineations; (4) document all lines of available evidence to derive metrics of Intensity, Data Support, and associated uncertainties for all BIAs; and (5) identify watch list areas (i.e., areas not considered for BIAs at present, but added to a watch list for future consideration) and knowledge gaps to guide future research efforts.

In the following sections, we provide an overview of the methodology and data sources incorporated into the BIA delineation process for this region. For illustrative purposes, we present detailed examples of our approach for a sample of the Hawaiʻi BIAs with variable levels of information types and support. Watch list areas are detailed and the factors currently precluding their designation as BIAs are discussed. We then develop a summary of the BIAs described herein and discuss variation in all aspects of the new scoring process as it relates to current understanding of cetaceans in Hawaiʻi, as well as to other BIAs delineated across the nation. We conclude by drawing inferences from the resulting BIA products as they relate to conservation needs of cetaceans in Hawaiian waters, as well as remaining gaps to be filled by future research and associated recommendations that have been developed throughout this process. While only a sample of detailed examples of the Hawaiʻi BIAs is presented here, full descriptions of all BIAs (maps, supporting tables, scores, justifications) and detailed methodologies are provided as  Supplementary Material  and on the BIA website 1 .


 2. Methods.

BIAs for all seven regions around the U.S. were delineated and scored using consistent methodology, developed using principles of expert elicitation, and detailed in Harrison et al. (in review). The identification, delineation, and scoring of Hawaiʻi BIAs was overseen by a regional lead (RWB) with engagement from additional subject matter experts (all coauthors here). More specifically, within the Hawaiʻi region, the process involved an initial discussion with subject matter experts to identify species in Hawaiʻi for which BIAs could be delineated, data sources that were available and relevant, and analytical approaches for delineating BIA boundaries. Draft BIAs were then circulated to subject matter experts for review and contributions for each BIA account (i.e., writing, analysis, boundary delineation, scoring), before finalizing the BIA. BIA scoring metrics (Intensity, Data Support, Importance, Boundary Certainty, Spatiotemporal Variability) were assigned an integer value ranging from 1 (“low”) to 3 (“high”) except for the Spatiotemporal Variability indicator (static, dynamic, or ephemeral). Higher Intensity and Data Support scores correspond to a BIA characterized by factors indicating comparatively concentrated use (e.g., intensely used area, restricted range, small abundance) that is supported by more and/or higher quality information, respectively. These two scores are combined in the Importance matrix to determine the overall Importance score. High Boundary Certainty scores equate to high confidence in the location and timing of the BIA boundary. The Spatiotemporal Variability indicator characterizes the spatiotemporal variability of the BIA based on known links between the species’ distribution and underlying environment. BIAs with a resulting Importance score of 0 (i.e., Intensity = 1, Data Support = 1) were designated as watch list areas. Harrison et al. (in review) provide further details on the BIA methodology and discuss caveats and concerns relevant to all regions. All analyses involved in the development of Hawaiʻi BIAs were conducted in the program R v. 4.1.2 (R Core Team, 2021).

The available data types used to inform Hawaiʻi BIA boundaries and scores varied across species. Nevertheless, the information sources were generally consistent within taxonomic orders. All odontocete S-BIAs were predominantly supported by information curated by Cascadia Research Collective (CRC), involving dedicated odontocete studies in the Hawaiian Islands since 2000 (Baird, 2016; see Baird et al., 2013a for survey details). CRC data include sightings, photo-identification catalogs (information on re-sighting rates, number of identifications, etc.), and satellite tag data. Sightings data from large-scale ship-based line-transect surveys undertaken by NMFS from 2002-2020 were also available (see Barlow, 2006; Bradford et al., 2017; Yano et al., 2018; Yano et al., 2020). Additional data sources were used in delineating the humpback whale R-BIA, including satellite tag data from Oregon State University (OSU; Mate et al., 1998; Palacios et al., 2019; Palacios et al., 2020) and Naval Information Warfare Center Pacific (NIWC Pacific; Henderson et al., 2019; Henderson et al., 2021; Henderson et al., 2022), sightings from dedicated small-boat survey efforts conducted by NIWC Pacific and HDR, Inc., and sightings from aerial surveys conducted by Marine Mammal Research Consultants, Ltd. (MMRC; Mobley et al., 2001; Mobley, 2004) accessed from PacIOOS Voyager 2 . Lastly, acoustic detection data from both NMFS surveys and NIWC Pacific (Pacific Missile Range Facility, PMRF) served as the primary source for delineating the common minke whale (Balaenoptera acutorostrata; minke whale hereafter) watch list area, with all available, albeit limited, visual sightings included (NMFS, CRC, HDR, Inc.). For most of these species, there was also photographic/sighting information from community scientists in Hawaiʻi (e.g., ecotourism operators, fishermen). While these contributions rarely come with associated latitude and longitude to include in the boundary delineation process (typically only island or regional locality is provided), we incorporated relevant information on social structure and relative abundance into this assessment. We acknowledge that we have not included all potential sources of cetacean small-vessel and aerial survey effort from Hawaiian waters for BIA delineation purposes. While there have been large numbers of single-species (e.g., spinner dolphins, humpback whales) research efforts, these have typically been restricted to shallow leeward waters and off one or two islands, and are less relevant for determining BIA boundaries, although we used information from these studies in general support of BIA delineation and scoring. Similarly, sighting data from aerial surveys are available for many small cetaceans included here (e.g., Mobley et al., 2000), but population assignment cannot be determined from this source (i.e., identification photographs are required), and thus these data could not be attributed to population-specific odontocete BIAs.

Data sources, types, and quantification of effort for information used in the Hawaiʻi BIAs are summarized in  Table 1 . Background narratives introduce each species and corresponding population(s) and justify BIA delineation based on our current understanding of population structure and distribution from all relevant published studies, stock assessments (when applicable), technical reports, and/or unpublished information from the sources above. These narratives include details on types of available information, including, but not limited to, long-term photo-identification studies (e.g., re-sighting rates), relative abundance, movements observed from satellite tags or documented from sightings of unique individuals over time, and genetic analyses. Lastly, the narratives detail the development of the BIAs in this assessment compared to the earlier BIAs in Baird et al. (2015a).

 Table 1 | Summary of data sources incorporated in the Hawaiʻi BIA regional assessment. 



The spatial extent of BIA boundaries varied by BIA type: the basis for S-BIA spatial boundaries were often represented by a polygon (e.g., minimum convex polygon (MCP)) encompassing all occurrence data (i.e., sightings, tag positions), as the intention of an S-BIA is to encompass the entire known range of the population (Harrison et alin review). In some cases, current stock boundaries were used as the basis for S-BIA boundaries (e.g., spinner dolphins) or incorporated into new S-BIA boundaries (e.g., Kauaʻi/Niʻihau/Oʻahu/Maui Nui common bottlenose dolphins). For populations with sufficient satellite tag data, location data were used to derive BIA boundaries through kernel density analysis (e.g., MHI short-finned pilot whales). In contrast, R-BIA boundary extents (MHI humpback whales) and the watch list areas (minke whales, NWHI humpback whales) were derived from the relative distribution of all available occurrence data with the intent to capture areas of noticeable importance (i.e., used by a substantial portion of the sample population) but not necessarily all points of occurrence. These were either represented through a polygon drawn around the relative distribution or an isobath that appropriately captured the distribution of importance. For all BIAs, the inside (i.e., shoreward) boundary of the BIA was defined by an isobath or proximity from land that was deemed reasonable for each species (e.g., 800-m isobath as inner boundary for deep-water dwelling Cuvier’s beaked whales; see Baird, 2019). In addition, for several BIA boundaries based on MCPs around locations from satellite tags, 3 km was added to the polygon to account for estimated satellite tag positional error that otherwise extended outside of the polygon (see  Supplementary File B  for details).

Hierarchical BIAs were delineated for several Hawaiʻi BIAs to either represent the core area of a population (i.e., area of intensified use for a reproductive BIA or for small resident populations) or to reflect the primary range of a community (i.e., localized group of interacting individuals within a population) or island-associated population within the broader range of a multi-island ranging population reflected by the parent BIA. As an example of a S-BIA core area, island-associated Cuvier’s beaked whales have a relatively large range around Hawaiʻi Island, but occurrence data indicate that they spend the majority of their time between the 2,000-m and 3,500-m isobaths off the leeward side of the island (Baird et al., 2013a; Baird, 2019). Here we considered the area between these isobaths to be their core range, represented by a child BIA ( Supplementary File A ). As for representing the primary range of a multi-island ranging population, although there are demographically distinct populations and recognized stocks of bottlenose dolphins associated with each of Kauaʻi/Niʻihau, Oʻahu, and Maui Nui (Maui Nui = Maui, Kahoʻolawe, Lānaʻi, Molokaʻi), movements of insular individuals are known to occur among these regions (e.g., Harnish, 2021). Therefore, we delineated one parent S-BIA to encompass the range of all three island-associated stocks, thus recognizing inter-island movements that create complexity in our understanding of their population structure, while child BIAs were delineated to represent the primary range for each island-associated stock ( Supplementary File A ). The spatial extents of child BIA boundaries were either determined using a polygon or isobath encompassing the majority of occurrence data, or kernel density analysis of satellite tag data to derive a 50% isopleth of the resulting utilization distribution, if sufficient data were available (see below). Potential child BIAs could not be added to the watch list, as they would inherently qualify as a BIA (i.e., within parent BIA) and watch list areas are not considered BIAs.

Satellite tag data included in the BIA delineation were processed in a common manner, detailed in  Supplementary File B . Briefly, location data (Argos and/or Fastloc®-GPS) were first filtered to remove erroneous locations based on metrics such as unrealistic travel speeds and turning angles. Resultant locations were then fit to a continuous-time correlated random walk model using the package crawl (Johnson et al., 2008; Johnson and London, 2018). The crawl model predicted locations at regular time intervals while accounting for positional uncertainty that typifies tracking data. The crawl locations were re-routed around land as needed using the pathroutr package (London, 2021), either using a polygon representing the island with an added distance or a polygon representing an isobath to ensure re-routed locations were at a reasonable distance from shore or depth for the species.

Some BIAs involved kernel density estimation (KDE) of satellite tag data to generate a utilization distribution (UD) of the sample population (Worton, 1989). An isopleth of the UD served as the basis for the BIA boundary (e.g., 50% for core areas). A coarse timestep of crawl locations was used (e.g., 4-hour) in the KDE process to reduce autocorrelation. Crawl positions during periods of large transmission gaps (with a 1-day gap threshold) were removed from each individual’s track (where applicable) to avoid generating artificially “dense” areas resulting from interpolation over long periods without any underlying Argos/GPS data. One of each pair of tagged individuals moving in concert were removed when applicable to reduce pseudoreplication. All tag locations were pooled together. The contribution of each tag’s location was weighted to the overall kernel density based on deployment length, and the KDE was re-scaled to integrate to 1 (Hauser et al., 2014; Hill et al., 2019). As a result, locations from shorter deployments were given less weight than those from longer deployments, to mitigate bias associated with deployment locality and inherent variability in track duration among tags. Kernel densities were estimated using the bivariate plug-in bandwidth (or smoothing parameter) matrix (Duong and Hazelton, 2003; Duong and Hazelton, 2005; Duong, 2007) accessed through the ks package (Duong, 2021). The location weighting was completed using the weights argument within the ks package (Duong, 2021).

BIA scores were derived following the process in Harrison et al in review. Intensity scores for S-BIAs (which accounted for almost all of the BIAs in this region) were determined through the S-BIA Intensity scoring matrix that uses quantitative criteria on abundance and range size. Where recent and robust estimates of abundance specific to the BIA population were not available to inform Intensity scores, relative abundance from distinct photo-identified individuals and expert elicitation were used and associated uncertainties were documented. The area of each S-BIA was calculated using the sf package (Pebesma, 2018;  Supplementary File B ) to determine range size scores. Intensity scores for R-BIAs were assigned qualitatively based on a number of factors relating to the frequency of use, size, and density or relative abundance of the population that uses the BIA for activities associated with reproduction (see Harrison et al in review). For all BIAs, the remaining scores (Data Support, Importance, Boundary Certainty, Spatiotemporal Variability indicator) were derived based on the quantity and quality of information pertinent to each score as well as their biases and uncertainties, as detailed in Harrison et al. (in review).


 3. Detailed BIA examples.

Here we provide three detailed examples of BIAs in the Hawaiʻi region to illustrate our boundary delineation process across populations with varying types, quantities, and qualities of supporting information (in increasing order): (1) Hawaiʻi Island dwarf sperm whale S-BIA; (2) Kauaʻi/Niʻihau/Oʻahu rough-toothed dolphin S-BIA; and (3) MHI humpback whale R-BIA.

 3.1. Dwarf sperm whales - Hawaiʻi island S-BIA.

 3.1.1. Background.

A single stock of dwarf sperm whales is recognized by NMFS in Hawaiian waters (Caretta et al., 2021); however, the existence of a separate small, resident population associated with Hawaiʻi Island has long been acknowledged (Baird, 2005; Mahaffy et al., 2009; Oleson et al., 2013; Baird, 2016; Baird et al., 2021c). A recent study analyzing photo-identification data from 19 years of survey effort off the west coast of Hawaiʻi Island reported high site fidelity to slope waters and small geographical ranges within the study area (Baird et al., 2021c). Further, based on depth of sightings of individuals that were re-sighted versus those that were seen once, Baird et al. (2021c) suggested that the range of insular, resident dwarf sperm whales overlaps with that of dwarf sperm whales belonging to a broader pelagic population. While limited genetic samples (primarily from stranded animals) has precluded a genetic assessment of population structure, the lines of evidence derived from the best available data on this species support the existence of a small and resident population of dwarf sperm whales associated with Hawaiʻi Island.


 3.1.2. BIA boundary delineation.

Following Baird et al. (2015a), we delineated the parent BIA boundary for Hawaiʻi Island dwarf sperm whales based on CRC sighting data, using additional sighting locations obtained since the 2015 BIA assessment (Baird et al., 2021c). We excluded deep-water (> 2,000 m) areas where there were sightings of dwarf sperm whales, based on evidence that these offshore groups may be part of a pelagic population (Baird et al., 2021c). No satellite tag data were available for use in this process as this species has never been satellite tagged. In this assessment, we also estimated this population’s core range based on bathymetric depths with the greatest dwarf sperm whale sighting rates (500-1,000 m; Baird et al., 2013a; Baird et al., 2021c).


 3.1.3. Sighting and photographic data.

Sighting data were collected from non-systematic, dedicated small-boat surveys conducted by CRC off Hawaiʻi Island from April 2002 through November 2021 ( Table 1 ,  Figure 1 ; see Baird et al., 2013a for details on surveys). Six of the 89 total sightings were in waters greater than 2,000 m deep and suspected to be part of a broader pelagic population ( Figure 1 ; Baird et al., 2021c); thus, they were excluded from the boundary delineation process. Community science photographic and sighting contributions also supplemented information on this population, with 26 sightings off Hawaiʻi Island spanning a period of 16 years (2004-2019), comprising approximately 20% of all identifications in CRC’s photo-identification catalog of Hawaiʻi Island dwarf sperm whales (CRC unpublished). Re-sightings of individuals photo-identified off this island span up to 15 years (Baird et al., 2021c). There were no dwarf sperm whale sightings from NMFS’s ship-based line-transect surveys around Hawaiʻi Island (Bradford et al., 2021).

 

Figure 1 | Dwarf sperm whale sighting locations (n=89) off Hawaiʻi Island overlaid on research vessel tracklines (CRC = solid lines, NMFS = dotted lines) from efforts conducted during 2002-2021 (97,438 km of effort CRC and 3,717 km of effort NMFS). Six sightings deeper than 2,000 m depth (included here, shown in red circles) were excluded from the BIA boundary determination as they were likely part of a broader pelagic population (final sample size = 83, orange circles; Baird et al., 2021c). Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.1.4. BIA boundary spatial extent.

The basis of the parent BIA was an MCP encompassing all sighting locations shallower than the 2,000-m isobath ( Figure 2 ). The inner boundary was defined as the 300-m isobath based on the shallowest sighting of dwarf sperm whales off this island (352 m). Based on sighting rates in relation to bathymetric depths (Baird et al., 2013a; Baird et al., 2021c), we designated the area between the 500-m and 1,000-m isobaths within the MCP as the child BIA (core range) of the population ( Figure 2 ).

 

Figure 2 | Parent BIA boundary (blue polygon) for the Hawaiʻi Island dwarf sperm whale population represented as a minimum convex polygon (MCP) encompassing all sighting locations in less than 2,000 m water depth (yellow circles), and child BIA boundary (core range; purple polygon) represented as the area between the 500-m and 1,000-m isobaths within the parent BIA. Points are partially transparent to highlight high density areas (i.e., where multiple points overlap). The inner (shoreward) boundary for both BIAs is defined as the 300-m isobath. Total area of the parent BIA = 1,341 km2 and child BIA = 457 km2. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.1.5. BIA scoring.

 3.1.5.1. Intensity: Abundance and range size.

This island-associated population is not formally recognized by NMFS, and no abundance estimate specific to this small, resident population is available. The most recent abundance estimate for the broader Hawaiʻi stock, derived from a shipboard line-transect survey within the U.S. Hawaiian Exclusive Economic Zone (EEZ) conducted in 2002, was 37,440 (CV=0.78) (Bradford et al., 2021). As of January 2021, CRC’s photo-identification catalog for the Hawaiʻi Island population of dwarf sperm whales (sighted in waters < 2,000 m deep) included a total of 84 individuals with slightly distinctive, distinctive, or very distinctive markings (from fair-, good-, or excellent-quality photographs; CRC unpublished). The high resighting rates of photo-identified individuals suggests that the population is small, and re-sightings span up to 15-years (2004 to 2019). Analysis of distances between re-sightings indicates their range is relatively small (Baird et al., 2021c). Photos from dedicated small boat survey effort span an 18-year period (2003-2020). Thus, it is likely that the catalog includes individuals that have died or been born into the population during this period, as well as individuals from a putative pelagic population (Baird et al., 2021c). Combined, these supporting lines of evidence suggest that the population is small; therefore, we assumed the population comprised 125 or fewer individuals (abundance score = 3) for the parent BIA scoring process. The area of the parent BIA is 1,341 km2, which falls within the range size intensity score bin (< 2,000 km2) of 3.

Combining the abundance score (3) and range size (3) results in an overall Intensity score of 3 for the parent BIA. Because the child BIA represents an area of intensified use relative to the entire range of this island-associated population, we assign an Intensity score of 3 for the child BIA. We assume the child BIA contains approximately 50% of the island-associated population, recognizing there are several sources of uncertainty associated with this estimate related to biases from survey effort and challenges in studying this species. A total of 55 sightings (66% of all sightings at < 2,000 m depth) were within the estimated core range (i.e., the child BIA).


 3.1.5.2. Data support.

Despite the fact that this population has not been formally recognized as a stock by NMFS for management purposes, its probable existence has long been acknowledged and is supported by long-term studies on photo-identified individuals off Hawaiʻi Island (Baird, 2005; Mahaffy et al., 2009; Oleson et al., 2013; Baird, 2016; Baird et al., 2021c). Although no abundance estimates specific to this population are available, long-term photo-identification analyses – with re-sightings of individuals up to 15 years – based on data collected from both dedicated and opportunistic efforts (over 20 years, and 16 years, respectively), provide evidence that this population is small and resident (Baird, 2005; Mahaffy et al., 2009; Baird, 2016; Baird et al., 2021c). No satellite tag data are available for this species (in this particular region or worldwide); therefore, their movements outside of the study area are unknown. It is also suspected that dwarf sperm whales encountered in deeper waters are part of a broader pelagic population and simply overlap with the range of insular, resident dwarf sperm whales. Thus, the resident, insular population’s range is much smaller than the entire geographical range in which all dwarf sperm whales (including pelagic) have been encountered, further supporting the biological importance of nearshore waters to this specific small and resident population (Baird et al., 2021c). Bias in both survey effort and the ability to detect this elusive species makes it challenging to estimate their true range. For example, their range may extend to waters off windward regions of the island where environmental conditions are not conducive to small boat surveys. Based on available information and associated biases, we have intermediate confidence (score = 2) in the Data Support for both the parent and child BIAs.


 3.1.5.3. Importance.

Combining the Intensity scores (parent = 3, child = 3) and Data Support scores (parent = 2, child = 2) results in Importance scores of 3 for both the parent and child Hawaiʻi Island dwarf sperm whale S-BIA (Harrison et al in review).


 3.1.5.4. Boundary certainty.

We have intermediate confidence (score = 2) in Boundary Certainty for both the parent and child BIA for Hawaiʻi Island dwarf sperm whales. The parent BIA boundary encompasses the entire population based on a long-term sighting dataset curated from extensive survey effort and community scientists ( Figure 2 ). Resident dwarf sperm whales may use windward areas of the island where survey effort has been precluded; however, we have no evidence to assess this.


 3.1.5.5. Spatiotemporal variability.

The Spatiotemporal Variability indicator for both parent and child BIAs for Hawaiʻi Island dwarf sperm whales is static, as there is no information to suggest that these areas are used dynamically or ephemerally.




 3.2. Rough-toothed dolphin - Kauaʻi/Niʻihau/Oʻahu S-BIA.

 3.2.1. Background.

Although NMFS recognizes only a single stock of rough-toothed dolphins within the U.S. EEZ around the Hawaiian archipelago, there is evidence for considerable population structure within the archipelago, indicating the existence of several island-associated populations (Baird et al., 2008a; Oleson et al., 2013; Albertson et al., 2016; Baird, 2016). Genetic analysis of biopsy samples collected from rough-toothed dolphins revealed no significant differences in mtDNA or nuclear DNA for individuals off Kauaʻi/Niʻihau versus off Oʻahu, but did reveal differentiation from individuals sampled off Hawaiʻi Island (Albertson et al., 2016). Analyses of photo-identified individuals also indicate associations of individuals from Kauaʻi/Niʻihau and Oʻahu, although the degree of association appears to be limited; each island area has a well-defined social cluster of regularly associating individuals with only a single, mutual individual connecting them (Baird et al., 2021a). One satellite-tagged rough-toothed dolphin from Kauaʻi/Niʻihau moved to waters off west Oʻahu for a brief period, further supporting the existence of some association between the two island-associated populations (Baird, 2016; Baird et al., 2019a). Although satellite tags have never been deployed on rough-toothed dolphins off Oʻahu, photo-identification analyses indicate high site fidelity to the island, and movements to Kauaʻi/Niʻihau only rarely occur (CRC unpublished). Two rough-toothed dolphins have been documented moving from Kauaʻi to Hawaiʻi Island; however, those individuals were not associated with rough-toothed dolphins from the Hawaiʻi Island population (Baird et al., 2008) and were later documented back off Kauaʻi (Baird, 2016). In addition, a few inter-island movements among Hawaiʻi Island, Lānaʻi, and Molokaʻi have been documented through photo-identification data (CRC unpublished). The degree of association between traveling dolphins and residents from each island community is unclear due to limited information on this species off Maui Nui. Limited satellite tag-derived movement data preclude a better understanding of movements between Maui Nui and Hawaiʻi Island. Based on these independent lines of evidence, rough-toothed dolphins off Kauaʻi, Niʻihau, and Oʻahu meet the criteria of an S-BIA and are considered a single population (KNO hereafter) for the purposes of this BIA assessment, while recognizing each island-associated population may have different core ranges. Rough-toothed dolphins associated with Hawaiʻi Island and Maui Nui were assigned a separate S-BIA ( Supplementary File A ).


 3.2.2. BIA boundary delineation.

 Baird et al. (2015a) did not delineate a BIA for this population; however, given the increased quantity and quality of information on rough-toothed dolphins in this region since the original assessment, a BIA for this population is warranted. Both sightings and satellite tag data were used to inform the parent BIA boundary for the KNO rough-toothed dolphin population. Because one satellite tagged dolphin moved to west Oʻahu and some individuals off Oʻahu have associated with those off Kauaʻi/Niʻihau, all Kauaʻi, Niʻihau, and Oʻahu sightings were included in the parent BIA. In addition, a child BIA was delineated to represent the core area of use for this population. It is worth noting that given the limited association between Oʻahu and Kauaʻi/Niʻihau dolphins, in addition to the Oʻahu community’s high site fidelity, there is likely a second core area for this population off Oʻahu that we do not have sufficient information to delineate a child BIA for at this time.


 3.2.3. Sighting and photographic data.

Sighting data were collected from non-systematic, dedicated small-boat surveys conducted by CRC off Kauaʻi and Niʻihau in 13 years spanning 2003-2021 and off Oʻahu in six years spanning 2002-2017 ( Tables 1 ,  2 ;  Figure 3 ; see Baird et al., 2013a; Baird et al., 2019a for details on surveys). Surveys off these islands resulted in a total of 295 rough-toothed dolphin sightings ( Table 2 ;  Figure 3 ). In addition, photographic contributions collected over 15 years by other researchers and community scientists (n=82 non-CRC sightings) have substantially supplemented what we know of these populations, particularly rough-toothed dolphins encountered off Oʻahu, given that CRC efforts there have been limited compared to those off Kauaʻi/Niʻihau. For example, 65% of the identifications included in CRC’s photo-identification catalog of the Oʻahu cluster of rough-toothed dolphins are attributed to non-CRC contributions. Additional sighting data were available from NMFS ship-based line-transect surveys (11 years between 2002-2020; Barlow, 2006; Bradford et al., 2017; Yano et al., 2018; Yano et al., 2020; Bradford et al., 2021). NMFS sightings with confirmed photographic assignment to the insular population or within the known range of the insular population were used in boundary determinations (n = 17;  Figure 3 ); effort from these cruises in the area shown in  Figure 3  total to 7,238 km (9 individual surveys between 2002-2020).

 Table 2 | Kauaʻi/Niʻihau/Oʻahu rough-toothed dolphin sighting data used in S-BIA boundary delineations. 



 

Figure 3 | Rough-toothed dolphin sighting locations (orange circles = CRC, green triangles = NMFS) off Kauaʻi and Niʻihau (n=274) and Oʻahu (n=38) overlaid on CRC small boat survey research vessel tracklines (solid lines) from efforts conducted during 2002-2021 (33,850 km of effort; solid lines) and NMFS ship-based line-transect surveys (dotted lines) conducted during 2002-2020 (7,238 km of effort in the area mapped here; dotted lines). Red NMFS sighting locations (n=8) indicate sightings where population assignment is currently unknown and/or sightings are outside the known range of the insular population. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.2.4. Satellite tag data.

Satellite tags were deployed on a total of 19 rough-toothed dolphins during dedicated small-boat survey efforts off Kauaʻi and Niʻihau in eight years from 2011-2018 ( Figure 4 ; Shaff and Baird, 2021). Median deployment duration was 12.5 days (range = 3.7-27.7 days), yielding a total of 3,642 Argos locations. Details on satellite tag data processing methods are provided as  Supplementary Material  and general methods are described in the Methods section. The model-estimated locations (crawl; Johnson and London, 2018) on land were re-routed around a polygon representing the 200-m isobath, based on the shallowest sighting of rough-toothed dolphins in survey effort at 265 m, using the pathroutr package (London, 2021).

 

Figure 4 | Tracklines of hourly crawl positions of satellite tagged rough-toothed dolphins (n=19), re-routed around the 200-m isobath where necessary to avoid tracks crossing land. Tag deployment locations are shown as green circles. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.2.5. BIA boundary spatial extent.

The basis for the parent BIA was an MCP around all sighting and satellite-tag derived crawl locations, with the inner boundary defined by the 200-m isobath ( Figure 5 ). The BIA was established by adding 3-km to the outer boundary of the MCP to account for positional uncertainty in the locations estimated by crawl ( Figure 5 ); this 3-km band captures most, but not all of the positional uncertainty generated by the model (mean crawl standard error in longitude and latitude approximately 2.5 km each;  Supplementary File B ). The basis for the child BIA was a 50% isopleth of a UD generated through kernel density analyses as described in the Methods and  Supplementary File A , with the same 200-m isobath inner boundary as the parent BIA.

 

Figure 5 | Parent BIA boundary (blue polygon) and child BIA boundary (core range; dark red polygon) for the KNO rough-toothed dolphin population, shown with all sighting locations (yellow circles) and hourly crawl-predicted tag locations (purple circles). Points are partially transparent to highlight high density areas (i.e., where multiple points overlap). The total area of the parent BIA = 25,083 km2 and child BIA = 1,098 km2. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.2.6. BIA scoring.

 3.2.6.1. Intensity: Abundance and range size.

NMFS does not formally recognize this population as a stock, and there is no population-specific abundance estimate for the KNO rough-toothed dolphin population. The latest abundance estimate for the entire Hawaiʻi stock of rough-toothed dolphins, derived from a shipboard line-transect survey within the U.S. Hawaiian EEZ conducted in 2017, was 76,375 dolphins (CV = 0.41; Bradford et al., 2021). The most recent estimate for rough-toothed dolphins associated with Kauaʻi/Niʻihau was reported by Baird et al. (2008a) at 1,665 dolphins (CV = 0.33), based on photo-identification data collected between 2003 and 2006. However, this estimate is dated and did not account for unmarked or Oʻahu animals, and hence underestimated the true KNO population size at that time. As of May 2021, the photo-identification catalog for this species includes 1,033 slightly distinctive, distinctive, or very distinctive individuals (from fair-, good-, or excellent-quality photographs) encountered off Kauaʻi, Niʻihau, and Oʻahu (CRC unpublished). The photo-identification catalog likely includes a number of individuals that have died or been born into the population, but for this assessment we assumed the population is within the 501-2,000 range (abundance score = 1) of the BIA criteria (Harrison et al in review). The resulting area of the parent BIA is 25,083 km2, thus the range size score is 1.

Combining the abundance score (1) and range size (1) results in an overall Intensity score of 1 for the parent BIA. We assigned an Intensity score of 2 for the child BIA because it represents an intensified area of use relative to the population’s entire range, but may not be used as frequently by a portion of the population (i.e., the Oʻahu community). Although we cannot provide a recent abundance estimate specific to this population (including Oʻahu animals), the distinct individual identification total, based on a long-term photo-ID catalog curated from both CRC survey effort and contributed sightings, falls in the (1) category and the overall parent BIA range size is relatively large considering the movements and sightings to west Oʻahu. Although the tag deployments were short, they were deployed over several years and during different seasons. A total of 190 sightings (61% of all sightings) were within the estimated core range. It is important to note that all tagged individuals used the core range. We assumed that approximately 50% of the population is contained within the core habitat (child BIA), although recognize that there is uncertainty associated with this value.


 3.2.6.2. Data support.

This population has been studied for 19 years (2002-2021). Additional photographic data supplied by other researchers and community science contributions span a 15-year period (2006-2020). CRC efforts have accrued 295 sightings, with an additional 17 sightings from NMFS ship-based line-transect surveys and 82 encounters from other researchers and community scientists since 2004, with re-sightings of individuals up to 17 years apart (2003 to 2020). Previous studies support genetic differentiation between this population and rough-toothed dolphins sampled off Hawaiʻi Island (Albertson et al., 2016). Movements from 19 satellite tag deployments (3,642 filtered Argos locations) transmitting for up to 28 days showed similar spatial use patterns (Kaulakahi Channel, windward sides of Kauaʻi/Niʻihau, circumnavigation of Kauaʻi), with the exception of the individual that moved to west Oʻahu over a period of 5 days. Tag positional uncertainty and irregularity was accounted for through the crawl model, and the parent BIA boundary encompasses nearly all of crawl standard error ellipses.

Despite the longevity and variety of information available on this population, no recent abundance estimates specific to this population are available, and the MCP boundary includes a large amount of space where no data points exist to support movements through the Kaʻieʻie Waho Channel between Kauaʻi and Oʻahu. In determining the spatial extent of the core range (child BIA) we attempted to account for bias associated with varying deployment durations and pseudoreplication (i.e., pairs of animals tagged together and acting in concert), using a widely used approach for estimating core range (KDEs). Therefore, we assigned a Data Support score of 2 for both the parent and child KNO rough-toothed dolphin BIAs.


 3.2.6.3. Importance.

Combining the Intensity scores (parent = 1, child = 2) and Data Support scores (parent = 2, child = 2) results in Importance scores of 1 for the parent BIA and 2 for the child BIA for KNO rough-toothed dolphins (Harrison et al in review).


 3.2.6.4. Boundary certainty.

We have intermediate confidence (score = 2) in Boundary Certainty for both the parent and child BIAs for KNO rough-toothed dolphins. The parent BIA boundary encompasses the entire population and we attempted to account for positional uncertainty in satellite tag data. The parent BIA boundary includes a large amount of space, but the extents are supported by the data using the MCP. Although there are some caveats associated with the kernel density analysis used to derive the child BIA, the estimated core range overlaps with concentrations of sightings and hourly satellite tag data. The core area was used by all tagged individuals, who were monitored by tags deployed during different years and seasons. As noted above, we attempted to account for some potential sources of bias in this analysis (e.g., tag deployment locality, spatial autocorrelation) by using coarser timesteps and a weighted KDE approach. However, tags used for this assessment did not transmit for longer than a month and nearly all were deployed in the same general region (within the core range) and during the same time of year (August and February), introducing a tagging bias.


 3.2.6.5. Spatiotemporal variability.

The Spatiotemporal Variability indicator for both parent and child BIAs for KNO rough-toothed dolphins is static, as there is no information to suggest that these areas are used dynamically or ephemerally.




 3.3. Humpback whale – Main Hawaiian islands R-BIA.

 3.3.1. Background.

The Hawaiian Archipelago is an important winter breeding ground for humpback whales in the North Pacific (Barlow et al., 2011). Although observations of births are rare (Patton and Lawless, 2021; Ransome et al., 2022), mating behaviors (e.g., singing, competitive groups) are common and newborn calves are regularly seen (Craig and Herman, 2000; Craig et al., 2002); Cartwright and Sullivan, 2009; Calambokidis et al. (2008) estimated that over 50% of the humpback whales in the North Pacific (approximately 21,000 individuals in total; see also Barlow et al., 2011) winter in Hawaiian waters. Although humpbacks can be found in Hawaiʻi as early as late fall and through spring, with stragglers into summer, numbers are high beginning in January, and peak in February and March (Mobley et al., 1999). In the MHI humpback whales are typically found in shallow waters, and particularly high densities of whales occur off Maui Nui (Mobley et al., 2001), although inter-island movements within the MHI are extensive (Cerchio et al., 1998; Calambokidis et al., 2008; Mate et al., 1998; ; Palacios et al., 2020; Henderson et al., 2021; Henderson et al., 2022). Habitat use varies between sexes; females with calves preferentially use shallower waters relative to groups without calves and adult males (Craig and Herman, 2000; Cartwright et al., 2012; Craig et al., 2014; Pack et al., 2018). Less is known on humpback whale presence in the NWHI largely due to their remoteness. However, visual sightings from shipboard surveys (Johnston et al., 2007; Yano et al., 2019), passive acoustic detections (Johnston et al., 2007; Lammers et al., 2011; Allen et al., 2021), and movements from a small proportion of humpback whales satellite tagged in the MHI (Henderson et al., 2019; Palacios et al., 2019; Palacios et al., 2020; Henderson et al., 2022) provide evidence on the importance of the NWHI for wintering humpback whales. The NWHI region may serve as a final breeding ground destination before whales begin their migration north to feeding grounds, or it may represent additional breeding habitat, although the degree of connectivity between the MHI and NWHI regions is poorly understood (Palacios et al., 2019; Palacios et al., 2020; Allen et al., 2021; Henderson et al., 2022). In this assessment, we revised the R-BIA for humpback whales in the MHI (detailed below) and defined a watch list area for humpback whale reproductive activities in the NWHI ( Supplementary File A ).


 3.3.2. BIA boundary delineation.

 Baird et al. (2015a) delineated an R-BIA for humpback whales in the MHI based on areas with high densities of visual sightings. In this revised assessment, we used information from a large collection of satellite tag deployments to examine the proportion of time individual whales spent inside the established BIA boundaries (i.e., residence time) compared to outside the boundaries and used this to inform the adequacy of the 2015 boundaries. Sighting locations from several sources were also mapped to compare with the spatial distribution of satellite tagged whales. We restricted this revised assessment to the area around the Hawaiian Archipelago extending from the coastline to 50 km offshore, as described in Palacios et al. (2019); Palacios et al. (2020) and Henderson et al. (2022), which is hereafter considered the “breeding area perimeter”. This breeding area perimeter was informed by the relative distance from the islands at which satellite-tagged humpback whale movement behavior switched from area-restricted search (indicative of residence while in the breeding area) to directed travel (i.e., start of migration), as estimated by state-space models (Palacios et al., 2019; Palacios et al., 2020; Henderson et al., 2022). This particular R-BIA concerns important breeding areas within the MHI; therefore, we focused our assessment on the portion of the breeding area perimeter ranging from Middle Bank Seamount to Hawaiʻi Island (i.e., excluding the NWHI;  Figure 6 ), which is also where most data are available. From here on, this area will be referred to as the MHI breeding area perimeter.

 

Figure 6 | Humpback whale sighting locations overlaid on research vessel tracklines from (A) CRC during small boat surveys from 2000-2021 (orange circles; n=199); (B) NIWC Pacific and HDR, Inc. during small boat surveys from 2017-2019 (purple squares; n=202); (C) NMFS during ship-based line-transect surveys from 2002-2020 (green triangles; n=213; red triangles are sightings outside the MHI breeding area perimeter and excluded from BIA, n=11); and (D) MMRC aerial surveys from 1993-2003 (yellow diamonds, n=2,297; see Mobley et al., 2001; Mobley, 2004 for effort tracklines). The MHI breeding area perimeter considered in this revised assessment is shown as a solid black outline around the islands; only data collected within the perimeter boundary and around the main Hawaiian Islands were included in this revised assessment. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.3.3. Sighting and photographic data.

Sighting data during the December-May humpback whale breeding season used for this assessment were collected from four separate sources and in different manners: (1) opportunistically from non-systematic, small-boat surveys focusing on odontocetes conducted by CRC throughout the MHI from 2000 to 2021 (see Baird et al., 2013a for details on surveys); (2) ship-based line-transect surveys for cetaceans conducted by NMFS throughout the MHI and NWHI from 2002 to 2020, with humpback whale sightings within the MHI breeding area perimeter (during the December-May breeding season) in 2009, 2019, and 2020 (see Barlow, 2006; Bradford et al., 2017; Yano et al., 2018; Yano et al., 2020 for details on surveys); (3) dedicated small-boat survey efforts conducted by NIWC Pacific and HDR, Inc. off Kauaʻi/Niʻihau from 2017 to 2019; and (4) aerial surveys conducted throughout the MHI during February through April by MMRC from 1993 to 2003, collected by J. Mobley (Mobley et al., 2001; Mobley, 2004) and provided by PacIOOS Voyager ( Table 3 ;  Figure 6 ). There were 11 NMFS sightings outside of the MHI breeding area perimeter defined in this assessment; these sightings were excluded from the BIA revision process as they were outside the spatial scope of this BIA (MHI breeding area perimeter) and were likely whales that were migrating ( Figure 6 ). Survey tracklines during the humpback whale breeding season and within the MHI breeding area perimeter considered in this BIA (December-May) from all four sources total to approximately 123,000 km of effort, with a total of 2,911 humpback whale sightings (1993-2021;  Table 3 ).

 Table 3 | Humpback whale sighting data during the breeding season (December-May) within the main Hawaiian Islands breeding area perimeter (see  Figure 6 ). 




 3.3.4. Satellite tag data.

Data from 84 satellite tags deployed on humpback whales off Maui (n=61) and Kauaʻi/Niʻihau (n=23) during dedicated efforts by OSU (1995-2019; Mate et al., 1998; Palacios et al., 2019; Palacios et al., 2020) and NIWC Pacific (2017-2019; Henderson et al., 2019; Henderson et al., 2022) in nine years were used for this assessment. Median tagging date and number of days of data within the MHI breeding area perimeter were February 7th and 13 days, respectively (ranges: December 13th to April 15th and 5-42 days, respectively). Detailed methods on satellite tag data processing methods are provided in  Supplementary File B . Continuous-time correlated random walk models fit in crawl (Johnson and London, 2018) were used to predict locations at a fine temporal interval (10 minutes) for residence time calculations and locations were re-routed around a polygon representing the islands with an added 50-m distance using the pathroutr package (London, 2021) to prevent tracks from crossing over land.

Residence time within the 2015 BIA boundaries was calculated as the sum of 10-minute crawl locations contained within the BIA boundaries (rounded and expressed in units of days). Residence time outside of the 2015 BIA boundaries was calculated in the same manner, but was limited to those observations between the MHI breeding area perimeter and the 2015 BIA boundaries. Location data from satellite tags that had less than five days of data within the MHI breeding area perimeter were excluded from analyses to limit spatial bias associated with tag deployment locality; the resulting final sample size for this assessment was 71 satellite tags.

To visualize where tagged whales spent the most of their time (i.e., their occupancy pattern), we calculated a spatially explicit residence time for each tagged whale on a common hexagonal grid (cell diameter size = 10 km) encompassing the entire study area (i.e., the MHI breeding area perimeter) and summarized distributions across all tagged whales ( Figure 7 ). Residence time was calculated by aggregating each whale’s 10-minute crawl locations into the hexagonal grid cells and summing the total number of locations contained within each cell (represented as time in cell, in days). To account for varying track durations and mitigate bias associated with short tracks near deployment sites, we weighted residence time in each cell by the whale’s track duration (within MHI breeding area perimeter) divided by the longest whale track duration in the dataset (within the MHI breeding area perimeter), following Möller et al. (2020). A full description of the weighted occupancy pattern modeling is available in the humpback whale section of  Supplementary File A .

 

Figure 7 | (A) Weighted occupancy pattern of satellite tagged humpback whales (n=71) throughout the main Hawaiian Islands; and (B) CRC, NIWC Pacific/HDR, Inc., NMFS, and MMRC visual sighting locations (n=2,911, dark red circles). The solid black line represents the breeding area perimeter and 1,000-m and 200-m isobaths are shown as the grey dashed lines and dotted lines, respectively, in each map. Established humpback whale R-BIA boundaries as described by Baird et al. (2015) are shown in the inset maps as black polygons. 



Of the 69 tagged individuals that used any of the six BIAs from 2015, the mean time spent within BIA boundaries was 68% (SD=25%), with one individual spending 100% of its time (7.3 days) within a BIA (Maui Nui). The Maui Nui BIA was the most intensely used 2015 BIA ( Figure 7 ); however, over 70% of all satellite tags used in this analysis were deployed in this region ( Figure 7 ). Only one satellite tagged individual spent time in the 2015 Hawaiʻi Island BIA ( Figure 7 ). Further details from the residence time analysis are provided in the humpback whale section of  Supplementary File A .


 3.3.5. BIA boundary spatial extent.

Based on the spatial distribution of sightings and occupancy pattern of satellite-tagged whales ( Figure 7 ), we revised the 2015 BIA by extending the boundary to the 1,000-m isobath around all MHI, including Middle Bank and Kaʻula ( Figure 8 ). The revised BIA is hereafter referred as the ‘parent’ BIA ( Figure 8 ). In contrast to the 2015 BIA boundary, the revised boundary encompasses a broader area used by humpback whales during the breeding season. The updated boundary also extends farther west to include areas of importance (e.g., Middle Bank) as indicated by both satellite tag and recent sighting data ( Figure 7 ). In addition, we delineated a child BIA representing the ‘core range’ for this breeding population based on notably intensified use within the broader updated boundary (1,000-m isobath); we designated this area as the 200-m isobath because this isobath generally agreed with increased occupancy levels relative to the entire MHI breeding area perimeter and parent BIA, based on the distribution of all data sources ( Figures 7 ,  8 ). For both parent and child BIA boundaries, the inner boundary was defined as a 50-m distance from shore ( Figure 8 ). The area of the parent BIA is 23,042 km2 and the area of the child BIA is 6,679 km2. Satellite tag and sighting data used to inform revised BIA boundaries spanned the months of December through May (with locations occurring within the MHI breeding area perimeter). Thus, these boundaries likely encompass the most important reproductive areas for North Pacific humpback whales in the MHI from December through May.

 

Figure 8 | Revised parent BIA boundary (purple polygon) for humpback whales represented as the 1,000-m isobath around all main Hawaiian Islands as well as Middle Bank, and child BIA boundary (core range; green polygon) represented as the 200-m isobath within this area. BIAs span months December through May. The inner (shoreward) boundary for both BIAs is defined by a 50-m distance band from shore. Humpback whale breeding area perimeter is represented by the solid black line. Established R-BIA boundaries delineated in Baird et al. (2015) are shown in dashed black lines. Total area of the parent BIA = 23,042 km2 and child BIA is 6,679 km2. Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 




 3.3.6. BIA Scoring.

 3.3.6.1. Intensity.

Humpback whales make extensive movements from high latitude feeding grounds to the tropical, shallow waters of the Hawaiian archipelago for breeding during winter months. Calambokidis et al. (2008) estimated that over 50% of North Pacific humpback whales use Hawaiian waters as breeding grounds, with an estimated abundance for the Hawaiʻi region at that time of 10,103 (no CV estimated) individuals. More recent model-based methods estimated an abundance of 11,278 humpback whales (CV=0.56) in the U.S. Hawaiian Islands EEZ during peak abundance (mid-February to -mid-March) in 2020; however, this may be an underestimate of all whales that overwinter in Hawaiian waters as it does not consider individuals outside of this peak period (Becker et al., 2022). Further, this estimate extends to both NWHI and MHI regions but was derived from survey data exclusively within the MHI region, so there remains uncertainty in the true EEZ-wide abundance during this period (Becker et al., 2022). Adult females with calves are known to preferentially use shallow waters of the Auʻau Channel (Craig and Herman, 2000; Cartwright et al., 2012; Craig et al., 2014; Pack et al., 2018), and this important nursery region is captured by the child BIA ( Figure 8 ). High-density areas identified by satellite tag data (leeward Maui Nui, Penguin Bank;  Figures 7 ,  8 ) agree with findings from previous photo-identification studies and aerial surveys (Mobley et al., 2001; Mobley, 2004), and additional areas (e.g., Kauaʻi/Niʻihau, Middle Bank) have been highlighted with the inclusion of more recent data (Henderson et al., 2019; Palacios et al., 2020; Yano et al., 2020; Henderson et al., 2022). Movements between island areas within the MHI occur frequently (Cerchio et al., 1998; Calambokidis et al., 2008; Palacios et al., 2020; Henderson et al., 2021; Henderson et al., 2022). Thus, some deeper water habitat/channels between islands are important for this species. No other reproductive BIA within U.S. waters is being delineated for North Pacific humpback whales, emphasizing the importance of this R-BIA in this basin (Harrison et al in review). Considering the above, we assigned Intensity scores of 2 and 3 for parent and child BIAs, respectively. We approximate that 75% of the population of breeding humpback whales in the MHI is contained within the child BIA (representing the core range). All tagged whales included in this assessment used the child BIA and the greatest weighted occupancy values occurred within the portion of the child BIA encompassing Penguin Bank and inner Maui Nui ( Figures 7 ,  8 ). Additionally, 66% of the sightings (1,922 out of 2,911) were contained within the child BIA boundary, highlighting humpback whales’ known association with shallow waters for breeding. However, we acknowledge that there is uncertainty in this estimate.


 3.3.6.2. Data support.

The revised humpback whale BIAs presented here were informed by data on movements from 71 satellite tag deployments during nine unique years spanning 1995 to 2019. The maximum number of days transmitted within the MHI breeding area perimeter was 42 days. The area within which reproductive behavior is assumed (i.e., MHI breeding area perimeter) was informed by movement-model estimated behaviors on satellite tag tracks, identified as the switch from area restricted search to directed travel behavior (Palacios et al., 2019; Palacios et al., 2020; Henderson et al., 2022). The child BIA (core range) was supported by satellite tag data and all four sources of sighting data (CRC and NIWC Pacific/HDR, Inc. small-boat surveys, NMFS ship-based line-transect surveys, and MMRC aerial surveys). The revised boundaries are supported by satellite-tagged whale occupancy patterns and concentrations of sightings from both earlier (1990s to 2000s) and recent (2010s) survey efforts. Concentrations of sighting locations from all available efforts conducted throughout the MHI from 1993-2020 generally agree with revised BIA boundaries. Although there remains uncertainty in the most recent abundance estimate (Becker et al., 2022), it was derived from more recent data than the earlier estimate from Calambokidis et al. (2008), which can be considered a valid minimum estimate given recent evidence that the population has continued to increase in localized foraging regions (e.g., Alaska; Muto et al., 2019). Considering these lines of evidence and their strengths and weaknesses, we assigned Data Support scores of 2 for the parent BIA and 3 for the child BIA.


 3.3.6.3. Importance.

Combining the Intensity scores (parent = 2, child = 3) and Data Support scores (parent = 2, child = 3) results in Importance scores of 2 for the parent BIA and 3 for the child BIA for the MHI humpback whale R-BIA (Harrison et al in review).


 3.3.6.4. Boundary certainty.

We have intermediate confidence in Boundary Certainty for the parent BIA and high confidence in the Boundary Certainty for the child BIA. While the parent BIA boundary (1,000-m isobath) generally conforms to primary-use areas based on satellite tag data and sightings ( Figures 7 ,  8 ), the majority of satellite tags used in this assessment were deployed off Maui Nui and the majority of sighting locations were collected over two decades ago during aerial surveys. In addition, only a small number of adult females with calves were satellite tagged (n=6) and thus the movements from available satellite tag data are biased towards adult males or adults without calves. We have high confidence in the child BIA boundary based on both supporting data used in this assessment and from previous studies.


 3.3.6.5. Spatiotemporal variability.

The Spatiotemporal Variability indicator for both parent and child BIAs for MHI humpback whales is static. There is no information to suggest either area is used dynamically or ephemerally; boundaries are based on static (bathymetric) features.





 4. Watch list areas.

Two watch list areas were delineated: one for humpback whale reproductive activities in the NWHI and one for minke whale reproductive activities in the MHI. Full descriptions of the watch list area boundary delineations and scoring are provided in  Supplementary File A .

Baird et al. (2015) did not delineate an R-BIA for humpback whales in the NWHI due to limited supporting information at the time of the study. While evidence of humpback whale use of this region has increased since then, available supporting data is from (1) individual bottom-mounted acoustic receivers that do not provide much information on spatial distribution and relative abundance (Allen et al., 2021) and (2) movements from only a few satellite-tagged individuals, who spent little time within the NWHI (west of Middle Bank) before departing north (within 5 days; Henderson et al., 2019; Palacios et al., 2020; Henderson et al., 2022). There remains uncertainty in the intensity of use of the NWHI by all wintering humpback whales in the Hawaiian Archipelago, and notably, the proportion of humpbacks that divide their time between the MHI and the NWHI, versus those that may exclusively use the NWHI during the breeding season (Lammers et al., 2011). Therefore, we delineated a watch list area in the NWHI for humpback whale reproductive activities in this assessment. Future BIA efforts could consider transitioning this watch list area into a full BIA if additional studies address knowledge gaps in relative abundance and connectivity between the MHI and NWHI. Satellite tag deployments on humpback whales within the NWHI would greatly advance our ability to clarify their use of the NWHI and delineate a BIA in future efforts. The time period for this watch list area was assigned as December through May, which is supported by acoustic detection rates (Johnston et al., 2007; Lammers et al., 2011; Allen et al., 2021). We used suitable wintering habitat from spatial modeling (Johnston et al., 2007) to inform the watch list area boundary spanning Hōlanikū (Kure Atoll, westmost extent) to Nihoa (eastmost extent), and mapped available sighting locations and satellite tracking data as lines of support ( Supplementary File A ). Similar to the MHI humpback whale R-BIA, we considered a 50 km buffer around the NWHI to be the NWHI breeding area perimeter and area of interest in this assessment (Henderson et al., 2019; Palacios et al., 2019; Palacios et al., 2020; Henderson et al., 2022).

Minke whales are rarely observed in Hawaiian waters; their apparent offshore distribution, likely low density, and inconspicuous nature (e.g., cryptic surface behavior, typically travel alone or in small groups) makes visual survey efforts generally ineffective. However, their presence during winter and spring months has been documented from passive acoustic monitoring and limited visual sightings (Balcomb, 1987; Rankin and Barlow, 2005; Barlow, 2006; Rankin et al., 2007; Oswald et al., 2011; Norris et al., 2012; Bradford et al., 2017; Yano et al., 2018; Martin et al., 2020; Yano et al., 2020; Bradford et al., 2021). Minke whales have been acoustically detected in Hawaiʻi as early as October and as late as May, with the number of detections peaking from January through March (Thompson and Friedl, 1982; Oswald et al., 2011; Yano et al., 2018; Martin et al., 2020; Yano et al., 2020). Information from the small number of visual sightings has not noted the presence of calves or breeding behavior; however, it is believed that their seasonal presence in Hawaiian waters is linked to reproduction much like other migratory baleen whales (Baker and Herman, 1981; Oswald et al., 2011). Further, the unique “boing” call they produce during winter and spring in the North Pacific has been hypothesized to be produced by males engaged in courtship and reproduction, similar to other baleen whales (Croll et al., 2002; Rankin and Barlow, 2005; Herman et al., 2013). Although the majority of available data on minke whale presence in Hawaiʻi are from the MHI, they have also been acoustically detected and sighted in the Northwestern Hawaiian Islands (Shallenberger, 1981; Bradford et al., 2017; Yano et al., 2018; Bradford et al., 2021).

 Baird et al. (2015a) did not delineate an R-BIA for minke whales in Hawaiʻi due to insufficient supporting information at that time. In this assessment, minke whale acoustic detection locations were used to inform the watch list area boundary for breeding grounds in the MHI during winter months. Based on acoustic detection rates (Thompson and Friedl, 1982; Oswald et al., 2011; Martin et al., 2020), we consider the period spanning October through April to be the minke whale breeding season for this watch list area. Available visual sightings of minke whales were also mapped in the assessment, although they did not play a role in determining the spatial extent of the watch list area because there were only a very small number of observations available.

Both watch list areas were assigned Importance scores of 0 (Intensity and Data Support =1). For minke whales, this was driven by (1) limited evidence to support the occurrence of reproductive behavior in Hawaiʻi, as existing evidence is predominantly passive acoustic; and (2) uncertainty in the extent of the watch list area boundary, which corresponds to the area covered during a single shipboard line-transect survey during which minke whales were frequently acoustically detected. The acoustic detections critical to defining the watch list area boundary do not resolve spatial patterns in minke whale density (e.g., number of whales per unit area), such that we were unable to identify areas of concentrated use within their broader range. For humpback whales in the NWHI, the scoring was driven by (1) limited information on the comparative importance of the NWHI for all humpback whales using the Hawaiian Archipelago for reproductive purposes; and (2) limited data to explicitly support spatial distribution of important areas in this region. For these reasons, we could not confidently define these two areas as BIAs.

Limited understanding of minke whale distribution and behavior in Hawaiʻi is largely due to the behavior of the species, while that for humpback whales in the NWHI is due to logistical challenges of studying cetaceans in this region. While several cryptic odontocetes have been studied extensively in Hawaiʻi (Baird, 2016; Baird, 2019), these species occur in more accessible, nearshore waters compared to the offshore waters where minke whales have been detected and documented. Minke whale presence has been studied more extensively on the PMRF off Kauaʻi (Martin et al., 2013; Martin et al., 2015; Martin et al., 2020); however, the area reported by these studies is only a fraction of the entire area encompassing their detections in Hawaiʻi (Martin et al., 2013; Martin et al., 2015; Martin et al., 2020). More information on their spatiotemporal patterns is needed to support a BIA for these two species and areas.


 5. Regional summary.

 5.1. Overview.

A total of 35 BIAs, including hierarchical BIAs (both parent and children), were delineated for cetaceans in Hawaiʻi ( Figure 9 ;  Table 4 ). Two of the 35 BIAs were R-BIAs for humpback whale breeding areas; the remaining 33 BIAs were all S-BIAs for odontocete populations. Only three BIAs were delineated in the NWHI (NWHI false killer whales and spinner dolphins), which is consistent with the limited research effort and thus understanding of cetaceans in that area. It is likely that if intensive studies, similar to those undertaken in the MHI, were conducted in the NWHI, more S-BIAs would be identified there. Nearly all BIAs delineated in the Hawaiʻi region were hierarchical ( Table 4 ), highlighting the depth of available information and apparent heterogeneity of space use that these populations exhibit. Lastly, two watch list areas were designated for minke whale and humpback whale reproductive purposes in the MHI and NWHI, respectively.

 

Figure 9 | All Hawaiʻi BIAs by BIA type and region: (A) Locality of the Main Hawaiian Islands and Northwestern Hawaiian Islands within the Hawaiian Archipelago; (B) S-BIAs in the Main Hawaiian Islands (n=30, darker red areas indicate higher overlap among BIAs); (C) watch list areas (n=2; reproductive; (D) R-BIAs in the Main Hawaiian Islands (n=2)); (E) S-BIAs in the Northwestern Hawaiian Islands (n=3). Basemap image is the intellectual property of Esri and is used herein with permission. Copyright © 2022 Esri and its licensors. All rights reserved. 



 Table 4 | Hawaiʻi BIA score summary information. 




 5.2. Scoring.

Intensity scores were variable across BIAs ( Figure 10 ). As the majority were S-BIAs, and Intensity scores were determined through the quantitative Intensity scoring matrix, these Intensity scores were strongly linked to the quantitative abundance and range size criteria ( Table 4 ). Accordingly, the largest range sizes and highest abundance estimates had the lowest Intensity scores ( Table 4 ). For several populations, robust abundance estimates were not available; Data Support scores assigned to these populations were lower to reflect such uncertainty.

 

Figure 10 | Hawaiʻi BIA score summary boxplots by BIA type (A: reproductive BIA; B: small and resident BIA). The thick black bar in the middle of each box plot represents the median value; the lower and upper hinges of the boxplots correspond to the first and third quartiles; the upper and lower whiskers extend from the quartiles to the largest (lowest) value no further than 1.5 times the interquartile range. Watch list area scores were not included in this summary. 



Data Support scores were intermediate to high across all BIAs, with only two BIAs and the watch list areas having a Data Support score of 1 ( Table 4 ;  Figure 10 ). BIAs with low Data Support scores are characterized by comparatively few supporting lines of evidence: the NWHI spinner dolphin S-BIAs were supported by genetic differentiation (strong support) and some sighting records which were documented over two decades ago. The minke whale watch list area is almost entirely justified through acoustic detection data. Only a few sighting records have been documented, and although acoustic data suggest unique calls may be linked to mating behavior, visual observations of minke whales with calves have yet to be documented. Humpback whale occurrence in the NWHI is primarily supported by acoustic data as well, with few visual sightings and movements from tagged whales to inform spatial patterns. Many of the populations with BIAs in this assessment are among the most well-studied of their species throughout the world, due to extensive, consistent, long-term studies on their population structure and behavior utilizing a suite of methods (Baird, 2016). Geographic coverage and information from other published studies are extensive and involved a variety of research tools that collectively strengthen understanding of habitat use and population structure of cetaceans in Hawaiʻi ( Table 1 ). Photographic methods have documented individual re-sighting histories over several decades for many species. Movements from satellite-tagged individuals have provided detailed information on spatial use. Genetic studies have revealed deeper context into population structure for many Hawaiian cetaceans and as such are a strength in defining distinct populations within species.

The only hierarchical BIA with an Importance score of 3 for both parent and child was the Hawaiʻi Island dwarf sperm whale S-BIA ( Table 4 ). Given the small abundance and range size leading to the Importance score of 3, coupled with the apparent susceptibility of this species at large to a number of anthropogenic activities (e.g., high-intensity military sonars, interactions with fisheries; Simmonds and Lopez-Juardo, 1991; Hohn et al., 2006; Baird, 2016; Baird et al., 2021c), there are clear conservation concerns for this island-associated population. However, it should be noted that this high Importance score results directly from the information available on the population and the S-BIA scoring protocols. This population has a small range size and abundance based on long-term sighting histories from extensive survey effort; despite this, no genetic information or information on movements from satellite tag data were available to understand population structure or spatial use outside of the area surveyed, largely due to the cryptic and elusive nature of the species. Accordingly, the Data Support score for this BIA was a 2.

The BIA Importance score should not be interpreted directly as a measure of vulnerability or conservation priority (Harrison et al in review). The S-BIA quantitative scoring matrix can result in lower Importance scores for populations that may require immediate protective measures based on additional independent lines of evidence of status or stressors, or upon considering socioeconomic factors. For instance, the MHI insular false killer whale parent S-BIA had an Importance score of 1; although there was high Data Support (score = 3) for this population based on long-term photo-identification (Baird et al., 2008b; Baird et al., 2019b), satellite tracking (Baird et al., 2010; Baird et al., 2012; Baird et al., 2021b), and genetic studies (Chivers et al., 2007 ; Martien et al., 2014), their range size is large and the total estimated abundance is intermediate (approximately 167 individuals, Bradford et al., 2018) yielding an Intensity score of 1. Nevertheless, MHI insular false killer whales are exposed to a number of anthropogenic activities that pose a risk to their long-term viability, notably, interactions with nearshore fisheries (Oleson et al., 2010; Baird et al., 2015b; Baird et al., 2017; Baird et al., 2021b), and this stock was listed as endangered in 2012. This population may be arguably the most critical to protect in Hawaiian waters, yet such urgency is not reflected in the BIA scoring metrics alone. With these examples, we emphasize the need to consider the narratives that underlie these scores as well as external sources of information that detail population-specific conservation concerns.

Boundary Certainty scores were at least 2 for all BIAs ( Table 4 ;  Figure 10 ), as we had at least intermediate confidence in the placement and timing of the defined boundaries. A vast majority of the BIAs delineated in this region were S-BIAs and in many cases the occurrence of 100% of the population that has been sampled does not follow a natural feature (e.g., isobath or hydrographic feature) that could be used as the basis of the species’ BIA boundary. As such, boundaries were frequently defined by MCPs that more accurately meet the aim of S-BIAs, despite appearing decoupled from the physical environment. BIAs based on MCPs that contained expanses with no occurrence data (e.g., sightings, satellite tag locations) generally had intermediate Boundary Certainty scores (2) while others that had a relatively even distribution of occurrence data within the boundary were assigned a higher score (3). Although the Boundary Certainty score is intended to be considered independently of the Intensity and Data Support scores (Harrison et al in review), in many cases we made note of factors relating to our understanding of the distribution of the species (e.g., through satellite tracking) that may influence the score.

Spatiotemporal Variability indicator scores were static for all BIAs ( Table 4 ). The magnitude of spatiotemporal variability in environmental phenomena in Hawaiʻi is considerably less than higher latitude regions. From available data, there is little information to suggest dynamic or ephemeral features drive spatiotemporal variation in the location of important areas for insular cetaceans in Hawaiian waters, although mesoscale processes (e.g., eddies, island lee zones) may influence their distribution (e.g., see Woodworth et al., 2011 for the potential influence on offshore populations). There is recent evidence for fine-scale shifts in foraging location for species that follow lunar patterns in migrating prey (e.g., short-finned pilot whales, see Owen et al., 2019), however, such shifts occur on a short time scale during the lunar cycle and do not result in complete abandonment of other suitable habitat; as such, these documented patterns do not warrant consideration in BIA delineation.


 5.3. Comparison to national results.

Compared to other regions, Hawaiʻi BIAs generally had higher Data Support and Intensity scores. This may reflect differences in the quantity and quality of supporting data in Hawaiʻi relative to other regions. Although some species within Hawaiian waters may be more data deficient than others, a meaningful proportion of the species are well understood and supported by several decades of extensive and dedicated research, spearheaded by CRC and supplemented by other researchers and an expansive network of community scientists. CRC efforts cover the entire MHI and although effort varies by island area, this has led to strong region-wide support for Hawaiʻi BIAs ( Table 1 ). In addition, almost all of the Hawaiʻi BIAs were S-BIAs, which have a distinct quantitative scoring system (Harrison et al in review), and higher Intensity scores for parent BIAs are a direct product of abundance and range size. Higher child BIA Intensity scores reflect intensified area of use relative to the broader parent BIA. Combined, the Importance scores for Hawaiʻi BIAs were also higher. Boundary Certainty scores were generally high because for many Hawaiʻi BIAs they were defined as the extent of the known range of each population. While other regions often assigned “ephemeral” or “dynamic” Spatiotemporal Variability indicator scores for their BIAs, all Hawaiʻi BIAs were “static”, reflecting the comparatively limited spatiotemporal variation in Hawaiʻi compared to high latitude regions, and concurrent lack of evidence for strong spatiotemporal variation in distribution of the populations considered for BIAs in Hawaiʻi.



 6. Conclusions.

The BIAs detailed here characterize important areas for all species inhabiting Hawaiian waters for which sufficient information was available to conduct an assessment. As an indicator of progress, populations that Baird et al. (2015a) suggested should be considered for BIA designation have had BIAs delineated in this assessment, including rough-toothed dolphins off Kauaʻi/Niʻihau/Oʻahu, short-finned pilot whales from Lānaʻi to Niʻihau, and pygmy killer whales off Oʻahu. Existing S-BIAs were revised to align with definitions of S-BIAs where boundaries intend to encompass 100% of the population, rather than primary areas of use. The humpback whale R-BIA was revised based on a comprehensive assessment of spatial use within and outside of existing BIAs and was well-supported by several data sources, while also identifying emerging areas of importance towards the NWHI based on satellite tag data. For all BIAs, additional sources of data and/or new data of the same type (e.g., movements from new tag deployments, additional sightings since Baird et al. (2015a)) were incorporated into the delineation process and are documented in both the BIA website and  Supplementary File A .

While we suggest these BIAs accurately identify areas of importance for the populations based on the best available data, there remain knowledge gaps for a number of populations in Hawaiian waters. Some factors driving uncertainty in the distribution of populations are related to challenges in observation: small-boat survey effort on windward sides of the islands has been limited due to typically poor working conditions. While ship-based line-transect surveys cover windward waters, these surveys do not typically cover nearshore habitat where many species here are likely to occur (e.g., small and resident populations). Similarly, the remoteness of the NWHI has limited the amount of knowledge on cetacean occurrence there relative to the MHI, and research efforts are unlikely to substantially increase there in the near future. A feasible alternative to surveying cetacean use of these areas is satellite tracking methods, which have been a great strength in many Hawaiʻi BIAs described herein. This includes humpback whales that, based on recent studies, move towards the northwestern region of the MHI before departing on their migration north (Palacios et al., 2019; Palacios et al., 2020; Henderson et al., 2022). Similarly, most NWHI false killer whales have previously been tagged off Kauaʻi/Niʻihau, revealing movements along the Northwestern Hawaiian Island chain (Baird et al., 2013b), and additional information on their movements would enhance our understanding of their BIAs. Johnston et al. (2007) also presented a relatively simple approach for providing an initial description of breeding humpback whale habitat use in the NWHI region, which could be applied to other cetaceans for similar purposes. A number of species with BIAs in this assessment have recent, albeit limited, documentation of larger-scale movements to other island areas (either through photo-ID or satellite tag data), including rough-toothed dolphins between Maui Nui and Hawaiʻi Island, Blainville’s beaked whales off Oʻahu and Hawaiʻi Island (Baird, 2019), and pantropical spotted dolphins between Oʻahu and Hawaiʻi Island (Kratofil et al., 2022). Accordingly, our understanding of the frequency of such inter-island movements and overall distribution of the species may benefit from future studies involving satellite tracking. For some cryptic and elusive species (e.g., dwarf sperm whales), this alternative is unlikely to be feasible, and continued efforts from small-boat surveys and non-invasive sampling methods (e.g., eDNA, drones) may be the most viable option moving forward (Baird et al., 2021c). Passive acoustic methods are also useful for documenting the spatiotemporal occurrence of cetaceans, especially in remote regions such as the NWHI (e.g., Allen et al., 2021). However, this method typically only provides information on occurrence at a single point in space which does not resolve spatial patterns. Further, attributing acoustic detections to specific island-associated populations is only possible for those who are known to have distinct “dialects” (Van Cise et al., 2018).

Little information is available on the occurrence and distribution of other baleen whale species in Hawaiʻi that could be used to support BIA designation, but several species were initially considered in this assessment, including Bryde’s whale (Balaenoptera edeni) F-BIA and/or R-BIA, sei whale (Balaenoptera borealis) R-BIA, and fin whale (Balaenoptera physalus) R-BIA. Visual observations of these species are few and sparse, largely due to the fact that these species occur in deep, offshore waters where limited survey effort has been undertaken (Baird, 2016). Large-scale ship-based line transect surveys in offshore waters have documented visual observations and acoustic detections of a number of these species (e.g., Yano et al., 2018); however, these surveys are often undertaken during summer months when some of these whales (e.g., sei, fin) are unlikely to use Hawaiian waters. While data are also sparse for species with watch list areas described here, there is ample evidence supporting the seasonal occurrence and comparatively more spatial data on these species than exists for Bryde’s, sei, and fin whales. Additional large-scale surveys undertaken during presumed breeding season for these species (e.g., Yano et al., 2020) may allow more information to be gained on their occurrence in Hawaiʻi.

Lastly, we encourage users of these BIAs to not consider the scores associated with BIAs on their own, but rather refer to the narratives that justify them for a more comprehensive interpretation ( Supplementary File A ). While the scores here intend to provide a consistent proxy of importance among different BIA species and types, current understanding – based on the amount of support, type of support, and uncertainties – is unique to each population and the accompanying narratives provide important context on the conservation needs of each species.
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 Footnotes

 1 https://oceannoise.noaa.gov/biologically-important-areas 

 2Data provided by PacIOOS (www.pacioos.org), which is part of the U.S. Integrated Ocean Observing System (IOOS), funded in part by National Oceanic and Atmospheric Administration (NOAA) Awards #NA11NOS0120039 and #NA16NOS0120024. 
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We delineated and scored Biologically Important Areas (BIAs) in the Arctic region. The Arctic region extends from the Bering Strait to the Chukchi Sea, Beaufort Sea, Amundsen Gulf, and Viscount Melville Sound. This NOAA-led effort uses structured elicitation principles to build upon the first version of NOAA BIAs (BIA I) for cetaceans. In addition to narratives, maps, and metadata tables, BIA II products incorporated a scoring and labeling system to improve their utility and interpretability. BIAs are compilations of the best available science and have no inherent regulatory authority. They have been used by NOAA, other federal agencies, and the public to support marine spatial planning and marine mammal impact assessments, and to inform the development of conservation measures for cetaceans. Supporting evidence for Arctic BIA II came from data derived from aerial-, land-, and vessel-based surveys; satellite telemetry; passive acoustic monitoring; Indigenous knowledge; photo-identification; aboriginal subsistence harvests, including catch and sighting locations and stomach contents; and prey studies. BIAs were identified for bowhead (Balaena mysticetus), gray (Eschrichtius robustus), humpback (Megaptera novaeangliae), fin (Balaenoptera physalus), and beluga (Delphinapterus leucas) whales. In total, 44 BIAs were delineated and scored for the Arctic, including 12 reproduction, 24 feeding, and 8 migration BIAs. BIAs were identified in all months except January-March. Fifteen candidate areas did not have sufficient information to delineate as BIAs and were added to a watch list for future consideration in the BIA process. Some BIAs were transboundary between the Arctic region and the Aleutian Islands-Bering Sea region. Several BIAs were transnational, extending into territorial waters of Russia (in the Chukchi Sea) and Canada (in the Beaufort Sea), and a few BIAs were delineated in international waters.
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1 Introduction

Cetacean seasonal distributions in the Pacific Arctic overlap with numerous anthropogenic activities, including offshore energy exploration, development, and extraction; shipping; recreational vessels; military operations; and aboriginal subsistence hunting. The Arctic ecosystem is also changing rapidly due to a warming climate driven by increases in atmospheric greenhouse gas concentrations (Overland et al., 2019). These changes include decreases in seasonal sea ice (Stroeve et al., 2012), large warm winter air temperature anomalies, record low winter sea ice extent and expanded terrestrial ice melt seasons (Overland et al., 2019), and increased net primary production (Frey et al., 2015; Hill et al., 2018). These ecosystem perturbations are expected to increase in magnitude, space, and time. To inform location-based marine conservation and management efforts in the region, we delineated and scored Biologically Important Areas (BIAs) for cetaceans in the Arctic as part of a nationwide process led by the U.S. National Oceanic and Atmospheric Administration (NOAA).

BIAs represent places and periods (months or seasons) that are important to cetacean species, stocks, or populations for feeding, migration, or activities related to reproduction (Ferguson et al., 2015; Harrison et al., in review). BIAs may also be defined to encompass the range or core areas of small resident populations occupying a limited geographic extent. This BIA II effort builds on NOAA’s inaugural BIA process (BIA I; Van Parijs, 2015) by revising existing Arctic BIAs (Clarke et al., 2015b) and creating new Arctic BIAs based on new information. In addition, each BIA II delineation was scored based on Intensity of use, Data Support, Spatiotemporal Variability, and Boundary Certainty (see section 2.1; Harrison et al., in review).

The Arctic region as defined in this paper encompasses the U.S. Exclusive Economic Zone (EEZ) and areas beyond the U.S. EEZ in the Beaufort and Chukchi seas where cetacean seasonal distribution extends into transnational or international waters (Harrison et al., in review). This area is covered by seasonal sea ice in the winter and is largely free of sea ice in summer. The Chukchi Sea is characterized by a continental shelf that extends north ~800 km from the Bering Strait. Depths are generally <50-60 m, except for shoals near Hanna and Herald shoals and Wrangel Island, where depths are shallower (Weingartner et al., 2021) (Figure 1). The shallower depths near the Chukotkan and Alaskan coastlines, Wrangel Island, and shoals define channels for three branches of Pacific-derived waters that bring heat, fresh water, and nutrients northward from the Bering Sea (Weingartner et al., 2021). Transport loads are not equal among currents, with variation due to temperature, salinity, and sea ice extent, among other factors.




Figure 1 | Bathymetric map of the Bering-Chukchi-Beaufort seas overlain with major currents depicted from warmest (red) to coldest (blue). Major geomorphic features are (1) Aleutian Island Archipelago, (2) Gulf of Anadyr, (3) Anadyr Strait, (4) Bering Strait, (5) St. Lawrence Island, (6) Hope Valley, (7) Herald Valley, (8) Central Channel, (9) Barrow Canyon, (10) Hanna Shoal, (11) Wrangel Island, (12) Cape Bathurst, (13) Amundsen Gulf, (14) Mackenzie Canyon, and (15) McClure Strait. Reprinted from The Bowhead Whale, Weingartner, T.J., Okkonen, S.R., Danielson, S.L., Physical Oceanography, pages 385-402, Copyright 2021, with permission from Elsevier.



The Beaufort Sea shelf is much narrower than the Chukchi Sea shelf, only ~80 km wide north of Alaska (Weingartner et al., 2021) and ~120 km wide near the Mackenzie delta north of Canada. Hydrography on the Mackenzie shelf is heavily influenced by year-round runoff from the Mackenzie River. There are several small, shallow rivers that empty onto the Alaskan Beaufort shelf as well, but their impact on hydrography is less than on the Mackenzie shelf. Strong northeasterly winds promote upwelling of nutrient rich water at the Beaufort Sea shelf break.

In both the Chukchi and Beaufort seas, primary production is driven by ice algae and phytoplankton, particularly in marginal ice zones, polynyas, and leads (linear openings in sea ice) (Ashjian et al., 2021). Secondary production, including the pelagic zooplankton prey of most Arctic mysticete whales, depends on primary production together with physical processes like advection, vertical mixing, and upwelling. Benthic organisms, including the preferred prey of gray whales, benefit from primary production not consumed by pelagic zooplankton which falls to the sea floor. Secondary producers also provide food for pinnipeds, seabirds, and fish.

Within the Arctic region identified here, five species of baleen whale (bowhead whale [Balaena mysticetus], gray whale [Eschrichtius robustus], humpback whale [Megaptera novaeangliae], fin whale [Balaenoptera physalus], and minke whale [Balaenoptera acutorostrata]) and three species of toothed whale (beluga [Delphinapterus leucas]), harbor porpoise [Phocoena phocoena], and killer whale [Orcinus orca]) occur seasonally. Bowhead whales and belugas, species that are endemic to the Arctic, migrate northward through the Bering Strait in spring from wintering grounds in the northern Bering Sea, remain in high northern latitudes throughout summer, and undertake a return migration to the Bering Sea in autumn. Gray, humpback, fin, and minke whales occur in the Arctic during summer and early autumn, migrating south to the North Pacific Ocean for winter. Harbor porpoises are present in the Arctic during summer and may occur year-round in some coastal areas (Castellote et al., 2017). Killer whales are also present in the Arctic region in summer and autumn but are less frequently observed than other subarctic cetacean species (see Stafford et al., 2022a).

The goals of this paper are to provide: (1) insight into the process used to delineate and score BIAs in the Arctic; (2) a summary of results; and (3) information on where to find additional materials, including supplementary supporting information, online access to all BIA II graphic shapefiles, and metadata. We present detailed information on the data sources and decision-making process used to delineate and score five example Arctic BIAs. The example BIAs were selected to span a range of BIA types, intensities, available information, and spatiotemporal variability characteristics. We then summarize information for all Arctic BIAs, present watch list areas (areas that may be important, but which currently lack sufficient information to be delineated as BIAs), and provide recommendations to facilitate future conservation and management efforts.



2 Methods


2.1 Scoring and labeling

BIAs for all seven regions around the U.S. were delineated, scored, and labeled using consistent application of the methodology described in the Introductory chapter included in this special edition (Harrison et al., in review). Additionally, Harrison et al. (in review) highlight the changes in BIA delineation since Van Parijs (2015) and describe the intended use of the BIAs, specifically addressing common mischaracterizations of the BIA I products to try to eliminate inappropriate use of BIAs in the future. Fundamentally, BIAs are compilations of the best available science and have no inherent or direct regulatory power. We provide a brief overview of the methods outlined in Harrison et al. (in review) below.

A regional lead with cetacean expertise oversaw the identification, delineation, and scoring of Arctic BIAs, engaging with additional subject matter experts (SMEs) as needed to ensure all available information and necessary expertise were included for all cetacean taxa. Four types of BIAs were defined (Supplementary Table 1): feeding areas (F-BIAs), reproductive areas (R-BIAs), migratory routes (M-BIAs), and small and resident populations (S-BIAs). Each BIA was delineated only for the times and areas for which direct information exists on a particular cetacean species, population, or stock. Any reliable published or unpublished information from scientific research, Indigenous or local knowledge, or community science, including both data and personal observations, were considered valid. Spatial optimization modeling, incorporating spatial information about whale relative density under variable thresholds for minimum cluster size (Ferguson et al., in review), was used for delineating some BIAs. Intentional “buffers” or other “precautionary” additions of area or time were not allowed. Similarly, predictions of potential habitat alone were insufficient to support a BIA delineation.

All candidate BIAs were scored and labeled using five metrics: Intensity, Data Support, Importance, Boundary Certainty, and Spatiotemporal Variability (Supplementary Table 2). All scoring metrics except Spatiotemporal Variability were assigned an integer value ranging from 1 (“low”) to 3 (“high”). For each candidate BIA, Intensity and Data Support were independently scored using scoring rules specific to each BIA type. Then, Intensity and Data Support scores were combined to determine an overall Importance score using the Importance Score matrix (Figure 2), which was the same for all BIA types. Candidate BIAs with an Importance score of 0 were added to a “watch list” of areas for future consideration and were not included as BIAs. Boundary Certainty and Spatiotemporal Variability (dynamic, ephemeral, or static) were assigned for each BIA, using the same rules across BIA types, and were independent of the Intensity and Data Support scores.




Figure 2 | Importance matrix illustrating the relationship between Intensity and Data Support in determining the Importance score for all BIA types.



The definition of a BIA unit was expanded for this BIA II process. In the simplest case, a BIA unit corresponds to a single polygon and one continuous period within which a species engages in a particular biologically important activity, or it corresponds to the range of a small resident population. However, multiple non-contiguous polygons of the same type of BIA for a species could exist in a single region and period. In this case, a “cluster” of BIA polygons could be delineated, scored, and labeled as a single unit, regardless of whether they share common boundaries, as long as the scores for all metrics were identical across all polygons in the cluster. Another new feature of this BIA II process was the option to identify “hierarchical” BIAs for cases in which high-resolution information is available and it is appropriate and helpful to reflect a gradation in animal use (Intensity), available information (Data Support), Boundary Certainty, or ecological characteristics (Spatiotemporal Variability) across a broader area. For example, in some cases data may support a single core area (a “child” BIA) identified within the larger “parent” BIA. In other cases, one or more clusters of variably scored polygons may appropriately be identified as child BIAs within a larger parent BIA. For R-, F-, and M-BIAs, the Intensity score for the parent BIA must be less than the highest Intensity score among the child BIAs. For S-BIAs, when hierarchical scoring is used to identify core habitat within the population’s range, the Intensity score may be the same for the core habitat (the child BIA) and the overall range (the parent BIA), as S-BIAs have quantitative scoring protocols and the parent BIA could score a 3.

Each BIA unit (individual, parent, child, cluster, and watch list) has a label, which identifies the BIA type, Importance score, Spatiotemporal Variability, Boundary Certainty score, region, identification number, and suffix that indicates hierarchical or non-hierarchical structure, in that order (e.g., Supplementary Table 3). The Intensity and Data Support scores underlying the Importance score are not included in the label but are indicated in the metadata for each BIA. For example, a BIA with label “R-BIA3-d-b2” refers to a reproductive (R-) BIA with the highest (3) of three possible Importance scores, generally dynamic (d) in nature, with medium confidence (b2) in the accuracy of the boundary delineation itself. The BIA II effort did not artificially limit coverage to areas only within the U.S. EEZ. Where reliable information was available for areas beyond the U.S. EEZ, BIAs in the Arctic region extended into transnational waters in the east (Canada) and west (Russia) and international waters north of the U.S. EEZ. Furthermore, areas completely outside of the U.S. EEZ were also considered if reliable information was available and the areas in question were of potential importance for species occurring seasonally in U.S. Arctic waters.



2.2 Expert elicitation

The BIA II effort applied principles of expert elicitation to create a more structured and consistent manner for the identification, delineation, and scoring of BIAs across regions, as well as to ensure that information that was not incorporated during BIA I (e.g., Indigenous knowledge) was included. Expert elicitation is a formal, structured process for obtaining experts’ opinions and knowledge to help inform decision-making, particularly in an information-limited situation. The framework for expert elicitation included wider-ranging information solicitation: extensive communication of purpose, intention, and protocols; clearer documentation of methods; and extensive consistency review. Additional details on expert elicitation are included in Harrison et al. (in review).



2.3 Arctic region information sources

Information used to identify and score Arctic region BIAs included peer-reviewed publications, gray literature, raw data, spatial optimization modeling (Ferguson et al., in review), expert elicitations, Indigenous knowledge, and subsistence harvest records. Arctic region BIA delineation benefited from numerous recent (since 2000) multiyear studies that focused specifically on marine mammal occurrence in areas of the Chukchi and Beaufort seas where offshore oil and gas exploration was occurring or planned (e.g., U.S. Department of the Interior, 2008; U.S. Department of the Interior, 2018). These studies, including aerial line transect surveys, satellite telemetry, and systematic vessel surveys, provided extraordinary databases to support BIA II delineation and resulted in more than 100 individual BIAs, including hierarchical (parent and child BIAs), cluster, transboundary (with the Aleutian Islands-Bering Sea region), and transnational (extending beyond U.S. EEZ waters) and international (completely outside of any national EEZ) BIAs, as well as watch list areas. Nine experts familiar with Arctic cetacean species through field work and data analysis provided data and personal observations and helped interpret information for the BIA II assessment.

One primary data source for Arctic BIAs was aerial line transect surveys conducted from summer (July-August) through autumn (September-October) in the northeastern Chukchi and western Beaufort seas that collected visual sighting data under the auspices of the Aerial Surveys of Arctic Marine Mammals (ASAMM) project (e.g., Clarke et al., 2020). Although spatiotemporal variation in effort occurred over the course of the ASAMM study, no other single research project in the Alaskan Arctic compares with the spatiotemporal scope of ASAMM. The ASAMM project was conducted from 1982-2019; however, data used for BIA II focused on surveys conducted from 2000-2019 which corresponds to the “new Arctic” regime, when sea ice loss driven by atmospheric processes has accelerated (Wood et al., 2013; Frey et al., 2015). Another primary source of information was bowhead whale satellite telemetry data collected from 2006-2018 (Citta et al., 2021), which provided year-round data on the movements of over 70 whales. A third primary source of data was systematic vessel surveys conducted from 2009-2019 as part of the Distributed Biological Observatory (DBO) project (Grebmeier et al., 2019), which contributed valuable cetacean sighting data during the open water season in areas that were difficult to cover with aerial surveys. Additionally, Arctic BIA II delineation and scoring efforts benefitted from smaller-scale aerial survey projects (e.g., Mocklin et al., 2012; Harwood et al., 2014; Hornby et al., 2016), ice- and shore-based observations (e.g., George et al., 2004; Noongwook et al., 2007; Huntington and Quakenbush, 2009a; Huntington and Quakenbush, 2009b; Melnikov, 2019), Indigenous knowledge (e.g., Galginaitis, 2014; Collings et al., 2018; Noongwook et al., 2007; Huntington and Quakenbush, 2009a; Huntington and Quakenbush, 2009b), aboriginal subsistence harvest records (e.g., Suydam et al., 2011; Suydam et al., 2012; Suydam et al., 2013; Ilyashenko and Zharikov, 2014; Suydam et al., 2014; Ilyashenko and Zharikov, 2015; Suydam et al., 2015; Ilyashenko and Zharikov, 2016; Suydam et al., 2016; Ilyashenko and Zharikov, 2017; Suydam et al., 2017; Suydam et al., 2018; Suydam et al., 2019; Suydam et al., 2020), passive acoustic monitoring (e.g., Chou et al., 2019; Halliday et al., 2019; Scharffenberg et al., 2019a; Scharffenberg et al., 2019b; Escajeda et al., 2020; Alaska Fisheries Science Center, 2021), and gray whale and beluga satellite telemetry data (e.g., Richard et al., 2001; Suydam et al., 2001; Hauser et al., 2014; Hauser et al., 2015; Hauser et al., 2016; Kennedy et al., 2017; Storrie et al., 2022).



2.4 Detailed BIA examples

In the following narrative, detailed examples for five Arctic BIAs are presented to illustrate how available information was used to delineate and score them (Supplementary Table 3). These BIAs were selected because they present a variety of BIA types, including hierarchical, cluster, transboundary, transnational, and international BIAs. Each example BIA includes species’ life history and background information, the available information sources that were used to assess BIA status, the process used to delineate the BIA in space and time, and details of how each score was determined.


2.4.1 Bowhead whale migratory BIA – April – northern Bering, Chukchi, and western Alaskan Beaufort seas - transboundary, transnational

Information presented here is assumed to represent the Bering-Chukchi-Beaufort (BCB) or Western Arctic stock (Muto et al., 2020) only. BCB bowhead whales are migratory, ranging from subarctic to Arctic waters (Citta et al., 2021). The BCB stock winters primarily in the northwestern Bering Sea. Most of the stock migrates annually in spring (April-May) past the western side of St. Lawrence Island, through the Bering Strait and northeast through the eastern Chukchi Sea, traveling through nearshore leads that develop each year. In the northeastern Chukchi Sea, the lead system is relatively well defined due to warm water transported from the Pacific Ocean, the high percentage of first-year ice compared to multiyear ice, and variable surface winds that move ice towards and away from the coastline (Mahoney, 2012). The migration turns east near Point Barrow, where it crosses the Beaufort Sea in continental slope and Canadian basin waters. Leads in the Beaufort Sea are fewer and more isolated, due to the movement of sea ice parallel to the coastline and the higher percentage of multiyear ice (Mahoney, 2012).

Information used in delineating the April bowhead whale M-BIA (Figure 3) in the western Bering Sea included satellite telemetry (Figure 4.3 in Citta et al., 2021, 50% kernel density), Indigenous knowledge from St. Lawrence Island (Noongwook et al., 2007), aboriginal subsistence harvest data from the villages of Gambell and Savoonga on St. Lawrence Island (Suydam et al., 2011; Suydam et al., 2012; Suydam et al., 2013; Suydam et al., 2014; Suydam et al., 2015; Suydam et al., 2016; Suydam et al., 2017; Suydam et al., 2018; Suydam et al., 2019; Suydam et al., 2020), and shore observations from the village of Sireniki on the Chukotka peninsula (Melnikov et al., 2004). The April bowhead whale M-BIA in the eastern Chukchi and western Alaskan Beaufort seas was delineated using data from satellite telemetry (Figure 3A in Olnes et al., 2020, 50% kernel density; Figure 4.3 in Citta et al., 2021, 50% kernel density), passive acoustic monitoring (Figure 3 in Clark et al., 2015, 9 moorings; Alaska Fisheries Science Center, 2021, moorings BF2, WT1, IC1 CL1, PH1, KZ1), aerial photographic surveys (Mocklin et al., 2012), and Indigenous knowledge from the northeastern Chukchi Sea villages of Wainwright (Huntington and Quakenbush, 2009a) and Utqiaġvik (Huntington and Quakenbush, 2009b), Alaska. Notably, data from ASAMM aerial surveys conducted from 1979-1984 that were used in BIA I were not included here because those data are several decades old, the Arctic ecosystem has undergone considerable charges in recent decades, and newer data were available. This M-BIA extends across the U.S. EEZ into Russian waters and is also transboundary, extending to the Aleutian Islands-Bering Sea region; it was included in the Arctic Region because most of the information available was from the Arctic region.




Figure 3 | Example Arctic region BIAs showing bowhead whale transboundary-international (Bowhead Whale Migratory) and hierarchical (Bowhead Whale Reproductive) BIAs.



Scoring the April bowhead whale M-BIA required a stepwise assimilation of information (Supplementary Table 3). First, Intensity was scored as moderate (2) because, although the Bering Strait is the only migration corridor for BCB bowhead whales, the proportion of BCB bowhead whales that migrate through this area in April is unknown relative to other spring/summer months (e.g., March, May, June). Data Support was scored high (3) due to the number and diversity of information sources available for April. Using the Importance matrix (Figure 2) the resulting Importance score was 2. Spatiotemporal variability was characterized as dynamic because, while the migration occurs every year, the timing and location of the migration varies annually due to differences in the formation of spring ice leads. The Boundary Certainty of this BIA was scored high (3) based primarily on the 50% kernel density distribution from satellite telemetry data (Olnes et al., 2020; Citta et al., 2021) augmented by the additional data sources (e.g., Melnikov et al., 2004; Noongwook et al., 2007; Huntington and Quakenbush 2009a; Huntington and Quakenbush 2009b). Given these scores, the label for the bowhead whale April M-BIA is M-BIA2-d-b3-ARC049-0 (Supplementary Table 3).



2.4.2 Bowhead whale reproductive BIA – August – western Beaufort Sea - hierarchical

Bowhead whales calve primarily between the beginning of April and the end of May (Tarpley et al., 2021), although calving may occur as late as August (Koski et al., 1993). Important areas for newborn calves have been described near Wainwright (Huntington and Quakenbush, 2009a) and Utqiaġvik (Huntington and Quakenbush, 2009b) from Indigenous knowledge. The most extensive dataset of BCB bowhead whale calf observations was from ASAMM for the periods July-August 2012-2019 and September-October 2000-2019 (Clarke et al., 2022). During ASAMM surveys, calves of the year were identified based on a combination of characteristics, including noticeably smaller size, lighter gray color, smaller head compared to overall body size, and close association with an adult. The ASAMM dataset was the primary data source for delineating and scoring bowhead whale reproductive BIAs in the western Beaufort Sea and provided high-resolution data that were amenable to hierarchical scoring (Harrison et al., in review).

A hierarchical R-BIA was delineated for bowhead whales in the western Beaufort Sea in August, extending from just east of the U.S.-Canada border to just east of Point Barrow (Figure 3). ASAMM calf sightings and survey effort were analyzed using a spatially explicit optimization model (Ferguson et al., in review) to assist with BIA delineation and scoring. To identify the optimal BIA configuration that resulted in the maximum number of bowhead whale calves within the smallest total area, the model selected hexagonal cells arranged on a lattice (25 km between cell midpoints) that covered the western Beaufort Sea study area. The model input three parameters: relative density of bowhead whale calves per cell during August 2012-2019; contiguity threshold, defined as the minimum size of a single BIA polygon or cluster of cells, ranging from one to five contiguous cells; and total area threshold, defined as the proportion of cells with calves in the study area that were enclosed by BIA boundaries, ranging from 0.1 to 1.2, in 0.1 increments (see Ferguson et al., in review). The optimal solutions to each combination of contiguity threshold and total area threshold were mapped and visually inspected by experts with 14-28 years of experience conducting ASAMM surveys in the western Beaufort Sea. The experts selected a single scenario (i.e., contiguity threshold and total area threshold) comprising clusters of contiguous cells, and each of these clusters was defined as a child BIA (Harrison et al., in review). Each child BIA was scored independently for Intensity, Data Support, Importance, Spatiotemporal Variability, and Boundary Certainty. Ferguson et al. (in review) examined the interannual variability in the relative density of calves in each BIA cluster using a generalized linear mixed effects model. Intensity was based on the parameter estimates from Ferguson et al.’s (in review) generalized linear mixed effects models: the fixed intercept was a function of the overall mean relative density of calves, and the standard deviation (SD) in the random effect for year reflected the deviation from the mean relative density of calves that can be attributed to interannual variability. Intensity was scored high (3) for child BIAs with high fixed intercept and low SD; moderate (2) for child BIAs that had moderate fixed intercept and SD, and for clusters that did not fit cleanly into high or low Intensity; and low (1) for child BIAs with low fixed intercept and high SD (Supplementary Table 3). Data Support was scored high (3) for all child BIAs due to the comprehensive survey coverage from ASAMM in August 2012-2019. The resulting Importance scores ranged from high (3) for three of the child BIAs (near Barter Island, north of Camden Bay, and north of Prudhoe Bay); moderate (2) for one child BIA (offshore north of Barter Island); and low (1) for one child BIA (north of Demarcation Bay). Spatiotemporal variability was labeled dynamic for all child BIAs because, while calves use the western Beaufort Sea in August every year, calf sighting location varies annually. Boundary Certainty for all child BIAs was scored high (3) due to the extensive information in the ASAMM database and the quantitative delineation methods described above. The delineation of the parent R-BIA for August included >90% of all bowhead whale calves sighted during ASAMM in August 2012-2019, regardless of whether the sightings were part of a child BIA group, and incorporated all five child BIAs identified in the process described above. As outlined in Harrison et al. (in review), the Intensity score of the parent R-BIA must be less than the highest Intensity for any child BIA.

The hierarchical delineation and scoring method described above for bowhead whale R-BIAs in the western Beaufort Sea in August was also used for bowhead whale R-BIAs in the western Beaufort Sea in July, September, and October, and for bowhead whale F-BIAs (feeding BIAs) in the western Beaufort Sea in July through October.



2.4.3 Gray whale feeding BIA – June-October – southern Chukchi Sea - hierarchical, transnational

The information presented here is assumed to represent the Eastern North Pacific (ENP) stock of gray whales (Muto et al., 2020) only. There is no evidence that gray whales from the Western North Pacific stock summer in the U.S. Arctic. Gray whales of the ENP stock migrate each spring from Baja California, Mexico, along the west coast of the U.S. and Canada, across the Gulf of Alaska and into the Bering, Chukchi, and extreme western Beaufort seas (west of 155°W). Gray whales are occasionally seen farther east in the Beaufort Sea, but their occurrence there is probably extralimital. Gray whales remain in the U.S. Arctic throughout summer and early autumn before making a return migration south. The predominant behavior of gray whales in Arctic waters is feeding (Clarke et al., 2016; Brower et al., 2017; Moore et al., 2022). Benthic feeding is easily identified via the presence of mud plumes visible at the surface that are produced when whales surface after feeding on benthic or epibenthic species (Nerini, 1984). However, gray whales are generalist feeders and not limited to benthic or epibenthic prey (e.g., Bluhm et al., 2007). Therefore, mud plumes may not always accompany gray whale feeding events, leading to an overall underestimation of feeding behavior in the ASAMM database. The ASAMM project documented gray whale feeding in the eastern Chukchi Sea from summer through autumn with moderate variability in feeding location within these seasons (Clarke et al., 2020). The two main areas for gray whale feeding were in the northeastern Chukchi Sea within about 120 km of shore from Icy Cape to Point Barrow, Alaska, (Moore et al., 2022) and in the southern Chukchi Sea southwest of Point Hope, Alaska. These areas were delineated as BIAs previously (Clarke et al., 2015b), although the southern area was truncated west of the U.S. EEZ.

In BIA II, a hierarchical feeding BIA was delineated for gray whales in the southern Chukchi Sea for June through October that extends from the Lisburne peninsula in Alaska across the U.S. EEZ to the Chukotka peninsula (Figure 4). The optimization model described for defining bowhead whale R-BIAs was not available for gray whales. Rather, data used in delineating the June-October gray whale F-BIA child east of the U.S. EEZ included gray whale sightings during eleven years of ASAMM surveys in 2009-2019 (Clarke et al., 2020), eleven years of sightings during standardized marine mammal watches during DBO cruises (Grebmeier et al., 2019; IUCN, 2021), and passive acoustic data during seven years of year-round monitoring (Alaska Fisheries Science Center, 2021). Data used for the June-October gray whale F-BIA child west of the U.S. EEZ included two years of DBO sightings in 2009-2010 (Grebmeier et al., 2019; IUCN, 2021).




Figure 4 | Example Arctic region BIA showing gray whale hierarchical-international (Gray Whale Hierarchical Feeding) BIA.



Intensity was scored as moderate (2) for both child BIAs because, while these areas are important for gray whale feeding, there are known gray whale feeding areas elsewhere in the northeastern Chukchi Sea and in the Bering Sea (Brower et al., 2022) that overlap temporally. Data Support and Boundary Certainty were very different for the two child BIAs, however (Supplementary Table 3). Both values were scored high for the child BIA within the U.S. EEZ due to the preponderance of standardized data (e.g., ASAMM, passive acoustic) outlined above, and low for the child BIA west of the U.S. EEZ due to the comparative lack of standardized data. Note that there are data available for gray whale feeding nearshore along the Chukotka peninsula coast (e.g., Heide-Jørgensen et al., 2012; Blohkin et al., 2013; Blokhin et al., 2017; Zdor, 2021) but those data differ spatiotemporally from this child BIA and were used to support a completely unique F-BIA (https://oceannoise.noaa.gov/biologically-important-areas). Spatiotemporal variability was designated ephemeral because, while both areas are used for feeding every year, feeding locations within these areas may change annually due to changes in prey abundance (Moore et al., 2022). The delineation of the June-October gray whale parent F-BIA included the two child BIAs identified in the process described above and >90% of all ASAMM gray whale sightings south of Cape Lisburne, Alaska, from June-October. As outlined in Harrison et al. (in review), the Intensity score of the parent R-BIA must be less than the highest Intensity for any child BIA. Note that data from ASAMM aerial surveys conducted from 1979-1984 that were used in BIA I were not included here because those data are several decades old, evidence suggests that the ecosystem has changed in recent decades (e.g., Grebmeier, 2012), and newer data were available.



2.4.4 Beluga Beaufort Sea stock reproductive BIA – mid-June-July – Mackenzie River Estuary - cluster

Two stocks of belugas are found in the Pacific Arctic: the Beaufort Sea (BS) or Mackenzie stock, and the Eastern Chukchi Sea (ECS) stock (Muto et al., 2020). Both stocks winter in the Bering and southern Chukchi seas. Migration north through the Chukchi Sea and east through the Beaufort Sea is stock-specific, occurring in spring (BS) and summer (ECS). BS belugas calve and molt in June and July in the Mackenzie River estuary, Yukon and Northwest Territories, Canada (Department of Fisheries and Oceans, 2000; Richard et al., 2001). Satellite telemetry data indicated that BS belugas tagged in the Mackenzie River delta stayed in the Canadian Beaufort Sea for the entire month of July and most of August, in an area extending from the Mackenzie delta east into Amundsen Gulf and north to Viscount Melville Sound (Richard et al., 2001). BS belugas migrate into the western Beaufort Sea and northern Chukchi Sea in September and are found primarily in the Chukchi Sea in October (Hauser et al., 2016). There is some overlap in ECS and BS beluga ranges in September and October, but core areas do not overlap (Hauser et al., 2014; Hauser et al., 2016).

A cluster R-BIA was delineated for BS belugas from mid-June to July in the Mackenzie River estuary (Figure 5). Even though this R-BIA is entirely outside of the U.S. EEZ, it was included in the BIA II effort because the Mackenzie River estuary is the only known reproductive region for this stock that migrates through U.S. EEZ waters in spring and autumn. Six aggregation areas (defined by 50% kernel density) were defined based on data collected during strip transect aerial surveys from late June-July 1977-1985, and 1992 (Harwood et al., 2014). The same aerial survey data were used in analyses of seabed habitat (Whalen et al., 2019) showing use of sandy shoal habitat (perhaps for molting) and avoidance of deep channel habitat. Additional aerial survey data collected in 2012 and 2013 indicated that use of the estuary remained spatiotemporally similar to estuary use in 1977-1992 and expanded on associations between belugas’ use of the estuary and the breakup of land-fast ice (Hornby et al., 2014), and associations with turbidity (Hornby et al., 2016). Visual sightings and passive acoustic detections from June to August 2017 indicated that belugas did not use the aggregation areas identified in Harwood et al. (2014) during periods of strong winds and also indicated a preference for warmer, fresher water rather than colder, saltier water (Scharffenberg et al., 2019a).




Figure 5 | Example Arctic region BIAs showing beluga international (Beluga – Beaufort Sea Stock - Feeding) and cluster (Beluga – Beaufort Sea Stock - Reproductive BIA, inset map) BIAs.



Because 50% kernel densities from analyses of aerial survey data were identified for each of the six individual clusters within a continuous 1.5-month period, all Intensity, Data Support, and Boundary Certainty scores were identical, and a hierarchical R-BIA was not necessary. Each cluster, including Niaqunnuq Bay, Niqunnuq Bay East, West Mackenzie Bay, East Mackenzie Bay, Richards Island North, and Kugmallit Bay, was scored high (3) Intensity and high (3) Data Support, resulting in a high (3) Importance score (Supplementary Table 3). Boundary Certainty was also high (3) and spatiotemporal variability was designated dynamic due to annual variation in spring land-fast ice breakup and access to the estuary.

Occasionally, BS belugas, including newborn calves, have been observed upriver in the Mackenzie Delta (Scharffenberg et al., 2020). These occurrences have all been observed under high-water level conditions and are comparatively rare. This may be an important R-BIA for BS belugas, but presently both Intensity and Data Support were scored low (1), making this a watch list area. Additional information on watch list areas is included in Section 3.3.



2.4.5 Beluga Beaufort Sea stock feeding BIA – September – Beaufort and north Chukchi seas – transnational, international

Feeding behavior in belugas can be inferred from stomach content analysis (Loseto et al., 2018; Quakenbush et al., 2015), dive patterns from satellite telemetry, direct observations (although rare), and studies of the distribution and abundance of known beluga prey species. Both ECS and BS belugas are known to feed on a wide variety of prey (Quakenbush et al., 2015). Satellite telemetry indicated that, while BS belugas in shallow shelf regions dive to the seafloor to forage on invertebrates (e.g., shrimp and echiurid worms), pelagic dives were frequently to ~300 m, suggesting that belugas dive to depths to maximize prey encounters (Hauser et al., 2015). Choy et al. (2020) found that BS belugas in offshore areas primarily consume Arctic cod (Boreogadus saida). Therefore, although direct observations of feeding by belugas in offshore areas are extremely rare, dive data exist to support the designation of most beluga BIAs in the offshore areas of the Beaufort and Chukchi seas as F-BIAs.

The F-BIA designated for BS belugas in September extended from Cape Bathurst, Northwest Territories, Canada, to north of Wrangel Island, Russia (Figure 5). This extraordinarily large F-BIA was based primarily on the 50% utilization distribution (core area) (Figure 2 in Halliday et al., 2021) that used satellite telemetry data combined from two periods, 1993-1997 (Richard et al., 2001) and 2004-2006 (Hauser et al., 2014). Dive data within the core area indicated that foraging was the principal behavior. Satellite telemetry data were augmented by aerial line transect survey data collected during ASAMM in September 2009-2019 in the western Beaufort and eastern Chukchi seas (Clarke et al., 2018; Clarke et al., 2020; Givens et al., 2020).

Intensity for this transnational and international F-BIA (encompassing waters in the Canadian, U.S., and Russian EEZs, and beyond the U.S. and Russian EEZs; Figure 5) was scored moderate (2) (Supplementary Table 3) because the home range of BS belugas (shown as the 90-95% utilization distribution) far exceeds the core area boundary, sometimes extending several hundred kilometers farther offshore (Hauser et al., 2014; Hauser et al., 2016), and feeding occurs throughout the home range. Data Support was scored high (3) because of the combination of satellite telemetry data from 1993-2006 (and subsequent analyses) and eleven years of cetacean-focused aerial surveys. The overall Importance score was moderate (2). Boundary Certainty was also scored moderate (2) and Spatiotemporal Variability was designated ephemeral because feeding opportunities are contingent on oceanographic phenomena that may differ between years, although Majewski et al. (2017) indicated that depth, a static variable, was the strongest parameter in fish community structure in the Canadian Beaufort Sea.





3 Results


3.1 Arctic regional summary

In the Arctic region, 44 BIAs were designated for five species, including two stocks of belugas (Supplementary Table 4). Bowhead whales accounted for the highest percentage (48%, n=21) of BIAs, followed by BS belugas (18%, n=8) and ECS belugas (16%, n=7). Of the 44 total BIAs, 13 BIAs were hierarchical, resulting in an additional 44 child BIAs (Supplementary Table 4). This is the highest BIA total for any of the seven BIA II regions; the next closest total BIA count was for the Hawaii region with 39 BIAs (including 16 child BIAs). The total number of Arctic BIAs is nearly three times as many BIAs as delineated during BIA I (Clarke et al., 2015b). The designation of BIAs in the Arctic benefitted from the numerous comprehensive, multiyear, cetacean-focused studies undertaken since the early 2000s which allowed for the specificity needed to differentiate BIAs between months. The Arctic region also borders Canadian and Russian EEZs on the east and west frontiers, respectfully, and 15 migratory, feeding, and reproductive BIAs were transboundary. Some BIAs (n=10) were completely outside of the U.S. EEZ but were included because the research that supported those BIAs also yielded BIAs completely or partially in U.S. EEZ waters and it would have been non-comprehensive to exclude them. Three BIAs extended into international waters north of the U.S. and Russian EEZs.

The most common type of BIA in the Arctic region was feeding area, representing 52% (n=46) of all BIAs, followed by reproductive area (39%, n=34) (Supplementary Table 5). Relatively few migratory route BIAs (9%, n=8) were identified. Migratory route and reproductive BIAs were delineated for belugas and bowhead and gray whales only. Spatiotemporal variability for feeding BIAs was overwhelmingly categorized as ephemeral, underscoring the patchiness of feeding opportunities based on physical and biological factors for most species.



3.2 Summary of Arctic BIAs by species

Due to the number of BIAs delineated for the Arctic (Supplementary Table 6), this summarization of BIAs for each species or stock is necessarily succinct. Details for each Arctic BIA are included in Supplementary Information Tables and graphic representations for each BIA and are available on the BIA website (https://oceannoise.noaa.gov/biologically-important-areas).


3.2.1 Bowhead whale

Bowhead whale F-BIAs in the Arctic (n=9, not including child BIAs) were primarily located in the Beaufort Sea and Amundsen Gulf, with one BIA situated along the northern Chukotka peninsula coast (Figure 6). Temporally, bowhead whale F-BIAs in the Arctic region encompassed May-December. Most of the data supporting bowhead whale F-BIA scoring originated from ASAMM aerial line transect surveys in the western Beaufort Sea and an optimization model that incorporated ASAMM survey effort and feeding and milling whales (Ferguson et al., in review), while boundary and temporal parameters were supported by both aerial survey and satellite telemetry data (Citta et al., 2015; Citta et al., 2021; Halliday et al., 2021). Bowhead whale F-BIAs were designated for the Aleutian Islands-Bering Sea region for December through April (Brower et al., 2022).




Figure 6 | Arctic region bowhead whale feeding BIAs (does not include child BIAs).



Bowhead whale M-BIAs in the Arctic (n=5) extended from Amundsen Gulf in the east to the Chukotka peninsula in the west and south through the Bering Strait (Figure 7). Some M-BIAs overlapped spatiotemporally with F-BIAs, particularly in August-September in the western Beaufort Sea. Feeding behavior in the western Beaufort Sea is ephemeral and can differ dramatically between years (Ferguson et al., 2021), accounting for as little as 10% to over 50% of whales seen annually from 2012-2019 (Clarke et al., 2013a, Clarke et al., 2014; Clarke et al., 2015a; Clarke et al., 2017a; Clarke et al., 2017b; Clarke et al., 2018; Clarke et al., 2019, Clarke et al., 2020). Most bowhead whales observed in any given year in the western Beaufort Sea were not feeding, however, supporting delineation of M-BIAs.




Figure 7 | Arctic region bowhead whale migratory BIAs.



Bowhead whale R-BIAs in the Arctic (n=7, not including child BIAs) were also located primarily in the Beaufort Sea (Figure 8). Most bowhead whale R-BIAs relied on an optimization model that used ASAMM data (Ferguson et al., in review), described previously in Section 2.4.2. R-BIAs designated for spring and early summer (April to mid-June) near Wainwright and Utqiaġvik relied on Indigenous knowledge (Huntington and Quakenbush, 2009a; Huntington and Quakenbush, 2009b) and a photographic aerial survey (Mocklin et al., 2012).




Figure 8 | Arctic region bowhead whale reproductive BIAs (does not include child BIAs).





3.2.2 Gray whale

Gray whale F-BIAs in the Arctic (n=3, not including child BIAs) were located entirely in the Chukchi Sea, with one F-BIA situated along the northwestern Alaska coast and two F-BIAs in the southern Chukchi Sea (Figure 9). Temporally, gray whale F-BIAs in the Arctic encompassed May-November. The gray whale hierarchical F-BIA in the southern Chukchi was described in Section 2.4.3. The gray whale hierarchical F-BIA for the northeastern Chukchi Sea was based primarily on data from ASAMM aerial line transect surveys conducted from 2009-2019 (Clarke et al., 2020), with additional data support from vessel sightings (Grebmeier et al., 2019; IUCN, 2021; Alaska Fisheries Science Center, 2021), passive acoustic monitoring (Alaska Fisheries Science Center, 2021), and limited satellite telemetry (one whale in 2012, four whales in 2013; Kennedy et al., 2017). The F-BIA along the Chukotka peninsula coast was based on aboriginal subsistence harvest data from several Chukotka villages (Blohkin et al., 2013; Ilyashenko, 2013; Ilyashenko and Zharikov, 2014; Blokhin and Litovka, 2015; Ilyashenko and Zharikov, 2015; Ilyashenko and Zharikov, 2016; Blokhin et al., 2017; Ilyashenko and Zharikov, 2017; Ilyashenko, 2018; Zagrebelnyy, 2018; Zharikov, 2018; Zharikov et al., 2019; Zharikov et al., 2020) and a summary of present-day Chukotka whaling (Zdor, 2021). Most of the gray whales taken during Chukotka subsistence hunts for which stomach content data were available had full or half-full stomachs, indicating that gray whales were actively feeding in the area (Blohkin et al., 2013; Blokhin and Litovka, 2015; Blokhin et al., 2017).




Figure 9 | Arctic region gray whale feeding BIAs (does not include child BIAs).



Gray whale R-BIAs in the Arctic (n=2) were located entirely in the eastern Chukchi Sea (Figure 10). Gray whales from the ENP stock calve mainly in the protected lagoons of Baja California from early January through mid-February (Rice et al., 1984). Gray whale calves grow quickly in the first year, increasing in length from ~4.5 m at birth to ~7 m at weaning, which occurs at 7-9 months (Sumich, 1986). Because growth slows considerably after weaning, two-year old gray whales may be only 8 m in length, which makes differentiating them from calves-of-the-year difficult. Gray whale R-BIAs in the Arctic were based entirely on visual data from ASAMM aerial line transect surveys from 2009-2019 (Clarke et al., 2020); there were no other known sources of information specific to gray whale calf occurrence. Gray whale calves were identified in the ASAMM database as whales that were appreciably smaller in size and in close association with an adult. R-BIAs were designated separately for July-August and September-October based on differences in Intensity and spatial extent.




Figure 10 | Arctic region gray whale reproductive BIAs.



Additional gray whale BIAs were designated for the Aleutian Islands-Bering Sea (Brower et al., 2022) and Gulf of Alaska (Wild et al., in review) regions.



3.2.3 Humpback whale

Humpback whale F-BIAs in the Arctic (n=2, not including child BIAs) were located entirely in the southcentral Chukchi Sea (Figure 11). One BIA was transnational and one BIA was located entirely in Russian waters. Temporally, humpback whale F-BIAs in the Arctic encompassed July-October. The humpback whale hierarchical F-BIA was based primarily on data from ASAMM aerial line transect surveys conducted from 2009-2019 (Clarke et al., 2013b; Brower et al., 2018; Clarke et al., 2020), with additional data support from vessel sightings from 2009-2019 (Grebmeier et al., 2019; IUCN, 2021), and passive acoustic monitoring from 2012-2018 (Alaska Fisheries Science Center, 2021) for the child BIA within the U.S. EEZ. Data collected from DBO vessel surveys in 2009-2011 (Grebmeier et al., 2019; IUCN, 2021) were the only data available for the child BIA west of the U.S. EEZ. The small F-BIA delineated for the Chukotka peninsula just north of Bering Strait was supported by data from shore-based observations during October in some years between 1993-2012 (Mel'nikov, 2000; Melnikov, 2019).




Figure 11 | Arctic region humpback and fin whale feeding BIAs (does not include child BIAs).



Additional humpback whale F-BIAs were designated for the Aleutian Islands-Bering Sea (Brower et al) and Gulf of Alaska (Wild et al., in review) regions.



3.2.4 Fin whale

The fin whale F-BIA in the Arctic (n=1, not including child BIAs) was located entirely in the southcentral Chukchi Sea (Figure 11) and extended into the Russian EEZ. This hierarchical BIA extended spatially from west of Wainwright to the Bering Strait and temporally from July to October. ASAMM aerial line transect surveys conducted from 2009-2019 (Brower et al., 2018; Clarke et al., 2013b; Clarke et al., 2020) were the principal data set for the two northernmost child BIAs, with additional data support from passive acoustic monitoring from 2007-2018 (Delarue et al., 2013; Escajeda et al., 2020; Furumaki et al., 2021; Tsujii et al., 2016; Alaska Fisheries Science Center, 2021) and vessel sightings (Grebmeier et al., 2019; IUCN, 2021) for the southernmost child BIA. There are no recent data for fin whales west of the U.S. EEZ; information on fin whale distribution and occurrence from Soviet-era whaling in the 1960s and 1970s (e.g., Ivashin and Votrogov, 1982; Ivashchenko et al., 2013; Votrogov and Ivashin, 1980) were considered outdated for F-BIA purposes. A single acoustic detection of a fin whale near Point Barrow in 2012 (Crance et al., 2015) did not meet BIA criteria.

Additional fin whale F-BIAs were designated for the Aleutian Islands-Bering Sea (Brower et al., 2022) and Gulf of Alaska (Wild et al., in review).



3.2.5 Beluga

Beluga F-BIAs for BS and ECS stocks in the Arctic (n=9) were delineated from eastern Amundsen Gulf and Viscount Melville Sound to the western Chukchi Sea, and were the most spatially extensive of all Arctic BIAs (Figure 12). Temporally, F-BIAs in the Arctic for both stocks encompassed July-October. Data supporting beluga F-BIA scoring, boundary, and temporal parameters originated primarily from satellite telemetry studies (Richard et al., 2001; Suydam et al., 2001; Hauser et al., 2014; Hauser et al., 2016; Halliday et al., 2021; Storrie et al., 2022), augmented by passive acoustic monitoring (Halliday et al., 2018; Stafford et al., 2018) and aerial surveys (Harwood and Kingsley, 2013; Hornby et al., 2017; Clarke et al., 2018; Clarke et al., 2020). At first glance, it appears that there is substantial overlap between the two stocks, but a close examination of Figure 12 reveals the spatiotemporal distinctions between the BS and ECS stocks (Hauser et al., 2014; Hauser et al., 2016).




Figure 12 | Arctic region beluga (Eastern Chukchi Sea Stock and Beaufort Sea Stock) feeding BIAs.



Beluga M-BIAs in the Arctic (n=3) delineated important areas for the BS stock in spring and late autumn, and the ECS stock in autumn only (Figure 13). As discussed above in the example BS F-BIA, belugas are assumed to be feeding most of the time, so relatively few M-BIAs were defined; it is highly likely that belugas feed during the times and areas identified here as M-BIAs. Autumn M-BIAs were delineated based primarily on data from satellite telemetry (Hauser et al., 2014; Hauser et al., 2016) boundaries used the 50% utilization density.




Figure 13 | Arctic region beluga (Eastern Chukchi Sea Stock and Beaufort Sea Stock) migratory BIAs.



Beluga R-BIAs in the Arctic (n=3) were located near Kasegaluk Lagoon in the northeastern Chukchi Sea for ECS belugas, and in the Mackenzie estuary in the eastern Beaufort Sea for BS belugas (Figure 14). The latter area was discussed in detail in Section 2.4.4. There is surprisingly little direct information specific to calving for the ECS beluga stock. This stock returns annually to the area from Omalik Lagoon to Kasegaluk Lagoon and is observed molting and feeding at inlets between barrier islands; the assumption is that calving occurs primarily near Omalik Lagoon prior to the migration into Kasegaluk (Huntington and the communities of Buckland, Elim, Koyuk, Point Lay and Shaktoolik, 1999). O’Corry-Crowe et al. (2020) indicated that most social aggregations observed in and near Kasegaluk Lagoon were mixed age herds, not adult-calf dyads or adult calf groups which were observed at other known beluga calving areas (e.g., Svalbard, Norton Sound, Mackenzie delta, Cunningham Inlet), but Kasegaluk Lagoon is assumed to provide a more hospitable environment to newborn calves due to predator avoidance and warmer water. The ECS beluga R-BIA was based on ASAMM aerial line transect surveys (Clarke et al., 2020), Indigenous knowledge from the village of Point Lay, Alaska (Huntington and the communities of Buckland, Elim, Koyuk, Point Lay and Shaktoolik, 1999), and aerial surveys conducted in the early 1990s (e.g., Frost and Lowry, 1990; DeMaster et al., 2001). The aerial survey data from the early 1990s were included because, although those data are dated, there is no evidence indicating that ECS beluga calving areas have changed over time.




Figure 14 | Arctic region beluga reproductive BIAs. (A) Eastern Chukchi Sea Stock; (B) Beaufort Sea Stock.






3.3 Watch list areas

Fifteen watch list areas (Figure 15) were identified in the Arctic indicating that, while they may be important, the areas currently lack sufficient information to reliably be scored and delineated spatiotemporally (Supplementary Table 7). Arctic watch list areas expand spatial or temporal extents for four species; one area was delineated because it may represent use by an as-yet undefined beluga stock. The two watch list areas in Kotzebue Sound were the only Arctic watch list areas within the U.S. EEZ (Figure 15), representing areas that may be important for belugas in Kotzebue Sound in June and July and harbor porpoises year-round (Castellote et al., 2017; O’Corry-Crowe et al., 2021). Watch list areas beyond the boundaries of the U.S. EEZ included two in the Russian EEZ, nine in the Canadian EEZ, and two in international waters north of the U.S. and Russian EEZs, all of which represent areas of potential importance for species that occur seasonally in U.S. waters. Eight of the watch list areas were for bowhead whales, with half in the northern Chukchi Sea and half in Amundsen Gulf, Canada. Many of the bowhead whale watch list areas were identified based on passive acoustic monitoring via a single hydrophone (e.g., Halliday et al., 2018; Halliday et al., 2019; Halliday et al., 2020; Insley et al., 2021; Moore et al., 2012a; Stafford et al., 2022b) or use of an area by 1-2 satellite tagged whales (Citta et al., 2015; Halliday et al., 2021), so Intensity, Data Support, and spatiotemporal parameters were difficult to determine. Two of the bowhead whale watch list areas in the northern Chukchi Sea were in international waters north of U.S. and Russian EEZs. One watch list feeding area was designated for gray whales in the eastern Beaufort Sea, based on a relatively large number of gray whales (n=15, including one calf) observed there on one day in August 2019 (Clarke et al., 2020). Four watch list areas were designated for BS belugas in Amundsen Gulf or far upriver in the Mackenzie estuary. Most (80%) watch list areas were designated for feeding although, in many cases, the actual behavior was assumed.




Figure 15 | Arctic region watch list areas.






4 Conclusions and recommendations

Identified BIAs in the Arctic region included feeding areas, reproductive areas, and migratory corridors for bowhead whales and two stocks of belugas; reproductive and feeding areas for gray whales; and feeding areas for humpback and fin whales. Some of the information gaps identified during BIA I for the Arctic region, including bowhead whale use of the western Beaufort Sea in summer, existence of a bowhead whale autumn migratory corridor in the Chukchi Sea, and the extent and nature of beluga use of outer continental shelf and slope habitat in the Beaufort Sea (Clarke et al., 2015b), were resolved during the BIA II delineation process. Other previously identified gaps, including the existence or location of gray whale migratory corridors in spring and autumn and the degree to which gray whales move between known feeding hotspots, remain unanswered. BIAs designated for humpback and fin whales during BIA II were made possible due to broad-scale, multiyear studies (e.g., ASAMM, DBO), but were limited to F-BIAs even though calves have also been observed (Brower et al., 2018; Clarke et al., 2020). Watch list areas were designated for bowhead whales, gray whales, and belugas in the Canadian Beaufort Sea, bowhead whales in the northern Chukchi Sea, and belugas and harbor porpoises in Kotzebue Sound.

Minke whales, killer whales, and harbor porpoises were increasingly observed in the Chukchi Sea starting in 2008 (Brower et al., 2018; Clarke et al., 2013b, Clarke et al., 2020; Stafford et al., 2022a; Willoughby et al., 2020), but visual observations and passive acoustic detections were not as frequent or regular as other cetaceans for which BIAs were designated. A transboundary (Aleutian Islands-Bering Sea and Arctic regions) watch list area was delineated for minke whales (Brower et al., 2022). There is insufficient information to delineate any Arctic BIAs or watch list areas for killer whales. As noted above, a watch list area was delineated for harbor porpoise in a relatively small geographic area in the Arctic. Some of the broad-scale, multiyear studies (e.g., ASAMM) that provided visual observations are no longer occurring, and opportunities for continued data collection on all cetaceans have lessened as interests in offshore oil and gas development in U.S. and Canadian waters have recently waned.

Watch list areas for bowhead whales and BS belugas in Amundsen Gulf (n=8) and bowhead whales in the northern Chukchi Sea (n=4) suggest more extensive use of those areas, spatiotemporally, than previously documented. Visual observations in these areas have been generally limited to the open water season (i.e., July-October) when vessel access is possible and daylight is suitable for visual observations, but passive acoustic monitoring and satellite telemetry have revealed near year-round occurrence in at least some years. As environmental conditions in the Arctic continue to dramatically alter (e.g., diminished sea ice in all seasons), the continuation of passive acoustic monitoring (e.g., Stafford et al., 2022a) and satellite telemetry studies (Citta et al., 2021) that allow for year-round data collection will be paramount. Despite the discontinuation of ASAMM visual surveys, there are several ongoing research efforts, most of which are multidisciplinary, but which include a marine mammal component. The Chukchi Ecosystem Observatory (https://aoos.org/project-page/ecosystems/chukchi-ecosystem-observatory/) includes passive acoustic sampling for marine mammal sounds from year-round moorings. Satellite tags were deployed on several BCB bowhead whales in autumn 2022 to continue to contribute to our understanding of how bowhead whale behaviors and distribution are changing with decreasing sea ice, different wind patterns, warmer water, and increasing human activity in the Arctic (http://www.adfg.alaska.gov/index.cfm?adfg=marinemammalprogram). Visual monitoring of marine mammals is incorporated in the ongoing DBO collaboration (https://dbo.cbl.umces.edu/about.html). Autonomous underwater vehicles (AUV), or underwater gliders, have been deployed in the Pacific Arctic since 2013, providing the means to monitor marine mammal sounds near real-time (Baumgartner et al., 2014). To augment these efforts, unmanned aircraft (i.e., drones) could be used to visually survey areas that are otherwise too remote (e.g., northern Chukchi Sea) to be surveyed via manned aircraft. Unmanned aircraft could also be deployed from research vessels for targeted surveillance of localized areas of interest, for example, dense aggregations of feeding whales or to collect photographs for potential stock identification. Unmanned aircraft have previously been used for cetacean studies in Alaska (Ferguson et al., 2018), Norway (Aniceto et al., 2018), Australia (Christiansen et al., 2020), and elsewhere. Unmanned aircraft and passive acoustic monitoring studies could assess potential watch list areas for multiple species; satellite telemetry is species-specific.

The southern Chukchi Sea, including Kotzebue Sound and areas west of the U.S. EEZ, and the greater Bering Strait area would benefit from an increase in cetacean research. This area may be undergoing an ecosystem regime shift to one characterized by subarctic conditions, species, and interactions more like that observed in the east-central Bering Sea shelf (Huntington et al., 2020). Studies have been conducted in regional subareas, revealing increased presence of humpback and fin whales in the southcentral Chukchi Sea (Brower et al., 2018; Clarke et al., 2013b, Clarke et al., 2020), linkages between humpback whales near the Chukotka Peninsula and two lower latitude breeding grounds (Titova et al., 2017; Titova et al., 2020), the possible presence of harbor porpoise year round in Kotzebue Sound (Castellote et al., 2017), and the continued existence of the Kotzebue Sound beluga stock (O’Corry-Crowe et al., 2021), but broader scale effort is lacking in the region.

To maintain utility and relevance in the rapidly changing Arctic, BIAs should continue to be reevaluated and revised as new information becomes available. Furthermore, non-cetacean Arctic marine mammals, including walruses, ice seals, and polar bears, should be included in future BIA analyses. The frequency at which BIAs should be updated is difficult to define. The Arctic is one of seven regions evaluated for BIAs in this issue, each with inherent challenges that may be shared or unique. Funding for marine mammal research fluctuates depending on national and international interests, anthropogenic impacts, and other factors. The magnitude, quality, and availability of new information will continue to vary between regions which will make it difficult to set specific timelines for BIA updates, but reevaluation and revisions should likely occur no less frequently than every five years.

The Arctic remains a strategically important region. Maritime traffic in the Arctic is governed by global, regional, and bilateral agreements and national policies, some of which contradict one another (Boylan, 2016). International shipping and national security interests, both military and commercial, coupled with decreased sea ice, are expected to allow increased vessel traffic across the Northern Sea Route (NSR) north of Russia, the Northwest Passage (NWP) north of the U.S., Canada, and Greenland, and across the North Pole in the decades to come (Stephenson et al., 2011; Smith and Stephenson, 2013). The negative implications for cetaceans, including behavioral disturbance, masking of important sounds, physiological stress or physical injury, hearing loss, and impacts to prey species, have been well documented (Moore et al., 2012b; Southall et al., 2019). The only pathway out of the Pacific Arctic, for marine mammals and vessels traversing the NSR, NWP or polar route alike, is through the 85-km wide but shallow Bering Strait, underscoring the need for continued identification of and revisions to cetacean BIAs.
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Building on earlier work identifying Biologically Important Areas (BIAs) for cetaceans in U.S. waters (BIA I), we describe the methodology and structured expert elicitation principles used in the “BIA II” effort to update existing BIAs, identify and delineate new BIAs, and score BIAs for 25 cetacean species, stocks, or populations in seven U.S. regions. BIAs represent areas and times in which cetaceans are known to concentrate for activities related to reproduction, feeding, and migration, as well as known ranges of small and resident populations. In this BIA II effort, regional cetacean experts identified the full extent of any BIAs in or adjacent to U.S. waters, based on scientific research, Indigenous knowledge, local knowledge, and community science. The new BIA scoring and labeling system improves the utility and interpretability of the BIAs by designating an overall Importance Score that considers both (1) the intensity and characteristics underlying an area’s identification as a BIA; and (2) the quantity, quality, and type of information, and associated uncertainties upon which the BIA delineation and scoring depend. Each BIA is also scored for boundary uncertainty and spatiotemporal variability (dynamic, ephemeral, or static). BIAs are region-, species-, and time-specific, and may be hierarchically structured where detailed information is available to support different scores across a BIA. BIAs are compilations of the best available science and have no inherent regulatory authority. BIAs may be used by international, federal, state, local, or Tribal entities and the public to support planning and marine mammal impact assessments, and to inform the development of conservation and mitigation measures, where appropriate under existing authorities. Information provided online for each BIA includes: (1) a BIA map; (2) BIA scores and label; (3) a metadata table detailing the data, assumptions, and logic used to delineate, score, and label the BIA; and (4) a list of references used in the assessment. Regional manuscripts present maps and scores for the BIAs, by region, and narratives summarizing the rationale and information upon which several representative BIAs are based. We conclude with a comparison of BIA II to similar international efforts and recommendations for improving future BIA assessments.
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1 Introduction

Anthropogenic activities in the marine environment continue to increase in number, geographic extent, and duration, resulting in increased potential risk to marine ecosystems worldwide (e.g., Poeta et al., 2017; de Vere et al., 2018; Gouveia et al., 2019; Duarte et al., 2021; O’Hara et al., 2021). Pursuant to multiple federal and state regulations, federal agencies, industry representatives, and members of the public conducting certain activities all share responsibility for assessing and minimizing the impacts of their activities on the environment and protected marine resources. For this specific U.S. effort, Biologically Important Areas (BIAs) represent areas and times in which cetaceans (whales, dolphins, or porpoises) are known to concentrate for activities related to reproduction, feeding, and migration, as well as ranges of small and resident populations. BIAs highlight important information, such as probable behavioral state, the presence of relatively sensitive life stages (e.g., calves), the existence of small populations with limited geographic ranges, and other information about what a species tends to do in a particular place and time. This information can help us better understand and predict how individual cetaceans are likely to respond to or be impacted by disturbances, how impacts may affect individual fitness, and where populations may be more susceptible to certain types of impacts. In the initial BIA effort (hereafter referred to as “BIA I”), Ferguson et al. (2015) described anthropogenic activities of concern for marine mammals, associated impacts, and how the spatiotemporal contextual information in BIAs is important in evaluating potential effects of those impacts on cetaceans.

Evidence continues to mount supporting the value of the information contained in BIAs for impact assessments for marine species (New et al., 2020; Pirotta et al., 2021). An understanding of where, when, how, and why marine mammals congregate and move is important when assessing direct interactions with human activities that can result in injurious or lethal impacts, such as vessel strike or fishing gear entanglement. Further, the growing body of evidence clearly indicates that an animal’s behaviors, activities, or states when exposed to the pervasive array of non-lethal stressors, such as underwater noise, can affect their immediate response (e.g., McHuron et al., 2018; Pirotta et al., 2021), with cumulative exposures potentially affecting individual fitness, which may ultimately result in population-level impacts (e.g., New et al., 2014; Dunlop et al., 2021; Pirotta et al., 2022).

To assess and predict the severity of marine mammal behavioral responses to underwater noise, Southall et al. (2021) emphasize the importance of subject-specific variables, such as behavioral state, whether calves are present, and other information highlighted by BIAs. In an extensive synthesis, they propose a new behavioral response severity scale for discrete exposures that rates response severity along three parallel and ethologically-based severity tracks: (1) survival (including effects on defense, resting, social interactions, and navigation); (2) reproduction (including mating and parenting behaviors); and, (3) foraging (encompassing search, pursuit, capture, and consumption). The severity rating indicates the likelihood that the response will result in a change in vital rates (e.g., through survival, energetic effects, or reproduction). Southall et al. (2021) strongly advocate for the robust and systematic reporting of key exposure metrics, including subject-specific metrics (e.g., behavioral state, whether calves are present), exposure context metrics (e.g., animal depth, proximity to the source of disturbance), and noise exposure metrics (e.g., exposure duration, maximum source level), in both experimental and observational studies, given the importance of these metrics in predicting responses. Further, they note that odontocetes with localized home ranges may experience long-term exposure to certain stressors, such as whale-watching, which cumulatively increase the likelihood of more severe effects, thus emphasizing the importance of identifying small and resident populations.

Another key tool in marine mammal risk assessment is the Population Consequences of Disturbance (PCoD) framework (National Resource Council, 2005; New et al., 2014), which conceptualizes how disturbance-induced changes in individual behavior and physiology affect populations through changes in individual health and vital rates. Keen et al. (2021) note that since the PCoD framework was first proposed, multiple models have been created to quantitatively evaluate the short- and long-term consequences of disturbance. PCoD models have been developed for several marine mammal species using a combination of matrix modeling, physiologically structured population modeling, bioenergetic modeling, and stochastic dynamic programming. These models have been parameterized via species-specific empirical data and alternative methods, including extrapolating from other species, proxy relations, and expert elicitation and informed assumptions when empirical data were lacking (Keen et al., 2021). Keen et al. (2021) synthesized the PCoD findings since 2005, reviewed common themes that have emerged, and highlighted essential intrinsic and extrinsic factors to consider when assessing risk to individuals and populations. One key factor is whether the disturbance source overlaps with biologically important habitats, such as those identified by BIAs. Citing multiple PCoD models, Keen et al. (2021) note that a population’s sensitivity to disturbance is strongly influenced by the importance of the disturbed area for foraging, reproduction, and migration.

BIAs that reflect the current ecological condition or status of a species provide critical information that is urgently needed for responsible management and conservation of cetaceans. In the eight years since the BIA I manuscripts were published, there have been changes in species distribution, density, abundance, and habitat use. The BIA II effort was designed to evaluate the latest information on cetacean ecology to ensure that the BIAs reflect the current and best available science.

The intended and appropriate use of BIAs cannot be overemphasized given the potential for mischaracterization and the confusion they could create. BIAs are compilations of the best available science and have no inherent or direct regulatory power. Neither the presence of, nor the associated scores for, a BIA should be interpreted as an indicator of vulnerability. BIAs may be used like any other scientific information (defined here to include data from formal scientific research, Indigenous knowledge, local knowledge, and community science) to support analyses and decisions, as appropriate, for the purposes of environmental planning, compliance, and protection. BIAs have been used by federal agencies and the public to support marine mammal impact assessments, and to inform the development of conservation, management, and mitigation measures for cetaceans, where appropriate, under existing authorities (e.g., the U.S. Marine Mammal Protection Act (MMPA), Endangered Species Act (ESA), National Environmental Policy Act (NEPA), and National Marine Sanctuaries Act (NMSA). However, BIAs have no legal, statutory, or regulatory power.

Of important note, because BIAs serve a different purpose and are defined differently, BIA delineation and scoring was conducted entirely independently of any consideration of critical habitat designations pursuant to the U.S. Endangered Species Act. Areas that NOAA has officially designated as critical habitat were only included as BIAs, either in part or whole, if they qualified as BIAs based on the definitions presented in this manuscript and the appropriate application of the scoring protocols. Critical habitat is defined in section 3 of the ESA as specific areas within the geographical area occupied by the species at the time of listing that contain physical or biological features essential to conservation of the species and that may require special management considerations or protection; and specific areas outside the geographical area occupied by the species if the agency determines that the area itself is essential for conservation of the species. Critical habitat is determined on the basis of the best available science, but the designation of critical habitat must also consider economic, national security, and other relevant impacts of specifying a particular area as critical habitat. BIAs are syntheses of science but do not need to meet this statutory definition and do not consider any of these other factors; therefore, not everything identified as critical habitat will meet the BIA criteria and vice versa.

BIAs were designed to address needs raised by managers who recognize the importance of the information ultimately included in BIAs to cetacean impact analyses. However, BIAs are but one tool available to inform marine mammal impact assessments and the development of protective measures. Any comprehensive impact assessment will need to consider information about the species and their habitat use, environmental pressures, and anthropogenic stressors. We stress the importance of other tools that are available to additionally support these efforts, including, but not limited to: ESA critical habitat, stock assessment reports, marine mammal abundance and density models (e.g., Roberts et al., 2016), unusual mortality event reports, PCoD models (Pirotta et al., 2021), climate vulnerability analyses (e.g., Lettrich et al., 2019), and ESA Recovery Plans and Status Reports. BIAs may help augment our interpretation of abundance and density estimates, indicating areas or times of the year when important reproduction, feeding or migratory behaviors occur. These areas may or may not correlate directly to areas of highest species density or abundance, but are vital to understanding the species’ life history and critical behaviors. We also stress the importance of following the rapidly evolving body of knowledge about marine mammal impacts to help us understand how best to apply the information provided by the BIAs in any specific assessment, planning, or mitigation effort. Specifically, available knowledge highlights the importance of considering, at a minimum, the characteristics and spatiotemporal scale of the activities and specific stressors being evaluated, the characteristics of the species that are present, and the BIA type. We incorporated scores and labels into this BIA II assessment to facilitate categorizing and interpreting BIAs.

BIA II builds on the fundamental principles of BIA I (Van Parijs, 2015), using virtually identical BIA definitions, but also providing additional information based on feedback from resource managers, scientists, and other BIA I users. The primary achievement of the BIA II effort was the development and implementation of semi-quantitative and nominal scoring and labeling protocols to characterize the relative importance of BIAs, thereby improving their utility, interpretability, and consistency. The overall “Importance” score is based on: (1) the intensity and characteristics underlying an area’s identification as a BIA; and (2) the quantity, quality, and type of information, and associated uncertainties, upon which the BIA delineation and scoring depend. Additionally, BIA II allowed the delineation of hierarchical BIAs to identify core habitat for small and resident populations, and to provide finer spatial resolution to score reproductive, feeding, or migratory BIAs, as appropriate. BIAs may also be used to identify information gaps and needs, and the expanded protocols include a specific mechanism for identifying “watch list” areas that experts believe may be BIAs, but that currently lack sufficient information to reliably delineate and score.

The overarching goal of this paper is to introduce the BIA II effort. The five objectives are to: 1) describe the process that the Biologically Important Area II Working Group (BIA II WG) implemented to delineate and score BIAs and watch list areas; 2) summarize the resulting BIAs and watch list areas; 3) discuss strengths, improvements, and limitations of the existing BIA scoring and delineation process; 4) suggest ways in which this BIA assessment can be improved in the future; and 5) briefly compare the BIA II assessment to similar international efforts.

The final products of the BIA II WG effort are presented as seven region-specific manuscripts in this special issue. The regions surround the United States, include the waters within and adjacent to the U.S. Exclusive Economic Zones (depicted in Figure 1), and generally reflect Large Marine Ecosystem delineations (Sherman and Alexander, 1986) (Figure 1). The regions comprise the East Coast, Gulf of Mexico, West Coast, Hawai‘i, Gulf of Alaska, Aleutian Islands and Bering Sea, and the Arctic (encompassing the eastern Chukchi and western Beaufort seas). For each BIA, we provide a map, scores and label, and a metadata table (included as supplementary information to the regional manuscript) detailing the data, assumptions, and logic used to delineate, score, and label each BIA. Each regional manuscript also includes an expanded narrative describing the rationale and information that provide the basis for a subset of BIAs representing the variety of BIA types and scores for the region. Each regional manuscript includes a list of references cited in the manuscript; a comprehensive list of information used to delineate and score each BIA is available on the BIA website. The interactive BIA map on the NMFS website (https://oceannoise.noaa.gov/biologically-important-areas) is the source of the most recent publicly available BIA information.




Figure 1 | Overview of study area, showing the seven regions within which Biologically Important Areas (BIAs) were assessed. All BIAs evaluated and scored in this effort either fully or partially overlap U.S. waters (i.e., the region shoreward of the offshore boundary of the U.S. Exclusive Economic Zone (EEZ), including state waters); however, BIAs were not truncated at the U.S. EEZ. The seven regions are labeled clockwise starting in the east: (A) East Coast; (B) Gulf of Mexico; (C) West Coast; (D) Hawai’i; (E) Gulf of Alaska; (F) Aleutian Islands and Bering Sea; and (G) Arctic.






2 Methods

The BIA II assessment was a species-focused, science-based process that used expert elicitation and centered on areas that are within, overlap, or are adjacent to U.S. waters. BIAs were delineated based on their importance to a particular species, stock, population, or other ecologically relevant sub-specific identifier. Hereafter, “species” will be used to represent species, stocks, populations, or any other sub-specific unit that has been identified as essential for the identification and/or scoring of a given BIA, as appropriate. BIAs were scored based on detailed written protocols, summarized here (see the Supplementary Material for the complete protocols).

Regional leads with cetacean expertise were chosen to oversee and assist with the identification, delineation, and scoring of BIAs for each of the seven regions. In accordance with the selection process for the initial BIA effort, for BIA II we defined a regional lead as an individual or research group with significant research and technical experience with cetacean species found in a specified region. The regional leads were affiliated with a range of institutions, including academic institutions, governmental agencies, and nongovernmental organizations, including a nonprofit research consortium. Furthermore, to select region leads for BIA II, we gave preference to people who actively participated in or led regional efforts for BIA I.

Regional leads were asked to engage with additional subject matter experts (SMEs) as needed to ensure all available information and necessary expertise were included in the assessment. During an introductory workshop, the BIA II WG leads presented an overview of the purpose, BIA delineation and draft scoring protocols, and schedule for the BIA II effort. Attendees at the introductory workshop included NOAA and Navy project sponsors, regional leads, SMEs, and other interested parties. Workshop participants were encouraged to provide targeted input to help finalize the scoring and labeling protocols. Based on feedback from workshop participants, the WG leads revised the scoring and labeling protocols and subsequently met with the regional leads and SMEs to present the protocols in a comprehensive, step-by-step manner, utilizing case studies to illustrate key scoring and labeling details. An individual (co-author LN) with extensive experience in structured expert elicitation facilitated these early meetings to ensure a shared understanding of the scoring and labeling protocols across regional leads and SMEs. BIA II WG leads held two additional regional check-ins for each region, with participation from regional leads and available SMEs, to answer questions and provide clarity as experts began applying the information assessment and scoring protocols. To promote consistency, notes from the regional check-in meetings were shared across regions. In a few instances, the protocols were revised to address issues that arose in practice. The final protocols, used consistently throughout the BIA II assessment, are provided in the Supplementary Material.

Consistent with BIA I, four types of BIAs were defined for BIA II (Table 1): Reproductive Areas (R-BIA); Feeding Areas (F-BIA); Migratory Routes (M-BIA), and Small and Resident Populations (S-BIA). BIA types are not mutually exclusive. For instance, a species’ feeding BIA might overlap with a migratory BIA in space or time. Small and resident BIAs may encompass both feeding and reproductive areas. Where BIAs span more than one region (a transboundary BIA), region leads worked together to delineate and score the BIA. The associated metadata for a transboundary BIA were compiled by the region that had the largest proportion of the BIA, and the BIA record lists which regions the BIA spans.


Table 1 | Definitions of the four types of Biologically Important Areas (BIAs).



BIA boundaries include only the areas and time periods described in the definitions above (Table 1) based on the information available for the assessment. Habitat suitability predictions alone were insufficient for delineating BIA boundaries. Similarly, BIA boundaries do not include any intentional “buffers” or other precautionary additions of area or time. Last, while we recognize that cetacean distributions and habitat use are undergoing changes and that future changes are predicted due to global stressors such as climate change, evaluating the extent of change to date and predicting changes in the future are outside the scope of the BIA process. BIAs do not consider potential future conditions.

Geographic boundaries may be delineated using a variety of methods, such as geographic features (isobaths, boundaries of bays or inlets, etc.), distances to geographic features, hydrographic features, minimum convex polygons around observation points (e.g., sightings, acoustic detections, or satellite tag locations), polygons surrounding a certain percentage of individuals engaged in a specific activity, etc. BIA boundaries for small and resident populations aim to include 100% of the population. In contrast, boundaries for feeding, reproductive, or migratory BIAs should include less than 100% of the area and time in which the associated activity occurs because these BIAs indicate where a substantial portion of a species “preferentially feeds” or “selectively mates, gives birth, or is found with neonates or calves”, or within which “a substantial portion” is known to migrate (Table 1).



2.1 BIA scoring and labelling protocols

Five metrics were used to score and label BIAs (Table 2). Intensity and Data Support were the two primary scores, upon which the overall Importance score was based. For each candidate BIA, Intensity and Data Support were independently scored utilizing the scoring rules provided for each BIA type (i.e., R-BIA, F-BIA, M-BIA, or S-BIA), which are summarized below. Then, Intensity and Data Support scores were combined to determine an overall Importance score using a single Importance Score matrix for all BIA types (Figure 2). Independently, Boundary Uncertainty and Spatiotemporal Variability (dynamic, ephemeral, or static) were scored for each BIA, using the same rules for all BIA types.


Table 2 | Overview of the five BIA scoring metrics.






Figure 2 | Intensity and Data Support are combined to determine the Importance score for all BIA types based on this Importance matrix.





2.1.1 Intensity scoring

The Intensity score indicates the comparative significance of an area to the species in the context of the BIA type definition and the species’ range and size. This score considers factors such as abundance, density, spatial or temporal extent of use, and proportions, rates, or frequencies of relevant processes (e.g., proportion of the population that uses a migratory corridor; biomass of prey consumed per day; annual use). A higher Intensity score indicates higher values of one or more factors relative to other areas or times, and is associated with more concentrated or focused use. In the context of BIAs, Intensity is based solely on the properties associated with the BIA type description and does not consider other factors such as the health or status of the species, or anthropogenic pressures. Such ancillary factors, when known, may be addressed through other constructs (e.g., Endangered Species Act listing, Potential Biological Removal, Unusual Mortality Events) that users may consider independently of the BIAs. The Intensity score for a BIA may be affected by the number and size of other BIAs of the same type for that species. Although there is no universal rule for adjusting the magnitude of an Intensity score for a given BIA based on the existence of other BIAs, any such consideration is explained in the supporting rationale.

Intensity scoring metrics and rules are different for each BIA type. Intensity was scored entirely quantitatively for S-BIAs and entirely qualitatively for F-BIAs and R-BIAs. Experts could use either an entirely qualitative or partially quantitative approach for M-BIAs.



2.1.1.1 S-BIAs

For S-BIAs, Intensity was quantitatively based on two factors: abundance and range size. For candidate S-BIAs, abundance and range size were first scored independently as 1, 2, or 3 (Table 3). Then, the abundance and range size scores were combined to generate an overall Intensity score using the matrix in Figure 3, which defines the score for all possible combinations of range size and abundance. Populations with abundances above 2000 individuals were not considered qualified as S-BIAs, although there were a few populations where the upper bound of the confidence interval around the abundance exceeded 2000 (and the lower bound was under 2000) that were included. The S-BIA scoring protocols initially included an upper bound for the range size. However, the extent and boundaries of small and resident populations are both influenced by a particular species’ ecology (e.g., some species must range widely to find food, whereas others are able to forage in small areas without ranging widely), and are limited by the availability of the habitat the population relies on. All of the S-BIAs identified are associated with inland or enclosed water bodies (e.g., bays or gulfs), islands or groups of islands, or coastal populations. Given this, limiting populations that may be considered S-BIAs based on a maximum range size was not appropriate, and the scoring protocols were modified to remove the upper limit for range size.


Table 3 | Quantitative criteria for scoring abundance and range size factors needed to assign an Intensity score to candidate S-BIAs.






Figure 3 | Abundance and range size scores are combined to determine the Intensity score for a candidate S-BIA based on this matrix.






2.1.1.2 F-BIAs and R-BIAs

For F-BIAs and R-BIAs, experts qualitatively considered multiple, but different, Intensity factors (Table 4). The factors vary enough and present enough possible permutations that a strict quantitative scoring system would be challenging to construct for the Intensity score of F-BIAs and R-BIAs. The following scoring rules were applied: (3) indicates high Intensity; (1) represents notably lower Intensity; and (2) represents the remainder of situations that are not notably high or low Intensity. The BIA II WG focused on ensuring consistent logic and scoring across all F-BIAs and R-BIAs for all species, areas, and times through discussions and sharing detailed examples among regions. The rationale for all scores is included in the metadata for each BIA.


Table 4 | Qualitative Intensity factors considered in the Intensity score for F-BIAs and R-BIAs.



The R-BIA definition is tripartite, including areas and times within which a particular species selectively mates, or gives birth, or is found with neonates or calves. We note that a BIA where animals may be “found with neonates or calves” may be distant in space or time from where the animals give birth. This third situation was intentionally included in the definition of an R-BIA to recognize the importance of the presence of comparatively vulnerable younger animals, who may still be learning keys to survival and also receiving nutritional support from their mothers, and the energetic demands on lactating females, among other things. While no firm age limit was initially established for “calves,” discussions with regional leads led to one year being identified as a reasonable bound.




2.1.1.3 M-BIAs

For M-BIAs, experts considered multiple Intensity factors either entirely qualitatively, or with some quantitative consideration (Table 5). Even with some quantitative consideration, the factors vary enough and present enough possible permutations that a strict quantitative scoring system would be challenging to construct for the M-BIA Intensity score. The following scoring rules were applied: (3) indicates high Intensity; (1) represents notably lower Intensity; and (2) represents the remainder of situations that are not notably high or low Intensity.


Table 5 | Intensity factors that were qualitatively, or partially quantitatively, considered to score M-BIA Intensity.







2.1.2 Data support scoring

The Data Support score is intended to distinguish meaningful differences in the information used to support the identification of and score for the BIA. Supporting information includes Indigenous or local knowledge, community science, raw data, analytical methods, and derived parameters. The scoring of the Data Support metric included consideration of four factors described below: information type, sample size, and quality and uncertainty of supporting information. All Data Support scores were qualitatively determined as described in Table 6.


Table 6 | The four Data Support score factors of information type, sample size, quality, and uncertainty were qualitatively evaluated to determine a Data Support score for each BIA type as described here.





2.1.2.1 Information types

The different types of information used weigh into the scoring of the Data Support metric. While the applicability of different types of information varies across BIA types, many types of information that could be considered are applicable to multiple types of BIAs and we have provided a general list below. The full BIA protocol document provides more detail regarding the specific types of information these tools can provide and how they may relate to a particular BIA type.

	Indigenous or local knowledge;

	Data from bio-logging tools such as satellite tags, acoustic movement tags, GPS tags, or time-depth tags;

	Photo-identification data;

	Genetic data;

	Line-transect data;

	Passive acoustic recordings and detections; and

	Visual sighting data from systematic marine mammal research, protected species observers for regulated activities, or community science.






2.1.2.2 Sample size

The amount of supporting data, or sample size, weighs into scoring the Data Support metric. Examples of how sample size may be considered include:

	The sample size of bio-logging datasets may be evaluated based on the number and type of tags deployed in different age and sex classes during particular locations and seasons; tag longevity (i.e., the length of the time series from each tag); and the number of years across which the tags were deployed on a particular species.

	Important aspects related to sample size for photo-ID datasets include: number of individuals identified; study duration (in years); spatial and temporal extent of sampling; representativeness of the sample (e.g., age class, sex, proportion of the population with identifiable markings); and the maximum number of years a single individual was identified in an area.

	The sample size of line-transect survey datasets may be evaluated based on the total number of surveys in the time series, total distance (or time) covered on transect, time lag between surveys, and the temporal and spatial extent and resolution (i.e., spacing between transects) of each survey.

	The sample size of passive acoustic monitoring datasets may be evaluated based on the number and location of acoustic recorders, total time sampled, temporal extent of recordings, sample frequency, and number of signals (i.e., calls, whistles, clicks, songs, etc.) of the specific species detected.

	The sample size of visual observation datasets may be evaluated based on the total number of observations, the number of years and months over which the observations were made, and the temporal and spatial extent and resolution of the effort.






2.1.2.3 Quality and uncertainty

Quality and uncertainty represent two different, although related, characteristics. Separate from the amount of supporting information, information can vary in quality. For example, data collected from trained protected species observers (PSOs) conducting a survey to satisfy a regulatory requirement may be more comprehensive or reliable in terms of species identification, group size estimates, time, position, etc., than community science data. Also, the age of information that may be considered relevant for delineating and scoring BIAs may vary by BIA type. For example, regional leads agreed that datasets may remain relevant longer for assessing S-BIAs and M-BIAs because their spatiotemporal boundaries may be unlikely to change over time. In contrast, feeding and activities associated with reproductive success may be more sensitive to changes in the environment; therefore, it may be appropriate to limit data used to delineate and score F-BIAs and R-BIAs to a more recent time period.

Furthermore, analytical methods used to estimate derived parameters vary based on a variety of criteria, including whether the analytical assumptions were appropriate for the data, whether and how correction factors were incorporated to account for known biases in the data, and whether and how uncertainty in derived parameters was estimated. Uncertainty refers to the estimated precision or confidence in derived parameters. Poor quality data may not allow reliable estimates of uncertainty. High quality data that are associated with an inherently noisy system may lead to reliable, yet high, estimates of uncertainty. Lastly, high quality data that have been analyzed poorly will result in unreliable estimates of uncertainty.

To score Data Support, the available information is variable enough, and presents enough possible permutations of type, sample size, quality, and uncertainty that a strict quantitative scoring system (e.g., matrix) would be challenging to construct. Therefore, the qualitative approach described in Table 6 was applied.





2.1.3 Importance score

Intensity and Data Support scores were combined as indicated in the matrix in Figure 2 to determine the overall Importance score. The matrix is designed such that Intensity drives the Importance score except when the Data Support is weakest, in which case the Importance score is lowered by 1. For example, a BIA with an Intensity score of 3 will have an Importance score of 3, except when the Data Support is 1, leading to an Importance score of 2. The Importance Score matrix is identical for all BIA types: Intensity and Data Support each range from 1-3, and the Importance score will always range from 0-3. A zero score was assigned when both Intensity and Data Support were 1, meaning that the area was not considered a BIA at present, but was added to a watch list.

There is one notable exception to the general rule that watch list areas are designated based on Importance scores of zero. Specifically, a candidate S-BIA with Importance score equal to 1 could be added to the watch list, with explicit justification. This exception is necessary because the S-BIA Intensity scoring matrix (Figure 3) does not allow an Intensity score of 1 for populations that fall into the smallest category of either population or range sizes. Consequently, the smallest possible Importance score for this type of candidate S-BIA, based on the Importance matrix (Figure 2), would be 1. If Data Support is sufficiently weak, this type of candidate S-BIA does not qualify to be a BIA and could be designated as a watch list area.

Areas on the watch list may be considered priority areas for future research or for consideration during the next BIA revision. A summary of the areas on the watch list is included in the Assessment section.




2.1.4 Boundary certainty

Boundary Certainty describes the degree of confidence in the location and timing of the BIA boundary. To the extent possible, Boundary Certainty was considered independently of the Intensity, Data Support, and Spatiotemporal Variability (defined below) scores. Boundary Certainty incorporates information about the factors that define the boundary (e.g., bathymetric vs. hydrographic features) and certainty regarding the size, location, and period of occupancy of the BIA. Boundary Certainty should be rated as (1)=low, (2)=medium, or (3)=high. The narrative and metadata explain the boundary characteristics that were used to delineate the boundary and to derive the Boundary Certainty score for each BIA, as well as known limitations (e.g., surveys were conducted within only a limited area or period). All BIAs were assigned a Boundary Certainty score, whereas watch list areas may lack sufficient data to score this metric.




2.1.5 Spatiotemporal variability

Each BIA was assigned a Spatiotemporal Variability indicator (a nominal score). The geographic location of some BIAs may be known, or be highly likely, to vary with time according to some periodicity (i.e., inter-annual, inter-decadal, etc.). Although spatiotemporal variability among different areas exists across a continuum, for the purposes of this exercise, we identify three types of spatiotemporal variability (types derived after Johnson et al., 2018): static, ephemeral, and dynamic.

All BIAs were assigned a Spatiotemporal Variability indicator, whereas watch list areas may lack sufficient information to assign an indicator.



2.1.5.1 Static

A static BIA is characterized by features that are clearly differentiated in the physical world and fixed in space and time (e.g., an island or island chain, a coral reef, seamount, bay, or inlet).




2.1.5.2 Ephemeral

Two types of ephemeral BIAs may be identified. In the first case, more than one BIA subarea may be found within a larger fixed BIA; however, at any given time, not all of the BIA subareas are “active”. In other words, the spatial pattern of the habitat mosaic of BIA subareas within the larger BIA is not static. Each BIA subarea within the habitat mosaic may be activated by a forcing mechanism (e.g., freshwater inflow, upwelling, etc.) that is particular to that subarea. We refer to the spatiotemporal characteristics of such a BIA as ephemeral. The second type of ephemeral BIA is a fixed area that is either entirely “active” or entirely “not active.” An example of this second type of ephemeral BIA is the “krill trap” area near Barrow Canyon in the Arctic region, which was designated as an ephemeral F-BIA in July for bowhead whales (Balaena mysticetus) (Clarke et al., 2023). Furthermore, the BIA may be active according to some periodicity, or it may be aperiodic. For both types of ephemeral BIAs, it is essential to clearly state, if known, the periodicity of the temporal variability and what factors influence the associated variability. The influencing factors may be physical (e.g., water temperature, water mass characteristics, winds, upwelling, freshwater input, hydrographic fronts) or biological (e.g., prey recruitment).




2.1.5.3 Dynamic

A dynamic BIA is associated with persistent but mobile features of the ecosystem, such as major oceanographic fronts. Dynamic BIAs are distinguished from ephemeral BIAs in that the former always exist, but their geographic location varies temporally, whereas ephemeral BIAs may be active or not active.





2.1.6 The BIA “unit” and hierarchical scoring

In the simplest case, a BIA unit corresponds to a single polygon and one continuous period within which a species engages in a particular biologically important activity (i.e., an area that qualifies as a R-, F-, or M-BIA), or it corresponds to the range of a small and resident population. However, it is possible that multiple polygons of the same type of BIA for a species could exist in a single region and period. In that case, it was acceptable and encouraged to identify and score a cluster of BIA polygons as a single unit, regardless of whether they share common boundaries, as long as the scores were identical across all polygons in the cluster.

Also, for this BIA II process, we introduced the concept of “hierarchical” BIAs. Specifically, sometimes high-resolution data are available, and it is appropriate and helpful to reflect a gradation in Intensity score across a larger BIA. Two specific examples are considered. For S-BIAs specifically, there may be a single core area within a larger S-BIA in which the Intensity factors support a higher score (Figure 4). For F-, R-, or M-BIAs, there may be a single area in which a biologically important activity preferentially occurs, yet there may be spatial heterogeneity in Intensity defined by one or more subareas within. These two scenarios are termed “hierarchical scoring”; the larger bounding BIA unit is referred to as the “parent BIA,” and the smaller BIA unit(s) inside are referred to as “child” BIA(s). The scoring described in the methods above is applied to the BIA units in a hierarchical situation; however, additional hierarchical scoring rules apply for different BIA types as described below. Specific information and rationale used to delineate the BIA are explicitly documented in the associated narrative and metadata.




Figure 4 | Example of hierarchical small and resident BIA for Hawai’i Island dwarf sperm whale (Kogia sima) (from Kratofil et al., 2023). Parent BIA boundary (blue polygon) for the Hawai‘i Island dwarf sperm whale population represented as a minimum convex polygon (MCP) encompassing all sighting locations in less than 2,000 m water depth (yellow circles), and child BIA boundary (core range; purple polygon) represented as the area between the 500-m and 1,000-m isobaths within the parent BIA. Points are partially transparent to highlight high density areas (i.e., where multiple points overlap). The inner boundary for both BIAs is defined as the 300-m isobath.





2.1.6.1 Hierarchical scoring for R-, F-, and M-BIAs

In the case of R-, F-, and M-BIAs, whether a single core area(s) or multiple child polygon(s), the Intensity score for the parent BIA must be less than the highest Intensity score among the core/child area(s) (Figure 5).




Figure 5 | Screenshot from the BIA scoring portal depicts part of one of the screens through which regional leads entered the required key characteristics of the BIAs, as well as the supporting rationale.






2.1.6.2 Hierarchical scoring for S-BIAs

S-BIAs are intended to delineate 100% of the species’ range, and quantitative criteria are used to score Intensity. The quantitative criteria for S-BIAs were explicitly designed to apply to a polygon encompassing 100% (or as close as possible given the available information) of the species. Therefore, in a hierarchical situation where it is possible to identify a core area (as in Figure 4), the quantitative criteria described for S-BIAs are applied only to the Intensity of the parent BIA. It is not appropriate to apply the quantitative S-BIA Intensity scoring rules to a child S-BIA (core area). When the quantitative criteria for S-BIAs are applied to the parent, the more intense core child area is accorded a higher Intensity score, unless the parent qualifies for an Intensity of 3, in which case it is impossible to score the child any higher, and the Intensity score for the parent BIA can be equal to the Intensity score for the core/child.





2.1.7 BIA labeling

Each individual BIA unit has a label, which identifies (in order) the BIA type; Importance, Spatiotemporal Variability, and Boundary Certainty scores; region code; identification number; and suffix that indicates hierarchical or non-hierarchical structure. The Intensity and Data Support scores underlying the Importance score are not included in the label but are indicated in the metadata and narratives for each BIA and in the summary tables in the regional manuscripts. The region codes are EC = East Coast, GOM = Gulf of Mexico, WC = West Coast, HI = Hawai‘i, GOA = Gulf of Alaska, ABS = Aleutian Islands and Bering Sea, and ARC = Arctic. For example, a BIA with “R-BIA3-s-b2” at the beginning of the label refers to a Reproductive (R) BIA with the highest (3) of three possible Importance scores, generally static (s) in nature, with medium confidence (b2) in the accuracy of the boundary delineation. For non-hierarchical BIAs, the full label for the BIA would be R-BIA3-s-b2-REG###-0, where “REG” is a placeholder for the region code, “###” represents a sequential identification number that is automatically assigned by the BIA scoring portal (described below), and “0” indicates that it is non-hierarchical. For hierarchical BIAs, each individual (child) BIA unit is represented by a letter following the ID number (e.g., R-BIA3-s-b2-REG###-a); the large (parent) polygon would be labeled in the same way as if it were a non-hierarchical BIA, with the same ID number as the child areas, plus a string of letters representing the child areas it contains (e.g., R-BIA3-s-b2-REG###-0abcde, if it contained 5 child areas).





2.2 Structured expert elicitation

Decision-making is a complex process that becomes even more so when dealing with the marine environment, an intricate and sometimes poorly understood system (Kenchington, 1992; Evans et al., 2017). Collecting more data to improve our knowledge, and hopefully our decision-making as a result, is always an attractive prospect, but does not always account for some factors, such as Indigenous or local knowledge, and human values and behavior (Toomey, 2016); the expected value of the scientific information (Runge et al., 2011); and whether the data will be available on the time scale needed for the decision (Kuhnert et al., 2010). Furthermore, within the context of environmental decision-making, the questions asked are often characterized by limited or highly uncertain data (Kuhnert et al., 2010). Nobody wishes to make uninformed decisions, but waiting for new or improved data to inform the process can result in the loss of opportunities, decisions being made without scientific input, or with the input included in only an ad hoc fashion, such as asking colleagues for their opinions, but failing to capture the wider knowledge of the field.

While the BIA I effort did not suffer from the problem of waiting on data (i.e., BIAs were identified in acknowledgement of the limited information available for some species), reviewers and users identified some concerns, including inconsistencies in how the available information was used to inform the BIAs, and the unintentional exclusion of some information and viewpoints from relevant experts. To rectify these issues, the BIA II WG applied the principles of expert elicitation in a more structured manner for the identification, delineation, and scoring of BIAs.

Expert elicitation is a formal, structured process for obtaining experts’ opinions and knowledge to help inform decision-making, particularly in an information-limited situation. There are many protocols for expert elicitation (e.g., Linstone and Turoff, 1975; Hemming et al., 2017; Gosling, 2018), but all approaches have certain commonalities, such as ensuring that a diverse range of experts is included (e.g., Hemming et al., 2017), aiming to reduce heuristics and biases (e.g., Tversky and Kahneman, 1974), and accounting for the cognitive processes (e.g., Hogarth, 1975) individuals use to interpret the questions they are asked and the information with which they are presented. Another major component of the elicitation process is clear documentation of the methods and judgements so that they can be appraised and the approach considered repeatable (e.g., Hemming et al., 2017). These components directly address the concerns raised in the BIA I effort, and were applied by the BIA II WG in the improved framework for this effort in the following ways:



2.2.1 Wide-ranging information solicitation

The BIA II WG leads first cast a wide net to NOAA scientists and managers, Navy colleagues, and other researchers and BIA users, requesting information regarding opportunities for improvement in the BIA assessment methodology. The BIA II WG leads also asked if there were species or areas that were missing from the BIA I effort or needed revision, and requested relevant supporting information. Regional leads were identified using the criteria listed above and explicitly asked to collaborate with other SMEs, as necessary, to ensure that available information for all taxa, areas, and times were included in the effort.




2.2.2 Extensive communication of purpose, intention, and protocols for BIAs

Prior to and during the scoring process, multiple regional and national workshops were held to ensure that the regional leads and SMEs understood the purpose, intention, and methods for identifying, delineating, and scoring BIAs. These meetings were facilitated and conducted by applying principles of expert elicitation. Particular attention was given to the reduction of linguistic uncertainty to help the experts take a consistent approach to the scoring protocols, and to ensuring all interested parties had the opportunity to contribute their viewpoints and knowledge to the BIA II process. The scoring protocols were explained in detail with scored examples, allowing experts to ask questions to clarify protocols before regional scoring began. Questions and open communication between regional leads, SMEs, and BIA II WG leads were encouraged, in or outside of meetings, and additional topical meetings were held to address specific questions that arose during the scoring effort. Email follow-up and weekly digests summarized important clarifications, decisions, and reminders to keep participants updated and engaged in the knowledge exchange.




2.2.3 Clear documentation of methods

Detailed scoring and labeling protocols were developed and used in this process (see Supplementary Data Sheet 1: A Scoring and Labeling Construct for BIA II). We developed a BIA scoring portal (Figures 5, 6) for region leads that facilitated consistent documentation of key information (e.g., through dropdown menus, must-fill fields) and rationale supporting the BIA delineation and scoring, and further facilitated subsequent review by the BIA II WG leads. This information comprises the metadata included as supplementary materials in each of the regional manuscripts in this special issue.




Figure 6 | Screenshot from the BIA scoring portal shows the overview page, from which WG reviewers could easily search and access metadata.






2.2.4 Extensive consistency review

Extensive measures were taken to ensure consistent application of the BIA scoring methods across regions and species. In addition to the written protocols, meetings, BIA scoring portal, and communication noted above, three additional steps were taken to maximize consistency. First, early in the scoring stage, regional leads shared examples of scored BIAs representing a variety of BIA types and scores with all other region leads and the BIA II WG leads for review and input. This enabled experts and the facilitation team to identify any inconsistencies across regions, understand the reasons for the discrepancies, and make necessary corrections before the differences permeated the BIA II assessment. Second, after the majority of the BIA scores and supporting rationale were submitted through the BIA scoring portal, the BIA II WG created extensive summary tables and graphics illustrating the differences in scoring, geographic area, and other factors, across regions. These were used to support regional comparisons and highlight factors warranting a closer review, which were then discussed with the region leads, addressed, and corrected, as needed. Lastly, final scores and draft manuscripts were reviewed by the BIA II WG leads and multiple other reviewers from NOAA and the Navy to help ensure no major disparities had been missed or relevant sources of information overlooked.






3 Assessment summary

This BIA assessment identified more than 1501 BIAs for 25 species (including multiple stocks for some species) within the seven regions, including 32 parent hierarchical BIAs (child BIA numbers not included in the 150+). These BIAs were based on extensive review and synthesis of published and unpublished information by more than 50 SMEs. A summary of the BIAs identified by region, species, and BIA type is provided in Table 7. We note that where data existed to delineate BIAs by month, or half-months, experts were encouraged to do so. For example, the large number of bowhead whale feeding BIAs relative to other species reflects this temporal resolution. Otherwise, the designation of a BIA was year-round. The geographic extent of the BIAs in all regions ranged from 45 km2 for one Gulf of Mexico bottlenose dolphin (Tusiops truncatus) small and resident BIA (see LaBrecque et al., In Preparation) to 1,060,171 km2 for the minke whale (Balaenoptera acutorostrata) feeding BIA that shares boundaries with the Bering Sea and Arctic regions (see Brower et al., 2022). The best estimates of abundance for the small and resident populations identified across all regions range from 10 (beluga whales (Delphinapterus leucas) in Yakutat Bay, Gulf of Alaska; Wild et al., In Review) to ~4,250 (harbor porpoise (Phocoena phocoena) in Morro Bay; the coefficient of variation values associated with this estimate encompass the largest abundance bin size). The spatial extent of the small and resident populations were as small as 45 km2 for the Gulf of Mexico bottlenose dolphin stock mentioned above and as large as 138,000 km2 for the Northwestern Hawaiian Islands false killer whale (Pseudorca crassidens) insular stock (see Kratofil et al., 2023).


Table 7 | BIA counts summarized by region, species, and BIA type.



As noted above, in some instances, information may exist about a species’ use of a particular area and time, but the information was insufficient to confidently delineate a BIA. Specifically, areas for which the Importance score was determined to be zero because both Intensity and Data Support were scored 1 were included in a watch list.2 We note that for watch list areas, experts were given the options to not score Boundary Certainty and to not identify a Spatiotemporal Variability indicator (e.g., to enter “no score” in the scoring portal for these two entries). These areas are summarized in Table 8 and may be considered priority areas for future research or for consideration during any future BIA update.


Table 8 | Numbers of watch list areas, summarized by region, species, and BIA type.






4 Discussion



4.1 Improvements and opportunities for the BIA II effort

The BIA II WG leads solicited input from experts, including scientists, managers, and users of the BIA I products, in order to improve the quality and value of the BIA products. The expanded information compiled and solicitation methods used in the BIA II effort increased the likelihood that most or all relevant, reliable, and available information was included. The use of a detailed written scoring and labeling construct improves the utility and interpretability of BIAs, allowing managers and users to better compare the importance of BIAs, understand the spatiotemporal variability of a BIA, and understand the level of confidence in the BIA’s spatial and temporal boundaries. Furthermore, the more extensive application of the principles of structured expert elicitation, increased review, and the use of the BIA scoring portal increased consistency in the development of BIAs across regions.

We emphasize here that our goals were to identify where data were available to potentially support the identification of a BIA, and to apply the protocols to delineate and score BIAs where appropriate. Our goal was not to ensure that every species or region has any particular number of BIAs. This effort represents expert judgment applied to the best available information, but that does not mean that every area that qualifies as a BIA has been identified. In fact, there are most certainly BIAs that have not been identified for certain species, especially in areas where less information exists and fewer BIAs have been identified (e.g., the Northwestern Hawaiian Islands). Further, we recognize that in many regions, the areas with the most cetacean data may be areas of management concern due to existing or proposed anthropogenic activities; the greater availability of data leads to a higher likelihood that a BIA could be warranted in those areas, potentially leading to the perception of bias. However, this is not the case. All available information was assessed using a common set of protocols. Regardless of how much information existed, the candidate area had to comport with the BIA definition and scoring rules in order to be delineated as a BIA. For example, a large volume of data for a particular area and time would not warrant a BIA delineation if the information did not demonstrate that a substantial portion of a species migrates through or that cetaceans preferentially feed or selectively mate, give birth, or calve in the area in question. A certain level of information must exist about the species in areas outside the candidate BIA to relate feeding, mating, or reproductive activities inside and outside the candidate area.

The scoring and labeling protocols used in the BIA II effort have provided significant improvements over the BIA I approach, and we have made every effort to ensure consistency in the application of these protocols in the identification, delineation, and scoring across regions and BIAs. Nonetheless, it remains incumbent upon the user to review the metadata and understand the rationale behind the score and boundaries of any BIA in order to appropriately consider the BIA in any assessment or analysis, especially because it is not possible to provide the details of BIA scoring for all areas in the body of each regional manuscript.

Another significant advance in the BIA II effort that reflects user input is the decision not to truncate BIAs at the U.S. Exclusive Economic Zone (EEZ). This modification to the BIA I protocols significantly improves the biological and ecological relevance of the BIAs to any assessment, and expands the total coverage of the effort. However, there is still a need to evaluate the data that may support BIAs that are outside of and not immediately adjacent to the U.S. EEZ (i.e., in the high seas, outside the jurisdiction of any country), and that is a future goal of the BIA II WG. The distant high seas areas could also be coordinated with international Important Marine Mammal Area (IMMA) processes (Tetley et al., 2022), if practical and beneficial.

Another identified opportunity for expansion is to move beyond cetaceans to include BIAs for pinnipeds, or to adapt BIA scoring protocols for other taxa such as fissipeds or sea turtles. BIA protocols could be derived for additional taxa, given additional time, resources, and willing experts.

Lastly, we note that one serious concern for BIA I users, and a recommendation for BIA II, was to ensure that there was the ability to consider and incorporate new information in a timely manner, given the evolving science and changing environment. The process of collecting “all available information,” evaluating potential species, areas, and times, and delineating and scoring BIAs using a thorough structured elicitation process is not trivial. There is no way to easily simplify the process and also retain the rigor. A better goal is to be realistic about workloads and create reasonable timelines for updating BIAs, which will require advance planning for future revision cycles. We believe that approximately every 5 years would be an appropriate target frequency for updating BIAs. However, we fully recognize the importance of incorporating new science into management decisions between updates, and we emphasize the value of assessing the metrics described in the BIA II scoring protocols (e.g., Intensity, Data Support) when considering how to evaluate and weigh new information in the context of the existing BIAs.




4.2 Comparison to international assessments

International efforts to identify important marine areas that meet specific ecological criteria include Ecologically or Biologically Significant Marine Areas (EBSAs; Dunn et al., 2014; Johnson et al., 2018) developed under the Convention on Biological Diversity (CBD), Key Biodiversity Areas (KBAs; International Union for Conservation of Nature (IUCN), 2016), and Important Marine Mammal Areas (IMMAs; IUCN Marine Mammal Protected Areas Task Force, 2018; Tetley et al., 2022). In addition, national efforts such as the Canadian national EBSAs (DFO, 2004; DFO, 2011) and the Australian Biologically Important Areas (Commonwealth of Australia, 2014) provide examples of similar efforts. These place-based approaches were designed to be transparent and provide numerous benefits to taxa, ecosystems, natural resource conservation and management, economics, or society. The primary differences among these place-based assessments include: i) the ecological unit(s) being assessed (i.e., populations, single species, multiple species, species assemblages, communities, or ecosystems); ii) whether socioeconomic factors are considered in addition to ecological factors in the designation criteria; iii) whether the designation criteria are quantitative or qualitative; iv) the finest temporal resolution allowed in delineation; and v) the geographic focus of the overall assessment, all of which affect where candidate areas may be located. We compare NOAA’s BIAs with CBD and Canadian EBSAs, Australian BIAs, KMAs, and IMMAs based on each of these characteristics in turn.

The taxonomic unit considered for NOAA’s BIAs is a cetacean population, stock, species, or other sub-specific taxonomic identification, where applicable. IMMAs delineate areas for one or more marine mammal species, including cetaceans, pinnipeds, sirenians, ursids, and mustelids (IUCN Marine Mammal Protected Areas Task Force, 2018; Tetley et al., 2022). Australian BIAs encompass a broader range of taxa, as they may be delineated for any marine species, but delineation occurs at the level of individual species (Commonwealth of Australia, 2014). Similarly, the CBD and Canadian EBSAs may consider multiple marine taxa, although delineation of an area may be based on a population, species, species assemblage, community, or habitat (DFO, 2004; Dunn et al., 2014; Johnson et al., 2018). KBAs have the broadest taxonomic coverage, applicable to all marine, freshwater, and terrestrial taxa, and may be applied to a population, species, species assemblage, community, or ecosystem (IUCN, 2016).

Similar to NOAA’s BIAs, the Australian BIAs, IMMAs, and EBSAs (both CBD and Canadian) are assessed and delineated based on purely ecological criteria. IMMAs have the most directly comparable criteria (Tetley et al., 2022) and process to NOAA BIAs since these areas are also focused specifically on marine mammals and are developed through the use of expert judgement. Of special note is the parallel focus on reproductive, feeding, and migratory areas as well as resident populations.

In contrast, KBA delineation considers “the relevant aspects of the socio-economic context of the site (e.g., land tenure, political boundaries) in addition to the ecological and physical aspects of the site” (IUCN, 2016). The KBA delineation procedures include these additional criteria because they aim “to derive site boundaries that are ecologically relevant yet practical for management” (IUCN, 2016).

Among the place-based management schemes discussed here, only KBAs have fully quantitative delineation criteria (i.e., thresholds) (IUCN, 2016). There are three main arguments against using quantitative thresholds in the delineation process. First, quantitative thresholds are scale-dependent; therefore, the spatial or temporal scale of the information or assessment will affect the ability of a candidate area to meet a quantitative threshold. Second, quantitative thresholds require quantitative data, which are often not available or are only sparsely available. Lastly, quantitative thresholds could exclude certain types of information, such as Indigenous or local knowledge and community science.

NOAA’s BIA delineation criteria allow delineation at a ½-month resolution. This decision to allow fine-scale temporal resolution in the boundary delineation process is concordant with our guidelines for the spatial domain: NOAA’s BIAs represent areas and times within which activities are known to occur; addition of temporal or spatial buffers may occur at a subsequent step in an impact analysis. Australian BIAs and EBSAs (CBD and Canadian) also allow boundary delineation by month. In contrast, IMMAs and KBAs do not explicitly discuss temporal extent or variability.

Waters inshore of the U.S., Canadian, and Australian EEZ are the focus of the NOAA, Canadian, and Australian BIAs, respectively, though U.S. BIAs may also extend beyond, or be adjacent to, EEZ boundaries. IMMAs and CBD EBSAs may be delineated in all areas of the oceans, irrespective of national jurisdiction. KBAs are also global, and they may be terrestrial, freshwater, or marine.





5 Conclusion

BIAs are one in a growing international collection of tools created to assist multiple entities in the characterization, analysis, and minimization of anthropogenic impacts on cetaceans, other taxa, and ecosystems. All of the tools require regular review and revision to track emerging knowledge and understanding about the species and ecosystems, as well as anthropogenic pressures, of concern. Communication among those overseeing each assessment process will be critical in order to share limited resources (i.e., time, money, and knowledge) and to enhance understanding of how the products from each assessment can be integrated and used.

BIAs are intended as a synthesis of best available science related to cetacean small resident populations and areas and times selectively used for fundamentally important activities, including feeding, reproduction, and migration. As described above, BIAs can be used as needed to inform impact analyses, planning, or the development of protective measures, where appropriate. BIAs are defined and scored to only reflect the best available information and intentionally do not include any buffers or other precautionary adjustments. In this way, this BIAs are useful for analytical purposes and a variety of management purposes. For example, if a BIA is being used to support a protective measure for a particular stressor or activity pursuant to a particular regulatory requirement, managers can use the BIAs, in whole or in part, with or without different sized buffers, as appropriate given the specific circumstances, rather than assuming that one particular application or pre-applied “precautionary buffer” is suitable for every situation.

Evidence continues to mount to show the importance of the information contained in BIAs in order to understand and address the impacts of anthropogenic activities on cetaceans. The development of the new scoring and labeling protocols in BIA II are a fundamental advancement that improve the utility of the BIAs by allowing users to more clearly differentiate between key characteristics of different BIAs, which in turn allows for more refined application of the BIAs in assessments to support environmental planning, compliance, and protection.
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Footnotes

1At the time of publication, 151 BIAs had been identified (not counting children); however, a few regions were still in the process of review, and numbers could potentially change.

2As described in the “Importance Score” section above, there is one exception to this, wherein a candidate S-BIA with Importance score equal to 1 could be added to the watch list, with explicit justification.
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Place-based approaches to marine conservation identify areas that are crucial to the success of populations, species, communities, or ecosystems, and that may be candidates for special management actions. In the United States, the National Oceanic and Atmospheric Administration defined Biologically Important Areas (BIAs) for cetaceans (whales, dolphins, and porpoises) as areas and periods that individual populations or species are known to preferentially use for certain activities or where small resident populations occur. The activities considered to be biologically important are feeding, migrating, and activities associated with reproduction. We present an approach using spatial optimization to refine the BIA delineation process to be more objective and reproducible for conservation planners and decision makers who wish to use various spatial criteria to address conservation or management objectives. We present a case study concerning feeding bowhead whales (Balaena mysticetus) and bowhead whale calves in the western Beaufort Sea to illustrate the mechanics and benefits of our optimization model. In the case study, we incorporate spatial information about whales’ relative density and optimally delineate BIAs under different thresholds for minimum patch (cluster) size and total area encompassed within the BIA network. Results from our case study showed three consistent patterns related to minimum cluster size (contiguity) and maximum area threshold for both BIA types and all months: (1) cells with the highest whale density were selected when contiguity or maximum area thresholds were small; (2) for a given area threshold, the number of whales inside BIAs was inversely proportional to cluster size; and (3) the number of whales inside BIAs initially increased rapidly as the area threshold increased, but eventually approached an asymptote. Additionally, information on temporal variability in a BIA may influence the development of conservation, management, monitoring, or mitigation methods. To provide additional insight into the ecological characteristics of the BIAs selected during the optimization step, we quantified inter-annual variability in whale occurrence and density within individual BIAs using statistical techniques. The bowhead whale BIAs and associated information that we present can be incorporated with other relevant information (e.g., objectives, stressors, costs, acceptable risk, legal constraints) into conservation and management decision-making processes.




Keywords: Beaufort Sea, marine spatial planning, place-based conservation, reserve design, Bering-Chukchi-Beaufort Seas bowhead whale, Western Arctic bowhead whale, inter-annual variability




1 Introduction

Anthropogenic activities in the marine environment are increasing in number, geographic extent, and often duration, resulting in increased potential risk to marine ecosystems worldwide. Due to the rapid rate of ecological changes occurring in sensitive ecosystems such as the Arctic, there is an urgency in making conservation and management decisions on where and when to allow human activities and how to minimize or mitigate the effects of those activities on marine species. Our goal is to address the critical first step in this decision-making process: developing a structured, repeatable site selection framework that can incorporate spatial and temporal characteristics of a marine species based on purely ecological information.

Place-based approaches to marine conservation and management have the potential to increase the protection of marine species within the overarching framework of systematic marine spatial planning (di Sciara et al., 2016). Marine spatial planning may be defined as “a process of analyzing and allocating parts of three-dimensional marine spaces to specific uses, to achieve ecological, economic, and social objectives that are usually specified through the political process” (Ehler and Douvere, 2007). Efforts to identify marine areas that meet specific ecological criteria include Canadian Ecologically or Biologically Significant Marine Areas (EBSAs; DFO, 2004), UN EBSAs (Dunn et al., 2014; Johnson et al., 2018), Australian (Commonwealth of Australia, 2014) and United States (US) (Ferguson et al., 2015b) Biologically Important Areas (BIAs), Key Biodiversity Areas (KBAs; IUCN, 2016), and Important Marine Mammal Areas (IMMAs; IUCN Marine Mammal Protected Areas Task Force, 2018), among others. These place-based approaches were designed to be transparent and provide numerous benefits to ecosystems, natural resource conservation and management, economics, and society. Cetaceans (whales, dolphins, and porpoises) pose challenges to conservation and management efforts due to (1) the dynamic nature of marine environments; (2) the species’ vast geographic ranges, which often cross jurisdictional boundaries; and (3) the potential for far-reaching socioeconomic implications of associated conservation and management decisions. Some conservation protocols directly consider socioeconomic factors in their delineation criteria (e.g., KBAs, and US Endangered Species Act (ESA) Critical Habitat designations).

In the US, the National Oceanic and Atmospheric Administration (NOAA) undertook an expert elicitation process in 2011 to identify BIAs for 24 cetacean species, populations, or stocks in seven regions within US waters using data collected through 2012 (Ferguson et al., 2015b; https://oceannoise.noaa.gov/biologically-important-areas). The second round of the BIA delineation and scoring process, known as BIA II, is underway. For a comprehensive overview of the BIA delineation and scoring methods and intended use, see Harrison et al. (2023); we provide a concise summary here. For simplicity, hereafter “species” is used to refer to species, populations, or stocks and “BIA” implies NOAA’s BIAs. BIAs delineate areas and periods that individual species are known to preferentially use for certain activities or where small resident populations are found. For this purpose, the activities considered to be biologically important are feeding, migrating, and activities associated with reproduction, such as mating, giving birth, and calf rearing. BIAs do not include buffer zones, which are defined as areas outside the species’ known concentration area that serve to enable a precautionary approach to management or to provide a gap between the animals and adjacent anthropogenic activities. NOAA’s BIA delineation criteria do not consider socioeconomic factors and BIAs have no inherent or direct regulatory power. A BIA represents the best available ecological information about a species.

BIAs can be considered in regulatory and management decisions under existing authorities to minimize or mitigate the impacts of anthropogenic activities on cetaceans and to achieve conservation goals. BIAs have been used in US stock assessments (e.g., Muto et al., 2020), management decisions1, and impact analyses, such as those required for offshore energy and military activities under the ESA, US Marine Mammal Protection Act (MMPA), and National Environmental Policy Act (NEPA). In addition to providing input into marine spatial planning efforts, BIAs may identify information gaps and help to prioritize future research and modeling efforts to better understand cetaceans, their habitat, and ecosystems.

In contrast to many products derived through marine spatial planning such as marine reserve designs, BIA designation is an abstract tool intended to highlight specific areas and periods that are preferentially and fundamentally important to a species. Given the purely ecological criteria for BIA delineation, assigning costs to alternative delineations is neither straightforward nor required. In practice, however, there likely is a maximum total area that can be allocated to BIAs: if the entire ocean is designated as a BIA, the value of designation might be deflated.

The BIA delineation process shares three essential questions that are also relevant to reserve design (Carr et al., 2003): How large should an area be? How many areas should there be? Where should the areas be located? The answers to these questions depend on the spatial and temporal scales and associated variability of the ecosystem components, and on the characteristics of each species. The answers are also influenced by the methods used to observe the species and analyze existing information about the species. These are questions that may be definitively answered with combinatorial optimization methods; they cannot be definitively answered with statistical analyses.

To identify specific areas and periods in which a species undertakes biologically important activities, we often rely on making inference from a sample of information about a species, representing only a fraction of its range and moments in time. It is difficult to directly observe cetaceans, especially large whales, because they spend most of their time underwater. Furthermore, the type, quantity, and quality of data available to delineate BIAs varies by species, region, and period. In the first BIA delineation process (van Parijs et al., 2015), experts determined geographic boundaries for BIAs primarily by drawing polygons around data derived from various sources, including aerial and vessel-based line-transect, non-systematic, and photo-identification surveys; shore-based surveys; satellite telemetry; historical whaling records; passive acoustic monitoring; opportunistic observations; and spatially explicit density surface models (e.g., Clarke et al., 2015; Ferguson et al., 2015a; Ferguson et al., 2015b; Ferguson et al., 2015c). Although thoroughly documented, the methods were relatively subjective and lacked repeatability.

For some species in certain regions and periods, sufficient data exist to estimate the relative or absolute density of individuals engaged in specific activities. This is the case for the Western Arctic stock of bowhead whales (Balaena mysticetus) in the western Beaufort Sea, which was studied using aerial line-transect surveys every autumn from 1979 to 2019 and summer from 2012 to 2019 (Clarke et al., 2020). Western Arctic bowhead whales undertake annual migrations from wintering areas in the Bering Sea, through the Bering Strait to the Chukchi Sea in spring (Moore and Reeves, 1993; Citta et al., 2021). Most whales continue eastward past Point Barrow and spend the summer feeding in the eastern Beaufort Sea and Amundsen Gulf, although some whales are found in the western Beaufort Sea during summer (Ferguson et al., 2021). In late summer or autumn, most whales migrate westward across the western Beaufort Sea, back through the Chukchi Sea, completing their annual cycle in the Bering Sea. This stock is listed as endangered under the ESA and depleted under the MMPA. It is also a valued spiritual, cultural, nutritional, and economic resource for Alaska Natives (Braund et al., 2018).

The goal of this paper is to introduce a combinatorial optimization method, integer programming, as an objective and repeatable modeling framework that allows the incorporation of a variety of spatial criteria in the marine BIA delineation process. These spatial criteria can include contiguity, connectivity, dysconnectivity, proximity, external edge-to-area ratio, or total area. While many spatially-explicit models for finding an exact (i.e., global) optimal solution (Possingham et al., 1993; Underhill, 1994) have been proposed for terrestrial reserves in the refereed literature (e.g., Önal and Briers, 2002; Fischer and Church 2003; Önal and Briers, 2003; Önal and Briers, 2005; Önal and Briers, 2006; Snyder et al., 2007; Marianov et al., 2008; Önal and Wang, 2008; Tóth et al., 2009; St. John et al., 2018; Yemshanov et al., 2019; Yemshanov et al., 2020), similar combinatorial models for spatial marine reserves are largely lacking (although see e.g., Rassweiler et al., 2012). In contrast to methods that use spatial smoothing functions to identify marine important or core areas based on predicted species densities (Clarke et al., 2020) or utilization distributions (i.e., probability densities; Citta et al., 2015), our proposed model can capture both observed species densities and the desired spatial contiguity of the resulting BIAs, and the solution may be found in practical time.

The premise of this study is that introducing combinatorial optimization methods such as integer programming to marine site selection has the potential to change how we manage our oceans. Integer programming is a prescriptive modeling approach that can identify proven optimal sets of conservation or management actions given quantitative objectives, criteria, and constraints. Integer programming can complement descriptive, statistical modeling approaches such as kernel density estimation (KDE) or resource selection functions (RSFs) in ecology. As an example of the flexibility of prescriptive models, they may input raw count data, simple summary statistics, or the outputs of statistical tools like KDE (e.g., O’Brian et al., 2012) or RSFs that attempt to describe the system that we wish to optimize.

An important distinction exists between the concept of connectivity vs. minimum or maximum contiguity in the context of spatial reserve design. Unlike in Jafari et al. (2017) or Conrad et al. (2012), our study does not concern a fully connected network. One reason for this choice is that fully connected networks are more expensive than those where the connectivity restriction is relaxed and only some minimum contiguity threshold is enforced. Thus, the connectivity problem tackled in the above papers is markedly different from the contiguity problem that we present here. In Jafari and Hearne (2013), a modified formulation of the max flow problem is proposed in which the number of contiguous regions that is desired can be controlled with a constraint. However, the question remains: how does one decide the number of contiguous regions that would be optimal? While one could start with one region and sequentially increase the number of regions by one until the total number of cells is reached, and then determine which scenario would be feasible and produce the highest objective function value, this strategy would require potentially solving as many integer programs as there are cells on the landscape. Lastly, Yoshimoto and Asante (2018) proposes a way to decompose a graph representation of a landscape (a network of nodes and arcs) using the max flow problem, but they solve a third type of problem that is distinctly different from ours. Their model addresses a forestry problem in which adjacent forest stands, represented by polygons, can be harvested simultaneously (or within a specific timeframe called a green-up period) as long as the combined areas do not exceed a predefined limit. This area limit is what can be conveniently represented as the max flow in their network formulation. However, in our present problem we are considering a minimum contiguity threshold, not a maximum threshold. It is not immediately obvious how to reformulate Yoshimoto and Assante’s (2018) max flow model into a min flow model that would address our contiguity problem.

To demonstrate the mechanics and the benefits of our proposed optimization model, we use Western Arctic bowhead whales for a case study in which we illustrate how BIA contiguity and total area thresholds can be captured in spatial optimization. Our objectives for this illustrative case study are two-fold. First, to delineate important bowhead whale feeding habitat and calf rearing areas using the proposed integer programming framework that maximize the number of whales in selected areas under the constraints of spatial contiguity and total area. NOAA’s BIA delineation criteria explicitly address only monthly or seasonal variability. However, other characteristics of a BIA’s temporal variability may influence the development of conservation or management actions, such as monitoring or mitigation methods, as certain methods may be better suited for specific patterns of temporal variability. Therefore, to provide additional insight into the ecological characteristics of the BIAs selected during the optimization step, our second objective is to quantify inter-annual variability for each BIA. Our results ultimately should be considered alongside at least three additional factors in the decision-making process: (1) information about existing and predicted stressors to the species; (2) socioeconomics, including identification and quantification of objectives and acceptable costs and risks by relevant interested parties, such as environmental non-governmental organizations, co-management partners, industry (e.g., offshore energy, commercial fisheries, shipping, tourism), and other stakeholders; and (3) constraints of existing laws or international agreements.

The remainder of this paper is structured as follows. We begin with a detailed description of our case study area and field methods. This is followed by a formal introduction of our optimization model. Next, we detail the post-optimization methods we used to quantify inter-annual variability in BIAs. After presenting the analytical results, we discuss the potential implications of our findings for conservation and management.



2 Methods


2.1 Study area

The study area is in the western Beaufort Sea (140°-157°W), including US and Canadian waters, extending from the coastline to basin waters exceeding 2,000 m depth (maximum latitude 72°N) (Figure 1). Most of the study area covers the inner (0-20 m) and outer (20-50 m) continental shelf. Barrow Canyon is a dominant bathymetric feature located along the western boundary of the study area. The bathymetry of Barrow Canyon affects the hydrography of the region, ultimately forcing the concentration and spatiotemporal variability of nutrients, phytoplankton, and prey. This makes Barrow Canyon a hotspot for seabirds and marine mammals (Kuletz et al., 2015). Water around the outer continental shelf is influenced by the Beaufort shelfbreak jet, a northern branch of currents that advects nutrients and prey from the Bering Sea to the Beaufort Sea (Pickart, 2004). On the shelf east and northeast of Point Barrow, bounded offshore by Barrow Canyon, winds may cause euphausiids (krill) to be upwelled and trapped (Ashjian et al., 2010; Okkonen et al., 2020). Euphausiids are often the dominate prey of bowhead whales harvested at Utqiaġvik, Alaska, in autumn, whereas copepods tend to be the primary prey consumed by bowhead whales harvested near Kaktovik, Alaska, in autumn (Lowry et al., 2004; Sheffield and George, 2013; Sheffield and George, 2021). The largest rivers draining into the western Beaufort Sea are the Colville, Kuparuk, Sagavanirktok, Canning, and Hulahula rivers. Freshwater discharged from these rivers may create hydrographic fronts in the coastal environment, which, in turn, may concentrate prey, thereby attracting a large number of feeding bowhead whales at these particular locations (Okkonen et al., 2018; Ferguson et al., 2021).




Figure 1 | Study area in the western Beaufort Sea. Unshaded hexagonal cells represent those that the spatial optimization models could select to be delineated as Biologically Important Areas.





2.2 Aerial survey methods

A brief overview of the field methods is provided here. See Clarke et al. (2019) and Clarke et al. (2020) for detailed information.

Line-transect aerial surveys were flown in the western Beaufort Sea during summer (July-August) 2012-2019 and autumn (September-October) 2000-2019 as part of the Aerial Surveys of Arctic Marine Mammals (ASAMM) project. ASAMM was funded and co-managed by the Bureau of Ocean Energy Management and conducted and co-managed by NOAA. Systematic transects were placed 19 km apart, based on a grid with a randomly selected start point. Transects were approximately 80-175 km long, oriented perpendicular to the coastline, to cut across isobaths, from shore to beyond the 2,000-m isobath.

Surveys were flown in de Havilland Twin Otters and Turbo Commanders, twin turbine aircraft with bubble windows on the left and right sides, allowing unobstructed views from the horizon to the transect directly beneath the aircraft. The aircraft were based out of Utqiaġvik and Deadhorse, Alaska. Surveys were flown 305-460 m above the sea surface, at 213 km/hr survey speed.

Each survey team comprised two primary observers and one dedicated data recorder. The data recorder input sighting data into a laptop computer, connected to a global positioning system, running specialized, menu-driven ASAMM Survey software. Time and position data (latitude, longitude, altitude) were automatically recorded every 30 seconds (in time) or whenever a manual data entry was recorded. Environmental and viewing conditions were recorded every 5 minutes (in time) or whenever conditions changed. Primary observers scanned the seascape with naked eye, using binoculars only to check potential targets or to get a magnified view of a confirmed target. Declination angles from the horizon to each sighting were measured using handheld Suunto clinometers once the sighting was abeam. A “sighting” was defined as all animals of the same species within 5 body lengths of each other. Once the declination angle was recorded, most sightings of large cetaceans (anything larger than a beluga, Delphinapterus leucas) were circled to determine a final group size estimate, confirm species identification, look for calves, and determine behavior. Both initial and final group size estimates were recorded in the database; if group size could not be determined with certainty, high and low estimates could also be recorded. The database distinguished between calves initially detected from the trackline and calves that were only detected during circling. Circling did not commence in special circumstances, such as restrictions due to weather, fuel, time of day, or duty hours, or in the vicinity of sensitive wildlife or subsistence hunting activities. Sightings that could not be positively identified to species were recorded at the taxonomic level to which they could be identified (e.g., “unidentified cetacean”).

Bowhead whale demographic classification was based on morphology and behavior. Most bowhead whale calves are born in spring and early summer (April to June) (Tarpley et al., 2021), although recently-born calves have been reported as late as August (Koski et al., 1993). Small bowhead whales that have a streamlined appearance, have small heads compared to their body lengths, are light gray in color, or are in close association with adult bowhead whales are likely to be calves born that year. Calves observed without an adult nearby are likely associated with a cow that is completely submerged, especially when feeding. In autumn, calves are more rotund than calves observed in summer. If an individual’s age class was uncertain, the animal was not designated as a calf in the ASAMM database.

The complete list of cetacean behaviors and associated definitions is provided in Clarke et al. (2020). Feeding behavior for bowhead whales was defined as the “[a]nimal(s) diving repeatedly in a fixed area, sometimes with mud streaming from the mouth and/or defecation observed upon surfacing; synchronous diving and surfacing or echelon formations at the surface, with swaths of clearer water behind the whale(s), or surface swimming with mouth agape”. Milling behavior was defined as “[t]wo or more animals moving slowly at the surface with varying headings, in close proximity (within 100 m) to, but not obviously interacting with, other animals”. Bowhead whales feed on the seafloor, in the middle of the water column, or at the surface of the water. Milling behavior could be indicative of subsurface feeding. Behavior could also be recorded as “swim” or “unknown” or left blank.

Data collected during the four survey modes transect, circling from transect, Cetacean Aggregation Protocols (CAPs) passing, and CAPs circling (Clarke et al., 2019) were used in the optimization model introduced below in Section 2.3.1. During all four of these survey modes, observers were actively surveying and all marine mammal sightings and effort data were recorded. Transect effort refers to systematic survey effort along a prescribed transect line. Circling from transect occured when the aircraft diverted from flat and level flight on transect to circle a localized area to investigate a sighting or potential sighting. Standard line-transect survey protocols were followed until large whale encounter rates exceeded the observers’ ability to accurately record location and declination angle to each sighting. In areas with extremely high densities of large whales, CAPs was used, wherein the survey team flew through the high-density aggregation in passing mode (without circling) to collect accurate encounter rate data, and then flew back through the aggregation in closing (CAPs circling) mode to collect information on group size, number of calves, and behavior (Clarke et al., 2019; Clarke et al., 2020).



2.3 Analytical methods

The study area was divided into a lattice composed of hexagonal cells with 25-km resolution (Figure 1). This analytical resolution was chosen based on the resolution of the data, as transects are spaced approximately 19 km apart, and on current understanding of the scale of the ecological mechanisms that drive spatiotemporal variability in bowhead whale density in the western Beaufort Sea (Ferguson et al., 2021).

Only a subset of the entire ASAMM western Beaufort Sea survey region was included in the analyses. The subset was defined as all cells with at least one sighting of a feeding or milling bowhead whale or a bowhead whale calf any time from July through October 2000-2019. Because the marine environment is dynamic and we wanted to examine whether it was optimal to include cells without sightings to support spatially cohesive networks, cells without any bowhead whale sightings that were surrounded by cells with bowhead whale sightings were also included in the analyses.

For transect and CAPs passing survey modes, the total kilometers surveyed, observed encounter rate (number of whales per kilometer) of feeding or milling (equivalently denoted by feeding/milling) bowhead whales, and observed encounter rate of bowhead whale calves were summarized for each cell-month-year combination. The number of whales on transect used to compute encounter rate corresponded to the final group size associated with records of feeding and milling whales or the total number of calves, including calves sighted during circling. The number of whales on CAPs was computed following the methods detailed in Appendix A of Ferguson (2020). Feeding/milling whale models were based on ASAMM data from 2000 to 2019. Calf models were limited to data from 2012 to 2019, when the western Beaufort Sea study area was surveyed consistently from July through October.



2.3.1 Delineating BIAs using spatial optimization methods

Our first objective was to maximize the number of feeding and milling bowhead whales or calves in selected areas, contingent upon spatial contiguity and total area constraints. Spatial contiguity may be desirable for both practical and ecological reasons. It may be simpler to monitor, enforce, and adhere to fewer contiguous management units than numerous dispersed islands of management units. Additionally, spatial contiguity is often associated with ecological integrity (e.g., IUCN, 2016) because it minimizes edge effects and facilitates movement and dispersal (Williams et al., 2005). Our optimization model can be formulated for any maximum total area, allowing the analyst to quantify the tradeoffs associated with alternative values.

Linear binary integer programming problems seek to maximize (or minimize) a linear objective function,  , over all n-dimensional vectors x = (x1, …, xn), where xi may take the value of 0 or 1, and the maximization is subject to a set of linear inequality constraints (Bertsimas and Tsitsiklis, 1997). The vector a= (a1, …, an) provides the value associated with each of the n decision variables, x1, …, xn. This linear binary integer programming problem can be expressed using vectors a, b, x, and matrix C as

maximize a’x

subject to Cx ≥ b

x ≥ 0

x ∈ {0,1}.

Inequalities such as Cx ≥ b are interpreted component-wise; that is, for every i, the ith component of the vector Cx, which is c’ix, is greater than or equal to the ith component bi of the vector b. A vector x satisfying all the constraints is called a feasible solution. A feasible solution x* that maximizes the objective function (that is, a’x* ≥ a’x, for all feasible x) is called an optimal feasible solution or, equivalently, an optimal solution. The value of a’x* is then called the optimal value. Depending on the problem, there may exist only one, multiple, or no optimal solutions. A key feature of this analysis is that linear binary integer programming searches for a global optimal solution. This contrasts with methods such as simulated annealing (e.g., Airamé et al., 2003; Leslie et al., 2003), which seek only an approximation of the optimum.

More specifically, the methods of Tóth et al. (2009) formed the basis of the analysis. The following is a formal, mathematical description of our optimization model formulation. We start with the definitions of variables, model parameters, and other mathematical objects (e.g., sets) that we use in the model:

Variables (both binary):

xi = 1 if cell i is selected, 0 otherwise;

yj = 1 if cluster j is selected, 0 otherwise.

Parameters:

di = relative density (encounter rate) of feeding/milling whales or calves in cell i, defined as the number of whales observed per square kilometer surveyed, assuming an effective strip width of 1 km;

ai = area of cell i;

Z = proportion of occupied cells enclosed by BIA boundaries, where a cell is considered to be “occupied” if it had at least one sighting of feeding/milling bowhead whales or calves (as appropriate, depending on BIA type) during aerial surveys conducted in the specified month, pooled across all years;

δ = minimum di>0;

occ.cells = number of occupied cells;

Sets:

I = the set of all cells

Pi = the set of clusters that contain cell i;

Cj = the set of cells that comprise cluster j;

|Cj| = the number of cells that comprise cluster j (the cardinality of cluster j);

C = the set of all possible clusters.

Our integer programming model formulation is as follows:

 

Subject to:

 

 

 

 

 

 

 

The objective function [1] maximizes the total number of bowhead whales detected during aerial surveys within the areas enclosed by the selected BIAs.

Constraint [2] limits the maximum total area selected for BIAs in terms of the proportion (Z) of occupied cells rather than a proportion of the study area. Our rationale for defining the area constraint this way is that the cells where bowhead whales are known to engage in a particular activity are the ecological features of interest, whereas study area boundaries may be somewhat arbitrary.

Constraint [3] ensures that any cell i can be selected to be part of a BIA if and only if it is part of at least one feasible cluster of cells that is selected as a BIA.

Inequality [4] states that variable yj corresponding to cluster j may be set to 1 if every single cell in that cluster is selected. Conversely, if yj is set to one, this forces all cells in Cj to be included in the BIA. That is, if yj=1, then the right-hand side (RHS) of this constraint will equal the cardinality of set Cj, which in turn is the number of cells in cluster j. Because the left-hand-side (LHS) simply sums the number of cells in cluster j that are selected, then yj=1 will force all of them to be selected. If on the other hand yj=0, then, per Inequality [4], the number of cells in cluster j that can be selected must be strictly less than the cardinality of Cj (or, equivalently the number of cells in cluster j). This enforces that yj can turn on if and only if all of its elements (its cells) are selected.

If xi=1, then Inequality [3] forces at least one of the clusters that contain cell i (set Pi) to take the value of 1. For each cluster in set Pi that ends up with yj=1, all cells in that Cj will also be forced to take the value of 1 per Inequality [4]. If on the other hand xi=0, then Inequality [3] becomes inactive (i.e., the RHS can take any integer value between 0 and the cardinality of Pi). However, if xi=0, Inequality [4] is activated for each cluster in Pi. Namely, Inequality [4] will force all yj’s representing clusters in Pi to be 0 because they cannot possibly be protected if not all cells including cell i are selected.

Inequality [5] works in concert with [4]. Not only does the former allow but it forces yj=1 if all cells in Cj are selected. To see this, consider a cluster that comprises four cells (in other words, the cardinality of this cluster is 4, | Cj | = 4). If all cells in this cluster are selected, then the sum on the LHS will equal 4. This makes the value of the LHS of the inequality [5] equal to 1, which in turn forces yj to be 1. Otherwise, the inequality [5] would not hold as 1 is not less than or equal to 0.

Lastly, Inequality [6] ensures that only clusters with at least one observed feeding/milling bowhead whale or bowhead whale calf can be a BIA. Without [6], the model could allow empty (unoccupied) clusters into the solution if there were space to add cells before reaching the area threshold (Z) after all cells with applicable bowhead whale observations had been included in the solution.

A single cell may be found in more than one cluster in the optimal solution; that is, clusters in the optimal solution may overlap. The objective function [1] and maximum area threshold [2] operate at the cell level. Therefore, if a cell enters the optimal solution because it is a member of overlapping clusters in the solution, the number of whales in that cell will be counted only once towards the value of the objective function, and the area of that cell will be counted only once against the maximum area threshold.

Our recursive cluster enumeration algorithm proceeded as follows. We use the notation:= to mean “defined to be equal to”.

Initialization: Set Index x:= 0, Index j:= 0. For each Cell i∋I generate a list of cells Ai that are adjacent to Cell i: Ai ∀i∋I. Cells were considered adjacent when they shared a common boundary.

Step 1: Is set I empty (I = {Ø})? If yes, Terminate. Otherwise, set Index j:= j + 1, create a new empty Cluster j set area of Cluster j equal to 0 (aj:= 0) and go to Step 2.

Step 2: Select any Cell i∋I and remove it from Set I (I:= \{i}). Add Cell i to Cluster j (j∶=j∪​i) and add the area of Cell i (ai) to the area of Cluster j (aj∶=aj+1 ) Set x: = i. 

Step 3: Does Cell x not have any adjacent cells (Ax = {Ø})? If yes, go to Step 1. Otherwise, go to Step 4.

Step 4: Select any Cell c∋Ax that is not already included in Cluster j. Add Cell c to Cluster j (j∶=j∪​c, aj∶=aj+1) Go to Step 5.

Step 5: Does the area of Cluster j equal the minimum cluster size amin (aj = amin)? If yes, save Cluster j as feasible cluster and go to Step 1. Otherwise, set x:= c and then go to Step 3.

Post-processing: Remove identical clusters (combinations of cells) and leave only one copy of each.

This model was formulated for different scenarios, where a scenario was defined by the BIA type (feeding/milling or calf), month (July, August, September, October), minimum cluster size (1, 2, 3, 4, 5), and area threshold (Z = 0.1 to 1.2, by 0.1). Based on our knowledge of bowhead whale distribution in the study area and the spatial range of relevant biophysical processes that shape seasonal spatiotemporal variability in Arctic marine environments (Moore et al., 2018), we set the upper limit for minimum cluster size to 5 cells. Z was allowed to range up to 1.2 (delineation encompassing 120% of occupied cells) to allow the models with minimum cluster size greater than 1 to incorporate all occupied cells; the minimum cluster size restriction sometimes required empty cells to be incorporated into the solution in order to allow an adjacent occupied cell to enter the solution. Data for each model were pooled across years.

We solved our optimization model with a commercial integer programming solver and mapped the BIA selections that resulted from these model runs. For each BIA type and month, a single scenario (contiguity threshold and area threshold) was selected based on visual inspection as the basis for the inter-annual variability analysis detailed in Section 2.3.2 below. Scenario selection was based on the judgment of experts with 28 (JTC), 13 (MCF), and 12 (AAB) years of experience analyzing ASAMM data or conducting ASAMM surveys in the western Beaufort Sea. Expert elicitation is a common tool used in conservation science and natural resource management in general (e.g., Danovaro et al., 2020; Lettrich et al., 2020) and spatial planning in particular (e.g., Thomson et al., 2020). The rationale for selecting each scenario was based on direct knowledge of the inherent patchiness in bowhead whale density and ecological drivers of spatiotemporal variability in bowhead whale density in the western Beaufort Sea.

The spatial optimization analyses were conducted in R version 3.62 (R Core Team, 2019) and CPLEX Studio version 12.9.0.0. The following R packages were used: sp (Pebesma and Bivand, 2005; Bivand et al., 2013), maptools (Bivand and Lewin-Koh, 2019), rgeos (Bivand and Rundel, 2019), rgdal (Bivand et al., 2019), ggplot2 (Wickham, 2016), and dichromat (Lumley, 2013). The optimization models were solved in CPLEX, using default parameters. We instructed CPLEX to abort either if the default 0.01% optimality gap or the 1 hour of runtime limit was reached. All analyses were conducted on a PC laptop computer with an Intel(R) Core(TM) i7-8650U CPU @ 1.90GHz 2.11 GHz processor.



2.3.2 Quantifying BIA inter-annual variability

Classifying areas according to their temporal characteristics can provide insight into the methods needed to monitor the ecosystem and anthropogenic activities in the area, and to minimize or mitigate risks to the ecosystem from human activities. For example, the Convention on Biological Diversity created a classification scheme to classify EBSAs into four categories (Johnson et al., 2018): static features, groups of features, ephemeral features, and dynamic features. However, there is no clear way to rank the ecological significance of a feature based on these temporal characteristics, so we did not incorporate them into our optimization model. Because most BIAs were defined by month and the remainder were defined by season, we focus the following investigation of temporal variation on inter-annual variability.

Specifically, once we solved the monthly bowhead whale calf and feeding spatial optimization models for each combination of maximum area threshold and cluster size, we used expert judgement to select a single characteristic scenario (i.e., maximum area threshold and minimum cluster size) for each month and BIA type (calves and feeding). Then, for each selected scenario, we used statistical analyses to quantify inter-annual variability within each of the BIA units identified by the optimization model. We define inter-annual variability as the differences across years in bowhead whale occurrence or density during a given month in a particular BIA unit. The BIA unit is defined as one or more cells sharing at least one boundary with a neighboring cell that was delineated in the selected scenarios described above. The two types of metrics used to quantify inter-annual variability are: (1) empirical statistics from observed bowhead whale sightings and survey effort; and (2) the standard deviation of the random effect of year from generalized linear mixed models (GLMMs).

The empirical statistical analysis follows the methods that Sigler et al. (2017) used to identify persistent prey hotspots. For each combination of BIA type, month, and spatial resolution, we calculated the number of years in which at least one bowhead whale (feeding/milling or calf, as appropriate) was sighted (Ybowhead; “bowhead whale years”), the number of survey years in which surveys were conducted (Ysurvey; “survey years”), and the ratio of these two values, which we refer to as the proportion of bowhead whale years (pbowhead):

 

The second analysis of inter-annual variability was applied independently to each BIA and involved a simple Poisson GLMM with random effects for year (y ϵ {2000,…, 2019} for the feeding/milling BIAs; y ϵ {2012,…,2019} for the calf BIAs):

 

This formulation uses a natural logarithmic link function to relate the expected number of bowhead whales (w) in BIA i and year y to a linear predictor comprised of three terms: an overall mean value (the fixed intercept) βi; a random effect for year, γi,y, which represents the deviation around the mean that can be attributed to inter-annual variability; and an offset for the natural logarithm of the number of kilometers flown on transect and CAPs passing in area i and year y. It is assumed that the random effect for year comes from a normal distribution with zero mean and variance 

 

Only years with non-zero survey effort were included in each GLMM. Because the number of whales on CAPs is not restricted to integer values (Ferguson, 2020), wi was rounded to the nearest integer for parameterizing the GLMMs. (Non-integer wi was only an issue for one BIA in the September calf analysis and one BIA in the October calf analysis.) Applying the inverse link function, e x p(·) to [10] gives:

 

In [12] it is clear that the expected number of whales is conditioned on the random effect for year, as is standard in GLMMs. The statistical distribution for this model can be represented as:

 

The investigation into inter-annual variability was conducted in R version 3.62 (R Core Team, 2019), using package lme4 (Bates et al., 2015) in addition to those packages detailed above.





3 Results

We will first present the results of our aerial surveys as this information was critical to formulating and parameterizing our optimal BIA selection models whose solutions will be given next, along with a description of the computational cost of running the models. Lastly, we will describe the results of our inter-annual variability analyses conducted based on these solutions to the optimization models.



3.1 Survey effort and sighting summaries

The distribution and density of line-transect survey effort and bowhead whale sightings (by activity state) differed by month and year. We present a summary of the results here and provide supplementary graphics in Appendix S1.

We begin with a summary of transect and CAPs survey effort and bowhead whale sightings in the study area from 2000 to 2019, the years used in the analysis of feeding and milling whales. September had the most survey effort overall (134,819 km) and the highest median effort per cell (916 km); July had the least overall (40,749 km) and the lowest median effort per cell (253 km) (Table 1). Survey effort per cell and month (all years pooled) ranged from a minimum of 22 km per cell in October to a maximum of 1,637 km in September (Table 1, Appendix S1: Figure S1). During each month, survey effort covered the longitudinal range of the study area, extending to waters deeper than 2,000 m, although it was mostly concentrated in waters from 0 to 200 m (Appendix S1: Figure S1). Summer (July and August) survey effort was limited from 2000 to 2011, whereas autumn (September and October) survey effort was more consistent across all years (Appendix S1: Figure S2). Survey effort per cell by month and year ranged from 0 km in some months and years, to a maximum of 258 km in September 2015 (Appendix S1: Figure S2). September generally had the most survey effort due to a combination of factors, including weather and timing of the bowhead whale migration.


Table 1 | Summary of survey effort and bowhead whale sightings from aerial surveys in the western Beaufort Sea study area during transect and Cetacean Aggregation Protocols (CAPs) survey modes from 2000 to 2019 (feeding and milling analysis years), and from 2012 to 2019 (calf analysis years).



From 2000 to 2019, September had the most feeding and milling bowhead whales detected overall (687 whales) and per cell (121 whales), and the greatest percentage of occupied cells (37.67%) (Table 1; Appendix S1: Figure S3). There was considerable inter-annual variability in the number of feeding and milling bowhead whales per cell by month, with no observations during some months in some years and the most observations per cell during August 2016 and September 2017 (Appendix S1: Figure S4). August was the month with the highest encounter rates per cell (Appendix S1: Figure S5). The depth distribution of feeding and milling whales was farthest offshore in July, closer to shore in August, and closest to shore in September and October (Appendix S1: Figure S5). Additionally, the distribution of feeding and milling activity progressed westward from July through October (Appendix S1: Figure S5). BIAs for bowhead whale feeding that were delineated in the original effort (Clarke et al., 2015) are shown in Appendix S1: Figures S3, S5.

The calf analyses were limited to data from 2012 to 2019. Approximately 74% (433 of 582 calves) of the bowhead whale calves recorded throughout the ASAMM study area during this period were initially detected during circling effort. September was the month with the most survey effort (62,397 km) and July had the least (39,999 km) (Table 1). Combined transect and CAPs survey effort per cell and month (2012-2019 pooled) ranged from 0 km to 921 km (Table 1, Appendix S1: Figure S6), and show patterns with respect to depth and longitude consistent with those for the longer time series beginning in 2000 (Appendix S1: Figure S1).

September had the most bowhead whale calves detected per cell (7 calves), the greatest total number of calves throughout the study area (129 calves), the broadest distribution of calves, and the highest percentage of cells with calves (Table 1; Appendix S1: Figures S7, S8), although the highest calf encounter rate occurred in August (Appendix S1: Figure S9). Calves were observed in all months except August 2018, although inter-annual variability in calf sightings per cell is evident (Appendix S1: Figure S8). Calves were encountered farther offshore and in the eastern half of the study area during July, and their distribution moved closer to shore and westward as the survey season progressed (Appendix S1: Figure S9). The BIAs for bowhead whale reproduction that were delineated in the original effort are shown in Appendix S1: Figures S7, S9.



3.2 BIAs delineated using spatial optimization methods



3.2.1 Computational costs

Running the cluster enumeration algorithm for both BIA types (feeding and calves), all four months, all twelve maximum area constraints, and minimum cluster sizes 2, 3, 4, and 5 (2*4*12*4 = 384 total models) required approximately 4.5 hours of computing time. The sum total time to find the optimal solutions for these 384 scenarios was approximately 19.5 hours. For these 384 scenarios, the optimality gap was the binding constraint in all cases except for 13 scenarios that had a minimum cluster size of 5 and that reached the maximum run-time limit of 1 hour. It took only two minutes to find the optimal solutions for all of the scenarios with minimum cluster size of 1 (2 BIA types * 4 months * 12 max area thresholds = 96 total scenarios).



3.2.2 Model results

The number of possible clusters in the study area increased nonlinearly with increasing minimum cluster size. The study area comprised a total of 146 cells, including 331 pairs of cells sharing a common border, 892 possible 3-cell clusters, 2,269 possible 4-cell clusters, and 5,308 possible 5-cell clusters.

The optimization models resulted in three consistent patterns with respect to minimum cluster size and maximum area threshold for both BIA types and all months. First, cells with the highest density were selected when contiguity or maximum area thresholds were small (Appendix S2). Second, for a given area threshold, the number of feeding/milling whales or calves inside BIAs was inversely proportional to cluster size. This result occurred because a smaller minimum cluster size provided the model with more freedom to select cells with the highest whale densities (Figures 2, 3; Appendix S2). As minimum cluster size increased, the model was forced to select cells with zero observed whales to add clusters containing relatively high densities of whales (Figures 2, 3; Appendix S2). Third, the number of feeding/milling whales or calves inside BIA boundaries initially increased rapidly as the area threshold increased, but eventually approached an asymptote near Z ≥ 1.0 (Figures 2, 3). This result reflects the models’ preference for selecting the cells with the lowest density last. Scenarios selected for further consideration in the analysis of inter-annual variability used minimum cluster size of either 2 or 3, and area threshold of Z = 0.5 or 0.7 (Table 2).




Figure 2 | Estimated number of feeding/milling bowhead whales (Eqn. 1) enclosed by Biologically Important Areas for spatial optimization models constructed for each month (July-October), minimum contiguity threshold (cluster size 1-5), and maximum occupied area threshold (Z = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2). The black horizontal line in each column represents the total number of observed feeding/milling bowhead whales for that month.






Figure 3 | Estimated number of bowhead whale calves (Eqn. 1) enclosed by Biologically Important Areas for spatial optimization models constructed for each month (July-October), minimum contiguity threshold (cluster size 1-5), and maximum occupied area threshold (Z = 0.1, 0.2, 0.3, 0.4, 0.5, 0.6, 0.7, 0.8, 0.9, 1.0, 1.1, 1.2). The black horizontal line in each column represents the total number of observed bowhead whale calves for that month.




Table 2 | Spatial optimization model scenarios selected for the analysis of inter-annual variability in bowhead whale feeding/milling and calf Biologically Important Areas (BIAs).



Results from the September feeding/milling and calf models are summarized here. Figures for both BIA types and all months, cluster sizes, and area thresholds are presented in Appendix S2.

The selected scenario for September feeding/milling bowhead whales was the 2-cell cluster optimization model with maximum area threshold of Z = 0.7. At the lowest area threshold of 0.1, the optimization model for feeding/milling bowhead whales in September selected high density cells located in the nearshore “krill trap area” east of Point Barrow and in coastal waters between Prudhoe and Camden bays, which are influenced by upwelling and freshwater discharge from rivers (Appendix S2: Figure S12). As the area threshold increased, cells with lower whale densities were incorporated into the solution, first incorporating cells off Cape Halkett and east of Kaktovik, and eventually adding all cells with observations of feeding/milling bowhead whales.

The selected scenario for September bowhead whale calves was the 3-cell cluster optimization model with maximum area threshold of Z = 0.7. The September bowhead whale calf optimization model selected cells with high calf densities in the vicinity of Camden Bay under the lowest area threshold (Z = 0.1) (Appendix S2: Figure S33). As the maximum area threshold was relaxed, solutions began to incorporate more cells on the inner continental shelf, stretching eastward to the US-Canada border, before encompassing the lower density cells in the central and western portions of the study area. The relatively low density cells near Barrow Canyon were among the last to be added to the solution.

The September calf BIAs provide an instructive example of the potential effects of cluster size on optimal delineation of BIAs. In the selected scenario (minimum cluster size 3, maximum area threshold Z = 0.7), there were no calf BIAs delineated in the nearshore cells between Point Barrow and Smith Bay. However, two nearshore cells north and west of Smith Bay were included among the BIAs for the scenario with minimum cluster size of 2 cells and maximum area threshold Z = 0.7 (Appendix S2: Figure S32D).




3.3 Inter-annual variability in BIAs

Results from the September analyses of inter-annual variability of feeding/milling and calf BIAs are summarized here. Analogous figures for the remaining selected scenarios are provided in Appendix S3.

The six BIAs delineated for feeding and milling bowhead whales in the selected scenario for September were (from west to east) krill trap, offshore Harrison Bay, Harrison Bay to Deadhorse, Camden Bay, east of Kaktovik, and Demarcation Point (Figure 4A and Appendix 3: Figure S3). The number of bowhead whale years ranged from 2 to 12 years (Figure 4B and Appendix 3: Figure S3). The number of survey years ranged from 18 to 20 years (Figure 4B and Appendix 3: Figure S3). The proportion of bowhead whale years, pbowhead, ranged from 0.11 to 0.60 (Figure 4B and Appendix 3: Figure S3). BIAs ranked from highest to lowest GLMM fixed intercept (βi) were: 1) krill trap; 2) Harrison Bay to Deadhorse; 3) offshore Harrison Bay; 4) east of Kaktovik; 5) Demarcation Point; and 6) Camden Bay (Figure 4B and Appendix 3: Figure S3). BIA ranks based on pbowhead were similar, but not identical, to the βi ranks (Figure 4B and Appendix 3: Figure S3). By contrast, BIA ranks based on the standard deviation of the random effect for year (σi,y) were the reverse of the βi ranks (Figure 4B and Appendix 3: Figure S3). These results suggest that the highest average density (largest βi) bowhead whale feeding and milling areas in the study area are also relatively stable, both in terms of occurrence (largest pbowhead) and density (smallest σi,y) from year to year.




Figure 4 | Results of the inter-annual variability analysis for each of the six Biologically Important Areas (BIAs) identified in the selected scenario for feeding/milling bowhead whales in September. (A) Geographic location. (B) Summary statistics and GLMM parameter estimates. Parameter estimates are color-coded based on their associated rank, from high (rank 1) to low (rank 6).



The five BIAs delineated for bowhead whale calves in the selected scenario for September were (from west to east) Barrow Canyon, Cape Halkett, offshore Harrison Bay, central Alaskan Beaufort, and eastern Alaskan Beaufort (Figure 5A and Appendix S3: Figure S7). The number of bowhead whale years ranged from 3 to 8 yrs (Figure 5B and Appendix S3: Figure S7). Every BIA had 8 survey years (Figure 5B and Appendix S3: Figure S7). Values of pbowhead ranged from 0.4 to 1.0 (Figure 5B and Appendix S3: Figure S7). Although σi,y for Cape Halkett and offshore Harrison Bay were estimated to be zero (the GLMMs were singular; Figure 5B), this result may be due to the small sample size. The relationships among the different inter-annual variability metrics for bowhead whale calves were more complicated than those for feeding and milling bowhead whales. For example, the eastern Alaskan Beaufort BIA had the highest of both pbowhead and σi,y, but ranked third in βi Figure 5B). In other words, calves are consistently found in the eastern Alaskan Beaufort, but inter-annual variability in density is relatively large. Barrow Canyon ranked 2nd for σi,y (relatively high inter-annual variability in calf density), 3.5th for pbowhead, and last for βi (relatively low average calf density).




Figure 5 | Results of the inter-annual variability analysis for each of the five Biologically Important Areas (BIAs) identified in the selected scenario for bowhead whale calves in September. (A) Geographic location. (B) Summary statistics and GLMM parameter estimates. Parameter estimates are color-coded based on their associated rank, from high (rank 1) to low (rank 5). *Singular model; σi,y estimated to be zero.






4 Discussion

We provide an objective and reproducible analytical framework for optimally delineating areas that are biologically important for cetaceans that explicitly addresses size and spatial contiguity. We also provide methods for characterizing the temporal variability in cetacean occurrence or density in a given area. We hope that by explicitly incorporating spatial and temporal characteristics of the species into the BIA evaluation process, we have ultimately produced an effective tool that can be incorporated with other relevant information (e.g., project objectives, ecological stressors, costs, acceptable risk, legal constraints) into conservation and management decision-making processes. Additionally, we have identified areas that have real ecological value to bowhead whales. This, in turn, will help focus localized, collaborative investigations to better understand the ecological mechanisms driving the spatiotemporal variability in bowhead whale density in the western Beaufort Sea.

Ecological mechanisms known to affect bowhead whale prey density and availability in the September feeding/milling BIAs identified here include a combination of local and remote drivers (Ferguson et al., 2021). Local winds may generate upwelling and affect the pathway of currents, mechanisms that establish the physical conditions necessary to activate the krill trap near Point Barrow (Ashjian et al., 2010; Okkonen et al., 2011; Okkonen et al., 2020; Ashjian et al., 2021). However, even if the circulation patterns are conducive to concentrating krill on the shelf, the krill trap can activate only if krill are available to be trapped. This requires remote connections to the northern Bering Sea, because there are no known self-sustaining populations of krill in the region surrounding Point Barrow (Berline et al., 2008). Therefore, krill recruitment in the northern Bering Sea and subsequent transport through the Bering Strait and northward through the Chukchi Sea are essential to complete the biophysical coupling generating the krill trap (Berline et al., 2008). Wind-driven upwelling may also transport prey from depth to nearshore areas where freshwater runoff from rivers may create nearshore fronts that aggregate the prey (Okkonen et al., 2018); this mechanism is likely largely responsible for the bowhead whale feeding/milling BIAs that we identified in the central Alaska Beaufort Sea. Spatial planning efforts that rely on BIAs should consider the spatiotemporal characteristics of the ecological mechanisms that drive spatiotemporal variability in species density and habitat use because those characteristics may affect site prioritization or the methods used for mitigation, monitoring, conservation, or management.

The distribution of bowhead whale calves in the Beaufort Sea exhibits spatiotemporal variability and demographic segregation (Clarke et al., 2022). Clarke et al. (2022) examined bowhead whale calf data from ASAMM surveys conducted from July to October 2012-2019 in the western Beaufort Sea (140°W-157°W). They found that bowhead whale calves were primarily found east of 150°W in summer (July and August). The Canadian Beaufort Sea (waters east of 141°W) is where the majority of Western Arctic bowhead whales are presumed to be in summer, feeding. In September, calves were broadly distributed throughout the western Beaufort Sea study area. In October, calves were primarily found west of 143°W. During August and September in the western Beaufort Sea, calves were observed significantly farther from shore than non-calves. As the Northwest Passage opens to increased vessel traffic in offshore waters, calves may be at increased vulnerability to vessel strikes both due to their offshore distribution and because they may spend longer periods at the surface compared to accompanying adults who are feeding underwater (Clarke et al., 2022).

Within the combinatorial optimization framework that we invoke, there exists an optimal solution for a given data set under a specified collection of constraints; statistical methods cannot identify an optimal solution to the problem. The collection of BIAs that comprise the optimal solution to the spatial optimization model may be considered decision variables that can be combined with additional information (e.g., ecological, social, economic, legal) in subsequent analyses to determine which BIAs should be incorporated into the final conservation or management plan. For a narrowly defined conservation or management issue, our basic optimization model could be modified to address a wide variety of other factors, such as considerations about past or predicted future changes to the marine environment (via a multi-stage stochastic programming model), remote factors, and connectivity.

Increasing contiguity and patch size have both ecological and practical advantages. Oceanographic phenomena have characteristic spatial and temporal scales that affect the distribution, density, and movement patterns of cetaceans and other marine life across multiple hierarchical scales (Haury et al., 1978; Mannocci et al., 2017). At small spatiotemporal scales, cetaceans track ephemeral prey patches over tens of meters. At intermediate scales spanning tens to hundreds of kilometers, cetaceans target ephemeral and seasonal oceanographic features such as fronts, eddies, and the krill trap area east of Utqiaġvik. At broad scales, cetaceans select persistent water masses and current systems extending over thousands of kilometers that delimit their geographic range. From the perspective of conservation, natural resource management, impact analysis, and enforcement, it is simpler to evaluate the potential effects of, and monitor, an activity in a small number of relatively large areas than in a multitude of small areas.

There are no consistent guidelines on the minimum or maximum size of delineated areas in marine place-based conservation or management schemes. Rather, it is widely accepted that basic characteristics of each species, such as animal density and habitat use, should inform the delineation process. During the process of designing a marine reserve for the Channel Islands in California, scientists recommended that 30-50% of all representative habitats in each biogeographic region be included (Airamé et al., 2003). This size range was determined after considering conservation goals and risks from human threats and natural catastrophes. As another example, there is no minimum or maximum size requirement for a KBA: “The size of the KBA will depend on the ecological requirements of the biodiversity elements triggering the criteria and the actual or potential manageability of the area” (IUCN, 2016). For UN EBSAs, as of 2021, 321 marine areas meeting the EBSA criteria had been described and considered, ranging in size from 1 km2 to 11.1 × 106 km2 (personal communication, J. Cleary [Duke University, Marine Geospatial Ecology Lab] to M. Ferguson on 26 August 2021). The different optimal solutions to the optimization problem that our model found under various combinations of contiguity and total area constraints may serve as a sensitivity analysis, allowing our results to be applied to a broad range of conservation or management problems: our optimization model can help planners analyze the tradeoffs that would result from the use of different minimum patch sizes or maximum network sizes.

In the present analysis, the area of a single hexagonal cell was 541 km2 and the range in areas delineated across all months for both BIA types was 1,082 km2 (2 cells) to 12,990 km2 (24 cells). In the inaugural BIA delineation process (Ferguson et al., 2015b; van Parijs et al., 2015), the geographic extent of BIAs ranged from 117 km2 for one small resident stock of bottlenose dolphin (Tursiops truncatus) in the Gulf of Mexico (LaBrecque et al., 2015) to 373,000 km2 for the fin whale (Balaenoptera physalus) feeding BIA in the Bering Sea (Ferguson et al., 2015c). The average size of the first round of BIAs for small resident populations was approximately 4,600 km2, although they were as small as 117 km2 for the Gulf of Mexico bottlenose dolphin stock mentioned above and as large as 31,500 km2 for Bristol Bay belugas (Ferguson et al., 2015c).

The inter-annual variability analysis presented above provides two quantitative metrics for comparing the persistence of bowhead whale use in each BIA for feeding/milling and rearing calves. Gaining a deeper understanding of the inter-annual variability in bowhead whale use of an area can not only advance ecological understanding of the underlying mechanisms causing the variability, it can also help conservation planners and natural resource managers evaluate potential threats to the species and identify appropriate conservation, management, and monitoring measures to mitigate or minimize impacts to the species (Johnson et al., 2018; Johnson et al., 2019). The two inter-annual variability metrics, the proportion of survey years with bowhead whales present (pbowhead) and the standard deviation of the random effect of year on whale density (σi,y), did not show consistent relationships to each other for the two BIA types. The September feeding and milling BIAs showed an inverse relationship between pbowhead and σi,y. For example, the krill trap area exhibited the highest pbowhead, but it also had the lowest σi,y. In contrast, there was not a simple relationship between pbowhead and σi,y for the September calf BIAs. Parameter pbowhead required minimal data to compute and, therefore, might be the best metric in data-limited cases. Relatively more data was required to derive an estimate of σi,y in the GLMM; hence, it will not be possible to compute this metric for all cases and other types of information would be needed to characterize the associated inter-annual variability.

There is no consensus on the consideration or treatment of inter-annual variability in place-based approaches to marine conservation and management. For example, IMMAs explicitly require delineation of areas that are spatially and temporally fixed (IUCN Marine Mammal Protected Areas Task Force, 2018) and the Global Standard for the identification of KBAs (IUCN, 2016) does not address the issue of temporal variability. In contrast, Australian BIAs (Commonwealth of Australia, 2014) and UN EBSAs2 allow seasonal variation in BIAs. Furthermore, UN EBSAs can be classified into four types, three of which incorporate temporal characteristics (static, ephemeral, and dynamic) (Johnson et al., 2018). If temporal dynamics were explicitly incorporated in place-based delineation criteria, an optimization model that includes constraints on both temporal and spatial parameters (such as Könnyű et al., 2014) could be used to evaluate alternative designs.

NOAA’s BIA II process is nearing completion (Clarke et al., 2023; Harrison et al. 2023). Although the basic BIA delineation protocols remain unchanged in BIA II compared to BIA I, NOAA developed methods for BIA II to rank BIA intensity, evaluate the strength of supporting information (raw data, analytical methods, and derived parameters), characterize uncertainty, and classify BIAs as ephemeral, dynamic, or static. The analytical tools described here address each of these concerns using objective, reproducible quantitative metrics and may be useful in delineating BIAs for cases in which the appropriate data are available.
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1For example: Federal Register / Vol. 86, No. 75 / Wednesday, April 21, 2021 / Rules and Regulations, beginning on page 21082: Endangered and Threatened Wildlife and Plants: Designating Critical Habitat for the Central America, Mexico, and Western North Pacific Distinct Population Segments of Humpback Whales.

2https://gobi.org/ebsas/#what_is, accessed 22 November 2021.
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We delineated and scored Biologically Important Areas (BIAs) for cetacean species in the Gulf of Alaska region. BIAs represent areas and times in which cetaceans are known to concentrate for activities related to reproduction, feeding, and migration, and also the known ranges of small and resident populations. This National Oceanic and Atmospheric Association (NOAA)-led effort uses structured expert elicitation principles to build upon the first version of NOAA’s BIAs for cetaceans. Supporting evidence for these BIAs came from aerial-, land-, and vessel-based surveys; satellite-tagging data; passive acoustic monitoring; Indigenous knowledge; photo-identification data; and/or prey studies. A total of 20 BIAs were identified, delineated, and scored for six species: beluga whale (Delphinapterus leucas), fin whale (Balaenoptera physalus), gray whale (Eschrichtius robustus), humpback whale (Megaptera novaeangliae), North Pacific right whale (Eubalaena japonica), and sperm whale (Physeter macrocephalus). Of the 20 total BIAs, there were two small and resident populations, one migratory, and 17 feeding areas; no reproductive BIAs were identified. An additional five watch list areas were identified, a new feature to the second version of BIAs. In addition to more comprehensive narratives and maps, the BIA II products improve upon the first version by creating metadata tables and incorporating a scoring and labeling system which improves quantification and standardization of BIAs within and across regions. BIAs are compilations of the best available science and have no inherent regulatory authority. They have been used by NOAA, other federal agencies, and the public to support planning and marine mammal impact assessments, and to inform the development of conservation measures for cetaceans.
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1 Introduction

Cetaceans in the Gulf of Alaska (GOA) overlap with numerous anthropogenic activities, including offshore energy exploration, development, and extraction; commercial fisheries; shipping; recreational vessels; and military operations. The GOA ecosystem is also changing rapidly due to climate change, as evidenced by shifts (both increases and decreases) in species-specific biomass and potential decreases in the productivity of organisms at lower trophic levels (Cavole et al., 2016; Ferriss and Zador, 2021). To inform area-based marine assessment, conservation and management efforts in the region, we identified and scored biologically important areas (BIAs) for cetaceans as part of the BIA II nationwide process led by the National Oceanic and Atmospheric Administration (NOAA).

BIAs represent places and periods (months or seasons) that are important to cetacean species, stocks, or populations for feeding, migration, activities related to reproduction, as well as known ranges or core areas of small and resident populations (Ferguson et al., 2015; Harrison et al. submitted to this issue). This effort builds on NOAA’s inaugural BIA process (Van Parijs, 2015) by revising existing BIAs in the GOA from 2015 (Ferguson et al., 2015), creating new BIAs based on new information from the last seven years, and scoring each BIA based on intensity of use, data support, importance, spatiotemporal variability, and boundary certainty (Harrison et al. submitted to this issue). This effort was undertaken across all seven regions in the United States: the Arctic, Aleutian Islands & Bering Sea, Gulf of Alaska, US West Coast, Hawaii, Gulf of Mexico, and US East Coast (Harrison et al. submitted to this issue). The interactive BIA map on the NMFS website (https://oceannoise.noaa.gov/biologically-important-areas) is the source of the most recent publicly available BIA data for all regions.

The GOA is located along the southern coast of Alaska and lies within the northern portion of the Pacific Ocean (Figure 1). More specially, the GOA is confined to the west, north, and east by Alaskan topography, and opens to the south into the larger body of the Pacific Ocean. Circulation in the Gulf of Alaska is counterclockwise and is dominated by the Alaska Current and Alaska Stream flowing along the continental slope and the Alaska Coastal Current flowing over the continental shelf. The Alaska Current narrows and intensifies as it enters the GOA from the southeast, becoming the Alaska Stream. The Alaska Stream continues along the peninsula and Aleutian Islands with some of its waters recirculating into the Gulf as part of the Alaska Gyre (Stabeno et al., 2004; Weingartner et al., 2009).




Figure 1 | Gulf of Alaska map showing all BIAs. Contour lines shown at 200, 400, 600, 800, and 1000 m depths where relevant. EEZ refers to the US Exclusive Economic Zone, defined as 200 nm from shore.



The GOA encompasses a variety of habitats, including shallow continental shelf, steep shelf break, deep offshore waters, and deep-water seamounts, all of which are important to a diverse array of marine mammal species (Ferriss and Zador, 2021; Rice et al., 2021). Most notably, the continental shelf region supports a productive ecosystem, which includes numerous species of fishes, marine mammals, and seabirds (Stabeno et al., 2004). Unfortunately, many GOA marine mammals have been severely depleted by historical whaling and continue to face other challenges due to the impacts to marine ecosystems caused by climate change (Stabeno et al., 2004). Most notably, a historic heat wave within the GOA from late 2013 through 2016 resulted in the weakening of wind and winter storm patterns, affecting the timing of up- and down- welling while increasing ocean stratification, and impacting food availability for many large whale species (Cavole et al., 2016; Suryan et al., 2021; Gabriele et al., 2022).

The type, quantity, and quality of information available to assess large whales in the GOA is affected by the region’s remote location and vast area (around 1.5 million km2). The GOA can be a very challenging and difficult place to conduct research due to logistics and the frequency of strong storms (Stabeno et al., 2004). The cost of conducting research in the GOA can be measured both in terms of time and money. Our ability to assess, delineate, and score BIAs in the GOA is confined by these constraints for certain species, areas, and times.

The rich and dynamic environment of the GOA is important for many species of large whales that are known from extensive historical whaling records and decades of scientific research (Danner et al., 2006; Ivashchenko and Clapham, 2014a; Ivashchenko et al., 2014b; Rocha et al., 2014). In this paper we will focus on the following six cetacean species: beluga whale (Delphinapterus leucas), fin whale (Balaenoptera physalus), gray whale (Eschrichtius robustus), humpback whale (Megaptera novaeangliae), North Pacific right whale (Eubalaena japonica), and sperm whale (Physeter macrocephalus). It is important to note that these are not the only cetaceans found in the GOA. Rather, these species were prioritized because they were either included in the original BIA effort (BIA I) for this region (Ferguson et al., 2015) or have been the focus of recent and ongoing research efforts. For all other species in the GOA, subject matter experts (SMEs) were either unaware of sufficient information that would support BIAs at this time (e.g., Risso’s dolphin (Grampus griseus), or there was enough data to score at least one BIA in some or all parts of the GOA, but there was insufficient time and resources within the scope of this project (e.g., harbor porpoises (Phocoena phocoena), killer whales (Orcinus orca), and minke whales (Balaenoptera acutorostrata)).

Our overarching goals for this paper are to delineate and score BIAs in the GOA region, provide insight into the process used to delineate and score BIAs in the GOA region, provide a summary of the results, and provide direction on where to find detailed information (Supplementary Information tables, online access with user-friendly BIA viewer shapefiles, and metadata). The objectives are the same across all BIA regions:

	Present summary information and scores for all of the BIAs for the region

	Present detailed information on the data sources and decision-making process used to delineate and score a sample of exemplar BIAs in the region. The example BIAs were selected to span a range of BIA types, intensities, data availability, and spatiotemporal variability.

	List the Watch List areas - areas where some information was available to suggest a BIA might exist, but the scoring matrix gave them an importance score of 0 (see Harrison et al. submitted to this issue)

	Provide recommendations to facilitate future assessment, conservation, and management efforts



We begin with a brief summary of the standardized methods used across all regions to delineate and score BIAs (see Harrison et al. submitted to this issue for complete details). Then, we focus sequentially on each of the six whale species mentioned above. This paper builds upon and updates the original BIAs for beluga, fin, gray, humpback, and North Pacific right whales (Ferguson et al., 2015) and defines BIAs for sperm whales, which were not included in BIA I. For each species, we present detailed descriptions of one or more BIA types. For each BIA, we provide: 1) brief background information about the species in the region; 2) a written narrative describing information, assumptions, and logic used to delineate the BIA; 3) a map of the BIA; 4) a list of references used; and 5) a metadata table that details the type and quantity of information used to define the BIA. Comprehensive details and metadata for all GOA BIAs are included in the Supplementary Information Tables and are fully accessible on the BIA website (https://oceannoise.noaa.gov/biologically-important-areas).



2 Methods

BIAs for all seven regions around the US were delineated and scored using consistent methodology (see Harrison et al., submitted to this issue). Here we briefly describe the methods outlined in Harrison et al. (submitted to this issue). Four types of BIAs were defined across all regions: reproductive (R-BIA), feeding (F-BIA), migratory (M-BIA), and small resident population (S-BIA). Reproductive BIAs represent areas and times where a species, stock or population selectively mates, gives birth, or is found with neonates or calves. Feeding BIAs represent areas and times where an aggregation of a species, stock, or population preferentially feeds. Migratory BIAs represent areas and times within which a substantial portion of a species is known to migrate. Small and resident population BIAs are areas and times within which a small and resident population occupy a limited geographic context (under 35,000km2). For more detail on descriptions of the BIA categories please see Harrison et al. (submitted to this issue). For the BIA processes, regional leads attended national meetings with workshops with other area leads, NOAA and US Navy project sponsors, and other subject matter experts (SMEs) to solidify BIA definitions and scoring and labeling protocols. Check-in meetings were arranged with NOAA project sponsors and regional leads throughout the process to ensure understanding and consistency of protocols and assessments. Finally, expert elicitation was used in the form of SMEs, Indigenous and local knowledge holders.

The GOA is a broad region with the majority of research occurring in Southeast Alaska (SEAK), Prince William Sound (PWS), and Cook Inlet, and a lack of dedicated research outside of these hubs. Kodiak Island used to have dedicated cetacean research, but this has declined substantially since 2016 due to declines in funding and SMEs leaving the area. Outside of these areas, most of the recent data used to contribute to our understanding of cetacean presence in the GOA come from broad-scale line transect surveys with observational and acoustic data collected on multiple species of marine mammals (e.g., Rone et al., 2015; Matsuoka et al., 2020). Most SMEs we were able to contact and work with on this effort conduct research on humpback whales, gray whales, and killer whales in SEAK and PWS, sperm whales offshore in the eastern GOA, and beluga whales in Cook Inlet. We held multiple meetings with SMEs that work in SEAK to discuss how humpback whale BIAs would be arranged and scored in the area.

In the GOA, regional leads and SMEs used all available information to assess, delineate, and score candidate BIAs, including the older information sources documented in Ferguson et al. (2015), recent (2015-present) scientific publications, survey reports, technical memorandums, unpublished visual sighting data, line transect surveys, citizen science data, Indigenous knowledge, tagging data, acoustic recordings, and local knowledge from regional SMEs. Each candidate BIA was scored for Intensity, Data Support, Importance, Boundary Certainty, and Spatiotemporal Variability (see Harrison et al. submitted to this issue for more detail and description on scoring categories). Importance scores were given for R-, F-, and M-BIAs based on matrices of Intensity and Data Support scores, while the Importance score for S-BIAs was based on a matrix of Intensity (given by range & abundance metrics) and the Data Support score (Harrison et al. submitted to this issue). Geographic boundaries were delineated using a variety of categories such as geographic features, hydrographic features, minimum convex polygons around observation points (e.g., sightings, acoustic detections, or tag locations), and polygons drawn around a percentage of individuals engaged in an activity (e.g., feeding, migrating, reproducing, etc.). Precautionary buffers and predictions of potential habitat were excluded from boundary delineation. Boundaries were drawn in U.S. waters, but if a BIA extended past the U.S. Exclusive Economic Zone the boundary was not truncated or cut off. If the boundary moved into another region, the regional leads worked together to score and delineate the BIA and the region containing the larger area of the BIA generally took responsibility for the metadata of that BIA. Scoring for Intensity, Data Support, Importance, and Boundary Certainty was listed numerically from 1 to 3, with 1 being a low score (e.g., limited data to support the BIA, or low certainty in the boundary delineation), and 3 being a high score (e.g., extensive data to support the BIA or a high certainty in the boundary delineation). Spatiotemporal variability was categorized into Static, Ephemeral, and Dynamic (see Harrison et al. submitted to this issue for more detail and description on scoring categories). BIAs could also be hierarchically structured if detailed information was available to support areas with different scores across a single BIA (Harrison et al., submitted to this issue). Any candidate BIA with an Importance score of zero was added to a “Watch List” of areas for future consideration and to identify information gaps. The scores and narratives for each category were then summarized and forwarded to GOA SMEs for review.

We first present an overall regional summary of BIAs for the GOA region, as well as Watch List areas. We then present four detailed example BIAs that represent a variety of species, BIA types (Feeding, Migrating, and Small and Resident), and scores.



3 Regional summary

In total, 20 BIAs were identified for six cetacean species within the GOA region, with a geographic extent of approximately 315,313 km2 (range 240-174,404 km2; Figure 1; Table 1; for detailed information see Supplementary Information, or BIA website https://oceannoise.noaa.gov/biologically-important-areas). Three of the four BIA types were represented within the region, although not for all six cetacean species considered. Feeding BIAs were identified for gray, humpback, North Pacific right, and sperm whales. One migratory BIA was identified for gray whales. Two small and resident population BIAs were identified for beluga whales. The BIAs were active in the GOA from March to December, with a majority being active between May or June and September or October (Table 1; Figure 2).


Table 1 | All 20 Gulf of Alaska region BIAs by species and BIA type (feeding (F-BIA), migratory (M-BIA), and small resident population (S-BIA)), with general locations, scores, and designated months.






Figure 2 | Number of BIAs by month and BIA type.



The BIA I project identified 14 BIAs (Ferguson et al., 2015), which were modified, split, and updated to result in the 20 BIAs for this assessment. One new species was added, with a sperm whale F-BIA (Supplemental description 4.25). The humpback whale BIA in the Shumagin Islands was removed and listed instead as a Watch List area (Supplemental description 4.23) due to lack of data support or any information that could be added since BIA I (Ferguson et al., 2015). Two BIAs were split into multiple BIAs: humpback whales in Southeast Alaska were split from one overall BIA with three seasonal occurrences to 10 BIAs (Supplemental descriptions 4.9 – 4.13, 4.15-4.18, 4.20) and two Watch List areas (Supplemental descriptions 4.21, 4.22) with their own temporal delineation (see example 4 below); and gray whales in Sitka Sound were split from one larger area into a summer feeding Watch List area in Shelikof Bay (Supplemental description 4.7) and a spring F-BIA focused on herring (see Example 2 below, and Supplemental description 4.5) (Tables 1, 2; Figure 1). For four BIAs (Cook Inlet and Yakutat belugas, as well as the gray whale migratory BIA and gray whale Kodiak Island F-BIA) the boundaries remained the same and supporting data only was updated (Supplemental descriptions 4.1-4.2, 4.8, and 4.4 respectively). For four BIAs, the boundaries were redrawn and supporting data were updated: fin whales and humpback whales near Kodiak Island (Supplemental descriptions 4.3, 4.19), humpback whales in Prince William Sound (Supplemental description 4.14), and North Pacific right whales (Supplemental description 4.24). Additionally, we added five Watch List areas not previously delineated (Table 2; Supplemental descriptions 4.6 and 4.21-4.23). In order to better evaluate these watch list areas, more time and effort are needed in the field.


Table 2 | All 5 Gulf of Alaska region Watch List areas by species and BIA type (feeding (F-BIA), migratory (M-BIA), and small resident population (S-BIA)), with general locations, scores, and designated months.





4 Examples of biologically important areas in the Gulf of Alaska



4.1 Example 1 – Beluga whale (Delphinapterus leucas) small and resident population BIA in Yakutat Bay

Importance: 2, Intensity: 3, Data support: 1, Boundary certainty: 2, Spatiotemporal variability: static (s).



4.1.1 Background information

The following five stocks of belugas are recognized by NOAA Fisheries in U.S. waters and they are named after the summering areas in which they are found in Alaska (O’Corry-Crowe et al., 2006; O’Corry-Crowe et al., 2009; Muto et al., 2021; O’Corry-Crowe et al., 2021): 1. Cook Inlet, 2. Bristol Bay, 3. Eastern Bering Sea, 4. Eastern Chukchi Sea, and 5. Beaufort Sea. Genetic evidence supports an additional small population located in Yakutat Bay (SEAK) (O’Corry-Crowe et al., 2006; O’Corry-Crowe et al., 2009). Only the Cook Inlet and the Yakutat Bay belugas are found within the GOA (Figure 3). This example describes the S-BIA identified for the Yakutat Bay belugas, but we note that a S-BIA was also identified for Cook Inlet belugas and the supporting information can be found in the Supplemental Materials for this manuscript.




Figure 3 | Beluga small and resident population BIAs. (A) Both GOA S-BIAs. (B) Yakutat S-BIA zoomed in.



NOAA Fisheries regulations under MMPA (50 CFR 216.15) include Yakutat Bay belugas as part of the Cook Inlet Stock (75 FR 12498). However the Yakutat belugas are not considered part of the Cook Inlet Distinct Population Segment (DPS) (ESA, 73 Fr 62919). Genetic work suggests that while Yakutat Bay belugas may have come from the Cook Inlet population, their genetics are distinct enough now from the Cook Inlet belugas that they have “limited genetic exchange with Cook Inlet” (O’Corry-Crowe et al., 2015).



4.1.2 Intensity

The Intensity score (3) was based on the explicit quantitative criteria for S-BIAs, which are based on the population’s estimated abundance and range size (Harrison et al., submitted to this issue). The size of the population is uncertain, though approximately 10 individuals were counted in 2008 (O’Corry-Crowe et al., 2009; O’Corry-Crowe et al., 2015) as well as 2011 (Lucey et al., 2015). Recent information available after 2015 was based on three personal communications: one group of five whales seen in northwest Yakutat Bay in August 2017 (S. Oehlers pers comm 2021); a single whale moving towards the mouth of Esker Creek in mid-August 2020 (J. Capra pers comm 14 May 2021); and some groups of 2-3 whales from the air in Beluga Bay located on the west side of the Hubbard Glacier face in 2020 (J. Capra pers comm 14 May 2021). The range size of the beluga whales in Yakutat Bay is less than 2,000 km2. From the available information, the abundance of this population is fewer than 125 individuals. These abundance and range size estimates result in an overall Intensity score of 3 (Harrison et al., submitted to this issue).



4.1.3 Data support

Data support for this BIA was scored low (1) based on the limited new data in the last 10 years. The original BIAs (Ferguson et al., 2015) were based on data from 1976-2008. Here, we considered all available new information, which included data from dedicated research up to 2013 (Lucey et al., 2015) and three separate community science sightings in 2017 and 2020 (Supplementary Information).



4.1.4 Spatiotemporal variability indicator

Spatiotemporal variability of this BIA is characterized by static properties of the bay such as bathymetric features and food availability at river mouths, etc. It is a small and resident population that stays within the boundaries of the bay.



4.1.5 Boundary delineation

Boundary certainty was scored 2. The boundary was drawn to include all of the bay within which sightings have been observed (Laidre et al., 2000; O’Corry-Crowe et al., 2006; O’Corry-Crowe et al., 2009). It is important to point out that we are not certain that these belugas still use the entire area of Yakutat Bay because the last known records have all been near Esker Creek and Beluga Bay.




4.2 Example 2 - Gray whale (Eschrichtius robustus) feeding BIA in Sitka sound

Importance: 2, Intensity: 2, Data support: 2, Boundary certainty: 2, Spatiotemporal variability: ephemeral (e)



4.2.1 Background information

Once common throughout the Northern Hemisphere, gray whales are now mostly concentrated in the North Pacific Ocean where there are two main population stocks: the western North Pacific population (WNP) which feeds in the coastal waters of Sakhalin Island, Russia, with little known about migratory routes and breeding areas; and the eastern North Pacific population (ENP) which migrates along the West coast of North America between breeding areas in Baja California, Mexico and feeding areas between California and the Bering, Beaufort, and Chukchi seas. (LeDuc et al., 2002; Lang et al., 2011; Weller et al., 2012; Lang et al., 2014 and Weller et al., 2013). Additionally, there is a small but important feeding aggregation known as the Pacific Coast Feeding Group (PCFG) (Calambokidis et al., 2002). Genetic studies have shown that the ENP and WNP populations are distinct, while mitochondrial DNA has identified the PCFG as a subgroup of the ENP population (Lang, 2010; Lang et al., 2011). The most recent estimates of abundance are 16,650 ENP gray whales (95% CI = 15,170-18,335) in 2021/22 (Eguchi et al., 2022), 271-311 WNP gray whales in 2018 (Cooke et al., 2018), and 243 PCFG gray whales (SE=18.9; CV=0.08) in 2015 (Calambokidis et al., 2017).

A majority of the ENP gray whales migrate along the US west coast and the GOA as they transit between winter breeding areas in Baja California and Mexico, along the central California coast (Eguchi et al., 2022), and across the GOA to summer feeding areas in the Bering and Chukchi seas. The GOA portion of the northbound migration generally occurs between March and May (Braham, 1984). While a majority of gray whales migrate to the Bering and Chukchi seas, some whales spend summer months in feeding aggregations between northern California and throughout the GOA (Pike, 1962; Calambokidis et al., 2002). In these feeding aggregations they primarily feed on amphipods, gastropods, polychaetes, decapods, and cumaceans (Nerini, 1984; Darling et al., 1998; Moore et al., 2007; Witteveen and Wynne, 2016).

In Sitka Sound, local knowledge indicates that gray whales arrive in late March, coinciding with the herring spawning, and are typically seen in areas where spawning has occurred. Since the 1990s, at least 20-30 gray whales have regularly come through the area after herring spawn in the spring. Since 2014 and 2015 that number has grown, with an estimated 150-200 gray whales in 2021 and 2022 (Straley & Wild unpublished data). It is unclear what has triggered this phenomenon, but researchers in the area believe it has to do with prey availability elsewhere in their range, and are beginning studies using photographic-identification (photo-ID), tissue sampling, and body condition analysis. While feeding activity is the most common behavior seen, photographic and video documentation has also shown active surface social behavior and a variety of feeding strategies. Photo-ID and genetic analysis of the gray whales that come to Sitka Sound in the spring has not been done, so baseline studies are needed, and the Alaska Department of Fish and Game (ADF&G) herring biologists are also interested in learning more about how these exponential increases in gray whale numbers are impacting the predation on herring eggs and larvae. ADF&G conducted herring spawn deposition dive surveys, which have documented troughs of bottom substrate and kelp beds disturbed by gray whales throughout the spawning habitat (J. Jones pers comm 26 April 2022).



4.2.2 Intensity

This F-BIA received an Intensity score of 2 based on the significance of the Sitka Sound spring herring resource, in the context of their long migratory pathway between breeding and feeding grounds and the short-term window of this feeding opportunity. While this region is data-limited, expert elicitation from SMEs indicates that a large and increasing number of gray whales use the Sitka Sound area as a feeding BIA in the spring during the herring spawning season (Figure 4). This area is a consistent and important feeding area, given the short 1-2 month window and time of year it is active (spring) and the lack of other gray whale feeding areas in the GOA during that time. The fact that Sitka Sound is a potential stopover location to forage along a roughly 8000 km migration corridor highlights the significance of this F-BIA. Additionally, the prey resource of herring eggs and larvae is fairly unique for this population of gray whales and it has been suggested that the ability to exploit a variety of prey resources may be important to this species’ survival (Darling et al., 1998).




Figure 4 | (A) Gray whale BIAs with migratory BIA (M-BIA) shown in orange. Inset (B) shows Sitka Sound F-BIA. EEZ refers to the US Exclusive Economic Zone, defined as 200 nm from shore.





4.2.3 Data support

This F-BIA received a data support score of 2. There have not been any dedicated count, behavior, acoustic, or tag data collected in this feeding area. Photo-ID data was collected in Sitka Sound by J. Straley in the 1980s, 1990s, and early 2000s, though individuals were photographed during summer and fall months, rather than during the spring herring feeding (J. Straley, unpublished data). Overall, this BIA is based primarily on thousands of observations, photographs, and videos from members of the public, whale watching companies, ADF&G biologist surveys, and local researchers. The lack of dedicated photo-ID, abundance estimates, and tagging studies in the area suggest a lower Data Support score. However, the volume of testimonies from researchers, tour operators, state biologists, and members of the public provide very strong support for a Data Support score of 2.



4.2.4 Spatiotemporal variability indicator

This F-BIA is ephemeral, characterized by a habitat mosaic including coastline areas that have large quantities of suitable habitat for herring spawn, including macrocystis kelp (Macrocystis pyrifera), seagrass, and other seaweeds. Herring spawning locations (and thus gray whale concentrations) within this BIA shift from year to year and within a year, and boundaries have been drawn around the broad area where herring typically spawn and thus where gray whales could occur to feed on eggs. The larger Sitka Sound has been a consistent and large spawning ground for pacific herring for hundreds, if not thousands, of years, according to Tlingit stories and traditional ecological knowledge. Tribal elders say spawn on Kruzof Island in the northern and northwestern part of the BIA boundaries is not historically common and has increased in the past 5-10 years due to fishing pressure. In the mid 2000s to 2010s there were gray whales feeding along the road system of the town of Sitka more frequently. Thus, with rapidly shifting environmental conditions and changes in herring spawning activity being less predictable recently, the entire region can be seen as potential foraging habitat during the spring for gray whales.



4.2.5 Boundary delineation

Boundaries have been drawn around the broad area where herring typically spawn and thus where gray whales may feed on eggs on an annual basis. The larger Sitka Sound has been a consistent and large spawning ground for pacific herring for hundreds, if not thousands, of years, according to Alaska Native (Tlingit) stories and traditional ecological knowledge. Tribal elders say spawn on Kruzof Island in the northern and northwestern part of the BIA boundaries is not historically common and has increased in the past 5-10 years due to fishing pressure. In the mid 2000s to 2010s there were gray whales feeding along the road system of the town of Sitka more frequently. Surveys are only conducted within a limited area, near Sitka Sound, and where local guides, nature enthusiasts, and local researchers can access with relative ease during the time of year that animals are in this region; thus the boundary may not be fully comprehensive in reaching the outer limits of the area in which gray whales feed on herring. With rapidly shifting environmental conditions and changes in herring spawning activity being less predictable recently, this boundary delineation was scored as a 2, to account for uncertainty in spawning locations and thus gray whale foraging occurrence. It is possible gray whales aggregate in other areas feeding on herring eggs during this time, but that they are not captured on opportunistic sightseeing, whale watching, state herring management surveys, or on other marine mammal surveys that are centered around herring spawn and proximity to Sitka. We suggest researchers monitor other areas that herring spawn within Southeast Alaska and the GOA to potentially inform future boundaries and potentially other F-BIAs that focus on herring.




4.3 Example 3 - Sperm whale (Physeter macrocephalus) feeding BIA in the Gulf of Alaska

Importance: 2, Intensity: 2, Data support: 3, Boundary certainty: 2, Spatiotemporal variability: static (s).



4.3.1 Background information

Sperm whales (Physeter macrocephalus) are a cosmopolitan species inhabiting all of the world’s major oceans. Females and calves are thought to inhabit low-latitude equatorial waters while mature males move between higher latitude foraging grounds and return to low latitudes to breed (Best, 1979; Rice, 1989; Whitehead, 2003). While these north-south movements are largely assumed to be seasonal, movement of male sperm whales worldwide has been identified as a major knowledge gap in sperm whale population dynamics (Whitehead, 2003). The GOA is one of these high-latitude feeding grounds, and while it is frequented by sperm whales in the spring, summer, and fall, acoustic data indicate that they are present in the region year-round (Mellinger et al., 2004; Straley et al., 2015; Diogou et al., 2019; Rice et al., 2021). Genetic studies have indicated that the GOA is predominantly used by males (Mesnick et al., 2011).

Sperm whale populations worldwide were severely fragmented and decimated by commercial whaling. Overall abundance is not known, but the size of the population was thought to be reduced from around 1.3 million individuals to approximately 938,000 individuals by the late 1970s due to commercial whaling (Rice, 1989). Whitehead and Shin (2022) estimates the current global population to be 736,053 sperm whales (CV = 0.218). However, no current estimates exist for sperm whale abundance in the North Pacific, or in the GOA (Muto et al., 2021). Straley et al. (2015) estimated an abundance of 150 individuals in one section of the eastern GOA, between Cape Ommaney and Cross Sound (approximately 56.15 N, 134.67 W) from data collected between 2003-2015. A vessel-based standardized line-transect survey conducted in the U.S. Navy’s Temporary Maritime Activities Area (TMAA; 144,560 square km) located east of Kodiak Island from 23 June to 18 July 2013 used visual observers during daytime hours and a 24-hr towed array hydrophone to estimate abundance and density of a variety of marine mammals (Rone et al., 2014). Visual data from photo-ID resulted in an estimated abundance of 296 sperm whales (CV(N) = 0.57). A second abundance estimate of 215 sperm whales (CV(N) = 0.18) was estimated using acoustic localizations from the towed-hydrophone array (Rone et al., 2014).

Sperm whale occurrence and movement is largely impacted by prey resources (Rice, 1989; Watwood et al., 2006). In general, they primarily forage on bathypelagic and mesopelagic prey, at average depths of 200-1,000 m (Rice, 1989; Watwood et al., 2006; Guerra et al., 2017). Worldwide, sperm whales mainly consume cephalopods, though fish are an important part of their diet in some regions (Pike, 1950; Berzin, 1959; Gaskin and Cawthorn, 1967; Kawakami, 1980; Abe and Iwami, 1989; Whitehead, 2003). In the GOA, groundfish (i.e., bottom fish) and squid are the primary prey of sperm whales, and are available year-round in the region (Okutani and Nemoto, 1964; Flinn et al., 2002; Nichol et al., 2002; Wild et al., 2020). Additionally, male sperm whales in the GOA are known to remove sablefish (i.e., black cod, Anoplopoma fimbria) from commercial longline fishing gear, a behavior known as depredation. Prey consumption rates and caloric intake varies between depredating and non-depredating individuals, with acoustic research indicating that depredating sperm whales potentially consume three to four times the caloric intake per unit time as non-depredating whales (Mathias et al., 2012).



4.3.2 Intensity

This F-BIA received an Intensity score of 2 based on the significance of the GOA area to sperm whales in the context of their range and population size. While the GOA is a highly productive feeding area for sperm whales, population size and structure is poorly understood, and their range is expansive with foraging occurring in all portions of their range.

It is unknown what role this feeding area plays to the larger sperm whale population. Based on commercial whaling records, sperm whales are also known to feed in the Bering Sea and Aleutian Islands region, as well as off the British Columbia coast and off the coast of Washington state (Okutani and Nemoto, 1964; Kawakami, 1980). Sperm whales also feed in low-latitude breeding grounds, primarily on cephalopods (Whitehead, 2003).



4.3.3 Data support

The Data Support score was high (3) because of the breadth of data available to analyze movement, foraging ecology, presence, and habitat use in the GOA. There are a wide variety of data available since 2003, including satellite tag, acoustic tag, tissue samples, dietary analysis, photo-ID research, marine mammal survey observations, acoustic detections from towed arrays, sonobuoys, and autonomous recorders, and independent knowledge from commercial fishermen.

Information sources for this BIA included photo-ID records, satellite and acoustic tag records, genetic samples, dietary data from tissue samples, and acoustic recordings. In the eastern GOA, the Southeast Alaska Sperm Whale Avoidance Project (SEASWAP) data include hundreds of hours of photo-ID and field observations from trained researchers (122 individual whales in photo-ID catalog); 35 satellite tag records placed between 2007 and 2017 that had an average deployment period of 45 days; 11 acoustic tag records placed in 2007 and 2009 that yielded 146 hours of acoustic and movement data from a 2-axis accelerometer; 33 tissue samples taken between 2007 and 2018 for dietary analysis; nine tissue samples taken between 2004-2009 used in genetic analysis; thousands of hours of acoustic recordings from autonomous recorders and towed arrays between 2003 and 2019; and hundreds of fishermen testimonials. SEASWAP focuses efforts in the eastern GOA, roughly between Cape Ommaney and Cross Sound (approximately 56.15 N, 134.67 W), with very little dedicated sperm whale research or SMEs working outside of that area in the GOA. However, NOAA collects observational data on sperm whale interactions on both their federal longline sablefish survey and through logbook data with the commercial longline fishing fleet throughout the GOA, Bering Sea, and Aleutian Islands.

Throughout the central and western portions of the GOA, data include 4,586 km of line transects surveyed on an International Whaling Commission Pacific Ocean Whale and Ecosystem Research (IWC-POWER) cruise from mid-July to mid-September 2019, where visual observations of marine mammals were recorded, and 229 sonobuoys were deployed. This cruise resulted in 47 visual observations of sperm whales, no photo-ID or biopsies, and acoustic detection of sperm whales on 52.8% (n=112) of the sonobuoys. In addition to the ICW-POWER cruise, NOAA funded a Collaborative Large Whale Survey (CLaWS) which was conducted from mid-July to mid-September 2015 in the GOA (Rone et al., 2015). The second leg of the survey departed and returned to Kodiak, AK, and encountered sperm whales both visually on line transect surveys and acoustically on sonobuoys. Visually, 3,117 km of line transects were surveyed, with 46 individual sperm whales sighted. Additionally, 191 sonobuoys were deployed, with 107 (56%) detecting sperm whales acoustically. Finally, in 2013 a NOAA-led GOA Line-Transect Survey (GOALS II) was conducted for marine mammal occurrence in the Temporary Maritime Activities Area (TMAA) of the US Navy (Rone et al., 2014). Of the 4,504 km line transects conducted visually, 22 individual sperm whales were sighted. Of the 6,304 km of line-transect effort with towed array hydrophones, there were 241 sperm whale detections acoustically out of 379 total acoustic detections (64%). Out of the 181 sonobuoys deployed, 47 (26%) detected sperm whales (Rone et al., 2014).



4.3.4 Spatiotemporal variability indicator

This F-BIA is static (s), characterized by the continental slope region, a fixed region defined by bathymetry, which is thought to be the primary habitat for sperm whales in the GOA based on whaling records, visual and acoustic surveys, tagging records, and SEASWAP analysis (Thode et al., 2007; Sigler et al., 2008; Ivashchenko et al., 2014b; Rone et al., 2014; Schakner et al., 2014; Straley et al., 2014; Rone et al., 2015; Matsuoka et al., 2020; Wild, unpublished data).



4.3.5 Boundary delineation

This F-BIA covers the entire GOA offshore waters of depths 200-2,000m, which is generally considered the outer continental shelf and the continental slope habitat (Figure 5). This delineation is based on satellite tag records, acoustic data, stable isotope diet analysis, sighting data, and conversations with fishermen, scientists, and fisheries managers finding distributions of sperm whales throughout the GOA across the slope habitat (Thode et al., 2007; Sigler et al., 2008; Schakner et al., 2014; Straley et al., 2014; Wild et al. In Review). Satellite tag data from animals tagged on the shelf edge in the eastern GOA show that tagged whales do not move out into the central GOA or off the shelf edge after tagging (Straley et al., 2014, Wild et al. In Review). Acoustic and visual line transect surveys near Kodiak Island that extended off the shelf edge and into the deep ocean also found that sperm whales were predominantly located over the continental slope habitat (Rone et al., 2014; Rone et al., 2015; Matsuoka et al., 2020; Rice et al., 2021). Matsuoka et al. (2020) noted that sperm whales were widely distributed throughout the GOA on a line transect survey where the water depth was over 1,000 m. Most sightings from fishermen accounts, acoustic moorings, and dedicated vessel-based research trips occurred on the continental slope habitat. Preliminary work using spatial modeling suggests that sperm whales are distributed widely across the GOA slope habitat (Wild et al., In Review). Additional tag work, genetic analysis, and movement modeling could help determine whether the overall BIA should be broken down into smaller areas, or if a hierarchical framework might fit the population better. A majority of the data has been collected in the eastern GOA, and there is a lack of in-depth research in the central and western GOA. Additionally, a majority of sightings are geographically biased because observation effort is primarily on the continental slope, where the fishing activity that funds much of the existing sperm whale research occurs. Thus with high quality data in only one portion of the GOA region, and the other regions needing additional data, the boundary certainty score was determined to be a 2.




Figure 5 | Sperm whale F-BIA in the GOA. Contour lines are at 200m intervals from 200 - 1000 m. EEZ refers to the US Exclusive Economic Zone, defined as 200 nm from shore.






4.4 Example 4 - Humpback whale (Megaptera novaeangliae) feeding BIAs in Southeast Alaska

Importance: 1-3, Intensity: 2-3, Data support: 1-3, Boundary Certainty: 1-3, Spatiotemporal Variability: ephemeral (e).



4.4.1 Background information

In the North Pacific Ocean, humpback whales undergo long-range annual migrations between breeding and feeding grounds. The GOA feeding grounds cover an expansive and remote coastline, with numerous gaps in research and data collection, resulting in uncertainty in the extent of feeding areas within the overall region. Therefore, known feeding areas listed as BIAs may appear fragmented, which could be due to actual breaks between feeding hotspots for humpback whales, and/or simply due to limited knowledge in areas not in close proximity to towns and cities where researchers and tour operators are based. Populations of humpback whales have been designated by breeding rather than feeding areas. In 2016 NOAA delineated 14 distinct population segments (DPSs) for humpback whale breeding areas throughout the world (Federal Register, 2016). Humpback whales from four DPSs (Western North Pacific, Hawaii, Mexico, and Central America) have been documented feeding in the GOA. The Mexico DPS is listed as threatened and both the Central American and the Western North Pacific DPSs are listed as endangered under the U.S. Endangered Species Act; the Hawaii DPS is not listed. Whales from the Hawaii and Mexico DPSs mix on the Southeast Alaskan feeding grounds (Federal Register, 2016) and a very small number of Central American DPS individuals have been identified in SEAK as well (Happywhale, unpublished data).

In SEAK, several SMEs focus efforts on humpback whale research. For the region of SEAK, SMEs considered delineating feeding BIAs in several ways. These included labeling the entire region as one hierarchical BIA with different smaller areas that were active at different times; breaking the entire region into temporal BIAs; and breaking the region into smaller BIAs based on space, time, and primary prey. The consensus was that the best method to use was the latter, breaking the overall region into smaller areas based on temporal, spatial, environmental, and foraging differences. The primary process used to delineate these SEAK BIAs was through meetings with the main SMEs (listed below) in the region, and analyzing data from research databases. During meetings, SMEs identified the primary areas that whales use for foraging, prey that are targeted in each area, months or seasons each area is used, and how each area is separated or distinct from neighboring areas. These were cross-referenced with sighting data from researcher databases and citizen science data. A total of 10 Feeding BIAs were identified in SEAK, with an additional two watch list areas.



4.4.2 Intensity

On SEAK feeding grounds, humpback whales primarily feed on mixed zooplankton (primarily euphausiids) and small schooling fish (e.g., Pacific herring (Clupea pallasii), capelin (Mallotus villosus), and Pacific sand lance (Ammodytes hexapterus)) (Witteveen et al., 2011; Witteveen et al., 2012; Szabo, 2015; Boswell et al., 2016; Moran et al., 2018; Straley et al., 2018). The region attracts thousands of humpback whales to forage each year. Humpback whales are also known to feed elsewhere in the GOA region (e.g., Prince William Sound & Kodiak Island), the Bering Sea and Aleutian Islands region, as well as off of British Columbia and the US West coast.

Humpback whales make long (>5,000 km) seasonal migrations to access these feeding areas, and feeding is believed to be uncommon during the migration to and/or on the low-latitude winter breeding areas. This makes humpback whales highly dependent on foraging success in SEAK and lends itself to increased Intensity scores. However, there are many other feeding areas available within the GOA and other regions (e.g., Bering Sea & Aleutian Islands, as well as the US West Coast and British Columbia coast), which tempers the individual significance or Intensity of a single BIA. Short-term availability of herring in the Sitka Sound Spring BIA, combined with the fact that few other feeding opportunities have been identified in the region at that time (primarily March and April) highlight an increased importance of that feeding area and resulted in a higher Intensity score of 3 for that BIA (Figure 6). While eulachon (Thaleichthys pacificus) in Berners Bay also represents a short-term food source, the score remained a 2 due to the close proximity of other feeding areas at the same time available to humpbacks in the area (Figure 6). Most other BIAs in the region offer a variety of prey types (e.g. Glacier Bay & Icy Strait, Juneau area, S. Lynn Canal & N. Chatham Strait, S. Chatham Strait, Frederick Sound & Stephens Passage, and Southern SEAK) and/or prey that are available elsewhere at the same time (i.e., Sitka Sound Fall, Seymour Canal) and were all scored with an Intensity of 2 (Figure 6).




Figure 6 | Humpback whale F-BIAs in the GOA (A). Inset (B) shows the SEAK BIAs, shading reflecting data support scores (lighter shades are lower data support and darker shades are higher data support) and patterns reflecting boundary certainty (dots for score of 1, solid for score of 2, and stripes for score of 3).





4.4.3 Data support

Historical information published prior to 2014 was used in BIA I (Ferguson et al., 2015) for SEAK and reviewed for this round of BIA II. However, data collected after 2014 were the focus of this BIA II assessment. Information sources included published works, unpublished reports, raw data, and personal observations and knowledge from SMEs that do extensive work in the region. Long-term datasets exist throughout the region, and within SEAK as a whole a minimum of 54 individual whales have a sighting history of 30 years or more (Gabriele et al., 2022).

The primary data source for humpback whale BIAs in the GOA was the Happywhale photo-ID database (Cheeseman et al., 2017; Cheeseman et al., 2021). Sightings and photos used were contributed by research groups led by Christine Gabriele, Janet Neilson, Jan Straley, Heidi Pearson, John Moran, and Andy Szabo, with permission from researchers. Additional data in Happywhale came from members of the public and were used to enhance the researcher data. The Happywhale database, when accessed on 21 August 2021, contained over 22,000 sightings in SEAK between 2010 and 2021. To reduce the effort bias of sightings collected more consistently in certain areas where researchers are based or with larger human populations, we reduced the entire sighting spreadsheet to one sighting per individual whale per month, resulting in just under 13,000 sightings used in our delineation of BIAs. Heat maps were built from this sighting data to better understand hotspots on a monthly and yearly basis.

In addition to Happywhale, there was limited data available from deep implant satellite tags deployed on humpback whales in Hawai’i and northern SEAK between 1995-2019. These resulted in kernel density home range estimation in a small portion of northern SEAK (Palacios et al., 2019; Palacios et al., 2020). Data from a NOAA-led harbor porpoise survey conducted in July 2019 that transited line transects throughout a majority of major waterways in SEAK and documented observations of humpback whales were also used (Goetz and Zerbini, 2023).

The photographs submitted to Happywhale by members of the public have the potential to provide a wealth of information on abundances and sighting history for individual BIAs within SEAK. However, at the time of this publication, these data were not available in a format conducive to this analysis. The information from Happywhale is valuable, and more in-depth analysis could provide better insight into site fidelity and specific sighting histories of individuals within each of the BIAs in SEAK.

In SEAK, a majority of available humpback whale data were collected in the northern part of the region (from Chatham Strait and Frederick Sound northward, see Figure 6) and from the inside passage, which is a network of marine passages that weave through the islands of SEAK. This geographic bias directly impacted how BIAs were identified and scored. Few data have been collected on the outer coast of the region or offshore waters, except for the Sitka Sound area. Within the southern SEAK region, lack of dedicated research and expert knowledge results in a poor understanding of the areas that are biologically important. A majority of sighting data from Southern SEAK came from citizen contributions, with bias in major waterways that cruise ships and major tour boats transit and near communities and ports from which tour boats come and go. More research needs to be done in southern SEAK and offshore SEAK year-round to understand humpback whale presence, prey preferences, environmental drivers and movement of prey, boundaries of hotspots, and timing of whale presence throughout the region.

Southern SEAK was scored with a Data Support of 1 due to the lack of dedicated researcher data collected in the area (Figure 6). Most of the data available in this area are from community science contributions to Happywhale, which are biased by where tour boats and cruise ships transit. In northern SEAK, data support scores of 3 were given in areas where consistent and systematic surveys were conducted (e.g., Glacier Bay is surveyed five times a week June-Aug, 1-2 days a week in May and September, and opportunistically less than once per week in April and October; the Juneau area is surveyed approximately weekly between May and September) (Figure 6). A Data Support score of 2 was given where there was a variety of data sources and subject matter knowledge, but no consistent weekly or monthly survey activity in the area (e.g., Sitka Sound in the fall). Figure 6 shows each of the BIAs in SEAK with shading representing the different data support scores.



4.4.4 Spatiotemporal variability indicator

All spatiotemporal variability indicators for SEAK BIAs were classified as ephemeral. In this region, the prey are associated with persistent but dynamic features of the ecosystem, such as currents and eddies. Whales are typically found feeding in numerous locations within the BIA at any given time. These “hotspots” appear and disappear seasonally, and are likely based primarily on environmental drivers, such as water temperature, currents, and upwelling that influence the abundance and distribution of prey.



4.4.5 Boundary delineation

Boundary certainty scores in SEAK ranged from 1-3, with most receiving a score of 2 (Figure 6). The lowest score of 1 was given to the Berners Bay and southern SEAK BIAs, due to the uncertainty in how the areas were used and lack of data to solidify boundaries. The lack of dedicated research and expert knowledge in southern SEAK resulted in a poor understanding of how to delineate areas that are biologically important. More research needs to be done in southern SEAK year-round to understand humpback whale presence, prey preferences, environmental drivers and movement of prey, boundaries of hotspots, and timing of whale presence. This region was therefore scored with the caveat that it will likely be delineated into smaller areas when more temporal and spatial data are available. Thus, boundary certainty was scored as 1.

The highest score of 3 was given to the spring BIA for Sitka Sound, where humpback whales forage on herring. For Sitka Sound, there is very detailed information and maps from researchers, community scientists, tribal members, and state fisheries managers who spend hundreds of hours on the water and in the air documenting herring and their predators throughout the time when the BIA is active. The boundaries are defined by consistent herring presence in the same overall area year after year, and thus the SMEs felt the boundaries for the spring BIA in Sitka Sound should be given a higher score than those for the rest of the region.

For the rest of the SEAK feeding BIAs, boundaries were drawn around areas where sightings were most prevalent, and around major confluences of water bodies, with input from SMEs. We also relied on bathymetric features that potentially separate different prey fields, impact whale behavior in those areas, or affect temporal aspects of humpback whale presence. SMEs noted the uncertainty in this method in that the majority of sightings are near the bases for research activities, and that sighting gaps could be due to either lack of effort or lack of humpback whale use.




4.5 Watch list feeding areas

Two areas in this region were labeled as watch list areas (see Harrison et al. submitted to this issue for a description of watch list areas), receiving an importance score of 0 from both Data Support and Intensity scores of 1. The first was for offshore waters in the GOA, where a lack of dedicated research to better understand timing, hotspots, and prey preferences resulted in an inability to define the temporal and spatial boundaries of the area. Historic data between 2002-2005 have shown that humpback whales use offshore waters throughout the GOA (Witteveen et al., 2011). Additionally, anecdotal observations from marine mammal and fisheries surveys within the last 10 years suggests use of offshore areas during the summer months, with expert elicitation indicating humpbacks likely primarily use the edge of the continental shelf between approximately 100-300 m (Straley, unpublished data). While there are likely hotspots along the GOA for offshore habitat use, we do not know where those might be, and thus the boundaries are unknown for this watch list area.

The second watch list area was designated in Peril Strait, a waterway connecting Sitka Sound to the inside passage. This area is transited frequently by personal watercraft, Alaska Marine Highway transportation ferries, and tour vessels; there is some community science data documenting presence of humpback whales, and SMEs believe whales likely spend some time in the area during certain times of the year, but data are so limited that it was not scored with the other BIAs in SEAK.

Increasing the research and survey efforts in these two areas, as well as throughout the entire GOA, would improve our understanding of humpback whale population dynamics and habitat use in both the nearshore and offshore waters of the GOA.




5 Conclusions/recommendations

The BIA II project resulted in delineation of 20 BIAs in the GOA region, including feeding areas for gray, humpback, North Pacific right, and sperm whales; a migratory route for gray whales; and two small and resident populations of beluga whales (Figure 1). This represents an increase from the 14 BIAs identified in the BIA I process (Ferguson et al., 2015) and includes the addition of a scoring system (see Harrison et al. submitted to this issue for details), and temporal and spatial structure to the BIAs, with additional information and data made available since the last effort. Together this process allows a more comprehensive evaluation of the areas used by cetaceans in the GOA for purposes of feeding, migrating, reproducing, and of small and resident populations.

NOAA’s biologically important areas intentionally focus sharply on identifying areas and times in which cetaceans preferentially concentrate for feeding, migrating, and activities related to reproduction, and also the full range of small resident populations. This spatiotemporal information about a species’ ecology is fundamentally important to consider when analyzing impacts to the species from existing or future changes in the ecosystem, including anthropogenic activities. However, comprehensive impact analyses should also consider additional information that was not explicitly incorporated into the BIA delineation and scoring process, such as the presence and intensity of anthropogenic noise and other types of disturbance; and realized or predicted effects of climate change, which may manifest as changes in the spatiotemporal distribution of predators or prey, ultimately affecting cetacean habitat. For example, factors that likely affect the gray whale F-BIA in Sitka Sound include increased predation pressure by killer whales, shifting (or lack of) food availability in other parts of their range, and the recent (2019-present) gray whale unusual mortality event (NOAA Fisheries News Release, 2021). Similarly, the Pacific marine heatwave has contributed to shifts and changes not yet understood in humpback whale feeding areas in the GOA.

Marine heatwaves (periods of extreme warming in the ocean) can last for days to months to years, and can cover thousands of kilometers. These oceanographic events are projected to increase in duration, spatial extent, and intensity due to climate change (Frölicher et al., 2018). The NE Pacific marine heatwave in 2014-2016 had a significant effect on cetacean (e.g., humpback whale and gray whale) population dynamics throughout this region in ways that are still being studied or need to be studied (Arimitsu et al., 2021; Suryan et al., 2021; Gabriele et al., 2022). It will be important to reassess and make changes to these BIAs where necessary at least every 4-5 years, as the effects of climate change increasingly impact marine ecosystems and are cause for significant conservation concern.

The GOA region borders international waters at its southern end along the coast of British Columbia (BC). As a result, there exists a gap in our assessment of BIAs between southern SEAK and the northern US west coast region (see Calambokidis et al., submitted to this issue). While BIAs in Canadian waters may not be of interest to US management organizations, they are important areas to some, if not all, of these species and have ecological implications. For example, there have been sightings of North Pacific right whales consistently off the coast of Haida Gwaii island in BC, and including those waters as a BIA would be biologically relevant and was recommended by SMEs. Additionally, there are thousands of humpback whales that feed along the coast of BC. Many of these individuals move into SEAK waters during the summer, and there is significant overlap between feeding areas for humpback whales in this region. A dedicated effort to explore the population dynamics of cetaceans between BC and SEAK would be extremely beneficial to the BIA effort and cetacean research in general, but was not possible for this round due to time and funding constraints. In the future, BIA work should aim to include BC waters in either the west coast region or the GOA region, whichever is more biologically relevant to each species.

The use of watch list areas is important because they highlight cases that local knowledge suggests may warrant receiving BIA status if additional information becomes available. For example, humpback whale foraging is known to occur in offshore waters in the eastern GOA in the summertime, but data is lacking to pinpoint the spatial extent of this feeding area as well as the spatiotemporal variability. Without dedicated research in offshore waters, the watch list was created based on local and traditional ecological knowledge (TEK). Even with the use of watch list areas, there are still some obvious gaps in knowledge of species assessed in this project, especially the open or offshore GOA waters that have a lack of research and local knowledge. Consistent line transect surveys could provide additional understanding of the cetaceans more comprehensively throughout the GOA. Information on cetacean migratory routes is lacking in the GOA, but this information may be attained through photo-ID efforts and satellite tag deployments.

It is important to note that this BIA assessment was not inclusive of all cetaceans in the GOA. Most notably, we did not include, assess, or score BIAs for Dall’s porpoise (Phocoenoides dalli), Pacific white-sided dolphins (Lagenorhynchus obliquidens), Risso’s dolphin, killer whales, beaked whales (Ziphiidae sp.), minke whales, sei whales (Balaenoptera borealis), or harbor porpoise. Minke whale, killer whale, and harbor porpoise areas were discussed with SMEs at initial meetings, and enough data likely exist to score BIAs for these species within SEAK and PWS at a minimum, but there was not enough time or resources available to gather and analyze the existing data and identify and score these areas. For all other species, there simply was not time or resources available to assess their presence within the GOA area, nor were SMEs aware of enough information available that could be used to score BIAs. It would take a large effort of time and resources to comb through data and adequately assign BIAs to score for the species not included here or to determine if enough data exists to score BIAs for these species by compiling agency reports and tracking down observational data from regional biologists and/or tribal entities. However, given more dedicated time to this project and interviewing potential SMEs across the broad and remote GOA, integrating these species into the next BIA assessment would help to magnify the areas in which data gaps are present and identify whether or not BIAs do exist for all of these species in the GOA region. Overall, our awareness and understanding of BIAs in the GOA region would be strengthened by more research and funding, with BIA assessments updated at least every 4-5 years in order to be useful.
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Here we update U.S. West Coast Biologically Important Areas (BIAs) that were published in 2015 using new data and approaches. Additionally, BIAs were delineated for two species that were not delineated in the 2015 BIAs: fin whales and Southern Resident killer whales (SRKW). While harbor porpoise BIAs remained the same, substantial changes were made for other species including identifying both larger overall areas (parent BIAs) and smaller core areas (child BIAs). For blue, fin, and humpback whales we identified, delineated, and scored BIAs using the overlap between the distribution and relative density from three data sources, leveraging the strengths and weaknesses of these approaches: 1) habitat density models based on Southwest Fisheries Science Center (SWFSC) line-transect data from systematic ship surveys conducted through 2018, 2) satellite tag data from deployments conducted by three research groups, and 3) sightings of feeding behavior from non-systematic effort mostly associated with small-boat surveys for photo-identification conducted by Cascadia Research Collective. While the previous BIAs were based solely on a more subjective assignment from only the small boat sightings, here we incorporate the other two data sources and use a more rigorous, quantitative approach to identify higher density areas and integrate the data types. This resulted in larger, better-supported, objective BIAs compared to the previous effort. Our methods are also more consistent with the delineation of BIAs in other regions. For SRKWs, the parent BIA was based on a modification of the Critical Habitat boundaries defined by the National Oceanographic and Atmospheric Administration (NOAA) and the Department of Fisheries and Oceans (DFO) Canada; a core BIA highlighting areas of intensified use was identified using both NOAA’s Critical Habitat and kernel density analyses of satellite tag data. Gray whale BIAs were re-evaluated for the migratory corridor of Eastern North Pacific gray whales, for Pacific Coast Feeding Group feeding areas, and for gray whales that feed regularly in Puget Sound.
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1 Introduction

Management and conservation of wildlife, especially as it relates to overlap with anthropogenic activities, requires information on the most important areas for different species (Matthiopoulos et al., 2020). This is especially the case along the U.S. West Coast, where the highly productive California Current Ecosystem supports diverse and important populations of marine megafauna, including cetaceans, but is also an important region for commercial seaports, fisheries, and military operations (Barlow and Forney, 2007; Checkley and Barth, 2009). There have been a number of documented threats to cetaceans in this region, including ship strikes (Berman-Kowalewski et al., 2010; Redfern et al., 2013; Rockwood et al., 2017), entanglements (NOAA, 2023; Santora et al., 2020; Saez et al., 2021; Tackaberry et al., 2022), and underwater sound (e.g., sonar; Southall et al., 2019). Assessing and managing these threats require information on their distributions and areas of most critical use for feeding, breeding, and migrating (Harrison et al., 2023). A number of studies have examined density and distribution of different cetaceans along the U.S. West Coast through a variety of data streams, including sightings from line-transect surveys (Becker et al., 2012; Jefferson et al., 2014; Becker et al., 2017; Becker et al., 2020a, b), satellite tracking data (Bailey et al., 2009; Irvine et al., 2014; Scales et al., 2017; Lagerquist et al., 2019; Palacios et al., 2019), acoustic detections (Širović et al., 2015; Ryan et al., 2022), historical whaling catch data (Mizroch et al., 2009), and sightings data from non-systematic survey efforts and citizen science platforms (Halpin et al., 2009; Falcone et al., 2022). These data have also been used to inform Critical Habitat for endangered species (e.g., NMFS, 2021). Few studies have tried to combine multiple data sources to identify important areas for cetaceans off the U.S. West Coast (although see Abrahms et al., 2019a), likely due to the inherent variability in sampling and scale among the different survey methods that can make it challenging to integrate multiple data streams. Despite these challenges, combining multiple data streams to identify important areas of cetaceans, especially those that have large spatial domains, can provide more comprehensive information for managers to use in conservation efforts.

As part of a nation-wide process coordinated by the National Marine Fisheries Service, we delineated and scored Biologically Important Areas (BIAs) for cetaceans off the U.S. West Coast (Van Parijs et al., 2015; Harrison et al., 2023). BIAs are times (months, seasons) and areas that are important to cetacean species, stocks, or populations for reproduction (R-BIAs), feeding (F-BIAs), or migration (M-BIAs; Harrison et al., 2023; Ferguson et al., 2015). BIAs can also be defined for small and resident populations (S-BIAs) based on their range and core areas. The aim of delineating BIAs is to use the best available science to characterize these important areas for specific species, populations, or stocks that can aid managers in cetacean impact assessments or other conservation efforts. BIAs have no inherent or direct regulatory authority. BIAs were developed and described in 2015 for the U.S. West Coast (Calambokidis et al., 2015) for blue (Balaenoptera musculus), humpback (Megaptera novaeangliae), and gray whales (Eschrichtius robustus) and for harbor porpoise (Phoceona phocoena). F-BIA boundaries for blue, humpback and gray whales were based on areas of concentrated sightings of these species from small vessel work along the U.S. West Coast. While those BIAs were useful, they suffered from a number of shortcomings: 1) the BIA delineations relied primarily on sightings from non-systematic small boat surveys and habitat-based density model predictions from NOAA-based ship surveys (Becker et al., 2012; Forney et al., 2012) but were not explicitly used to inform BIA boundaries; 2) BIA boundaries were somewhat subjective, based on expert judgement with a buffer added around the areas of concentration; and 3) other potential sources of data, including telemetry data, were not included.

To address some of the shortcomings of the original BIA designations and to make use of new data sources to both improve existing and add areas for additional species, we updated the original BIAs with the following major changes:

	Delineation of BIAs for fin whales (Balaenoptera physalus) and Southern Resident killer whales (SRKW) (Orcinus orca), species that were not included in the original BIAs, but for which sufficient data are now available to make these designations.

	Explicit integration of habitat-based density models, where available (blue, fin, and humpback whales), based on NOAA ship surveys conducted from 1991 to 2018 (Becker et al., 2020a; 2020b).

	Inclusion of home ranges derived from tagging data that have been conducted for a number of the large whale species (Irvine et al., 2014; Scales et al., 2017; Lagerquist et al., 2019; Palacios et al., 2019).

	A more quantitative and transparent method for assigning BIA boundaries through integration of the above data sources.

	Broaden the number of researchers and diversity of expertise involved in assessing cetaceans along the U.S. West Coast. While not a formal expert elicitation, input was provided both through initial BIA meetings organized by NOAA and follow up discussions with our regional team in developing the West Coast BIAs and this manuscript.



The BIAs we propose cover some of the more common and well-studied species occurring along the U.S. West Coast but our designations do not represent all of the cetacean species in this region. Many other cetacean species, especially members of the delphinid family and offshore species including beaked whales, use these waters and it will be important to consider BIAs for these in the future.




2 Methods



2.1 General methodology and data sources

BIAs for all seven regions around the U.S. were delineated and scored using an overall approach detailed in Harrison et al. (2023). Given the differences in available data and the species being included, we outline here some of the region-specific approaches used to evaluate BIAs along the U.S. West Coast and provide additional details and relevant caveats in the Supplementary Materials (Supplementary File A, Section S1). All analyses involved in the development of the BIAs were conducted in the program R v. 4.1.2 (R Core Team, 2021).

The types of data used to inform BIA boundaries and scores varied across species and BIA type. The three types of BIAs considered were feeding (F-BIA), migratory (M-BIA), reproductive (R-BIA), and small and resident (S-BIA). Nearly all large whale (blue whale, fin whale, and humpback whale) F-BIAs were derived using three main sources of information through an integrated approach (detailed below): 1) sightings data collected primarily from dedicated small-boat surveys led by Cascadia Research Collective (CRC) along the West Coast since 1986 (CRC, Unpublished; Calambokidis and Barlow, 2004, 2020; Calambokidis et al., 1990, 1996, 2009, 2017), 2) satellite tag data from long-duration implant tags deployed by Oregon State University (OSU) spanning 1998-2019 (Irvine et al., 2014; Mate et al., 2018; Palacios et al., 2020), and 3) multi-year averaged habitat-based density (HD) models developed by NOAA Southwest Fisheries Science Center (SWFSC) from ship-based line-transect surveys spanning 1991-2018 (Becker et al., 2020a; 2020b). Medium-duration satellite tag deployment data from Marine Ecology & Telemetry Research (MarEcoTel; Scales et al., 2017) were also available for fin whales and incorporated into the fin whale BIA boundary delineation process. A multi-year averaged predicted density surface was chosen for the HD model layer to account for known year-to-year variability in whale distributions and density surface predictions. The HD models were based on surveys conducted during summer and fall months (typically July to November) when many large whales feed in the West Coast region. HD models have not been generated for gray whales. The Pacific Coast Feeding Group (PCFG) gray whale F-BIAs were supported by available sightings and satellite tag data. The F-BIAs for North Puget Sound “Sounders” gray whales were supported only by sightings because satellite tag data were not available. More details on these data and pre-processing methods can be found in Supplementary File A, Sections S2.1-S2.5).

For the large whale species that use the West Coast for feeding, we conducted an assessment of the spatial distribution (distance from shore, seafloor depth) of sightings of calves compared to sightings with no calves to determine whether differences warrant the delineation of an additional R-BIA (i.e., areas where there is disproportionate calf occurrence). For blue, humpback, and fin whales, this assessment was based off of CRC small-boat sightings as the other sighting data sources did not include information on the presence of calves. For gray whales, there is substantial published information on the different spatial distribution of migrating cow/calf pairs to support the delineation of an R-BIA (detailed in gray whale section of results), and thus no additional assessment with CRC sightings data was needed. Details on the assessment for the remaining large whales are available in Supplementary File A, Section S2.6.

The single M-BIA delineated for the West Coast region corresponding primarily to the Eastern North Pacific (ENP) gray whale (but also includes some Western North Pacific gray whales that migrate to Mexico wintering grounds), and was revised based on information from existing literature spanning several decades (early 1970s to 2010s), sightings from CRC small-boat surveys, sightings from community science platforms (OBIS-SEAMAP; Halpin et al., 2009), and expert elicitation (OSU, Unpublished). S-BIA boundaries for SRKWs and harbor porpoise were primarily based on existing management units (e.g., stock boundaries, designated Critical Habitat) that were adequately justified by contemporary studies while still aligning with BIA objectives outlined in Harrison et al. (2023).

Two new aspects of the BIA II delineation protocol are the options for identifying transboundary BIAs and “hierarchical” BIAs. Transboundary BIAs are BIAs that span more than one of the seven BIA regions, and thus allow for continuity in a species’ important area among BIA regions if necessary (e.g., for migration corridors; Supplementary File A, Section S2.1). Delineated BIA boundaries can extend into international waters if supporting data is available (i.e., BIAs were not truncated at the U.S. Exclusive Economic Zone (EEZ)), but BIAs were not identified solely within international waters (Harrison et al., 2023). Hierarchical BIAs are for situations where high-resolution data are available and it is appropriate and helpful to identify a gradation in animal use, available information, certainty in the spatial and/or temporal aspects of the boundary, or ecological characteristics across a broader area. For many species considered here, data were available to support the existence of core areas of use, or areas used notably more intensely, identified within a larger important area, which is termed “parent BIA” (Harrison et al., 2023). In these cases and throughout this manuscript, we refer to these areas as “core BIAs”, rather than child BIAs introduced in Harrison et al. (2023) to more clearly represent that these areas were identified as a portion of the parent BIA with intensified use (e.g., higher density) by the given species and corresponding higher intensity scores based on the criteria evaluated. One exception to this was the delineation of the hierarchical M-BIA for (primarily) ENP gray whales, where we identified one parent BIA that temporally and spatially spans both northbound and southbound migrations, with a transboundary extension to the Gulf of Alaska. The parent BIA encompasses several smaller (spatially) and shorter (temporally) phase-specific BIAs (i.e., southbound, northbound phase for adults/juveniles, northbound phase for cow/calf pairs). In this situation, we refer to such nested BIAs as “child BIAs”.




2.2 Integrated approach for large whale F-BIAs

An integrated approach was implemented for determining the spatial extents of the F-BIA boundaries for blue, fin, humpback, and PCFG gray whales. The approach leveraged information available from the different, complementary data sources. This methodology involved creating spatial layers derived from each of the three data sources (small boat sightings, satellite tags, and HD model) for each species and identifying areas of overlap among the layers as biologically important. Each of the three data sources has its own strengths and weaknesses. The CRC sightings data are extensive (spanning 35 years) and for several species include thousands of observations of feeding or milling whales, but is biased by the uneven distribution of effort (see Calambokidis et al., 2015). The satellite tagging datasets include a substantial number of deployments for large whales, providing detailed patterns of movement and habitat use over extensive periods, but can be subject to location bias if deployments are clustered in time and space and do not accurately represent the overall population (see for example Hays et al., 2020). The HD model is based on sightings from systematic ship-based line-transect surveys covering the entire West Coast, including offshore waters not reached by small-boat efforts, but the surveys were conducted only every few years in summer-fall, and with the exception of 2018, had relatively widely spaced transect lines including in coastal waters (see Becker et al., 2020b). Carefully combining these datasets to find concurrence in the prediction of high-use regions helps address the individual dataset biases while also capitalizing on their strengths, resulting in a robust way to define BIAs. For example, integration of HD model output and satellite tag data has been explored using ensembles of species distribution models for blue whales as a test case (Woodman et al., 2019; Abrahms et al., 2019a).

We used kernel density estimation (KDE) on the CRC sighting locations to generate a two-dimensional probability distribution surface using the package ks (Duong, 2021). The bandwidth value controls the degree of “smoothing” around sighting locations that generate the KDE density surface. There are many automated algorithms for determining a bandwidth value, but their default settings can artificially over-smooth the density surface, especially if locations are clumped in space (Worton, 1989; Kie et al., 2010), as is the case for our sighting data of feeding whales. Alternatively, this value can be specified by the user if there is some proper biological question or expert judgment to inform the value to achieve a more realistic density surface (Wand and Jones, 1995). To avoid over-smoothing our sighting data collected at a relatively small spatial scale, we decided to manually specify the bandwidth value. We also made this value species-specific to capture species-level differences in the spatial scale of feeding aggregations. These values were informed by expert judgement from over 35 years of field experience with all of these species and our understanding of their distribution patterns at multiple scales. The bandwidth value was set to 10 km for blue, fin, and humpback whales and 5 km for PCFG gray whales. Only sightings where feeding or milling behaviors were observed were included in this assessment. While there is a degree of subjectivity to this approach, it is an acceptable approach (Wand and Jones, 1995; Kie et al., 2010), and we feel that it is less subjective than automated bandwidth selection algorithms, of which many would not appropriately fit our data that are inherently clumped in space and time.

Overlapping feeding home ranges (HR) of individual whales were used as the spatial layer for the satellite tag data. HRs were estimated using kernel density estimation methods described in Irvine et al. (2014), Mate et al. (2018), and Palacios et al. (2020). Briefly, we quantified intensity of space use by mapping each tagged individual’s home range on a 10 km x 10 km raster (all on the same grid), summing the total number of home ranges that extended into each grid cell across all individuals, and calculating the proportion of the total number of whale home ranges within each grid cell.

The HD model was available as a single layer that provided estimates of whale density (animals per square km) at 10 km X 10 km spatial resolution, so no additional analyses were needed. To be consistent with methods among BIAs, we merged the more recent predictions reported in Becker et al. (2020b) that do not extend to the Washington U.S./Canada border with the earlier HD predictions reported by Becker et al. (2020a) that do extend to this northern region, but which do not include the most recent survey year (2018).

Spatial layers were created for each dataset that was available for each F-BIA species, then the layers were integrated to determine BIA boundaries based on two threshold values: one for creating parent BIAs and one for creating core BIAs. To facilitate the selection of threshold values, density values for each data layer (HD model density predictions, proportion of overlapping tagged whale HRs, sightings KDE contour) were mapped in quantiles to identify areas of low to high density among each data layer (e.g., see Redfern et al., 2019). Since F-BIAs indicate areas where a substantial portion of a species preferentially feeds, parent BIA thresholds were chosen to encompass a broader proportion of the density of feeding whales reflected in each data layer, whereas the core BIA thresholds were chosen to capture notably concentrated feeding areas reflected in each data layer (process for threshold assignment detailed below). These objectives were reflected in the ultimate selection of the BIA thresholds, where the proportional values of data represented in density layers (% of sightings, area of tagged whale space use) encompassed by resulting parent BIAs were high (90%), and those encompassed by core BIAs were lower and varied slightly among data types (29-74% for blue, fin, and humpbacks and 91% for nearshore-dwelling PCFG gray whales), due to potential biases among the survey methods and in species’ distributions (details in Results section). Overall, we applied this approach to further our region-specific goal of more completely capturing the distributions of important areas in the broader parent BIAs for each species but also identifying the smaller high-density areas in the core BIAs that were more similar to the areas delineated in the original BIA effort; species-specific comparisons of the new BIAs to the original BIAs are provided in the results section.

Two main sources of variation among the three data layers were considered in the threshold assignment process: (1) variability in density values across species (or populations) that relates to factors such as the geographic range of the species, behavior of the species, relative abundance, and survey coverage (or sample size of whales tagged); and (2) variability in the spatial sampling across the three data layers, due to the nature of the “survey” methods underlying each layer (i.e., large-scale ship-based line-transect surveys, free movements of tagged whales, localized small-boat surveys). Because of (1), setting exact, quantitative density values (e.g., 0.005 whales/km2 predicted density) for each of the three layers for all species would not result in species-specific BIAs. While equal quantile-based thresholds (e.g., 0.60 quantile) could be established across layers to mitigate this, this approach would fail to recognize substantial differences in the spatial scale that each layer reflects (i.e., variation from (2)). Therefore, in an attempt to recognize biases that could arise from both (1) and (2), while also maintaining consistency across large whale F-BIAs, we applied a general approach in which threshold values for parent and core BIAs were defined by quantiles specific to each data layer but held the specific quantiles the same across species. Layer-specific quantile-based threshold values were identified through visual assessment of the spatial scales that each data layer and quantiles capture and are discussed below; choices for quantile thresholds for each data layer were reviewed by all subject matter experts involved in this effort. Overall, this approach of using consistent quantile cut-offs across species for each specific data layer provided an objective approach to setting the cut-offs.

The HD models were developed from sighting data collected on large-scale shipboard line-transect surveys conducted in waters off the U.S. West Coast to 556 km offshore, in conjunction with habitat covariates available at an approximate 0.1 degree (~10 km) resolution; this layer reflects very large-scale, coarse oceanography and associated whale density predictions. As a result, this particular method generates very large polygons for even the highest quantiles of predicted densities. Because of this contrast in geographic scale compared to the other two layers, and relative to the geographic range of these populations, higher quantiles in the HD model layer were specified for threshold values for the parent and core BIAs. The parent BIA HD model layer threshold was specified as the 0.80 quantile, and the core BIA threshold was one decile higher than the parent BIA threshold (0.90 quantile) for all species.

The satellite tag data layer often covered a broad geographic area (e.g., compared to sightings KDE) as the tags allow for documentation of independent whale occurrence outside of surveyable areas and over long time periods. This data layer is a direct, non-random depiction of the ecology of these whales. Moreover, many of the species with F-BIAs here often have large feeding home ranges (HRs) as a result of their extensive ranging behavior. Despite this, the geographic area where at least two whales’ HRs overlapped (i.e., increased evidence for importance of area for feeding) was frequently much smaller than the total area used by all tagged whales. Therefore, lower quantiles (i.e., intermediate-sized geographic areas) in this layer would adequately capture areas preferentially used for feeding. More specifically, we considered geographic areas preferentially used for feeding by at least two whales (0.20 quantile of the total proportion of overlapping HRs) to indicate areas of notable importance for feeding for a broader proportion of the population of interest (i.e., for the parent BIA). For the core BIA, one decile higher in the intensity of area use (i.e., proportion of overlapping HRs) was specified as the threshold value (i.e., 0.30 quantile of the total range of overlapping HRs). Quantiles of the proportion of overlapping HRs were the same across species.

The small-boat survey sightings data layer reflects localized, concentrated areas of feeding whales rather than broader areas of feeding whales, as the logistics of this survey method result in limited spatial sampling of the entire geographic range of all feeding whales along the West Coast. Consequently, this data layer (KDE of sighting points) was always comparatively small in geographic size. As such, when selecting threshold values for the parent and core BIAs, lower densities (i.e., larger contours) in this layer adequately captured areas preferentially used for feeding when considering the entire range of the respective species in this region. For the parent BIAs, the 90% KDE contour was used and for the core BIAs, one intensity level lower (80% KDE contour) was used.

Inner (i.e., shoreward) bounds were set for the parent and core BIAs based on a depth contour to capture a reasonable proportion of nearshore encounters, while recognizing that large whales do not use very shallow, nearshore waters up to the coastline. Depth contours chosen for inner boundaries of the BIAs were informed by frequency distributions of CRC sightings by seafloor depth. More specifically, we used these distributions to identify transition points in the frequency of sightings across depth bins that would indicate the relative distribution that each BIA type reflects (i.e., broader distribution for parent and concentrated for core); these transition points generally aligned with the 0.95 quantile and 0.55 quantile of the sighting depth distribution for each species. Figures of these distributions are provided in Supplementary File A, Section S2.5. Lastly, in some cases, the resulting BIAs included a limited number of discontinuous and small “islands”. The islands that were an artifact of edge overlap between two layers, and thus provided weak evidence of high space use, were removed using the smoothr package (Strimas-Mackey, 2021); small islands that resulted from more extensive overlap between two data layers (e.g., more than 50% of each layer) were retained.




2.3 Scoring

Scores were derived for each BIA to characterize key aspects the BIA, including the Intensity, Data Support, Importance (combined score of the latter two scores), Boundary Certainty, and Spatiotemporal Variability (Table 1), following the process and definitions outlined in Harrison et al. (2023) and summarized in Supplementary File A, Section S1. Several factors were considered when assigning Intensity scores, including abundance, intensity of space use (frequency, duration, size, etc.), behavior (e.g., site fidelity), and population structure (e.g., likelihood of relying on another foraging ground outside of the West Coast). Scores for Data Support, Importance, and Boundary Certainty were informed by the quality and quantity of supporting information, data and methods biases, and current knowledge gaps that were relevant to each score type (Harrison et al., 2023).


Table 1 | Summary of types, species, areas, times, and key parameters and scores for the updated and newly delineated West Coast BIAs.



One important thing to note is the scoring assignments for the Spatiotemporal Variability Indicator. For many BIAs described here, particularly the F-BIAs, the species in consideration may respond to spatiotemporal variation in the environment and some of the habitat models for large whales have incorporated dynamic variables to account for this (Forney et al., 2012; Scales et al., 2017; Abrahms et al., 2019a; 2019b; Becker et al., 2020a; 2020b). More specifically, variability in oceanographic conditions along the West Coast region often results in variation in the spatial distribution of prey patches (e.g., krill, anchovies) upon which large whales feed. As such, these whales may adjust their feeding behavior in space and time accordingly. However, we assigned a Spatiotemporal Variability Indicator score of “static” for all BIAs here, for the following reasons: (1) for BIAs derived from the integrated approach, we intentionally attempted to account for year-to-year variability in whale distribution by using multi-year averaged HD model outputs; and (2) many of the BIAs’ spatial extents cover large areas, such that whale distribution within those areas may change in response to the environment, but the boundaries themselves are unlikely to move in space or time.





3 Results

Existing BIAs for many species described in Calambokidis et al. (2015) were revised to better align with the BIA protocols developed in this assessment (Harrison et al., 2023) and to make use of new data and analyses. In the sections that follow, we provided background information on each species and justified BIA delineation based on current understanding of their population structure and distribution from relevant published studies, stock assessment and technical reports, and/or unpublished information from the sources detailed above. We then described the data types and methods used to delineate new or update existing BIAs and reported summary information on each BIA in Table 1. While we provide full summaries and descriptions of the BIAs revised or delineated in this manuscript, for brevity, scores for all BIAs are reported in Table 1 and key highlights on scoring are provided in individual BIA sections. Comprehensive scoring narratives for all West Coast BIAs are provided in Supplementary Materials and are available on the BIA website1. For the large whale F-BIAs, we also assessed how well revised (or new) BIAs captured important metrics from each data stream compared to the original BIAs delineated by Calambokidis et al. (2015), and these are reported in Table 2.


Table 2 | Summary of key parameters for humpback, blue, fin, and gray whale BIAs updated or delineated here compared to previous BIAs delineated by Calambokidis et al. (2015) including threshold values (see methods), area, and summaries of how they encompassed proportions of sightings and tagged whale areas used.





3.1 Blue whale F-BIA



3.1.1 Background

Blue whales were initially spared as targets of early commercial whaling in the 1700 and 1800s due to their large size and speed but quickly became a primary target with the advent of modern whaling methods and ships starting in the early 20th century. Due to rapid depletion throughout their range, the blue whale is listed as Endangered under the U.S. Endangered Species Act (ESA). Worldwide populations were reduced in the 20th Century from over 200,000 to under 10,000 individuals, with most of those killed from the southern oceans (Gambell, 1976; Gambell, 1979). Blue whales in the North Pacific Ocean are thought to consist of at least a western/central and an eastern population based on distribution and vocalizations, although historically there may have been as many as five populations (National Marine Fisheries Service (NMFS), 1998). The eastern North Pacific blue whales range from the Costa Rica Dome to the Gulf of Alaska (Bailey et al., 2009; Calambokidis et al., 2009) and here we review the BIA status for this population off the U.S. West Coast.

Since the 1970s, large concentrations of blue whales have been documented feeding off California each summer and fall (Calambokidis et al., 1990). Relatively low numbers of blue whales were taken by whalers off the West Coast (Rice, 1963; 1974; Monnahan et al., 2014), so it was initially unclear how the animals feeding off the U.S. West Coast were related to those from the primary areas where they had been taken farther north off British Columbia, in the Gulf of Alaska, and in the Aleutians (NMFS, 1998). Shifts in blue whale distribution that occurred since the late 1990s, including documented movements of blue whales from California northward to areas off British Columbia and Alaska, have shown that blue whales inhabit a broad and shifting feeding area throughout the eastern North Pacific (Calambokidis et al., 2009). These changes in blue whale distribution appear related to decadal oceanographic variations because the timing coincided with shifts in the Pacific Decadal Oscillation (Calambokidis et al., 2009). Blue whale foraging intensity has also been shown to vary with decadal oceanographic variations off the U.S. West Coast (Palacios et al., 2019).

Blue whale total abundance in the eastern North Pacific estimated from capture-recapture of photo-identified individuals has only shown a slight increase since the 1990s with most recent estimates of about 2,000 (Calambokidis and Barlow, 2004; 2013; 2020). Density and average abundance of animals from line-transect surveys off the U.S. West Coast, however, have declined from about 1,400 in the early 1990s to 670 in 2018 (Barlow and Forney, 2007; Calambokidis and Barlow, 2013; Barlow, 2016; Becker et al., 2020b). These two methodologies provided different measures of abundance: data from line-transect surveys estimated the number of animals in the region during the survey period, whereas the photo-identification data provided estimates of the total population size. Differences in the line-transect estimates may be the result of fewer whales feeding off the U.S. West Coast and instead using other parts of their range (Calambokidis and Barlow, 2004; Calambokidis et al., 2009).

Blue whales along the U.S. West Coast face a number of anthropogenic threats (Carretta et al., 2022) but most importantly, vessel strikes have been identified as a significant source of mortality (Berman-Kowaleski et al., 2010; Redfern et al., 2013; Rockwood et al., 2017). Monnahan et al. (2014, 2015) concluded eastern North Pacific blue whales had recovered to pre-whaling abundance/carrying capacity levels and that current levels of ship strikes do not threaten their abundance, though this was based on a number of assumptions including absence of other threats or changes in environmental conditions. The initial blue whale F-BIAs from Calambokidis et al. (2015) were delineated through a qualitative assessment of sightings data relative to the best available habitat density model at the time. The 2015 F-BIAs are updated here with the more robust integrated approach and are more consistent with other regions (Harrison et al., 2023).




3.1.2 BIA boundary delineation and scoring

For this BIA, we implemented the integrated approach detailed in the Methods section, incorporating CRC sightings data (Calambokidis et al., 2015; CRC, Unpublished), OSU satellite tag data (Irvine et al., 2014; Mate et al., 2018), and SWFSC HD model predictions (Becker et al., 2020a, 2020b; Figure 1; Supplementary Table 3). This F-BIA spans June through November which is the primary feeding period for blue whales in this region (Calambokidis et al., 2009; Irvine et al., 2014; Širović et al., 2015; Derville et al., 2022). The new BIA is shown in Figure 2, and details on the spatiotemporal specifications and scoring are provided in Table 1. Threshold cut-off values for each layer are shown in Figure 2 and reported in Table 2. The inner (shoreward) boundary of the parent BIA was defined as the 50-m depth contour and the inner boundary of the core BIA was defined as the 80-m depth contour, based on major drops in the frequency of sightings in small boat efforts at those depths (see Supplementary File A, Section S2.5, Supplementary Figure 2). There was weak evidence for differences in the spatial distribution of feeding blue whale sightings with and without calves (Supplementary File A, Section S2.6, Supplementary Figures 5, 6), and thus no R-BIA was delineated for blue whales.




Figure 1 | Individual data sources used in blue whale F-BIA boundary determinations: (A) OSU blue whale satellite tag deployment locations (magenta circles) for which HRs were estimated (n=110) from 1998-2017; (B) CRC blue whale sightings (black points) with observed feeding/milling behaviors (n=4,395) from dedicated small boat survey efforts from 1986 through 2020 during the feeding season (June-November); (C) SWFSC HD model prediction study area (black outline) encompassing line-transect surveys (green lines) conducted from 1991 through 2018, and blue whale sightings from these surveys shown as green circles. Depth contours (200 m, 1,000 m, and 2,000 m) are shown as light grey lines.






Figure 2 | Boundary determination for blue whale F-BIAs on the West Coast. (A) Individual data layers used in BIA boundary determinations: (left) proportion of all blue whale HRs derived from satellite tag data; (center) blue whale feeding/milling sightings KDE; (right) HD model predictions averaged over 1991-2018; threshold values used in BIA delineation are indicated in the legend keys for each data layer (parent = solid line, core = dashed line). (B) Parent BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting parent BIA boundary based on areas with at least 2 overlapping polygons. (C) Core BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting core BIA boundary based on areas with at least 2 overlapping polygons. The shoreward boundaries for the parent and core BIAs were defined by the 50-m and 80-m depth contours, respectively. 2015 boundaries are outlined in black. Depth contours (200 m, 1,000 m, and 2,000 m) are shown in light grey lines.



In general, the parent blue whale F-BIA was assigned a lower Intensity score compared to the core F-BIA to reflect the differences in intensity of use between the two BIAs. This BIA has strong data support as it was derived from three extensive independent datasets spanning over 35 years through an integrated approach that complements the strengths and weaknesses of each data source. There are no other blue whale F-BIAs delineated for the eastern North Pacific population of blue whales. The resulting scores reflect our knowledge of feeding blue whales in this region and the data and methods used to delineate this BIA. A full narrative of the scoring is provided in Supplementary File B.




3.1.3 Area and level of inclusion of parent and core BIAs delineated

Parent BIAs for blue whales covered 173,000 km2 or 21% of the U.S. West Coast EEZ and encompassed portions of coastal waters, shelf edge, and some offshore habitats (Table 2). This parent BIA successfully encompassed 98% of the CRC sightings of feeding whales, 65% of the sightings from SWFSC sightings, and a median of 87% of the area used by tagged blue whales (Table 2). While the previously described BIA (Calambokidis et al., 2015) encompassed a high proportion of the CRC feeding sightings (83%), it did a poor job of capturing the SWFSC sightings (15%), or the area used by tagged whales (15%) since those layers were not considered in the first delineation process (Calambokidis et al., 2015).

The core BIA represented 30% of the parent BIA but was still larger than the previous BIA (Table 2). Despite this smaller size, the core BIA encompassed 73% of the feeding sightings. Although it only encompassed a median of 50% of the area used by tagged animals and 29% of the SWFSC sightings, these values exceeded those of the previous 2015 BIA, which did not consider the tag or SWFSC line-transect data layers for BIA development (Table 2).





3.2 Humpback whale F-BIA



3.2.1 Background

Humpback whales are one of the most common and abundant large cetaceans in coastal waters of the U.S. West Coast. They were depleted by hunting during the modern era of commercial whaling including through 1966 from whaling stations along the U.S. West Coast. In the North Pacific Ocean, humpback whales migrate between winter breeding areas including those in the western North Pacific Ocean, Hawaiʻi, Mexico, and Central America, and more coastal feeding areas in spring, summer, and fall that range from California, north into Alaskan waters and west to waters off Russia (Calambokidis et al., 2001, 2008). Both photo-identification and genetic data indicate that, in the North Pacific Ocean, humpback whales remain loyal to specific feeding and wintering areas, although their migrations between these areas reveal a mixed stock structure (Calambokidis et al., 2008; Barlow et al., 2011; Baker et al., 2013).

Off the U.S. West Coast, humpback whales are most abundant from spring through fall, with most migrating to low-latitude areas located primarily off Mexico and Central America in winter (Calambokidis et al., 2000). However, sightings and passive acoustic detections off the U.S. West Coast in winter and spring indicate a portion of the population can be in northern waters through the winter (Forney and Barlow, 1998; Oleson et al., 2009). There are also indications of seasonal shifts in occurrence both up and down the coast as well as inshore and offshore (Campbell et al., 2015; Fleming et al., 2015; Becker et al., 2017; Derville et al., 2022). During small-boat surveys off the Washington coast in 2004-2008, humpback whales were seen farther offshore (along the shelf edge) and in lower densities in winter and spring than during the remainder of the year (Oleson et al., 2009). Humpback whale distribution off Oregon and northern California and the relationship with environmental variables differed by season (Tynan et al., 2005).

Interchange between the humpback whale feeding aggregation off California/Oregon and those off Washington and southern British Columbia is much lower than within these regions (Calambokidis et al., 1996, 2000, 2001, 2004, 2008). Similarly, studies have confirmed dramatic genetic (mtDNA) differences between these two areas (Baker et al., 2008). For this reason, abundance estimates from mark-recapture of photographically identified individuals have been conducted separately for these areas (Calambokidis and Barlow, 2004, 2013, 2020). Abundance of humpback whales off California/Oregon has increased dramatically since late 1980s at about 7-8% per year and now numbers close to 5,000 (Calambokidis and Barlow, 2020). Estimates for Washington/southern British Columbia have increased even more rapidly and most recently numbers 1,000-1,500 (Calambokidis and Barlow, 2020).

Humpback whales that feed off the U.S. West Coast migrate primarily to wintering grounds off mainland Mexico, Central America, and Hawaiʻi (Calambokidis et al., 2000, 2008; Wade et al., 2016) though with a shifting proportion by latitude. Humpback whales wintering off Central America have significant differences in mtDNA haplotypes from other North Pacific wintering areas, including mainland Mexico (Baker et al., 2008, 2013) though these differences do not allow assignment of whales to winter breeding areas based solely on genetics (Martien et al., 2020). Due to differences in genetics and more limited interchange from photo-identification, humpback whale winter breeding areas in the North Pacific (Bettridge et al., 2015) are designated by NOAA as having four Distinct Population Segments (DPS) under the U.S. ESA: 1) Central America DPS, recognized as Endangered, 2) Mexico DPS, recognized as Threatened, 3) Hawaiʻi DPS, no longer listed, and 4) Western North Pacific DPS, recognized as Endangered. Humpback whales in our BIAs include whales from the first three of these DPSs, meaning they include whales considered Endangered, Threatened and not listed under the ESA. Additionally, there might be an occasional presence of whales from the Western North Pacific DPS since one whale from this DPS has been seen along the Washington/British Columbia border (Darling et al., 1996).

The Central America DPS was estimated to consist of <1,000 whales in the mid-2000s (the reason for its Endangered status) and almost exclusively migrates to the U.S. West Coast feeding areas (Calambokidis et al., 2008; Rasmussen et al., 2011; Wade et al., 2016; Wade, 2017). More recent estimates indicate an abundance of closer to 1,500 (Curtis et al., 2022). Even though humpback whales along the U.S. West Coast have been increasing, they face a number of anthropogenic threats (Carretta et al., 2022). Vessel strikes have been increasingly identified as a source of mortality of a number of large whale species, including humpback whales, worldwide, but this problem is heightened where key feeding areas overlap with areas of high vessel traffic as occurs in several areas along the U.S. West Coast (Redfern et al., 2013; Rockwood et al., 2017). Humpback whale entanglements have increased dramatically off the U.S. West Coast since the mid-2010s (Saez et al., 2021; NOAA, 2023).

Potential Impacts to this Endangered DPS from anthropogenic threats like entanglements or ship strikes off the U.S. West Coast are of great concern. Photo-identification data indicates the proportion of humpback whales belonging to each DPS varies along the U.S. West Coast with the highest proportion of whales from the Endangered Central America DPS occurring in southern California and decreasing northward as the proportion from the Mexico and Hawaiʻi DPS increases (Calambokidis et al., 2000, 2008, Unpublished).

NOAA developed and listed Critical Habitat for humpback whales along the U.S. West Coast in 2021 (NOAA, 2021) partly in response to concerns about entanglements and other threats. We did not specifically use Critical Habitat in our delineation of BIAs since these were based on different criteria. Our parent BIA is smaller than the area designated as Critical Habitat but does include some areas that were excluded from Critical Habitat due national security considerations, such as the Navy’s Quinault Range Site (plus a buffer zone).




3.2.2 BIA boundary delineation and scoring

For the humpback whale F-BIAs in this region, we implemented the integrated approach detailed in the Methods section, incorporating CRC sightings data, OSU satellite tag data (Palacios et al., 2020), and SWFSC HD model predictions (Becker et al., 2020a, 2020b; Figure 3; Supplementary Table 3). This F-BIA spans March through November which is the primary feeding period for humpback whales in this region (Carretta and Forney, 1993; Calambokidis et al., 2000; Becker et al., 2017; Derville et al., 2022). The new BIA is shown in Figure 4, and details on the spatiotemporal specifications and scoring are provided in Table 1. Threshold cut-off values for each layer are shown in Figure 4 and Table 2. The inner boundary of the parent BIA was defined as the 30-m depth contour and the inner (shoreward) boundary of the core BIA was defined as the 70-m depth contour, based on major drops in the frequency of small boat sightings below those depths (see Supplementary File A, Section S2.5, Supplementary Figure 3). There was weak evidence for differences in the distribution of feeding humpback whales with and without calves (Supplementary File A, Section S2.6, Supplementary Figures 7, 8), and thus no R-BIA was delineated for humpback whales.




Figure 3 | Individual data sources used in humpback whale F-BIA boundary determinations. (A) OSU humpback whale satellite tag deployment locations (magenta circles) for which HRs were estimated (n=41) from 2004-2019; (B) CRC humpback whale sightings (black points) with observed feeding/milling behaviors (n=4,777) from dedicated small boat survey efforts from 1986 through 2020; (C) SWFSC HD model prediction study area (black outline) and encompassing line-transect surveys (green lines) conducted from 1991 through 2018, and humpback whale sightings from these surveys shown as green circles. Depth contours (200 m, 1,000 m, and 2,000 m) are shown as light grey lines.






Figure 4 | Boundary determination for humpback whale F-BIAs on the West Coast. (A) Individual data layers used in BIA boundary determinations: (left) proportion of all humpback whale HRs derived from satellite tag data; (center) humpback whale feeding/milling sightings KDE; (right) HD model predictions averaged over 1991-2018; threshold values used in BIA delineation are indicated in the legend keys for each data layer (parent = solid line, core = dashed line). (B) Parent BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting parent BIA boundary based on areas with at least 2 overlapping polygons. (C) Core BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting core BIA boundary based on areas with at least 2 overlapping polygons. The shoreward boundaries for the parent and core BIAs were defined by the 30-m and 70-m depth contours, respectively. 2015 boundaries are outlined in black. Depth contours (200 m, 1,000 m, and 2,000 m) are shown in light grey lines.



Scores for this BIA are provided in Table 1 and narratives are provided in Supplementary File B and on the BIA website. Scoring for the humpback whale F-BIA were the same as those for the blue whale F-BIA due to similar reasons, primarily the known intensity of use of the areas defined by the BIAs for feeding and the substantial support by all data sources used to delineate the BIA.




3.2.3 Area and level of inclusion of parent and core BIAs delineated

The combined layers and the use of a depth criterion results in a parent BIA of 140,000 km2 representing 20% of the area of the U.S. West Coast EEZ (Table 2). This parent BIA successfully encompassed 93% of the CRC sightings of feeding whales, 91% of the sightings from SWFSC sightings, and a median 98% of the area used by tagged humpback whales (Table 2). While the previous BIA (Calambokidis et al., 2015) encompassed a high proportion of the CRC feeding sightings (77%), it did a poor job of capturing the SWFSC sightings (36%), or the area used by tagged whales (29%) since those layers were not considered.

The core BIA represented 27% of the parent BIA but was still a little over 50% larger than the original 2015 BIAs (Table 2). The core BIA encompassed 74% of the feeding sightings, though only a median of 60% of the area used by tagged whales and 42% of the SWFSC sightings; the new core BIA nonetheless included higher proportions than the 2015 BIA that did not consider those data layers (Table 2).





3.3 Fin whale F-BIA



3.3.1 Background

Fin whales are widely distributed through the world’s oceans including northern and southern hemispheres. In the eastern North Pacific, fin whales occur from the tropical Pacific up to Arctic waters (Mizroch et al., 2009) and the fin whales off California, Oregon, and Washington are treated as a single stock (Carretta et al., 2022). In general, their migrations and population structure are less well understood than for blue or humpback whales, but numbers are generally higher in summer/fall compared to winter/spring especially off southern California (Douglas et al., 2014; Campbell et al., 2015). Abundance estimates of fin whales off the U.S. West Coast show increasing numbers since the early 1990s (Moore and Barlow, 2011) and now are estimated at 11,065 (Becker et al., 2020b; Carretta et al., 2022). Fin whales along the U.S. West Coast face a number of anthropogenic threats (Carretta et al., 2022). Rockwood et al. (2017) estimated that ship-strike mortality for fin whales was 2.7x above the potential biological removal (PBR) limit set by NMFS. While fin whales are always at risk of ship-strike, the diving behavior of fin whales at night increases their risk of a strike twofold over daytime (Calambokidis et al., 2019a; Keen et al., 2019).

Additional data in recent years have helped examine the movements and population status of fin whales off the U.S. West Coast. Fin whales in the Southern California Bight (SCB) tended to occur closer to shore in shallower waters in Winter/Spring compared to Summer/Fall (Douglas et al., 2014; Scales et al., 2017; Falcone et al., 2022). Irvine et al. (2019) reported the movements and feeding behavior of five fin whales tagged with medium-duration archival tags in the nearshore waters of the SCB and which largely stayed in that region. Scales et al. (2017) reported the results of 67 deployments of medium- duration satellite tags deployed mostly in the SCB but also off Washington and which ranged from southern Baja California to northern Vancouver Island while tagged. A different set of medium-duration archival tags deployed on fin whales mostly off southern California also showed feeding and fairly limited movements in the SCB though one whale moved from the California/Oregon border north to off Vancouver Island in a few weeks (Calambokidis et al., 2019a; CRC, Unpublished data).

Falcone et al. (2022) using long-term photo-ID data suggest the existence of two overlapping groups of fin whales off the U.S. West Coast including a year-round resident group in the SCB that shifts inshore/offshore seasonally and a more transient group with broader seasonal movements ranging much farther north. Fin whale vocalizations also show changes both through the season and across years supporting the hypothesis of two possible populations (Širović et al., 2013; 2015; 2017). Genetic data from fin whales also suggested the possible existence of multiple populations in the eastern North Pacific with a possible north/south separation (Archer et al., 2013; 2019).

BIAs for fin whales were not delineated in the previous round of BIA determinations due to inadequate data, but fin whale distribution was discussed (Calambokidis et al., 2015). Given the availability of additional data, we were able to designate BIAs for fin whales in this round using the integrated multiple data approaches employed for other large whale species, but applying a weighting scheme to account for the variability in the strength of the data layers. Specifically, we weighted the HD models more heavily than with blue and humpback whales because they more consistently covered the entire U.S. West Coast including offshore waters compared to the small-boat sightings or the satellite tag deployments.




3.3.2 BIA boundary delineation and scoring

For this BIA, we implemented the integrated approach detailed in the Methods section, incorporating CRC sightings data, OSU and MarEcoTel satellite tag data (Scales et al., 2017; Falcone et al., 2018; Mate et al., 2018; 2022), and SWFSC HD model predictions (Becker et al., 2020a; 2020b; Figure 5, Supplementary Table 3). Medium-duration archival data from Irvine et al. (2019) and Calambokidis et al. (2019a) were not incorporated due to limited sample size and because these tags collected data over much shorter time periods (1-2 weeks) than the other tracking data we included and thus could bias delineation of important areas towards the areas where these tags were deployed. The integrated approach was modified for this BIA to place more weight on the HD model layer; the shipboard line-transect surveys used to support the HD models covered regions where fin whales are more likely to occur (farther offshore) and where other data sources may be limited (Becker et al., 2020a; 2020b). The HD model layer was also derived from a comparatively large sample size of visual sightings (n=608; Table 2). As such, the fin whale BIAs (parent and core) were defined as the entire HD model layer (after applying thresholds) in addition to all other areas where both the small boat sighting and satellite tag data layers overlapped (Figure 6). The integration method for the other large whale F-BIAs places equal weight among all data layers, whereby overlap between any two data layers (or more) would be incorporated into the BIA. Therefore, including the entire HD model layer in the fin whale BIA regardless of whether another data layer overlapped with it in space places more weight on this layer in the delineation process, and more explicitly incorporates the advantages of the HD model layer for this species. This F-BIA spans June through November which is the primary feeding period for fin whales in this region (Douglas et al., 2014; Širović et al., 2015; Scales et al., 2017; Derville et al., 2022; Falcone et al., 2022; Table 1). Although fin whales have been documented in this region during winter and spring months (Scales et al., 2017; Derville et al., 2022; Falcone et al., 2022), and some indication of seasonal differences in distribution (Douglas et al., 2014), data availability was limited during the winter/spring and thus not adequate to do an independent distribution layer for that period. Future BIA efforts should evaluate this temporal parameter as additional information is obtained on fin whale temporal occurrence off the U.S. West Coast. Threshold values for each layer are shown in Figure 6 and listed in Table 2. The inner (shoreward) boundary of the parent BIA was defined as the 60-m depth contour and the inner boundary of the core BIA was defined as the 80-m depth contour, based on the depth frequency of small boat sightings (see Supplementary File A, Section S2.5, Supplementary Figure 4). There were very few CRC sightings of fin whales with calves from which we could compare spatial distributions of sightings for a candidate R-BIA (Supplementary File A, Section S2.6).




Figure 5 | Individual data sources used in fin whale F-BIA boundary determinations: (A) OSU and MarEcoTel fin whale satellite tag deployment locations (magenta circles) for which HRs were estimated (n=79) from 2006-2018; (B) CRC fin whale sightings (black points) with observed feeding/milling behaviors (n=422) from dedicated small boat survey efforts from 1986 through 2020 during the feeding season (June-November); (C) SWFSC HD model prediction study area (black outline) encompassing line-transect surveys (green lines) conducted from 1991 through 2018, and fin whale sightings (n=608) from these surveys shown as green circles. Depth contours (200 m, 1,000 m, and 2,000 m) are shown as light grey lines.






Figure 6 | Boundary determination for fin whale F-BIAs on the West Coast. (A) Individual data layers used in BIA boundary determinations: (left) proportion of all fin whale HRs derived from satellite tag data; (center) fin whale feeding/milling sightings KDE; (right) HD model predictions averaged over 1991-2018; threshold values used in BIA delineation are indicated in the legend keys for each data layer (parent = solid line, core = dashed line). (B) Parent BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting parent BIA boundary based on the HD model layer plus areas with at least 2 overlapping polygons. (C) Core BIA boundary delineation: (left) subsetted data layers based on threshold values shown in (A) for each data layer; (center) overlap among subsetted data layers; (right) resulting core BIA boundary based on the HD model layer plus areas with at least 2 overlapping polygons. The shoreward boundaries for the parent and core BIAs were defined by the 60-m and 80-m depth contours, respectively. Depth contours (200 m, 1,000 m, and 2,000 m) are shown in light grey lines.



Scores for this BIA are provided in Table 1 and narratives are provided in Supplementary Materials and on the BIA website. Overall, the scores for the fin whale F-BIA were lower compared to the other large whale F-BIAs for the West Coast region. This was primarily attributed to the large size of both the parent and core BIAs for fin whales (nearly three times larger than other F-BIAs; Table 2) and comparatively limited understanding of fin whale distribution and feeding behavior within West Coast waters. For example, in contrast to the CRC sightings and satellite tag data layers, the HD model layer identified intensified areas of use much farther offshore for a majority of the West Coast region (Figures 5, 6). These areas overlap the spatial predictions of suitable habitat identified in Scales et al. (2017).




3.3.3 Area and level of inclusion of parent and core BIAs delineated

The combined layers and the use of depth criteria results in a parent BIA of 315,000 km2 representing 38% of the area of the U.S. West Coast EEZ and the largest area of all the BIAs designated for the U.S. West Coast (Table 2). Such a large area reflected both coastal and extensive offshore use by fin whales along the U.S. West Coast. This parent BIA successfully encompassed 95% of the CRC sightings of feeding whales, 62% of the sightings from SWFSC sightings, and a median of 89% of the area used by tagged fin whales (Table 2). The core area BIA represented 49% of the overall parent BIA but encompassed 74% of the CRC feeding sightings, 40% of the SWFSC sightings, and 61% of the median tagged animal area.

The large size of the BIAs for fin whales makes it challenging to identify more precise critical areas compared to some of the other large whale species. As additional data become available, there may be better ways to delineate key core areas. Additionally, while there is some indication of more than one possible population of fin whales using the U.S. West Coast (Archer et al., 2013; Scales et al., 2017; Falcone et al., 2022), we did not have a way to specifically incorporate that into our BIAs - this should be an important consideration as more population-specific data become available. While a small proportion of our fin whale BIAs extend into Mexico, our ability to extend this BIA to any existing important feeding areas further south in Mexico waters was restricted by the lack of relevant data outside U.S. waters.





3.4 Gray whale BIAs



3.4.1 Background

Gray whales currently occur in the North Pacific making long migrations between winter breeding areas in the south and feeding areas at more northern latitudes (Rice and Wolman, 1971; Jones and Swartz, 1984). The overall Eastern North Pacific gray whale population has shown remarkable recovery from historical whaling but has also experienced multiple mortality events and large fluctuations in abundance (Stewart and Weller, 2021; Stewart et al., 2023). There is some current debate about how to define their population structure. In the past, Eastern and Western North Pacific populations were recognized, with the Eastern population wintering around Baja California, Mexico, and the Western population thought to use wintering areas somewhere in the South China Sea (Rice and Wolman, 1971; Weller et al., 2002). More recently, satellite tagging and photo-identification have revealed that many of the whales feeding in the Western North Pacific (e.g. Sakhalin Island, Russia) migrate along the U.S. West Coast on route to the Eastern North Pacific (ENP) wintering ground off Baja California (Weller et al., 2012; Mate et al., 2015), raising questions about the current status of Western North Pacific gray whales as a distinct unit. We consider below different BIAs for the following:

	A hierarchical M-BIA for the migration corridor of the ENP gray whale population that is likely also used by Western North Pacific gray whales migrating to the Mexican wintering areas.

	An R-BIA for the specific nearshore migratory corridor used late in the northbound migration disproportionally by mothers with calves.

	F-BIAs for the Pacific Coast Feeding Group (PCFG) that spends the spring through fall feeding in the Pacific Northwest.

	An F-BIA for the gray whales that repeatedly use a small area in northern Puget Sound each spring to feed intensely on ghost shrimp before appearing to continue their migration to the Arctic with the rest of the ENP gray whales (recently termed the “Sounders” gray whales).



The PCFG is a trans-boundary subgroup observed almost year-round primarily from spring to fall, numbers several hundred, and returns annually and feeds in coastal waters of the Pacific Northwest (Calambokidis et al., 2002; 2014). Genetic differences are evident between this group and other gray whales including those feeding in the Bering Sea (Frasier et al., 2011; Lang et al., 2014). They are considered a distinct stock in Canada although currently are not treated as a distinct stock in the NMFS Stock Assessment Reports (Weller et al., 2013). During the migration, PCFG whales are intermixed with the larger ENP population; however, from June to November, PCFG whales are the only gray whales within the region between northern California and northern Vancouver Island (from 41°N to 52°N) (Calambokidis et al., 2002, 2010, 2014, 2019; International Whaling Commission, 2011; Lagerquist et al., 2019). PCFG gray whales are also occasionally seen in waters farther north during summer and autumn, including off Kodiak Island, Alaska (Gosho et al., 2011; Lagerquist et al., 2019). The primary feeding areas for ENP gray whales are thought to be in the Bering, Chukchi, and Beaufort seas, while WNP gray whales are thought to feed primarily near Sakhalin Island, Russia, in the Okhotsk Sea. Therefore, proposed F-BIAs in U.S. West Coast waters focus on the PCFG gray whales.

We also designate an F-BIA in northern Puget Sound for a feeding area for one group of ENP gray whales, termed the “Sounders” gray whales, which annually use the south end of Whidbey and Camano islands (Calambokidis et al., 2015; Calambokidis, 2016). Gray whales come to this area for two to three months in the spring (typically beginning in March) to feed, but then generally leave the area before 1 June and, therefore, are not treated as PCFG gray whales (Calambokidis et al., 1992; 2002). While this area is not used by many individuals, the same animals have been documented to return to this relatively small area for over 30 years and it may therefore be important for this group (Calambokidis et al., 2014).

One distinction of the gray whale BIAs from the rest of the large whale BIAs is the absence of an inner (shoreward) bound defined by a depth contour. Because gray whales are often seen very close to shore in shallow waters (Table 3), a defined inner boundary based on a depth contour was not deemed necessary for these BIAs.


Table 3 | Summary of distributions (distance from shore) of migratory gray whales along the U.S. West Coast from existing literature and other datasets made available for this effort.






3.4.2 PCFG gray whales: F-BIA boundary delineation and scoring

For the PCFG gray whale F-BIA, we implemented the integrated approach detailed in the Methods section, incorporating CRC sightings data and OSU satellite tag data (Lagerquist et al., 2019; no HD model output are available; Figure 7, Tables 1, 2, Supplementary Table 3). Threshold values for each layer are described in the Supplementary Material and shown in Figure 7 and Table 2.




Figure 7 | Boundary determination for PCFG gray whale F-BIAs on the West Coast. (A) Individual data sources (left) OSU PCFG gray whale satellite tag deployment locations (magenta circles) for which HRs were estimated for (n=23) from 2009-2013 and (left) CRC gray whale sightings (black points) with observed feeding/milling behaviors (n=403) from dedicated small boat survey efforts from 1992 through 2020 during the PCFG feeding season (June-November). (B) Individual data layers used in BIA boundary determinations: (left) Proportion of all PCFG gray whale HRs derived from satellite tag data and (right) PCFG gray whale sightings KDE; threshold values used in BIA delineation are indicated in the legend keys for each data layer (parent = solid line, core = dashed line). (C) Revised F-BIAs for PCFG gray whales: (left) parent BIA and (right) core BIA. 2015 boundaries are outlined in black.



Scores for this BIA are provided in Table 1 and justified in the Supplementary Material and BIA website. The scoring and justifications for this BIA mirrored those for the blue whale and humpback whale F-BIAs, which had generally high scores all around based on the supporting data sources, current understanding of their use of the delineated BIAs for feeding, and the approach implemented to determine the spatial extents of the BIA boundaries.




3.4.3 Sounders gray whales: F-BIA boundary delineation and scoring

Sightings data collected from dedicated small boat survey efforts by CRC from 1994-2020 (n=402 feeding or milling gray whales) were used to revise the existing F-BIA boundary for the Sounders gray whales occurring in northern Puget Sound. Based on the distribution of the more recent sightings and expert elicitation, the 2015 BIA boundary was expanded to include Holmes Harbor and farther north into Port Susan (Figure 8). The 2015 Sounders gray whale BIA spanned the months March through May; given recent documentation of Sounders gray whale use of northern Puget Sound both earlier than March and later than May (CRC, Unpublished), we expanded the feeding season for this BIA to cover February through June.




Figure 8 | Feeding BIA boundary for the “Sounders” gray whales in Northern Puget Sound spanning February through June; the dark shaded polygon represents the boundary delineated by Calambokidis et al. (2015) and the light shaded polygons represent the extensions added to the 2015 boundary in this assessment (total polygon area is the revised BIA). Sightings of feeding gray whales are shown as black points (n=402).



Scoring for the Northern Puget Sound gray whale F-BIA is summarized in Table 1 and more specific details and narratives are provided in Supplementary Materials and on the BIA website. While this BIA reflects important feeding grounds for a small number of individuals over a relatively short period (and thus is indicative of high intensity), we assigned an Intensity score of 2 for the BIA rather than a higher score of 3. This is primarily because this feeding area appears to be more of a temporary foraging ground for a subset of ENP gray whales, which, after spending time in northern Puget Sound, leave and continue on their migration north presumably to Arctic feeding grounds. Therefore, the northern Puget Sound is not the sole feeding ground for this particular group of gray whales. However, since 2019 and corresponding to a declared gray whale Unusual Mortality Event (UME), the number of gray whales using this area and duration of their time in the area increased, and if these trends continue the corresponding scoring could be modified appropriately in the future.




3.4.4 ENP gray whales: M-BIA and R-BIA boundary delineation and scoring

Calambokidis et al. (2015) delineated four migratory BIAs for ENP gray whales along the U.S. West Coast: (1) a Southbound BIA for all age/sex classes (10 km from shore, Oct-Mar); (2) a Northbound Phase A BIA reflecting migratory movements for primarily adults and juveniles (8 km from shore, Jan-Jul); (3) a Northbound Phase B BIA for cow/calf pairs (5 km from shore, Mar-Jul); and (4) a potential presence BIA that extends 47 km from shore to capture migratory movements of gray whales that may take an alternative offshore path (see Calambokidis et al., 2015). For this effort, ENP gray whale migratory BIAs were modified from what was designated previously to: (1) incorporate new information and analyses including both historical sightings and new data; (2) consider differences in the migratory corridor between south and northbound migrations, especially off Oregon and Washington; (3) recognize some key differences in the migratory corridor for different regions along the coast that were previously treated uniformly; (4) recognize that the nearshore migration of predominantly mothers with calves in Phase B of the migration should also be treated as an R-BIA because of the key role it plays for lactating mothers with their dependent calves; (5) arrange the BIAs in a hierarchical manner, taking advantage of the hierarchical delineation approach developed in the revised BIA protocol (Harrison et al., 2023); (6) drop the area of “potential presence” (see below) included in Calambokidis et al. (2015); and (7) extend the parent BIA through British Columbia to link to the migratory BIA in the Gulf of Alaska (see Wild et al., 2023).

The migratory gray whale BIAs developed in this assessment more accurately reflect the known extent of migrating gray whales along the U.S. West Coast. They also establish transboundary connectivity between the West Coast and the Gulf of Alaska BIA regions. Modifications were informed by the literature and by maps of sightings from a comprehensive dataset compiled by OBIS-SEAMAP2 (Halpin et al., 2009), which includes historical data (dating back to the 1970s) and contemporary data, from both scientific institutions and citizen science platforms (e.g., Happywhale).



3.4.4.1 General modifications to BIAs from previous delineations

Below we provide details on the basis for some of the changes made to the previous BIAs (Calambokidis et al., 2015). The “potential presence” BIA from Calambokidis et al. (2015) was not included in this assessment as the revised guidelines state not to delineate BIA boundaries representing “buffers”, but rather boundaries that are more explicitly supported by data (Harrison et al., 2023). The 2015 boundaries excluded some localized regions that are used by migrating gray whales (Calambokidis et al., 2015) and for the revised BIAs, the boundaries now encompass these areas, which include Monterey Bay, the Gulf of the Farallones, and the entirety of the SCB. Several sources, including dedicated research organizations and citizen science platforms, have documented migrating gray whales within the inside waters of Monterey Bay and the Gulf of Farallones, warranting their inclusion as BIAs during all migratory phases (Figure 9; Mate and Urban-Ramirez, 2003; Halpin et al., 2009). Further, visual survey and satellite tagging studies support a broad distribution of migrating gray whales throughout the SCB during all migratory phases, extending to areas such as the San Nicolas Basin and south of the Channel Islands (Figure 9; Dohl et al., 1980; Mate and Urban-Ramirez, 2003; Jefferson et al., 2014; CRC Unpublished data; Rice and Wolman, 1971; Carretta and Forney, 1993; Halpin et al., 2009), as opposed to defined corridors within the SCB as reflected by the 2015 southbound and northbound BIA boundaries (Calambokidis et al., 2015). More specifically, the distribution of offshore migrating gray whales in the SCB peaks around 75 km from the mainland, with maximum distances from shore reaching up to 171 km for northbound migrating gray whales and 150 km for southbound migrating gray whales (Figure 9, Table 2; Halpin et al., 2009). Therefore, all BIA boundaries in this assessment (parent and child) were modified to include the entirety of the SCB, with the outer boundary defined by that of the established 2015 boundaries (approximately 190 km from the mainland at its widest).




Figure 9 | OBIS-SEAMAP gray whale sightings during each migratory period (left column, (A) southbound; middle column, (B) northbound phase A; right column, (C) northbound phase B) and each regional area where modifications were made to the existing BIAs (top row: Oregon-Washington coasts; middle row: Gulf of the Farallones and Monterey Bay; bottom row: Southern California Bight). For each migratory period (i.e., column), the previous BIA delineated by Calambokidis et al. (2015) is shown as a light blue shaded polygon, with the revised BIA outlined in black.






3.4.4.2 Parent M-BIA: November-June, transboundary

The parent M-BIA was defined as the revised southbound BIA (see details below) merged with an extension north along the west coast of British Columbia and up to the southernmost extent of the Gulf of Alaska ENP gray whale migratory BIA (see Wild et al., 2023) to explicitly define the migratory connectivity between these two regions (Figure 10); as such, this parent BIA represents a transboundary BIA. This transboundary extension roughly follows the continental shelf off of Vancouver Island and along the west coast of Haida Gwaii, encompassing the inside waters of Haida Gwaii which migrating gray whales have been known to use (Ford et al., 2013; Lagerquist et al., 2019; Urbán R et al., 2021). Lastly, we defined the time period of this BIA as November through June to capture both northbound and southbound migrations from southeast Alaska to southern California (Pike, 1962; Herzing and Mate, 1984; Poole, 1984; Shelden et al., 2000; Rugh et al., 2001; Mate and Urban-Ramirez, 2003; Urbán R et al., 2021).




Figure 10 | Revised M-BIAs for gray whales along the U.S. West Coast. (A) revised parent BIA (teal polygon) spanning both northbound and southbound migrations between November through June and Gulf of Alaska M-BIA for gray whales (Ferguson et al., 2015; Wild et al., 2023; purple polygon); (B) revised child BIAs (southbound, northbound phase A, northbound phase B) along the Oregon and Washington coasts, where migratory corridors were expanded offshore; (C) revised child BIAs along the central to northern California coast, showing expansion into Monterey Bay and the Gulf of the Farallones. Note: all gray whale migratory BIA boundaries here share the same area in the Southern California Bight, as shown in the left panel. Distance from shore delineations for the remainder of the migration route are as follows: central-northern California coast (parent & southbound: 10-km; northbound phase A: 8-km, northbound phase B: 5-km); Oregon (parent & southbound: 15-km; northbound phase A: 15-km; northbound phase B: 5-km); Washington (parent & southbound: 30-km; northbound phase A: 20-km; northbound phase B: 5-km).






3.4.4.3 Southbound BIA: November-February

The southbound M-BIA boundary delineated by Calambokidis et al. (2015) was defined as a corridor extending 10 km from shore along the entire West Coast. While this corridor width may be reasonable for southbound migrating gray whales along northern and central California (Shelden and Laake, 2002; OSU, Unpublished), there is evidence for a broader, more offshore distribution with increasing latitude along the West Coast region (Table 2). For example, off the Oregon coast southbound migrating gray whales have been documented as far as 23 km from shore during aerial surveys and were on average 12 km from shore (Green et al., 1995). Even farther offshore distributions of southbound migrating gray whales have been reported along the Washington coast; during aerial surveys, gray whales were on average 24 km from shore with a maximum distance from shore of 43 km (Green et al., 1995). Early logbook reports from offshore lightships included a sighting off Cape Flattery that was 32 km from shore (Pike, 1962). Visual surveys undertaken by CRC off the Washington coast support a similar distribution of southbound migrating gray whales, with nearly all sightings between 10-30 km from shore (maximum = 57 km; CRC Unpublished). OBIS-SEAMAP sightings in this region also support this distribution (Figure 9; Halpin et al., 2009). Based on these lines of evidence, it was deemed appropriate to redefine the southbound migratory corridor along the Oregon coast to 15 km wide and the portion along the Washington coast to 30 km (Figure 10). Lastly, the time period of the southbound BIA was redefined as the period spanning November through February (previously October through March) to capture the majority of southbound migrating gray whales along the U.S. West Coast region (Pike, 1962; Shelden et al., 2000; Rugh et al., 2001).




3.4.4.4 Northbound phase A BIA: January-May

The northbound phase A M-BIA (primarily adults and juveniles) described by Calambokidis et al. (2015) was defined as a corridor of 8 km from shore uniformly along the U.S. West Coast. The 8 km distance from shore delineation is appropriate for the region north of the SCB through the remainder of California (Shelden and Laake, 2002; OSU, Unpublished; Poole, 1984; Carretta and Forney, 1993; Mate and Urban-Ramirez, 2003). Both aerial surveys and locations from satellite tagged ENP gray whales indicate a slightly broader distribution off the Oregon coast (Table 2; Green et al., 1995; OSU, Unpublished). Off the Washington coast northbound migrating gray whales have been documented just over 25 km from shore (Washington Department of Fisheries and Wildlife (WDFW) pers comm, 2022; Green et al., 1995; OSU, Unpublished; CRC, Unpublished). Based on these lines of evidence supporting variation in migratory corridor width with increasing latitude, we revised the northbound phase A BIA by expanding the corridor to 15 km from shore off the Oregon coast and 20 km from shore off the Washington coast (Figure 10). Lastly, the time period of this BIA was redefined as the period spanning January through May (previously January-July) to capture the vast majority of northbound (phase A) migrating gray whales within the U.S. West Coast region (Poole, 1984; Rugh et al., 2001).




3.4.4.5 Northbound phase B BIA: March-May

The northbound phase B BIA (primarily cow/calf pairs) described by Calambokidis et al. (2015) remained largely the same (5 km from shore corridor along the entire coast north of the SCB) with exception of the modifications that were applied to all migratory BIAs described herein (i.e., encompassing Monterey Bay, Gulf of Farallones, SCB). A number of previous studies support the nearshore corridor for northbound migrating gray whales consisting heavily of cows and calves (Table 3; Herzing and Mate, 1984; Poole, 1984; Halpin et al., 2009; WDFW pers comm, 2022) and so this zone is also treated as an R-BIA due to this heavy use by mothers and dependent calves consistent with the definition for Reproductive BIAs (Harrison et al., 2023). While this BIA previously spanned months March through July, we redefined the time period for this corridor to March through May to more accurately reflect the time period that this phase of gray whales occurs on the U.S. West Coast, rather than that of their entire northbound migratory route to the Arctic (Poole, 1984). This BIA is totally within the Phase A BIA but reflects the narrower corridor and more specific time period for the mother and calf portion of the migration.




3.4.4.6 Note on WNP gray whales

Although there is documentation of two satellite tagged WNP gray whales using part of the migratory corridor described by the BIAs delineated here (Mate et al., 2015) – with one WNP whale using a large portion of the route – these BIAs intend to capture important migratory routes for ENP gray whales as understanding of ENP gray whale use of the U.S. West Coast for this purpose is much more comprehensive than what is currently known for WNP gray whales. Therefore, while it is important to note that WNP gray whales may use the migratory corridors reflected in these BIAs, there is limited evidence to fully extend these BIAs to the WNP gray whale population and thus our BIAs and associated scores are centered on the ENP gray whale population and migrating PCFG gray whales.




3.4.4.7 Scoring

Scores for the gray whale M-BIAs and the one R-BIA are listed in Table 1 and were informed by the width, duration (time period), and the proportion of the population and demographics captured by each BIA. As such, higher scores (e.g., Importance, Intensity) were associated with narrower corridors, shorter migratory periods, migratory periods for vulnerable demographics (i.e., mom/calf pairs), and migratory BIAs with strong, comprehensive lines of supporting evidence. Full scoring narratives are provided in Supplementary Materials and on the BIA website.






3.5 Southern resident killer whale S-BIA



3.5.1 Background

The SRKWs are a demographically distinct transboundary population of killer whales in the eastern North Pacific, comprised of three matrilineal pods (J, K and L). Annual censuses undertaken by the Center for Whale Research (CWR) since 1976 have documented long-term population trends and occurrence in the Salish Sea (inland waters). SRKW abundance was reduced in the 1960s-70s due to live capture for marine parks, slowly increased through the mid-1990s (peaked 1995 at 98 individuals) and has since declined to 73 individuals as of July 2022 (Center for Whale Research (CWR), 2022). The population was first listed as Threatened in Canada in 1999 and then Endangered in 2001 (Baird, 2001), while in the U.S., SRKWs were listed as Endangered under the Endangered Species Act in 2005. Threats to the long-term viability of SRKWs include reduced quantity and quality of prey, exposure to persistent organic pollutants, disturbance from vessels, and small population size (Krahn et al., 2004; 2009; Ford et al., 2010; Wasser et al., 2017; Hanson et al., 2021; Holt et al., 2021; Kardos et al., 2023).

The SRKWs are periodically present in the protected waters of the Salish Sea, particularly during early spring, summer, and fall months, with evidence for varying pod-specific core areas of use (Ford et al., 2000; Hauser et al., 2007; Olson et al., 2018). While less is known about their distribution during the winter and early spring, sighting, satellite tagging, and passive acoustic studies have documented their occurrence on the outer coasts of British Columbia, Washington, Oregon, and California during these seasons (Hanson et al., 2013; Emmons et al., 2021; 2018). However, SRKW’s presence in the Salish Sea has noticeably declined – and timing of presence shifted – over recent years; it is suspected that these whales are spending their time in other areas within their range, such as the outer coast (Shields et al., 2018; Hanson et al., 2021; Ettinger et al., 2022). This population feeds exclusively on fish, with Chinook salmon (Oncorhynchus tshawytscha) representing a large proportion of their diet throughout the year, despite known variability in their seasonal distribution and the fact that many Chinook salmon stocks they feed on are Endangered or Threatened themselves (Hanson et al., 2021).

Here we delineated an S-BIA for the SRKW population for the U.S. West Coast region, which was not previously designated in Calambokidis et al. (2015). While there have been some records of SRKW occurrence in waters as far north as southeast Alaska, for this assessment we focused on the extent of their known range within the West Coast region and incorporated identified important areas in adjacent Canadian waters of the Salish Sea. For the parent BIA, we used existing spatial boundaries that have been well justified through current understanding of their distribution: the U.S. NMFS Critical Habitat boundary and the Fisheries and Oceans Canada (DFO) Critical Habitat boundary. We further identified core areas of use (core BIAs) using information on their movements obtained from satellite tracking data and a core area in the Salish Sea previously identified as NOAA Critical Habitat.




3.5.2 BIA boundary delineation and scoring

The basis for the parent BIA for SRKWs was a combination of the Critical Habitat boundaries defined by NOAA Fisheries (U.S. waters) and DFO Canada (Fisheries and Oceans Canada, 2011; NMFS, 2021). Both Critical Habitat boundaries reflect areas within the geographical range of SRKWs that contained physical and/or biological features important to their survival. In August 2021, NOAA Fisheries revised the Critical Habitat for this population by extending the boundary from the Strait of Juan de Fuca to include outer coast waters (between 6- and 200-m isobaths) with Point Sur, California, representing the southernmost extent (NMFS, 2021). While Critical Habitat excluded the Quinault Military Range Site off the Washington coast, since BIAs are based solely on biological criteria, we include the portion of the range that was deemed biologically important for SRKWs. The parent BIA was drawn by combining Critical Habitat boundaries from both NOAA Fisheries and DFO. The resulting range size of the parent BIA is 60,348 km2 (Figure 11).




Figure 11 | Top panel: (A) Crawl tracks (blue lines) of all satellite tagged Southern Resident killer whales (n=8; 2012-2016; Supplementary Table 3) with deployment locations shown as green circles (B) 4-hour crawl locations of Southern Resident killer whale tracks used in kernel density analysis (n=5) with deployment locations shown as green circles). All crawl-derived locations were re-routed to avoid tracks crossing land. Bottom panel: (C) Parent BIA for Southern Resident killer whales represented as both NOAA and DFO critical habitat boundaries (WA Quinault Range included). The resulting area size is 60,348 km2; (D) Child BIA representing the core range of Southern Resident killer whales, based off of NOAA Fisheries critical habitat core range and a 50% isopleth of UD estimated from kernel density analysis on satellite tag data (total area = 14,809 km2).



A core BIA was delineated for SRKWs with the intent of highlighting areas of intensified use within their overall range. The basis of the core BIA was a combination of NOAA’s Critical Habitat core area (around the San Juan Islands, extended across the U.S./Canada border) and high-density areas identified through kernel density analyses of satellite tag data (details on satellite tag data methods are described in Supplementary File A, Section S2.3 and follow those used by the Hawai’i region (Kratofil et al., 2023; Figure 11). While NOAA’s Critical Habitat core range is designated as a “summer core range”, SRKW occurrence in this region during summer months has declined considerably over recent years; the importance of this area for SRKWs may not be as strongly associated with this particular season as has been the case historically (Shields et al., 2018; Hanson et al., 2021; Ettinger et al., 2022). As such, we specify the core BIA described here to exist year-round for SRKWs.

Scores for the SRKW S-BIA are provided in Table 1 and comprehensive narratives are provided in Supplementary Materials and on the BIA website. The Intensity score for the parent BIA was derived through the quantitative S-BIA scoring matrix, which combines abundance (73 individuals) and range size of the BIA (60,348 km2). The S-BIA scoring matrix is not used for the core BIA. Because the core BIA for this population represents intensified use relative to the broader parent BIA, it was appropriate to score the core BIA with the highest Intensity score. We highlight particular attention to the Data Support and Boundary Certainty scores for this BIA (parent = 3, core = 2 for each score type). Long-term photo-identification and continuous monitoring efforts support the exact abundance value of 73 individuals (Center for Whale Research (CWR), 2022). Areas within the core BIA align with those of known concentrated use based on external studies, such as sightings (Hauser et al., 2007; Olson et al., 2018) and acoustic detections (Hanson et al., 2013; 2018; Emmons et al., 2021). The parent BIA and a portion of the core BIA (San Juan Islands region) were based on published Critical Habitat boundaries in both U.S. and adjacent Canadian waters, which encompass the known extent of SRKWs within the U.S. West Coast region and incorporate habitat features known to be important to this population’s survival. Important areas in the Salish Sea are primarily supported by over 30 years of sighting data (Olson et al., 2018). Although the majority of these data capture only a portion of their range (Salish Sea), limited SRKW sightings along the outer coast where there is extensive community scientist effort (e.g., whale watching operations in Monterey Bay) may reflect that it is very unlikely that the SRKWs spend a lot of their time in areas farther south within the West Coast region. Important areas along the outer coast are supported by movements from eight satellite tagged SRKWs, from all three pods (3-95 days of data; Supplementary Table 3), which complement our understanding of their use outside of the Salish Sea and provide a less biased (compared to dedicated survey effort) depiction of their habitat use in areas that are often inaccessible for surveys due to poor working conditions. The importance of this area has been more recently supported through passive acoustic studies (Emmons et al., 2021). The outer coast core area also includes the mouths of river systems that play a large role in supporting prey for SRKWs (e.g., Columbia River; Zamon et al., 2007; Hanson et al., 2021). The methods used to derive the core areas from satellite tag data are widely used, robust, and accounted for varying deployment durations. Despite these various strengths, sightings in typical high-use areas have declined over recent years (Shields et al., 2018; Hanson et al., 2021), adding uncertainty to a contemporary understanding of SRKW distribution, particularly their core areas. Collectively, heterogeneous data support (including strengths/weaknesses and types) throughout the SRKW’s range and uncertainty related to recent changes in their distribution drove the scores for the parent and child SRKW S-BIAs.





3.6 Harbor porpoise S-BIAs



3.6.1 Background

Harbor porpoise occur widely in coastal nearshore and inland waters along the U.S. West Coast (Gaskin, 1984). Their nearshore distribution has made them vulnerable to human activities, especially entanglements in gillnet fisheries (Gaskin, 1984). Two S-BIAs were developed for harbor porpoise previously (Calambokidis et al., 2015) and for this assessment we have kept these unchanged as there have been no additional lines of evidence to suggest a need for modifying existing boundaries since 2015.




3.6.2 BIA boundary delineation and scoring

Calambokidis et al. (2015) delineated two small and resident BIAs for harbor porpoise off the West Coast based on recognized stock boundaries for the Monterey Bay and Morro Bay regions and the BIAs here are taken directly from those boundaries. Several lines of evidence suggest these separate populations have a restricted range, including regional differences in contaminant concentrations and ratios (Calambokidis and Barlow, 1991), genetic studies (Chivers et al., 2002; 2007; Morin et al., 2021), and densities derived from aerial and ship surveys (Forney et al., 1991; 2021; Forney, 1995; 1999; Carretta et al., 2001; 2009). Boundaries were defined using the approximate 200-m isobath from land for each stock boundary (Morro Bay = Point Conception to Point Sur; Monterey Bay = Point Sur to Pigeon Point). In this assessment we used the same boundaries to represent these two BIAs (Figure 12).




Figure 12 | Monterey Bay and Morro Bay harbor porpoise S-BIAs for the U.S. West Coast region. Harbor porpoise BIAs shown here were delineated by Calambokidis et al. (2015) and were not revised for this assessment. BIA boundaries are based on stock boundaries for each stock/BIA.



Although the spatial boundaries for these two harbor porpoise S-BIAs remained the same, information from previous and more recent studies were used to support the scoring (Table 1; Supplementary Materials). Contemporary abundance estimates from each respective stock assessment report (Carretta et al., 2022) were used in combination with the area of the BIA to determine the Intensity scores through the S-BIA scoring matrix.






4 Other potential areas and species for future consideration



4.1 Cuvier’s beaked whales

No watch list areas were formally designated for the West Coast region in this assessment, but we initially considered developing a BIA for Cuvier’s beaked whales. Accurate information on the distribution and abundance of this species has been limited due to their cryptic nature and occurrence primarily in deep offshore waters making it hard to define its habitat preference across the entire region. This species has been documented as sensitive to anthropogenic disturbance, in particular Navy Sonar (e.g. DeRuiter et al., 2013; Falcone et al., 2017). Recently, however, additional information and approaches are providing a better picture of this species off the U.S. West Coast (Curtis et al., 2021; Barlow et al., 2021a; 2021b, Schorr et al., 2014; Bernaldo de Quirós et al., 2019). The development and use of floating drifting hydrophones to supplement the NOAA visual sighting surveys has also provided more complete information on their broader distribution and abundance along the U.S. West Coast (Barlow et al., 2018; 2021a; 2021b; 2022). These new approaches have resulted in a new abundance estimate of Cuvier’s beaked whale off the U.S. West Coast of 5,454 individuals (95% confidence intervals: 3,151 to 8,907). While the species is broadly distributed along the U.S. West Coast, there is increasing evidence using satellite telemetry suggesting there may be small discrete populations which have high site fidelity over long time periods (e.g. Schorr et al., 2014; 2022a; 2022b). In addition, the development of mark-recapture abundance models for this species in the San Nicolas Basin in Southern California has provided abundance and preliminary trend data for this region, indicating a localized population estimated at 121 (71-219) individuals (Curtis et al., 2021) with individual sighting histories spanning as long as 15 years (Schorr et al., 2022a). The combination of high site fidelity, mark-recapture studies, and acoustic monitoring indicate some areas, including the San Nicolas Basin appear to have higher densities of beaked whales (Falcone et al., 2009; Barlow et al., 2021a, 2021b; Curtis et al., 2021) and may warrant future consideration as a BIA.





5 Conclusions

Revised BIAs delineated here update those determined previously (Calambokidis et al., 2015) and add BIAs for several species. Where available, we applied additional data and developed a more quantitative analytical approach compared to what was used previously. While in general there was fairly good agreement between the multiple datasets we used, where differences existed, the use of multiple datasets helped to address some of the biases and limitations of any one type of data. We also applied a more quantitative and transparent approach to determine the BIA boundaries. The BIAs delineated here for blue and humpback whales are considerably larger than those identified previously, and more consistent with the approach used in other regions. In addition to identifying larger overall BIAs, we also delineated core higher-density areas as part of the new hierarchical component of the BIA II delineation protocol (Harrison et al., 2023). In total, we identified BIAs for six cetacean species in the West Coast region, including feeding areas for blue, fin, and humpback whales, migratory, feeding and reproductive BIAs for gray whales; and small and resident populations for harbor porpoise and Southern Resident killer whales. These will aid in conservation effort in these most important locations.
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Shark Sanctuaries (SS) each have their own specific measures in place. Typically, commercial fishing of all
sharks is prohibited, including the retention of sharks caught as bycatch, and the possession, trade, and sale of
sharks and shark products within a country’s full Exclusive Economic Zone (EEZ). Some also ban fishing gear

typically used to target sharks, such as wire leaders and shark lines.

Ecologically or Biologically Signiﬁcant Areas (EBSA) identified specifically for their importance for

shark species through the Convention on Biological Diversity (CBD). Only two EBSAs exist that are identified solely
for their importance for sharks: Northeastern Pacific white Shark offshore aggregation area and Morrumbene to

Zavora Bay in southern Mozambique for the reef manta ray and whale shark.

EBSA identified where an ancillary justification for shark importance is listed through the CBD criteria.
Designations are included where either a significant density (e.g., schooling or aggregating) or biological importance

(e.g., nursery, reproductive, or feeding grounds) for a specific species is listed in the justification.

Biologically Important Areas (BIA) with likely shark habitat showing spatially defined areas for where
aggregations of whale sharks, white sharks, and grey nurse sharks are known to display biologically important
behaviour such as breeding, foraging, resting, or migration (Australia only). BlAs that abut or overlap are shown

continuously on the map.

Key Biodiversity Areas (KBA) identifying the most important places in the world for species and their
habitats. Tofo, Mozambique is one of the few sites worldwide where both species of manta ray occur with year-
round populations of significant numbers, supporting aggregative and reproductive behaviours. Whale and zebra

sharks are also known to form large aggregations year-round at the site. There are also two freshwater sites.

Full Shark Fishing Bans (FSB) where restrictions on shark fishing are in place within a country's EEZ.
Nations that prohibit shark fishing within territorial waters with no exceptions are considered to have full bans on

shark fishing. FSBs that are also SSs are mapped as SSs, and SSs with exemptions are not considered FSBs.

No-Take Marine Protected Areas (nt-MPA) with full/

high protection levels based on assessments of MPA Guide

&

fishing protection from the MPA Atlas. This layer also includes

smaller scale full shark fishing bans, e.g., Turneffe Atoll, Belize.

Notes: The oceans of the world, as shown on the map, are divided
into 19 marine regions according to Food and Agriculture
Organization (FAO) Major Fishing Area divisions. Habitat areas
(not including nt-MPAs) that are less than ~1,000 km2are shown
as points while larger areas are shown as polygons. This map uses
a Robinson Projection centred on 0°.

National waters International waters
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IBAs  Sites identified as being globally important for the conservation of bird populations.

EBSAs  Areas of the ocean that have special importance in terms of its ecological or biological characteristics.

KBAs Sites that contribute significantly to the global persistence of biodiversity.

IMMAs Discrete portions of habitat, important to marine mammal species, that have the potential to be delineated and managed for conservation.

IMTAs  Discrete areas within existing marine turtle regional management units (RMUs) that are of particular biological significance for the persistence of marine
turtles, and/or where the contributions of marine turtles to traditions and cultures of local people are particularly significant.

ISRAs  Discrete, three-dimensional portions of habitat, important for one or more shark species, that are delineated and have the potential to be managed for
conservation.
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Site Number Site Name Sub-region Centroid Latitude Centroid Longitude Site Area (m”) Particles Seeded

1 Burntcoat Lighthouse (central) ~SE Minas 45.3139918 -63.8021424 58,017 1,580
2 Burntcoat Lighthouse (east) SE Minas 453182115 -63.7912128 101,676 2,769
3 Burntcoat Lighthouse (west) SE Minas 45.3091491 -63.8130401 220,487 6,004
4 Economy NW Minas 45.3540164 -63.9161670 75,621 2,059
5 Evangeline SW Minas 2 45.1367595 -64.3332291 3,254 89
6 Five Islands NW Minas 45.3890759 -64.0638786 20,306 553
7 Kingsport SW Minas 2 45.1672860 -64.3454766 9,242 252
8 Mungo Brook SE Minas 45.3194300 -63.6415317 295,093 8,036
9 Noel Bay SE Minas 45.3167307 -63.7580997 149,423 4,069
10 Parrsboro (east) NW Minas 45.3920669 -64.2248374 28,318 771
11 Parrsboro (west) NW Minas 45.3913028 -64.2310048 3,502 95
12 Port Williams SW Minas 2 45.1020034 -64.3790383 31,122 847
13 Shad Creek SE Minas 45.3214429 -63.6733201 356,436 9,706
14 Sloop Rocks SW Minas 45.3259359 -63.7103596 259,970 7,079
15 Spencer Point NE Minas 45.3857267 -63.6285098 17,517 477

16 Tennycape S Minas 452816174 -63.8931420 206,098 5612
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Site to Site Connectivity
A. Settlement site model

Fixed Effect

Spawning month

Behavior

PLD

Settlement Sub-region
Spawning month x Behavior

Spawning month x PLD

Spawning month x Settlement Sub-region

Behavior x PLD
PLD x Settlement Sub-region

Behavior x Settlement Sub-region

Chisq
229.6
2.5
0.9
26.7
2.0
37
1164
0.01
31.8
47.0

B. Source sub-region model

p-value Fixed Effect Chisq df p-value
<0.01 Spawning month 5329 1 <0.01
0.11 Behavior 1.9 1 0.17
0.33 PLD 09 1 033
<0.01 Source Sub-region 1446.6 4 <0.01
0.15 Spawning month x Behavior 9.8 1 <0.01
0.05 Spawning month x PLD 1.8 1 0.18
<0.01 Spawning month x Source Sub-region 109.0 4 <0.01
0.91 Behavior x PLD 0.5 1 047
<0.01 PLD x Source Sub-region 12 4 0.88
<0.01 Behavior x Source Sub-region 121 4 0.02

Models examine the effects of spawning seasonality (spawning month), behavior, PLD and A. Settlement Sub-region or B. Source Sub-region on the number of particles settling in suitable

habitat sites within the Minas Basin. Shown are the fixed effects, the Chisq goodness of fit metric, the degrees of freedom, and the p-valug

e “x” denotes an interaction between two factors.
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A. Settlement sub-region model

Fixed Effect

Spawning month

Behavior

PLD

Settlement Sub-region

Spawning month x Behavior

Spawning month x PLD

Spawning month x Settlement Sub-region
Behavior x PLD

PLD x Settlement Sub-region

Behavior x Settlement Sub-region

Site to Sub-region Connectivity

Chisq df
13.7 1
0.1 1

0.001 1
1613 5
02 1
02 1
1027 5
L5 1
123 5
13.0 5

B. Source sub-region model

p-value Fixed Effect Chisq df p-value
<001 Spawning month 1258 1 <001
0.74 Behavior 7.5 1 <0.01
0.97 PLD 0.20 1 0.65
<0.01 Source Sub-region 633.1 4 <0.01
0.64 Spawning month x Behavior L1 1 029
0.63 Spawning month x PLD 0.03 1 0.87
<0.01 Spawning month x Source Sub-region 18.6 4 <0.01
0.22 Behavior x PLD L9 1 033
0.03 PLD x Source Sub-region 12 4 0.87
0.02 Behavior x Source Sub-region 1.0 4 0.90

Models examine the effects of spawning seasonality (spawning month), behavior, PLD, and A. Settlement Sub-region or B. Source Sub-region on the number of particles settling in intertidal
sub-regions of the Minas Basin. Shown are the fixed effects, the Chisq goodness of fit metric, the degrees of freedom, and the p-value. The “x” denotes an interaction between two factors.
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Months Active

el Stock or Population  Type = Descriptive | Area Int. DS STV BC
Name (km2)
Gray whale
Eastern North Pacific (ENP)
ggn‘:‘s :“ and/or Pacific Coast Feeding 3 Shelikof Bay 74 0 1 1 s 1
Group (PCFG)

F-BIAO-s-b1-
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Humpback whale
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0 North Pacific F Islands 0B 0 1 1 4 2
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North Pacific ¥ oi‘rhxlr:sf""lf o 1 e
19167

1S, Importance Score; Int, Intensity; DS, Data Support; STV, Spatiotemporal Variability - static (s); phemeral
‘marks indicate that not enough data or information was available to designate  score for that category (i

r dynamic (d); BC, Boundary Certainty. Months active range from 1 (January) to 12 (December) in 0.5-mo increments;.e; two ‘boxes’ per month. Question
‘Spatiotemporal Variability or Boundary Certainty).
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BIA Label Stock or Population  Type  Descriptive Name 3 Months Active

Beluga
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1S, Importance Score; Int., Intensitys DS, Data Support; STV, Spatiotemporal Variability - static (s); ephemeral (¢); o dynamic (d); BC, Boundary Certainty. Months active range from 1 (January) to 12 (December) in 0.5-mo increments; i.e; two ‘boxes’ per month.
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OECM potential benefits

Further assess, describe, and enhance current ABFM biodiversity conservation co-
benefits

Further reduce or mitigate fisheries collateral impact on non-target species and
habitats

Incentive for better consideration of biodiversity outcomes in ABFM design
Improved connectivity of regional conservation networks of conservation measures

Strengthening of EAF implementation, facilitating, eco-labelling and related potential
market benefits

Improved likelihood of States meeting the 30% coverage target by 2030
Improved image of fisheries with the public, consumers, and civil society

More constructive collaboration of the conservation constituency with the fisheries
managers and sector

Increased recognition and empowerment of local or shared management systems

OECM potential costs

Added management complexity and related costs in monitoring, assessment, and
enforcement

Additional costs to the sector if some existing fishing practices are excluded or
displaced

Raising interaction costs as the range of stakeholders increase with broader
objectives

Risk for the sector to tarnish its image if it fails to achieve or demonstrate
expecled outcomes

Less cooperation of some fishery participants if their harvest-related objectives
are being lowered;

Risk of losing part of the flexibility of fisheries management
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Type of
test

One-way
ANOVA

One-way
ANOVA

Student’s
T-test

Student’s
T-test
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Pearson
correlation
coefficient

Chi-

squared

Chi-

squared
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squared

One-
wayAnova
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variable
To evaluate Respondent

whether the
categories of the
interviewed social
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business owner,
manatee watching
guides, tour guide,
accommodation
service provider,
tour operator, and

actors differed in
relation to the
monthly WTP for
maintaining the

manatee tourist)

conservation fund.

To assess whether  Schooling

the WTP value (Elementary

differs according to ~ School

the respondent’s (incomplete)

schooling Elementary
School (complete)
Middle
SchoolHigh
SchoolUniversity
or more)

To assess whether
respondents of
different genders
differed in relation
to WTP

Gender (male or
female)

To verify whether
income differed
between the gender

Gender (male or
female)

Reason for the
trip (yes or no)

To analyze whether
the WTP of the
tourists who
traveled for
manatee watching
differed from those
tourists who did
not initially travel
for this purpose

To ascertain Income
whether the WTP

value of the

respondents was

related to their

income

To ascertain
whether the people
who were WTP
would also

WTP (yes or no)

volunteer in

manatee

conservation

projects

To identify whether Gender (male or
the willingness to female)
volunteer was

influenced by

gender

Check whether the  Gender (male or

‘WTP for the female)

conservation fund

was influenced by

gender

To verify whether  Schooling

the respondent’s (Elementary

schooling School

influences the (incomplete)

number of hours Elementary

they are willing to  School (complete)

volunteer Middle
SchoolHigh

SchoolUniversity
or more)

Response Significance Packages and functions in R software (R Core Team, 2021)

variable

Declared
‘WTP value

Declared
WTP value

Declared
‘WTP value

Declared
WTP value

Declared
WTP value

Declared
WTP value

Willingness
to volunteer
(yes or no)

Willingness
to volunteer
(yes or no)

‘Willingness
to volunteer
(yes or no)

Hours

(minutes)
willing to
volunteer

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

P<0.05

WPerm package (Weiss, 2015), using the “perm.oneway.anova” function from
the wPerm package (Weiss, 2015) and estimated test significance through the
Monte Carlo simulation method with 9,999 randomizations.In situations where
ANOVA showed significant results, a permutation test for pairwise comparison
was used to detect the differences between which categories of respondents
occurred. The pairwise comparison was conducted using the
“pairwise.perm.t.test” function of the RV AideMemoire package (Herve, 2021)
and the estimated P value considering the Bonferroni correction for multiple
tests, with 9,999 randomizations.

WPerm package (Weiss, 2015), using the “perm.oneway.anova” function from
the wPerm package (Weiss, 2015) and estimated test significance through the
Monte Carlo simulation method with 9,999 randomizations.In situations where
ANOVA showed significant results, a permutation test for pairwise comparison
was used to detect in which level of education the differences occurred. The
pairwise comparison was conducted using the “pairwise.perm.t.test” function of
the RVAideMemoire package (Hervé, 2021) and the estimated P value
considering the Bonferroni correction for multiple tests, with 9,999
randomizations.

“perm.t.test” function of the RVAideMemoire package (Herve, 2021), and P-
value estimated through the Monte Carlo simulation method with 9,999
randomizations

“perm.t.test” function of the RVAideMemoire package (Herveé, 2021), and P-
value estimated through the Monte Carlo simulation method with 9,999
randomizations

“perm.t.test” function of the RVAideMemoire package (Herve, 2021), and P-
value estimated through the Monte Carlo simulation method with 9,999
randomizations

“perm.relation” function from the wPerm package (Weiss, 2015), and the
significance of the correlation estimated through the Monte Carlo simulation
method with 9,999 randomizations

“chisq.test” function from the stats package

“chisqtest” function from the stats package

“chisq.test” function from the stats package

WPerm package (Weiss, 2015), using the “perm.oneway.anova” function from
the wPerm package (Weiss, 2015) and estimated test significance through the
Monte Carlo simulation method with 9,999 randomizations
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Category n Schooling Income

Elementary School  Elementary School Middle  High  University Medians of monthly family

(incomplete) (complete) School  School or more income (USD)
Artisans 23 2 4 4 6 7 360 (n = 22 respondents)
Business owners 56 1 3 5 30 17 720 (n = 50 respondents)
Manatee watching 35 7 10 13 2 3 234 (n = 35 respondents)
guides
Tour operators 8 0 0 1 5 2 900 (n = 8 respondents)
Tour guides 8 0 0 6 1 1 585 (n = 8 respondents)
Accommodation 97 1 2 5 27 62 1 080 (n = 78 respondents)

service providers

Tourists 534 0 1 2 55 476 2160 (n = 419 respondents)
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Category

Artesian

Business owners

Manatee watching guides

Tour operators

Tour guides

Accommodation service providers

Tourists

Accepted to pay and indicated
a value of WTP (n)

14
32
29
3
7
31
144

WTP median in USD

4.95

18
3.60

225

‘WTP average in USD

7.59
12.66
20.05
48
7.46
13.71
385
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Indirect costs

Accommodation

Food

Transport (including airfare)
Souvenirs

TOTAL

Values (USD)

154 345.05 (n = 396 respondents)
54 392.94 (n = 432 respondents)
49 407.30 (n = 306 respondents)
15 267.06 (n = 313 respondents)
273 41235
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DIMENSIONS CONSTRAINED

TIME SPACE ACTIVITIES

Area Type Permanent Temporary Seasonal Real Rotational Occasional High State Straddling Full Partial Total Partial
Time Seas Closure Closure

Benthic 9 = 1 = = 1 8 = = 2 = 7
protected area
Biosphere reserve 11 1 3 - - - - 15 - 1 3 7 8
Closed area 78 2 18 1 3 2 2 83 1 4 19 59 62
Closed season 26 4 56 5 4 7 2 59 1 16 22 17 54
Community 25 2 7 = 2 4 = 39 = 1 1 13 20
conserved area
Fisheries reserve 12 3 = - = 1 = 15 = = 2 9
Fisheries 33 = 2 = 1 1 = 36 o = 6 18 28
restricted area
Fisheries 6 &= 3 = = & = 7 = = 1 5 6
sanctuary
Gear ban 15 1 1 1 1 = — 16 = 3 5 4 156
Locally managed 21 13 10 4 1" 20 2 51 2 2 6 33 30
marine area
Marine reserve 88 = 9 . = = 1 98 1 = T 64 59
Marine sanctuary 8 - 1 - - - - 10 - - 1 6 4
Moratorium 9 6 9 2 2 1 6 18 3 3 6 5 17
Move-on rule 3 1 - 5 - - 3 1 1 - - 2 3
Marine 56 3 6 1 2 2 73 3 - 3 40 44
protected area
National Park 34 o 2 . = 2 = 43 = = . 27 24
Real time closure 4 - 1 12 = & = 12 2 1 10 3 9
Ring fencing 1 = = 1 = = = 1 - 1 = — 1
Rotational closure 4 1 1 - 4 4 - 8 - - 1 6 5
TURF 9 1 - - 1 - - 11 - - 3 3 8
Managed VME 15 4 1 7 = o 10 6 3 1 1 4 14

Each cell represents the number of individual case studies in the literature that are constrained in the respective dimensions. Note that any one case study may have more than one
constraint in any of the three dimensions and may be categorized by more than one type of ABMT.
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Area Type

Benthic protected area
Biosphere reserve
Closed area

Closed season
Community conserved area
Fisheries reserve
Fisheries restricted area
Fisheries sanctuary
Gear ban
Locally-managed marine area
Marine reserve

Marine sanctuary
Moratorium

Move on rule
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Real time closure
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Total # Case Studies
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66.0%
66.7%
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0.0%
42.9%
63.6%
79.0%

Meets C

44.4%
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Criteria
Criterion A: Area is not currently recognized as a
protected area

Criterion B: Area is governed and managed

Criterion C: Achieves sustained and effective
contribution to in situ conservation of biodiversity

Criterion D: Associated ecosystem functions and
services and cultural, spiritual, socio-economic
and other locally relevant values

Sub-criteria

* Not a protected area

* Geographically defined
space

* Legitimate governance
authorities

* Managed

* Effective

* Sustained over long term

* In situ conservation of
biological diversity

* Information and monitoring

* Ecosystem functions
and services

* Cultural, spiritual, socio-
economic and other locally
relevant values
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Other Considerations

Ability to adapt to future changes/new threats

Effectiveness demonstrated to be comparable to or better than effectiveness of alternative
approaches

Coverage of areas evaluated and found adequate to achieve objectives for the area
Size and boundaries are specified

Baseline data are available

Benchmarks identified for species and/or ecosystems

Coverage optimizes benefits

Use of buffer zones considered

Repilication of areas within network

Guidance on what to do when regulations are violated

Documentation of basis for status decisions required and made available

Impacts on other uses and activities considered

Take account of implementation capacity

Intents of designation specified and breadth appropriate for effective conservation
Other measures to support their effectiveness

Scores and abbreviations explained in Table 1.
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Records identified through
database searching
(n=8972)

Records after duplicates removed
(n=8872)

Records screened
(n=8872)

Full-text articles assessed for
eligibility
(n=1071)

Studies included in qualitative
synthesis
(n=457)

Studies included in quantitative
synthesis (meta-analysis)
(n=457)

Duplicate excluded
(n=100)

Records excluded
(n=7801)

Full-text articles excluded, with
reasons
(n=614)
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Area Type Total # of Biodiversity Population/Species Habitat Ecosystem
Case Studies Outcomes Outcomes Outcomes Outcomes
Benthic protected area 9 100.0% 66.7% 77.8% 88.9%
Biosphere reserve 15 40.0% 26.7% 20.0% 33.3%
Closed area 86 75.6% 67.4% 30.2% 61.6%
Closed season 65 66.2% 64.6% 16.9% 41.5%
Community conserved area 39 43.6% 43.6% 25.6% 33.3%
Fisheries reserve 156 80.0% 80.0% 13.3% 66.7%
Fisheries restricted area 35 60.0% 54.3% 31.4% 57.1%
Fisheries sanctuary 7 71.4% 71.4% 14.3% 42.9%
Gear ban 16 66.7% 66.7% 13.3% 53.3%
Locally-managed marine area 46 65.2% 63.0% 43.5% 54.3%
Marine reserve 29 57.6% 50.5% 27.3% 47.5%
Marine sanctuary 9 77.8% 77.8% 22.2% 66.7%
Moratorium 23 65.2% 66.2% 21.7% 56.5%
Move-on rule 5 40.0% 40.0% 40.0% 40.0%
MPA 79 59.5% 51.9% 35.4% 46.8%
National Park 43 53.5% 46.5% 34.9% 44.2%
Real time closure 16 33.3% 26.7% 0.0% 26.7%
Ring fencing 1 100.0% 100.0% 0.0% 100.0%
Rotational closure 7 71.4% 71.4% 28.6% 71.4%
TURF 1" 63.6% 63.6% 9.1% 63.6%
Managed VME 19 52.6% 421% 42.1% 47.4%
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Study Northbound n Dist. Dist. (km) Max

SourceA region Survey method or Southbound (type)* (km) value value type Dist.
‘WDFW pers
comm, 2022 WA Vessel transect-nearshore Northbound 32(S) 1.78 mean
‘WDFW pers
comm, 2022 WA Vessel transect-pelagic Northbound 7(9) 2277 mean
Logbooks from lightstations
Pike, 1962 WA and lightships Southbound 3(D 37 max
Logbooks from lightstations 20-
Pike, 1962 WA and lightships Northbound 30 (1) 8 max
Green et al., 1995 WA Aerial Southbound 44 () 242 mean 43
Green et al., 1995 WA Aerial Northbound Phase A 68 (S) 11.8 mean 20
CRC WA Small-boat Southbound 27 (S) 222 mean 572
CRC WA Small-boat Northbound 243 (S) 469 mean 537
Aerial, Shore-based,
OBIS-SEAMAP WA Ship-based Southbound 14 (S) 123 mean 23
Aerial, Shore-based,
OBIS-SEAMAP WA Ship-based Northbound Phase A 84 (S) 6.61 mean 23
Aerial, Shore-based,
OBIS-SEAMAP WA Ship-based Northbound Phase B 71 (S) 542 mean 15.9
OSU pers
comm 2022 OR-WA Satellite tracking Northbound 28 (T) 6.02 mean 275
Green et al,, 1995 OR Aerial Southbound 44 (S) 11.9 mean 23
Green et al., 1995 OR Aerial Northbound Phase A 68 (S) 7.5 mean 19
Herzing and over 50% within
Mate, 1984 OR Shore-based Southbound 906 (I) 16t032 this range
Herzing and over 50% within
Mate, 1984 OR Shore-based Northbound Phase A 492 (I) 161032 this range
Herzing and over 97% within
Mate, 1984 OR Shore-based Northbound Phase B 133 (I) within 1.6 this range
Herzing and
Mate, 1984 OR Aerial Southbound 87 (1) 20 max
Aerial, Shore-based,
OBIS-SEAMAP OR Ship-based Southbound 58 (S) 6.82 mean 15.5
Aerial, Shore-based,
OBIS-SEAMAP OR Ship-based Northbound Phase A 192 (S) 424 mean 16
Aerial, Shore-based,
OBIS-SEAMAP OR Ship-based Northbound Phase B 152 (S) 291 mean 16
OSU pers Northern
comm, 2022 CA-WA Satellite tracking Southbound 4(T) 145 mean 203
OSU pers Cent. CA-
comm, 2022 N CA Satellite tracking Northbound 65 (T) 274 mean 27.7
4,792 Most whales, if
Poole, 1984 Central CA Shore-based Northbound I within 3.2 not closer
Poole, 1984 Central CA Aerial Northbound Phase A 275 () 24 mean 104
Shelden and
Laake, 2002 Central CA Aerial Southbound 171 (S) 1.95 mean 136
Cent. CA- Aerial, Shore-based, 14,748
OBIS-SEAMAP N CA Ship-based Southbound ) 223 mean 59.5
Cent. CA- Aerial, Shore-based, 17,577
OBIS-SEAMAP N CA Ship-based Northbound Phase A ) 239 mean 128
Cent. CA- Aerial, Shore-based, 3,651
OBIS-SEAMAP N CA Ship-based Northbound Phase B (S) 2.89 mean 128
Mate and Urban- Baja -
Ramirez, 2003 Cent. CA Satellite tracking Northbound 27 (T) 73 mean
Mate and Urban- greater than
Ramirez, 2003 SCB Satellite tracking Northbound 6(T) 20 this value
Aerial, Shore-based,
OBIS-SEAMAP SCB Ship-based Southbound 869 () 279 mean 150
Aerial, Shore-based, 2,071
OBIS-SEAMAP SCB Ship-based Northbound Phase A (S) 18.6 mean 171
Aerial, Shore-based, 1,278
OBIS-SEAMAP SCB Ship-based Northbound Phase B ) 124 mean 171

A WDFW = Washington Department of Fisheries and Wildlife; CRC = Cascadia Research Collective; OSU = Oregon State University; OBIS-SEAMAP sightings were accessed in 2022 (Halpin et
al.,, 2009).

* Sighting (n) types: $ = sighting/groups I = individuals/whales; T = satellite tag locations.

Only studies/sources that explicitly reported gray whale distances from shore (or some relative proximity, e.g., near lightship of position X) were included in this table. Other studies that provide
support for offshore or nearshore movements in some regions along the U.S. West Coast but no explicit report of distance from shore values are only referenced in the text. Studies that reported
values explicitly for both Northbound Phase A and Northbound Phase B were recorded as such; otherwise, the record was generalized as “Northbound”. Sighting numbers for Green et al. (1995)
are duplicated for WA and OR as the sighting counts were not reported for each state, but for each phase; state-specific distances from shore are provided in respective rows. Some studies did not
report a maximum distance, and thus some rows are blank for that column.
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% CRC
Threshold value for % BIA area Total # sightings Total #
Species data layer (satellite ta?, of US. West CRC within SWFSC

% SWFSC Total # satellite
sightings tag deployments

Median (range) % of

area used by tagged

3 < = T . ithi , ran . 7
sightings, HD model)’ Coast EEZ  sightings* BIA sightings | Within (median, range | oo Cincluded in BIA
B BIA boundary  duration in days)
oundary
Blue whale Parent 0.082, 90%, 0.00093 173433 | 21 4,395 98 358 65 110 (79, 30-504) 87 (23-100)
Blue whale Core 0.155, 80%, 0.0018 52,349 6 4,395 73 358 29 110 (79, 30-504) 50 (9-100)
Blue whale 2015 NA 16438 | 2 4395 83 358 15 NA 15 (1-71)
Humpback
whale Parent 0.025, 90%, 0.0026 140,303 | 20 4,777 93 1,132 91 46 (30-121) 98 (31-100)
Humpback
‘whale Core 0.075, 80%, 0.013 38,052 5 4,777 74 1,132 2 46 (30-121) 60 (6-99)
Humpback
‘whale 2015 NA 23,098 3 4777 77 1,132 36 NA 29 (5-100)
Fin whale Parent 0.038, 90%, 0.014 315072 | 38 422 95 608 62 27 (3-293) 89 (4-100)
Fin whale Core 0.076, 80%, 0.024 155,508 19 422 74 608 40 27 (3-293) 61 (1-100)
PCFG
Gray whale Parent 0.05, 90%, NA 20,026 24 403 93 NA NA 72 (26-383) 99 (16-100)
PCFG
Gray whale ~ Core 0.131, 80%, NA 6,665 0.8 403 91 NA NA 72 (26-383) 91 (9-100)
PCFG
Gray whale 2015 NA 1,601 0.2 403 71 NA NA NA 30 (2-98)
Sounders Revised
Gray whale (NH) NA 388 0.05 402 96 NA NA NA NA
Sounders
Gray whale 2015 NA 326 0.04 402 92 NA NA NA NA

'BIA type includes parent, core, 2015 (ic.,the boundary delineated by Calambokidis et al 2015), or non-hierarchical (NH) that was revised.

*Values for each data layer represent the following: satellte tag = proportion of overlapping home ranges; sightings = KDE contour level; HD model = number of whales per squared kilometer.
Area = combined area of all spatial polygons.

*Sightings included in 2015 effort include all behaviors and CRC + collaborator sightings, whereas sightings included in this effort were restricted to CRC only and feed/mill behaviors only.
Area of US. West Coast EEZ = 825,549 km2.

NA, not applicable.
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Abundance. Intensity Data support Boundary certainty. P —

tegory lscore) variabitty'

Feeding BIAs (F-BIAs)

Blue whale
West Cout Jun-Nov Pare NA KA 173433 ONA) 2 3 2 3 s
Wes Const Jun-Nov core NA ) 54349 (NA) s 3 3 3 .
Humpback whale
Wt Coust MarNov Paren NA () 140303 (NA) 2 3 2 3 s
West ot NrNov aore NAGA) 38052 (NA) s 5 5 5 f
Fin whale
Wt Cout Jun-Nov Pure NAKA) 15072 0400 ' 2 ' 2 .
W Const Jun-Nov core NAGA) 155508 (NA) 2 2 2 s
Gray whale
Pacfic Const Feding Group Jun-Nov Puren NAKA) 20026 (NA) 2 3 2 3 s
Pacfic Coast Feding Group Jun-Nov Gore NAGA) 6665 (NA) s s s s .
N Puge Sound (Sunders) Feion N NAK) 880 2 3 3 s
ratory BIAs (M-BIAs)
Gray whale
ENP:Wast Cout o Gl of Alska Novsun Purent NAGA) 166544 (NA) ' 2 2 i
ENP: West Cosst (Southbound) Noveb i NA A o110 8 2 3 2 3 .
ENP: West Coust (Nonbbound Phase A) Jan-May it NA () 5087 (0) 2 3 2 3 s
ENP:Wast Coust (Northbound Phase B) MarMay aid NAGKA) 51947 (NA) s s s .
Reproductive BlAs (R-BIAs)
Gray whale
ENP: West Cosst (Norbbound Phase B) Mar:May Nt NAGA) 51947 (NA) s s s s f
Small and Resident BlAs (S-BIAs)
Killer whale
Southen Rosidents Yesr-ound Pacen 5o 038 ) 2 s 3 s
Vesrround ore e 14509 (1) 3 2 s B .
Harbor porpoise
Morro By Yesr-ound N azss ) 3030.2) ' s ' 3 .
Monterey By Year-ound NH 3455 0) 110 2 3 2 3 s

*NH = non-hierarchical; Parent = larger BIA in a hierarchical BIA that encompasses all nested BIAs; core = nested BIA representing core area of use; child = nested BIA that does not represent core area of use but rather a phase-specific important area; 's = “static”.
Note: the abundance category and score is only relevant to small and resident BIAs. Similarly, the range size score is oy relevant to small and resident BIAs, but the range size was provided for all BIAs. Therefore, non-small and resident BIAs have these values listed as NA
for "not applicable.
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Marine Reserve Ecoregion

Albufera des Grau X W Med
Archipelago Cabrera | | X I I X | ‘W Med
Calanques » X X X W Med
Carry le Rouet X W Med
Port Cros X X X W Med
Cap de Creus X W Med ‘
Cote Bleue X X » Alboran
Rosia X X Alboran
Capo Rizzuto | | i X Tonian
Parco sommerso di Gaiola X W Med
Regno di Nettuno X W Med
Cinque Terre X W Med
Arcipelago de la Maddalena ‘ ' ‘ W Med
Isole Egadi X [ | [ i W Med
Bouches Bonifacio | W Med
Plemmirio X ‘ Tonian
Zembra and Zembretta X W Med
Isla Pianosa ‘ V | X i X W Med
Tsola di Capraia X | W Med
Marine ecoregions according to Spalding et al. (2007).
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Out-strength centrality
G1: Cnidaria, Tunicata & Porifera Mean PD: 2.29+4.13  G2: Macroalgae & Seagrass Mean PD: 5.71+5.89
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G3: Bryozoa, Mollusca & Polychaeta Mean PD: 16.51+16.69  G4: Pisces, Crustacean & Echinodermata
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Betweenness centrality

G1: Cnidaria, Tunicata & Porifera Mean PD: 2.29+4.13  G2: Macroalgae & Seagrass Mean PD: 5.71+5.89
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G3: Bryozoa, Mollusca & Polychaeta Mean PD: 16.51+16.69  G4: Pisces, Crustacean & Echinodermata Mean PD: 35.98+34.08
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BIA Label

Beluga
F-BIA2-d-b2-
ABS044-0a
F-BIAL-d-bl-
ABS046-0
S-BIAL-d-b3-
ABS045-0

Bowhead
F-BIA3-d-b2-
ABS016-0
F-BIAL-d-b2-
ABS017-0
F-BIA2-d-b1-
ABSO18-0
F-BIA3-d-b2-
ABS019-0

Fin Whale
F-BIA2-d-b2-
ABS032-0
F-BIA2-db1-
ABS036-0
F-BIA2-d-b1-
ABS038-0

Gray Whale
F-BIA2-d-b2-
ABS022-0
M-BIA2-s-b1-
ABS025-0
M-BIA2-s-b1-
ABS026-0

‘Humpback Whale
F-BIA2-d-b2-
ABS027-0
F-BIAL-d-b1-
ABS028-0

Stock or
population

Eastern Bering Sea
Eastern Bering Sea

Bristol Bay

Bering-Chukchi-Beaufort
Bering-Chukchi-Beaufort
Bering-Chukchi-Beaufort

Bering-Chukchi-Beaufort

Northeast Pacific
Northeast Pacific

Northeast Pacific

Eastern North Pacific
Eastern North Pacific
Eastern North Pacific

Western North Pacific or
Central North Pacific

Western North Pacific or
Central North Pacific

North Pacific Right Whale

F-BIA3-s-b2-
ABS040-0
M-BIAL-e-bl-
ABS041-0

Sperm Whale
F-BIA3-d-b2-
ABS053-0

F-BIAl-e-bl-
ABS055-0

1S, Importance Score; Int,, Intensity; DS, Data Support; STV, Spatiotemporal Variability; BC, Boundary Certainty; C-1S, Child Importance Scores; TA, Transboundary Across.

Eastern North Pacific

Eastern North Pacific

North Pacific

North Pacific

Type

s

M

Descriptive name

Norton Sound - Parent
Norton Bay

Bristol Bay - summer - Nushagak and Kvichak
bays

Chukotka/Bering Strait/Chirikov Basin/St.
Lawrence Island
Gulf of Anadyr

Bering Sea M8 & BS1 Moorings

Chukotka/Bering Strait/Gulf of Anadyr/St.
Lawrence Island/St. Matthew Island

Southeast Bering Sea

Western-central Bering Sea

M8 Mooring

Chirikov Basin

Unimak Pass to Nunivak Island - Northbound

Unimak Pass - Southbound

Unmak Pass/Unimak Pass/NPRW Critical
Habitat

Bristol Bay

NPRW Critical Habitat/M4 Mooring

Unimak Pass BS4 Mooring

Aleutian Islands - summer

Bering Sea Slope

The shaded areas indicate the months during which the BIA is active.

IS Int. DS STV BC

2 2
11
I |
303
11
2 3
303
2 2
2 3
2 3
2 2
2 3
2 3
2 2
12
303
i a2
303
[

e

Months active

CIS TA

ARC
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Metric

Intensity

Data Support

IMPORTANCE

Boundary
Certainty

Spatiotemporal
Variability

Description

Comparative significance of an area to the species in the context of the species” range and size, and the definition
of the BIA type. Considers the strength and type of characteristics that underlie an area’s identification as a BIA.

Distinguishes meaningful differences in the information used to support the identification and scoring of a BIA.
Considers the quantity, quality, and type of information, and associated uncertainties, upon which the BIA
delineation depends.

Combination of the Intensity and Data Support scores as depicted in the Importance Matrix.

Characterizes the degree of certainty in the location and timing of the boundary.

Characterizes spatiotemporal variability of the BIA using one of three descriptors.

Scoring

1, 2, or 3. Higher number = more
intense characteristics.

1, 2, or 3. Higher number = more/
higher quality supporting
information.

1, 2, or 3. Higher number
higher overall importance.

1,2, or 3. Higher number = more
certainty.

(s)tatic, (e)phemeral, or (d)ynamic.
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Reproductive Areas

(R-BIA)

Feeding Areas
(F-BIA)
Migratory Routes
(M-BIA)

Small and Resident
Population (S-BIA)

Areas and times within which a particular species selectively mates, gives birth, or is found with neonates or calves.

Areas and times within which aggregations of a particular species preferentially feed. These either may be persistent in space and time or
associated with ephemeral features that are less predictable but are located within a larger area that can be delineated.

Areas and times within which a substantial portion of a species is known to migrate; the route is spatially restricted.

Areas and times within which small and resident populations occupy a limited geographic extent.





OPS/images/fmars.2022.1055398/fmars-09-1055398-g012.jpg
165°E 170°E70°N  175°E 180° 175°W 170°W 165°W 160°W 155°W 150°W

Russia Chukchi/Sea

60°N

55°N Bering Sea

. ~*~| Aleutian Islands and Bering Sea Region

500N ‘ , P ateand Dall's Porpoise

F-BIAO-d-b1-ABS049-0

Harbor Porpoise

NN\ F-BIAO-d-b1-ABS050-0

Minke Whale
|| F-BIA0-d-b1-ABS051-0






OPS/images/fmars.2022.1055398/fmars-09-1055398-g011.jpg
65°N 175°E 180° 175°W 170°W 165°W 160°W 155°W 150°W

Russia

: ~ Aleutian Islands and Bering Sea Region
Chukchi Sea \ Example BIAs

Beluga
Chukotka /N ~ /| I S-BIA1-d-b3-ABS045-0
-/ Bowhead Whale
F-BIA3-d-b2-ABS019-0
Fin Whale
F-BIA2-d-b1-ABS036-0

Pugpighileq /3 St. Lawrence

Island | Alaska

/
«/

Bering Sea

Cape
Newenham

Nushagak
Bay

Kvichak

\ y Bay

55°N Bristol
Bay






OPS/images/fmars-09-831678/fmars-09-831678-g009.jpg
ANGOLA A 0%  20%  40%  60%  80%  100% D 0%  20%  40%  60%  80%  100%

Benthic longlining | G Benthic longlining N
Trawling |G Trawling
Shipping | NG Small pelagics fishing T
Small pelagics fishing || EGEGN Mining B
Artisanal fishing | EGIN Shipping
Coastal development | Oil and gas activites
Mining | Pelagic longlining |
Qil and gas activities [l Coastal development (existing)
Pelagic longlining |} Artisanal fishing

mMPA mConservation ®Impact Management  Outside EBSA m Not Compatible ~ Conditionally Compatible = Compatible  Outside EBSA

NAMIBIA B 0%  20% 40% 60%  80%  100% E 0% 2% 40% 60% 80%  100%
Mariculture and guano harvesting | NG Mariculture and guano harvesting [
Seal harvesting || EGTNGGGGGG Seal harvestng
Lobster fishing | R Mining NN
Coastal development | GGG Tuna pole fishing (catch) =~
Mining |G Linefishing =~
Linefishing | G Lobster fishing =~
Large pelagics longlining | G Large pelagics longlining =~
Shipping | G Commercial hake trawling =~
Tuna pole fishing (catch) || Gz Monkfish fishing
Midwater trawling (horse mackerel) ||l Midwater trawling (horse mackerel)
Commercial hake trawling ||l Crab fishing (effort)
Crab fishing (effort) i} Coastal development (existing)
Monkfish fishing i Shipping

Oil and gas activities
m Not Compatible ~ Conditionally Compatible = Compatible  Outside EBSA

SOUTH AFRICA C oy 20% 40% 60% 80%  100% F o o% 20% 40% 60% 80%  100%

Oil and gas activities
mMPA mConservation ®Impact Management  Outside EBSA

Kelp harvesting [ N EEEEEEE Crustaceantrawiing &
Crustacean trawling | NG Demersal hake trawling i
Oyster harvesting | N Kelp harvestng =~
West Coast Rocklobster harvesting | GG Beachseining
Linefishing | G Oyster harvesting =~
Gilnetting | G West Coast Rocklobster harvesting =~
Beach seining |GGG Gillnetting
Small pelagics purse seining | GcGccNNGGGGN Midwater trawling =~
Squid jigging GG Small pelagics purse seining =~
Demersal hake trawling | GG Tuna pole fishing =~
South Coast Rocklobster harvesting | EGcGcNINGE Demersal longlining =~
Demersal longlining | GG South Coast Rocklobster harvesting =~
Aquaculture | Linefishing =~
Tuna pole fishing [ Aquaculture =
Midwater trawling | NEREREEN Squid jigging
Shipping RN Shipping =
Pelagic longlining | GG Pelagic longlining =~
Petroleum activities || NGB Petroleum activities =
Mining activities |l Mining activities

m MPA mConservation ®Impact Management

Outside EBSA  m Not Compatible * Conditionally Compatible * Compatible  Outside EBSA, and Inside MPAs within EBSAs
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Activity
compatibility

Management recommendations

Not compatible

Conditionally
compatible

Compatible

The activity should not be permitted to occur in this area
because it is not compatible with the management
objective. If it is considered to be permitted as part of
compromises in MSP negotiations, it would require
alternative EBSA zone areas and/or offsets to be identified.
However, if this is not possible, it is recommended that the
activity remains prohibited.

A robust site-specific, context-specific assessment is
required to determine the activity compatibility depending
on the biodiversity features for which the site was selected.
Particularly careful attention would need to be paid in
irreplaceable portions of the Biodiversity Conservation Zone
where the activity may be more appropriately evaluated as
not permitted. The ecosystem types in which the activities
take place may also be a consideration as to whether or not
the activity should be permitted, for example. Where it is
permitted to take place, strict regulations and controls over
and above the current general rules and legislation would
be required to be put in place to avoid unacceptable
impacts on biodiversity features. Examples of such
regulations and controls include: exclusions of activities in
portions of the EBSA zone; avoiding intensification or
expansion of current impact footprints; additional gear
restrictions; and temporal closures of activities during
sensitive periods for biodiversity features.

Activities should be allowed and regulated by current
general rules. Notwithstanding, there should still be duty of
care, possibly requiring monitoring and evaluation
programs, to avoid unintended cumulative impacts to the
biodiversity features for which this area is recognized.
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OPS/images/fmars.2023.1053581/table4.jpg
SEIAT EoPndancs Range size Data Boundary

km? (score) litensiay Support linjperitis Certainty

Species Area Months  child, or category
NH* (score)

Small and Resident BIAs (S-BIAs)

Pygmy killer OMN Year NH 125 or fewer (3) 7,416 (2) 3 2 3 2
whale round
Pygmy killer HI e NH 126-500 (2) 5201 (2) 2 2 2 2
whale round
Melon-headed Year-
con-headed | er NH 126-500 (2) 3,816 () 2 3 2 3
whale round
Common
Year-
bottlenose HI NH 126-500 (2) 8,299 (2) 2 3 2 3
! round
dolphin
Common Y
bottlenose KNOMN cas Parent 126-500 (2) 36,634 (1) 1 3 1 2
! round
dolphin
Common v
bottlenose KNOMN-KN " Child NA (NA) 2,772 (NA) 3 3 3 3
dolphin
Comimon %
bottlenose KNOMN-O s Child NA (NA) 8,487 (NA) 3 2 3 2
5 round
dolphin
Common
KNOMN- Year-
bottlenose © er Child NA (NA) 10622 (NA) 2 2 2 2
" MN round
dolphin
Spinner Kuaibelani/  Year-
dolphin Holanika round NH 126500 wsae 2 ! ! 2
Spinner . Year-
e Manawai i NH 126-500 (2) 2,094 (2) 2 1 1 2
Spinner KN Year: NH 501-2,000 (1) 7,233 (2) 1 2 1 3
dolphin round
Spinner Year-
¢ OMN NH 501-2,000 (1) 14,651 (1) 1 2 1 3
dolphin round
Spinrer HI Year- NH 501-2,000 (1) 9,477 (2) 1 3 1 3
dolphin round
Pantropical Year-
spoted dophin | OMNHI . Parent 501-2,000 (1) 57,711 (1) 1 2 1 2
Pantropical Year- )
spoted dolphin | OMNHIO S Child NA (NA) 12,952 (NA) 1 2 1 2
Pantropical | o) rrmN | Y Child NA (NA) 6,743 (NA) 1 2 1 2
spotted dolphin round
Pantropical Year- g
MNHI-HI hild NA (NA; 10,768 (NA 1 2 1 2
spotted dolphin | romd [ (NAD (NA)
Roughtoothed | 0, Yoo Parent 501-2,000 (1) 25,083 (1) 1 2 1 2
dolphin round
Rough-toothed | 1o\, g Year: Child NA (NA) 1,098 (NA) 2 2 2 2
dolphin round
Rough-tooth Year-
ough-toothed | |y car NH 501-2,000 (1) 15,112 (1) 1 2 1 2
dolphin round
Dwarfsperm |y Year- Parent 125 or fewer (3) 1,341 (3) 3 2 3 2
whale round
Duarfsperm. | Hrcore Year: Child NA (NA) 457 (NA) 3 2 3 2
whale round
Cuvier's Year-
e hate | HI . Parent 125 or fewer (3) 37,157 (1) 2 3 2 2
Cuvier's HI-Core Year- Child NA (NA) 5,400 (NA) 3 3 3 3
beaked whale round ’
Blainville’s Year-
vt whale | OMNHI o Parent 126-500 (2) 78,714 (1) 1 3 1 2
Blainviles OMNHLHI Y& Child NA (NA) 4214 (NA) 3 3 3 3
beaked whale round
hort-finned Year-
Short finne MHI r Parent 501-2,000 (1) 58,999 (1) 1 3 1 3
pilot whale round
MHI-
Short-finned Year-
har finne Western ear Child NA (NA) 4,040 (NA) 3 3 3 3
pilot whale ’ round
community
Shortifined || MHICentral | Year- Child NA (NA) 2,427 (NA) 3 3 3 3
pilot whale community  round
Short-finned | MHI-E Year-
hort fiite astern. || Year Child NA (NA) 2,658 (NA) 3 3 3 3
pilot whale community round
False kill Year-
e fifler MHI r Parent 126-500 (2) 94217 (1) 1 3 1 3
whale round
False kill Year-
alse kiler MHI-Core el Child NA (NA) 7,775 (NA) 3 3 3 3
whale round
False liller NWHI Years NH 126-500 (2) 138,001 (1) 1 2 1 2
whale round
Reproductive BIAs (R-BIAs)
Humpback
umpoac MHI Dec-May | Parent NA (NA) 23,042 (NA) 2 4 2 2
whale
H k
w::;fb"‘ MHI-Core Dec-May | Child NA (NA) 6,679 (NA) 3 3 3 3
Watch list areas - Reproductive
Compmon MHI Oct-Apr | NH NA (NA) 333,658 (NA) 1 1 0 1
minke whale
H;:";P back NWHI Dec-May | NH NA (NA) 13,305 (NA) 1 1 0 1
whale

‘The Spatiotemporal Variability score is not included here as it was the same (static) for all Hawai'i BIAs. Note that for hierarchical S-BIAs, the abundance and range size scores do not apply to child
BIASs; Intensity scores for child S-BIAs are assigned qualitatively. Therefore, scores for abundance and range size are only listed for parent and non-hierarchical (NH) S-BIAs; range size values are
reported for all BIAs simply to report the area of the BIA boundary. Area abbreviations: KN, Kaua‘i/Ni‘ihau; O, O*ahu; MN, Maui Nui (Maui, Moloka'i, Lana‘i, Kaho‘olawe); HI, Hawai'i Island;
MHI, main Hawaiian Islands; NWHI, Northwestern Hawaiian Islands. NA, Not Applicable.
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Study duration (first sighting # Unique years with Total #

— last sighting) sightings sightings
CRC 2000-2021 9 199 2(1-11) ‘
HDR, Inc., NIWC 2017-2019 3 202 2(1-6) ‘
Pacific
NMFS 2009-2020 4 213 2 (1-66) ‘
MMRC 1993-2003 5 2,297 1(1-8) ‘
Total 1993-2021 21 2911 2 (1-66) ‘

CRC, Cascadia Research Collective; NMFS, National Marine Fisheries Service; OSU, Oregon State University; NIWC Pacific, Naval Information Warfare Center Pacific; HDR, Inc., HDR, Inc;
MMRC, Marine Mammal Research Consultants.
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Source Island area Study duration # Unique years Total # sightings Median group size

(first sighting - last sighting) with sightings (range)
CRC Kaua'i/Ni‘ihau 2003-2021 13 263 5 (1-140)
CRC O‘ahu 2003-2017 5 32 7 (1-46)
NMFS Kaua'i/Ni‘ihau 2002-2020 5 11 14 (3-62)
NMEFS O‘ahu 2002-2020 5 6 29 (13-73)
Total - 2002-2021 15 312 11 (1-140)

CRC, Cascadia Research Collective; NMFS, National Marine Fisheries Service.
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Source Data Effort type = Species priority ~ Island ~ Range # Kilometers # # Tag # Acoustic
type* area of Unique  of effort (S = Sightings deployments = detections
years years or A only)
CRC S,P, T Small-boat, Odontocetes Kaua‘i, 2003- 13 24,224 634 66 NA
non- Ni‘ihau 2021
systematic
Orahu 2003- 6 9,626 185 31 NA
2017
Maui 2000~ 9 16,792 358 23 NA
Nui 2020
Hawai‘i 2002- 20 97,438 2,062 163 NA
Island 2021
NMFS | S,P,A, T | Ship-based All cetaceans (S, MHI, 2002- 11 46,455 375 6 1,063
line-transect, P, A); false killer  NWHI 2020
systematic whales, short-
finned pilot
whales (T)
osu T Small-boat, Humpback Kaua'i 1995- 2 NA NA 2 NA
non- whales 2000
systematic
Maui 1997- 7 NA NA 60 NA
Nui 2019
NIWC | S,A,T Small-boat, Humpback Kaua'i, 2005- 9 1,533 208 9 1,261
Pacific, non- whales for $and  Ni‘ihau 2019
HDR, systematic, T (few minke
Inc. large scale whale S), all
bottom- species for A
mounted
hydrophone
array
MMRC | S Aerial, Humpback MHI 1993- 5 45,000 2,297 NA NA
systematic whales 2003

Only data explicitly incorporated in the BIAs are reported here, not all sightings and effort available from each source. Effort values from NIWC Pacific, HDR, Inc. only reflect effort during dedicated
visual surveys for humpback whales (sightings only, not acoustic); survey effort for minke whale sightings were not available from this source. Similarly, effort tracklines were not available for MMRC
data; effort value listed is based on value reported in Mobley (2004) for the 2003 survey year (tracklines were generally consistent for previous years). Values in the number of acoustic detections
column reflect those for the relevant species (i.e., humpback whales for NMFS and minke whales for NIWC Pacific, HDR, Inc.), not all detections for all species. *Data types: S = sightings, P = photo-
identification/re-sightings, T = satellite tracking, A = acoustic detections. MHI, Main Hawaiian Islands; NWHI, Northwestern Hawaiian Islands; CRC, Cascadia Research Collective; NMFS, National
Marine Fisheries Service; OSU, Oregon State University; NIWC Pacific, Naval Information Warfare Center Pacific; HDR, Inc.,, HDR, Inc; MMRC, Marine Mammal Research Consultants. NA,
Not Applicable.
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Area Type

Species

Beluga whale 2 5 7 3 3 1
Bowhead whale 3 8 11 7 3 1
Common bottlenose dolphin 2 v 5 7 7
Cuvier’s beaked whale 1 1 1

Dall’s porpoise 1 1 1

Fin whale 5 5 3 2

Gray whale 2 1 2 5 5

Harbor porpoise 1 1 2 2

Humpback whale 3 1 . 3 1 8 7 1

Minke whale 1 1 2 1 1

North Atlantic right whale 1 1 1

North Pacific right whale 2 2 2

Rice’s whale 1 1 1
Sperm whale 2 2 2

Total 22 15 5 5 6 2 55 34 5 g 9:

At the time of final review of this manuscript, the results for the Gulf of Alaska, West Coast, East Coast, and Gulf of Mexico regions were still in development or review and, therefore, it is possible
that the watch list areas for those regions could change. Final results will be available in those manuscripts and on the BIA website, once finalized.
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Hierarchical BIA

Species

Parent/Children
Beluga whale 3 15 2 20 11 3 3 3 171
Blainville’s beaked whale i 1 1 171
Blue whale 3 1 1 17
Bowhead whale 4 21 » 25 13 5 4 9135
Common bottlenose dolphin 4 13 2 19 19 1/3
Cuvier’s beaked whale 3 1 4 3 1 1/1
Dwarf sperm whale 1 1 1 1/1
False Killer whale 2 2 2 17
Fin whale 3 1 3 1 1 9 9 2/4
Gray whale 3 5 3 4 15 8 4 3 4/8
Harbor porpoise 2 2 2
Humpback whale 2 2 3 12 1 1 21 20 1 5/6
Killer whale 1 1 1 1/1
Melon-headed whale 1 1 1
Minke whale 2 2 2
North Atlantic right whale 7 7 3 2 2
North Pacific right whale 2 1 3 2 1
Pantropical spotted dolphin 1 b 1 173
Pygmy killer whale | 2 I 2 2
Rice’s whale 1 1 1 171
Rough-toothed dolphin 2 2 2 17
Sei whale 1 I 1
Short-finned pilot whale 1 1 2 1 1 1/3
Sperm whale 2 1 3 3
Spinner dolphin | 5 | 5 5
Total 19 44 24 20 14 20 10 v 151 77 15 16 43 32/71

If hierarchical BIAs were identified for a species, they are enumerated in the last column, and the value in any region or BIA type underlined to indicate that it includes a hierarchical BIA. The
seven regions are labeled as follows: ABS, Aleutian Islands and Bering Sea; ARC, Arctic; EC, East Coast; GOA, Gulf of Alaska; GOM, Gulf of Mexico; HI, Hawai’i; and WC, West Coast. At the
time of final review of this manuscript, the results for the Gulf of Alaska, West Coast, East Coast, and Gulf of Mexico regions were still in development or review and, therefore, it is possible that
the BIAs for those regions could change. Final results will be available in those manuscripts and on the BIA website, once finalized.

BIAs that span two regions are counted in the region containing the greatest area.





OPS/images/fmars.2023.1081893/table6.jpg
ta Support Score BIA Type-specific Confidence Reference

For $-BIAs: in both the fact that the population is small and resident, and in the abundance and range estimates of the

population
(3) = high confidence
(2) = not notably high or low For F-BIAs: in the relative importance of the area and time for feeding
confidence
(1) = low confidence For R-BIAs: in the relative importance of the area and time for mating, calving or rearing young

For M-BIAs: in the spatiotemporal characteristics of the migratory route and the proportion of the population using it
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M-BIA Intensity Factors (include, but ot limited to) itative Scoring Considerati

The proportion of the species that utilizes the route. (higher % = higher Intensity) (3) 90% or more; (2) 50% to 90%; (1) less than 50%
The width of the route. (narrower = higher Intensity) (3) <25 kmy; (2) 25-100 km; (1) > 100 km.
The number of months in which the route is used. (fewer months = higher Intensity) (3) 2 mos. or less; (2) 2 to 4 mos.; (1) > 4 mos.
The number and size of other M-BIAs for the same species, in the context of the range and distribution of ia

that species.

Demographic characteristics of individuals using the route during a particular time period. n/a

Other factors relevant to a particular species, time, and area. n/a

n/a, not applicable.
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BIA Type Intensity Factors (include, but are not limited to)

Number or density (relative to total abundance) of observed or inferred feeding or milling animals
Existence of long-range seasonal migrations between feeding and breeding grounds, indicating limited time to consume necessary energy
Rate of prey consumption or caloric intake
F-BIA
Known limits on availability of food supply (e.g., short-term salmon runs)
Number and size of other F-BIAs for the species
Other factors relevant to a particular species, period, and area
Number or density (relative to total abundance) of observed or inferred mating or pre-mating behavior

Number or density (relative to total abundance) of observations of neonates or calves

Existence of long-range seasonal migrations between feeding and breeding grounds, indicating limited time in which reproductive behaviors are
concentrated

R-BIA
Estimated gestation period, allowing inference into where and when mating occurs

Number and size of other R-BIAs for the species

Other factors relevant to a particular species, time, and area
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Factor Score titative Criteria

Abundance 3 125 or fewer individuals
2 126 to 500 individuals
1 501 to 2000 individuals
‘ Range Size 3 Less than 2,000 km*
2 2,001-10,000 km*

1 > 10,000 km®
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Metric Descriptiol

Intensit B N - . e
Ll intensity and characteristics underlying an area’s identification as a BIA.

DataSupport type of information, and associated uncertainties, upon which the BIA depends.

Importance Combination of the Intensity and Data Support scores as depicted in Figure 2.
Boundary o % 2 ;3
. Characterization of the confidence in the location and timing of the boundary.
Certainty
Spatiot 1
patiotemporal | oy - racterizes spatiotemporal variability of the BIA using one of three descriptors.
Variability

Watch list areas have the option of “no score” for Boundary Certainty and Spatiotemporal Variability.
All metrics were scored for all BIAs.

Comparative significance of an area to the species in the context of the species’ range and size, considering the

Comparative strength of the information used to delineate and score a BIA, considering the quantity, quality, and

Possible value

1,2, or 3. Higher number = more
intense

1, 2, or 3. Higher number = more
supporting information

1,2, or 3. Higher number =
higher overall importance

1,2, or 3. Higher number = more
certainty

static, ephemeral, or dynamic.
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Reproductive Areas (R-BIA)

Feeding Areas (F-BIA)

Migratory Routes (M-BIA)

Small and Resident
Population (S$-BIA)

Areas and times within which a particular species selectively mates, gives birth, or is found with neonates or calves

Areas and times within which aggregations of a particular species preferentially feed. These cither may be persistent in space and time or
associated with ephemeral features that are less predictable but are located within a larger area that can be delineated

Areas and times within which a substantial portion of a species is known to migrate; the route is spatially restricted

Areas and times within which small and resident populations occupy a limited geographic extent.
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Description for...

BIA Descriptive Name

Bristol Bay - summer - Nushagak and Kvichak bays Version Revision

Stock or Population

Bristol Bay

GEEEEED AR G ( - o ron. ) | SBIALGH3ABSS0 @

Transboundary across

Hierarchical BIA @

Is this BIA hierarchical?

Importance Score Matrix @

Intensity Factors || Intensity Scoring || Support Factors || Support Scoring
e

Intensity

Abundance

S-BIA Intensity Matrix Data Support

Narrative for Intensity

We scored Intensity low (1) based on an abundance score of 1 and geographic range score of 2. S-BIA
Intensity is scored quantitatively based on abundance and range size (Harrison et al. [this issue]). For

abundance, this S-BIA scores low (1), in the abundance range of 501-2,000. The most recent Bristol Bay
beluga abundance estimate from aerial surve
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Functions served by thearea or measures used

Provide conservation benefit

Opportunity for long term biodiversity conservation
Incentive for positive actions

Connectivity

Resilience

Contribute to Equity

Protect Representative Ecosystems/biota
Mainstream biodiversity into relevant sectors
Contribute to landscape scale conservation
Intact ecosystems valued

Contribute to other Targets than conservation
Support decision-making for other purposes
Facilitate dispersal of animal populations
Increase well-being of nearby people

Promote recovery if required by population or
ecosystem

Serve as reference zone for impact assessments

Scores and abbreviations explained in Table 1.
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Governance properties and processes

Governance supports processes to identify and
document biodiversity features

Governance supports processes to identify and
document social and cultural features

Inclusive governance processes

IPLC self-regulation and consent
Accommodate multiple levels of legitimate
governance processes

Use best available science

Use other knowledge systems (Indigenous
Peoples and Local Communities)

Status relative to MPAs specified

Management plan or system exists/in development
Management integrated inside and outside area
Monitoring systems in place
Assessment/feedback processes in place
Processes respect cultural practices
Communities involved in monitoring and evaluation
Monitoring of social processes and benefits
Processes to ensure periodic reviews and
reevaluations

Dependent Community values respected

Site vulnerability assessed and considered

Scores and abbreviations explained in Table 1.
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Threats and Pressures (Managed or present)

Opportunities to remove or reduce pressures/

threats

Consistent with Precautionary principle and/or Ecosystem approach
Management effectiveness established (absolute or comparative)
Measures to support some biodiversity features

don't degrade others

Only specific activities excluded or managed

tightly

Specific measures identified for specific purposes

Contribute to/strengthen spatial networks

Consistent with existing legislation

Positioned to avoid conflicts where possible

Jurisdiction has the legal competence to apply

or require the measures
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I} Deployment Tide at deploymentincoming = Closest Distance to  Beched Coordinates Euclidian (km) between the beaching and Dispersal Notes

Time. 10utgoing = 0 Shore (km) (Lat, Lon) deployment sites Duration
RM- 2018/08/07 0 05 - - -
353-1 9.08
IRM- 2018/08/08 0 0 24.3102, 123.6627 48 0.82
342-1 7:10
IRM- 2018/08/09 0 0 24.3422, 123.7293 46 094
343-1 11:40
RM- 2018/08/13 0 002 - - -
344-1 10:45
RM- 2018/08/14 0 - - - -
343-2 11:05
IRM- 2018/08/14 0 0 24.3975, 123.8560 18.36 131.96
345-1 11:05
RM- 2018/08/15 0 0.19 - - -
346-1 13:30
RM- 2018/08/16 0 057 - - -
347-1 11:40
RM- 2018/08/18 1 147 - - -
348-1 1005
RM- 2018/08/19 1 054 - - -
349-1 12:55
RM- 2018/08/20 1 0 20.7030, 10,4308 1421 206.27 Guangdong,
350-1 13:30 China
RM- 2018/08/21 1 092 - - -
351-1 10:45
RM- 2018/08/22 1 081 - - -
352-1 10:35
IRM- 2018/08/25 1 spring tide 0 26.2179, 127.2397 4138 108.7 Yakabi Island
354-1 14:00
RM- 2018/08/26 0 spring tide 057 - - -
355-1 10:30
IRM- 2018/08/27 0 spring tide 1.19 - - -
356-1 13:40
IRM- 2018/08/28 0 0.15 - - -
357-1 10:30
IRM- 2018/08/29 0 067 - - -
358-1 11:50
RM- 2018/08/30 0 0 24.7645, 125.4220 1828 58.79 Miyako
359-1 11:20
RM- 2018/08/31 1 037 - - -
360-1 07:00
RM- 2018/09/01 1 0 24.3723, 1242526 58 12,07 Ishigaki
361-1 17:21
IRM- 2018/09/02 1 0 24.2813, 123.7498 9.8 5.45
362-1 10:55
RM- 2018/09/03 0 113 - - -
363-1 17:20
IRM- 2018/09/04 0 0 242506, 124.0110 349 856 Kuroshima
364-1 7:30
IRM- 2018/09/05 0 07 - - -
365-1 9:35
IRM- 2018/09/06 1 0 33.2343, 126.3539 1018 49.89 Jeju, Korea
366-1 1555
IRM- 2018/09/07 0 0 24,3384, 123.7010 1.98 135
367-1 10:20
IRM- 2018/08/08 0 - - - -
368-1 10:35
IRM- 2018/09/09 0 spring 0 24,4031, 123.8435 178 547
369-1 10:50
IRM- 2018/09/11 0 spring 053 - - -
370-1 11:00
IRM- 2018/09/12 0 1.12 - - -
371-1 10:40

Potential for LDD (> 200km) with successful beaching was observed, but they were all out of the species" maximum propagule floating period (100 days). Many un-beached buoys approached within < 1km of coastiines, but never beached,
which indicated the influence of alongshore currents at coral reefs.
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Scores assigned:

N - Necessary: The property must be present for an area to receive a positive status designation. However other factors could be relevant for any status determination.
Consequently the absence of this property justifies a negative status determination, but its presence alone may not ensure a positive determination.

S - Sufficient: The property is not essential for a positive status determination, but if present, it is sufficient to justify a positive status determination even if other factors
are absent.

C - Considered: The property is neither necessary nor sufficient for a positive status determination. However, it is relevant and its presence (or absence) influences the
determination of status, along with the presence or absence of other properties. Positive or negative status determinations are based on a judgement of the aggregate
mix of properties present and absent in the area.

U — Undesirable: The presence of the property reduces but does not negate the likelihood of a positive status determination.

P - Prohibitive: If present, the property would require a negative status determination.

D = Desirable — The property is not essential but suitability for positive status designation is enhanced if the property is present.

| = Inferred — The property is not explicitly mentioned in the Decision or Guidance Document, but logically would have to be present to allow the presence of other
properties that contribute to a positive status determination.

For ALL scorings in the tables, a “+” sign next to a score indicates that a provision of a Decision refers explicitly to the property or contains a phrase that experts would
readily interpret as referring to that property. Absence of a + sign means the Decision communicates the intended status for the property clearly but the language used
in the Decision does not include the exact phrase or a close cognate in any specific provision.

Empty cells in the tables indicate that the Decision is silent on the topic. No guidance is provided on whether the property is desirable or undesirable, and its presence
or absence does not logically make other relevant factors exceptionally more or less likely to be present. A potential cost of increasing numbers of empty cells in a table
is that that status decisions of the corresponding jurisdiction are based on fewer and fewer properties of each site.

Sources of document(s) scored for each label.

OECM (Other effective area-based conservation measures) - Decision Adopted By The

Conference of the Parties to the Convention on Biological Diversity: 14/8. Protected areas and other effective area-based conservation measures. Annex lll - Scientific
and Technical Advice on Other Effective Area-Based Conservation Measures. https://www.cbd.int/doc/decisions/cop-14/cop-14-dec-08-en.pdf

VME (Vulnerable marine ecosystem)- FAO VME Criteria As defined in the International Guidelines for the Management of Deep-sea Fisheries in the High Seas (FAO,
2009). https://www.fao.org/in-action/vulnerable-marine-ecosystems/criteria/en/

EBSA (Ecologically and biologically significant area) - CBD COP 9 Decision IX/20. Marine and coastal biodiversity. Annex | Scientific Criteria For Identifying Ecologically Or
Biologically Significant Marine Areas In Need Of Protection In Open-Ocean Waters And Deep-Sea Habitats https://www.cbd.int/decision/cop/?id=11663

KBA (Key biodiversity area) - IUCN Guidelines for using A global standard for the identification of Key Biodiversity Areas: version 1.1. https://portals.iucn.org/library/node/
49131

APEI (Areas of particular environmental interest) International Seabed Authority — Areas of Particular Environmental Interest (or “Protected Areas”) for Ecosystem-based
Management of the Clarion-Clipperton Zone: Rationale and Recommendations to the International Seabed Authority. https://www.isa.org.jm/files/documents/EN/
Workshops/2010/Pres/SMITH.pdf

PSSA (Particularly sensitive sea areas) - International Maritime Organization A.982 (24) Revised guidelines for the identification and designation of Particularly Sensitive
Sea Areas (PSSAs) https://www.imo.org/en/OurWork/Environment/Pages/PSSAs.aspx

LMMA (Locally marine managed areas) - LMMA Learning Center Guidance document. https://Immanetwork.org/learning-centre/
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Bio-Ecological Properties OECM VME EBSA KBA APEI PSSA LMMA
Biodiversity values present (generically) N+ | S+ S+ S+ N_N+

Importance to threatened or endangered species C+ S+ S+ S+ |

Importance to threatened or endangered habitats | S+ S+ S+ S S

Rarity of species or habitats C+ S+ S+ S+ C S+

Importance to specific life history stages/processes S+ S+ S+ S+

Representative biodiversity C+ S S N+ S+

High Productivity Areas I S+ | S+ |
Vulnerability of area considered C+ S+ S+ | N+ N= N=
Ecosystem functions and services C+ C+ C C S |
Regional biogeographic importance | | | N S

The * for LMMA indicates scoring in all tables was based on presence or absence of community based practices comparable to the processes or actions used in top-down govemance to

deliver the intent or outcome of the property.
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Island Population Lat Lon Area (ha) Geographical traits N Ar Na Ho He Fis

Okinawa OKI 26.604 128.143 7.712 River mouth 18 1.21 1.286 0.000 0.022 1.000
Miyako MYKa 24.789 126.286 8.133 Inlet bay 19 2.00 2143 0.008 0.389 0.982
MYKb 24.763 125.282 0.317 Inner bay 9 1.69 1.714 0.000 0.238 1.000
MYKe 24.752 125.268 0.294 Sandy beach 21 2.50 2.857 0.000 0.437 1.000
MYKd 24.731 125.296 3.787 Sandy beach/bay 26 2.21 2571 0.013 0.329 0.962
Ishigaki ISGa 24.542 124.296 0.096 Sandy beach 27 2.24 3.143 0.005 0.277 1.000
ISGb 24.510 124.279 0.191 Inlet beach 21 2.36 3.000 0.014 0.399 0.967
1ISGe 24.456 124.149 0.044 Inlet 21 2.03 2.571 0.007 0.275 0.977
1ISGd 24.467 124.125 1.024 Inlet 30 2.58 3.000 0.034 0.452 0.926
Iriomote IRMa 24.408 123.830 3.688 Sandy tidal flat 26 2.54 3.000 0.000 0.433 1.000
IRMb* 24.344 123.934 7.218 Sandy tidal flat 18 2.06 2.286 0.008 0.349 .0979
IRMc* 24.344 123.928 1.776 Rocky tidal flat 28 2.66 3.000 0.005 0.482 0.990
IRMd* 24.279 123.904 9.560 Inner bay 27 2.53 2.857 0.000 0.477 1.000
IRMe™* 24.334 123.728 2.580 Inner bay 12 2.34 2571 0.036 0.325 0.899
IRMf** 24.331 123.714 2.584 Inner bay 30 2.54 3.571 0.058 0.282 0.839
IRMg** 24.309 123.683 0.206 Inner bay 26 1.40 1.857 0.016 0.001 0.826

Total 354 Avg 2.84 2.589 0.013 0.328 0.959

* Sites are East Coast of Iiomote Island (ECI).

** Sits are West coast of Iriomote Island (WCl).

We found rather high inbreeding coefficients (Fig), and low observed heterozygosity (Ho) at all sites compared to similar island mangrove population connectivity studies, including that of
Islam et al. (°?014). Results indicate extremely rare gene exchange occurring among sites in the archipelago.
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Total
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15
338
354
707

Sum of square

256.3
838.8
271
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Variance Components

0.33
1.20
0.80
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Fst
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Fit
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0.940
0.974

P-value

0.0001
0.0001
0.0001
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Max Area

Min Cluster Size

Threshold
Feeding/MillingCalves July 2 0.7
August 3 0.7
September 2 0.7
October 3 0.5
Calves July 3 0.7
August 3 » 07
September 3 0.7
October 2 » 07

Each scenario was uniquely defined by the BIA type, month, and spatial optimization model
specifications for the contiguity threshold (minimum number of cells per cluster) and
maximum area threshold.
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July September

Transect and CAPs Survey Effort, 2000-2019
Total km 40,749 66,210 134,819 71,150
Minimum km per cell 23 47 53 22
Median km per cell 253 461 916 475
Maximum km per cell 925 841 1,637 1,092

‘ Feeding and Milling Bowhead Whales; 2000-2019

% occupied cells per month 8.90% 31.51% 37.67% 19.18%
Total number observed 60 491 687 254
Minimum observed per cell 1 1 1 1
Median observed per cell 3 4 4 4
Maximum observed per cell 20 98 121 46

Transect and CAPs Survey Effort, 2012-2019
Total km 39,999 58,092 62,397 37,993
Minimum km per cell 23 38 18 0
Median km per cell 252 396 409 272
Maximum km per cell 632 641 921 685

Bowhead Whale Calves, 2012-2019

|

% occupied cells per month 19.18% 24.66% 40.41% 18.49%
Total number observed 45 52 129 40
Minimum observed per cell 1 1 1 ‘ 1
Median observed per cell 1 1 2 1
Maximum observed per cell 5 3 7 4
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Country EBSA Type Uniqueness, Important Threatened Vulnerability, Productivity Biological Naturalness

rarity life-history species and  sensitivity diversity
stages habitats
Angola Chiloango Mangroves 1 M H H H M H M
Ponta Padréo Mangroves and 1 M H H H M H M
Turtle Beaches
Mussulo-Kwanza-Cabo Ledo 2 M H H M M M M
Complex
Longa Coastline 1 M H H H M H M
Ombaca Canyon and Seamount 2/4 H M M M H M H
Complex
Bentiaba 2 H M L M H H H
Angola / Namibe 2 H H M M M) H H M
Namibia
Namibia Cape Fria 2/3 M H H DD H M H
Walvis Ridge Namibia 2 H H M H M M H
Namib Flyway 2 (M) H H H M H M LM
Namibian Islands 2 LH H H H M L (M)H
Namibia / Orange Seamount and Canyon 2 L M H M M H H
South Africa Complex
Orange Cone 1 H H M)H M M M
South Africa Namagqua Fossil Forest 3 H DD DD H M DD (DD) H
Childs Bank and Shelf Edge 2 H L M H L M H
Namaqua Coastal Area 1 L M H M H L
Cape Canyon and Associated 2 M)H H H H H M)H M
Islands, Bays and Lagoon
Seas of Good Hope 2 M H H M M H L
Browns Bank i H H H M M L (M) L
Protea Seamount Cluster 2 M M M H M M H
Agulhas Bank Nursery Area 1 H H H M M M M
Mallory Escarpment and Trough 2 (M) H H M H H H H
Shackleton Seamount Complex 2 M H M H H H H
Tsitsikamma-Robberg 2 M H H H M H M
Kingklip Corals 2 (M) H (H) M H (M)H H M HM (MR
Algoa to Amathole 2 (M) H H H M H H L™
Protea Banks and Sardine Route 2/4 H H (M)H M M (M)H LM
KwaZulu-Natal Bight and uThukela 2 M H H M (M)H LH LM
River
Delagoa Shelf Edge, Canyons and 2 M H M M M H H
Slope*

Where the ranks were changed from the original description, the original rank is given in brackets.
H, high; M, medium; L, low; DD, data deficient.
*Not revised.
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Uses (including activities and
pressures)

Usos (inclundo actividades e pressoes)

Biodiversity Zone: Conservation
Zona de Biodiversidade:

Biodiversity Zone:
Impact Management

Conservacao Zona de Biodiversidade:
Gestao de Impacto
Conservation activities (including MPA Actividades de conservagéo (incluindo a expanséo de ¥ C
expansion) AMC)
Marine protected area Areas Marinhas de Conservagéo ¥ Y
Visiting beach, recreation, Visitas a praia, recreagéo, desportos aquaticos nao Y Y
non-motorised water sports motorizados (surf, smorklling, mergulho, etc.)
Non-consumptive tourism and recreation Turismo ndo consumidor e recreagao C Y
Ecotourism (regulated nature based and  Ecoturismo (natureza regulamentada e estritamente C Y
strictly controlled) controlada)
Seal watching Observagao de focas ¢} Y
Motorised water sports (e.g., jet skis) Desportos aquéaticos motorizados (por exemplo, jet skis N N
ou motas de agua)
Recreational boat-based linefishing Pesca a linha em barco de recreio C Y
Sport fishing / recreational fishing Pesca desportiva/pesca recreativa C Y
Recreational shore-based linefishing Pesca recreativa em terra com linha C NA
Spearfishing Pesca submarina N C
Shipwrecks / Abandoned boats aufragios /Barcos abandonados N N
Sites of land- or seascape value Locais de valor terrestre ou maritimo ¥ Y
Sites of historic importance— Heritage Locais de importancia histérica— Patriménio (llha dos Y NA
(Ilha dos Tigres and Cunene river mouth) Tigres e Foz do rio Cunene)
Mussel harvesting Apanha de mexilhao C NA
Crocodiles harvesting Captura de crocodilos NA
Seals harvesting Captura de focas C C
Cephalopod fishing Pesca de cefalépodes C C
Turtle fishing Pesca de tartaruga N
Longline Palangre C
Pelagic trawling (surface) Arrasto Peléagico (superficie) N
Pelagic longline Palangre pelégico C
Tuna longline (beyond 24 miles) Palangre atuneiro (para la das 24 milhas) C
Tuna seiner (beyond 24 miles) Cercador atuneiro (para l& das 24 milhas) C
Pelagic seine fishing (small Pesca de cerco pelagico (pequenos pelagicos) C
pelagic) —Small pelagics fishing
Crustacean harvesting Pesca de caranguejo ¢} C
Shrimp trawler Arrasto camaroeiro N
Demersal trawling (bottom) Arrasto demersal (fundo) N
Commercial fishing Pesca comercial C
Beach seining / banda-banda Arrasto de praia / banda-banda NA
Gillnets Rede de emalhar C
Subsistence fishing / Artisanal fishing Pesca de subsisténcia / Pesca artesanal (limitagao da C C
(trawl limitation) arte de arrasto)
Protected species (fish) Espécies protegidas (peixes) Y C
Scientific fishing Pesca cientifica Y Y
Artificial reefs Reciffes artificiais Y C
Mariculture aricultura ¢} C
Mining ineragao C
Salt extraction (existing—man made) Extracgao de sal (existente—feito pelo Homem) NA
Salt extraction (new—man made) Extracgao de sal (novo—feito pelo Homem) NA
Seismic surveys Levantamentos sismicos C
Exploratory drilling Perfuragéo exploratéria C
Oil and gas production Produgao de petrdleo e gas C
Renewable energies (wind) Energias renovaveis (edlica) N
Renewable energies (solar—small scale  Energias renovaveis (solar— pequena escala na llha dos C N
on Tigres Island) Tigres)
Military exercises and testing Exercicios e testes militares N
Ammunition dumping and others unigao e outros despejos N
Navigation corridors (designated areas in  Corredores de navegagao (areas designadas dentro e ao C Y
and around ports) redor dos portos)
Shipping lanes (general ship navigation)  Frete (navegagao geral de navios) Y
Cabotage—transport of goods or Cabotagem —transporte de mercadoria ou passageiros Y
passengers
Shipping refuge (temporarily disabled Refugio de navegagao (navios temporariamente N
ships) desactivados)
Bunkering at Sea Abastecimento no mar C
Ports (existing, anchorage and new Portos (existente, ancoradouro e nova infraestrutura na A
infrastructure in port zone) zona portudria)
Ports (new) Portos (novo) A
Channel dredging Dragagem de canal A
Dredge-spoil dumping (port channel Despejo de dragagem (dragagem do canal do porto) A
dredging)
Cables and pipelines (undersea) Cabos e ductos submarinos C C
Coastal Development—New (jetty, sea Desenvolvimento costeiro—NOVO (cais, quebra-mar) C A
walls, breakwater)
Onshore industrial development Desenvolvimento industrial em terra N A
Wastewater Aguas residuais N A
Seawater inlets Captagao de agua do mar N N
Ballast water Agua de lastro N N

Activity compatibility is given as Y, yes, compatible, C, conditionally compatible; N, not compatible; or NA, not applicable.
Note that activities within marine protected areas would be managed according to their gazetted regulations.
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Biogenic Ecoregion name Number of Risk score
habitat species
present

Seagrass  Torres Strait Northern Great Barrier Reef 16 5
Sunda Shelf/Java Sea 15 5
Central and Southern Great Barrier Reef 14 5
Southern Java 13 &
Southern Vietnam 13 5
Papua 13 5
Western and Northern Madagascar 13 5
Sulawesi Sea/Makassar Strait 13 5
East African Coral Coast 12 5
Tweed-Moreton 12 5

Stony coral Papua 578 5
Sulawesi Sea/Makassar Strait 569 5
Western Sumatra 565 5
Sunda Shelf/Java Sea 564 5
Southern Java 562 &
Halmahera 578 4
South Kuroshio 543 4
Torres Strait Northern Great Barrier Reef 398 5
Central and Southern Great Barrier Reef 396 5
Solomon Sea 480 4

Mangrove  Sunda Shelf/Java Sea 211 5
Papua 139 5
Sulawesi Sea/Makassar Strait 184 5
Torres Strait Northern Great Barrier Reef 209 5
Southern Java 207 5
Western Sumatra 208 &
Northern Bay of Bengal 128 !
Southern Vietnam 181 5
Central and Southern Great Barrier Reef 210 5
Solomon Sea 161 4
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Seagrass Stony coral Mangrove

Nitrogen score 60 50 50
Population score 10 10 20
Sediment score 30 40 30
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Categories N. IMMA Total area Minimum area Maximum
(km?) (km?) area (km?2)
All IMMAs 173 21,231,017 45 2,861,819
Mixed Cet-Pinn 17 8,487,194 5,902 2,861,819
Cetaceans 107 8,478,700 93 1,767,353
Pinnipeds 18 3,519,719 45 1,431,225
Mixed Cet-Siren 22 685,652 393 278,494
Sirenians 9 59,752 759 20,663

Statistics are shown for IMMAs cumulatively, as well as on the basis of the
categories of qualifying marine mammal species for which they were identi-

fied: cetaceans, sirenians, pinnipeds, the mixed presence of cetaceans and
pinnipeds (mixed cetaceans/pinnipeds) and cetaceans and sirenians (mixed

cetaceans/sirenians).
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Region Workshop IMMA cIMMA Aol Reference
year
Mediterranean Sea (MEDSEA) 2016 26 4 34 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2017a
Pacific Islands (PACISL) 2017 20 4 20 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2017b
North East Indian Ocean and South East Asian Seas (NIOSEA) 2018 30 6 32 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2019a
Extraordinary Mediterranean monk seal workshop covering the 2018 2 2 0 IUCN Marine Mammal Protected
Mediterranean Sea (MEDSEA) and North East Atlantic Ocean Areas Task Force [MMPATF], 2018a
Extended Southern Ocean (EXSOOC) 2018 13 1 7 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2020a
Western Indian Ocean and Arabian Seas (WIOCAS) 2019 37 3 23 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2019b
Australia-New Zealand and South East Indian Ocean (ANSEIO) 2020 31 2 13 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2020b
Black Sea, Turkish Straits System and Caspian Sea (BSCSEA) 2021 14 1 11 IUCN Marine Mammal Protected
Areas Task Force [MMPATF], 2021
Total 173 23 140





