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Connectivity is essential to consider in area-based marine conservation measures because it greatly impacts vital ecological processes (e.g., recycling nutrients, regulating temperature, sequestering carbon, and supporting the life cycle of species). However, it is generally not well studied or integrated into conservation measures, particularly in the Southeast Pacific. This region is home to the Salas y Gómez and Nazca ridges, two adjacent seamount chains that stretch between the Peruvian coast and Rapa Nui (i.e., Easter Island). The area has been recognized for its exceptional natural and cultural significance as well as one of the most important global areas to protect. However, over 73% of the ridges are in areas beyond national jurisdiction, where they are unprotected and under threat. This study provides a synthesis of what we know about connectivity in the Salas y Gómez and Nazca ridges and provides practical recommendations for integrating this knowledge into conservation and management measures for the region. While data on connectivity is still limited, it should not constrain the development of conservation measures, which should be co-designed and co-developed, leveraging the expertise of international working groups throughout the region. Due to their high rates of endemism, as well as importance as migratory corridors, enacting large-scale conservation measures would address important conservation considerations for both connectivity and endemism. Enacting such large-scale conservation measures would not only elevate the Salas y Gómez and Nazca ridges as an exemplary case study, providing lessons for other marine regions seeking to implement similar measures, but could also help raise awareness on the severity of externally originating threats like climate change and plastic pollution to global audiences.
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1 Introduction

Connectivity refers to the linkages of organisms, propagules, nutrients, or pollutants between one area to another, and has fundamental implications for ocean health (Balbar and Metaxas, 2019; Metaxas et al., 2020). Connectivity includes structural connections which are based on distances and conditions between similar habitats or species (Dunn et al., 2019) as well as functional connections which are the movement of individuals, species, energy, or materials across ocean spaces, connecting ecosystems (Popova et al., 2019; Metaxas et al., 2020). Beyond ecological connections, ocean spaces are connected through pressures stemming from human activities (e.g., fishing, pollution, climate change) as well as human and cultural connections.

Connectivity involves the exchange across all ocean layers (Popova et al., 2019; Metaxas et al., 2020). Thus, management needs to consider the ocean as a three-dimensional space that changes over time, and the linkages between ocean, land, and atmosphere (Ortuño Crespo et al., 2020). Some marine species migrate across entire ocean basins or connect basins (Dunn et al., 2019). Other species connect the ocean through vertical migrations which ties together the seabed and water column and is also crucial in Marine Protected Area (MPA) design (Ban et al., 2014; O’Leary and Roberts, 2018). Similarly, understanding how climate change impacts the ocean differently across depths is critical to developing conservation measures that are coherent and resilient (Brito-Morales et al., 2022).

Connectivity is essential to consider in area-based conservation measures because it greatly impacts vital ecological processes (e.g., recycling nutrients, regulating temperature, sequestering carbon, and supporting the life cycle of species) (Carr et al., 2017; Balbar and Metaxas, 2019; Dunn et al., 2019; Metaxas et al., 2020). For instance, if a species protected through a targeted area-based conservation measure receives food from a source which is under threat outside the protected area, the effectiveness of the conservation measure will be undermined (Metaxas et al., 2020).

The detrimental effects of habitat degradation and fragmentation can be mitigated if connectivity is properly integrated into conservation and management measures (Carr et al., 2017). Furthermore, measures designed to protect and maintain connectivity not only benefit the species that live there, but can also increase ecosystem resilience and benefits to humans (O’Leary and Roberts, 2018; Dunn et al., 2019; Metaxas et al., 2020). MPAs are commonly viewed as an effective area-based conservation measure to protect and restore marine biodiversity (Dunn et al., 2019; Ortuño Crespo et al., 2020; Lausche et al., 2021). Connectivity, which supports species to thrive and ecosystems to be maintained, is essential to designing effective and resilient networks of MPAs (Dunn et al., 2019; Lausche et al., 2021).

Connectivity is not well studied in the Southeast Pacific or elsewhere, particularly in relation to MPAs (Guarderas et al., 2008). Marine conservation efforts in this region are generally focused on either coastal areas in the continental margins, or waters surrounding offshore islands under the jurisdiction of South American countries (Figure 1). However, there is little information about connectivity between these coastal areas and offshore islands, thus hindering conservation efforts, particularly in areas beyond national jurisdiction (ABNJ).




Figure 1 | Map showing the location of MPAs around the Salas y Gómez and Nazca ridges. Over 73% of Salas y Gómez and Nazca ridges lie in ABNJ where they are unprotected.



ABNJ have recently gained attention as States are negotiating a legally binding agreement to conserve and sustainably use marine biodiversity beyond national jurisdiction (often referred to as the BBNJ Agreement). The negotiations are still ongoing, with the fifth negotiation in August 2022 failing to reach an agreement. Several recent studies identified priority ocean areas for conservation (Lucifora et al., 2011; Selig et al., 2014; Jones et al., 2020; Maxwell et al., 2020; Visalli et al., 2020; Wagner et al., 2020; Beal et al., 2021; Davies et al., 2021; Sala et al., 2021) based on varying and diverse criteria, including in ABNJ. Some of these priority areas in ABNJ have gained attention from governments seeking to advance conservation outside their national jurisdictions, resulting in the designation of new MPAs (Davies et al., 2021).

Located mostly in ABNJ off South America, the Salas y Gómez and Nazca ridges have been recognized as one of the most important areas to protect globally (reviewed in Wagner et al., 2021a; Wagner et al., 2021b). There has been progress in protecting portions of the ridges that lie within national jurisdictions of Chile (Friedlander and Gaymer, 2021; Wagner et al., 2021b) and, to a lesser degree, Peru (MINAM, 2021). However, over 73% of the ridges are located in ABNJ, where they are under threat from overfishing, plastic pollution, and climate change, with potential seabed mining looming in the future (Toro et al., 2020; García et al., 2020; Wagner et al., 2021b). Both cobalt-rich crusts and polymetallic nodules are found in this region see Miller et al. (2018) and references therein. Despite the recognition that these ridges have a high natural and cultural significance, they currently do not have any protections in ABNJ, which represents the largest and most threatened portion of the ridges (Figure 1).

One obstacle hindering conservation of the Salas y Gómez and Nazca ridges is a lack of understanding of how its ecosystems are connected to those of adjacent States. While many scientific assessments have noted the importance of this region for the connectivity of highly mobile species (Shillinger et al., 2008; Gálvez-Larach, 2009; Block et al., 2011; Hucke-Gaete et al., 2014; CBD, 2017; Pazmiño et al., 2018; Álvarez-Varas et al., 2021a; Álvarez-Varas et al., 2021b), there have been no reviews on connectivity across this region. The purpose of this study is to review relevant information about the connectivity of the Salas y Gómez and Nazca ridges and provide recommendations for integrating this knowledge into conservation and management measures in the region.



2 The Salas y Gómez and Nazca ridges

The Salas y Gómez and Nazca ridges are two adjacent seamount chains that stretch across over 2,900 km between the subduction zone off the Peruvian coast and Rapa Nui (also known as Easter Island). The ridges consist of over 110 seamounts, many of which peak close to the surface and host photosynthetic communities (Easton et al., 2017; Wagner et al., 2021a). The ridges host ecosystems with some of the highest rates of marine endemism in the world and are a haven to over 80 threatened or endangered species (reviewed in Wagner et al., 2021b). In addition to providing critical habitat for many benthic organisms, the ridges serve as essential migration corridors for many highly mobile species (Shillinger et al., 2008; Gálvez-Larach, 2009; Block et al., 2011; Hucke-Gaete et al., 2014; CBD, 2017; Serratosa et al., 2020; Álvarez-Varas et al., 2021a). The main human activity taking place in this region is fishing (Wagner et al., 2021b), which is managed by the Inter-American Tropical Tuna Commission (IATTC) for highly-mobile species and by the South Pacific Regional Fisheries Management Organisation (SPRFMO) for non-highly migratory fish species (see Section 3.2.1 below).

The natural and cultural significance of this region, as well as its vulnerability to overexploitation, has inspired many to raise awareness about its importance, uniqueness, and fragility (reviewed in Wagner et al., 2021b; Delgado et al., 2022). In 2011, both the Global Ocean Biodiversity Initiative and the Global Census of Marine Life on Seamounts recognized the global importance of this region (Clark et al., 2011). In 2014, the Convention on Biological Diversity (CBD) identified the Salas y Gómez and Nazca ridges as an Ecologically or Biologically Significant Area (EBSA), a status given to areas deemed worthy of protection or increased management. The Salas y Gómez and Nazca ridges were also recognized as a Hope Spot by Mission Blue, and all places where the ridges rise above sea level (Rapa Nui, Salas y Gómez Island and Desventuradas Islands) are considered Important Bird Areas (IBAs) by Birdlife International, as well as Key Biodiversity Areas (KBAs) by the 13 member organizations of the KBA partnership. Salas y Gómez Island and the entire area surrounding the ridges is known for its rich history of human seafaring and cultural significance (Delgado et al., 2022).

These distinctions, along with the many scientific assessments that underpinned them, have laid the foundation for the call to protect the Salas y Gómez and Nazca ridges. Within Chilean waters of the ridges, there are three established MPAs (the Nazca-Desventuradas Marine Park, the Motu Motiro Hiva Marine Park, and the Rapa Nui Multiple-Use Coastal Marine Protected Area), whereas Peruvian waters include one MPA that protects the seafloor portion of the ridges (Nazca Ridge National Reserve; Figure 1). While these recent efforts by Chile and Peru provide important advances to safeguarding the unique biodiversity and cultural resources of the region, the majority of the ridges are located in ABNJ. In October 2020, a group of 24 experts from various academic and non-governmental organizations presented a proposal for a fishing closure in the area of SPRFMO (Wagner et al., 2020). In April 2021, the Chilean Government announced that it would start efforts to create a fully protected MPA in this region at the Virtual Leaders Climate Summit (MINREL, 2021) , which was followed by multiple presentations to SPRFMO by Chile highlighting the significance of the ridges (Ministry of Foreign Affairs of Chile 2021; Gaymar et al. 2022).



3 Connectivity in the Salas y Gómez and Nazca ridges region


3.1 Natural connectivity


3.1.1 Biodiversity and oceanography

The biodiversity of the Salas y Gómez and Nazca ridges contains the highest level of marine endemism found anywhere on Earth (reviewed in Wagner et al., 2021b). This unique biodiversity is a result of circulation patterns, such as the South Pacific Gyre, which isolate the region (Von Dassow and Collado-Fabbri, 2014). The Atacama Trench, which plunges over 8,000 m deep off the Chilean and Peruvian Coast, acts as a barrier to the movement of many species between South America and the ridges. Similarly, the strong Humboldt Current, which travels north along the South American coast, acts as an additional barrier for species recruitment from the South American coast (Friedlander et al., 2016), and are further affected by the El Niño Southern Oscillation and the Pacific Decadal Oscillation (Yañez et al., 2017).

The eastern portion of the ridges intersects a region that has some of the most oxygen-poor waters in the world (Fuenzalida et al., 2009; Ulloa and Pantoja, 2009), which has been speculated to serve as yet another dispersal barrier for deep-sea fauna (Wagner et al., 2021a). Collectively, these features have reduced connectivity between the South American Continent and the Salas y Gómez and Nazca ridges. In fact, the biodiversity of the ridges is more like that found in distant places in the Western Indo-Pacific than to that of the South American Continent or nearby islands (reviewed in Wagner et al., 2021b). The marine flora of Rapa Nui is more similar to that found over 15,000 km away in Vietnam than to that found on the Juan Fernandez Archipelago, located just under 3,000 km away (Santelices and Meneses, 2000).



3.1.2 Genetic and larval connectivity

Oceanic circulation has profound effects on larval dispersal and biological connectivity for many species inhabiting the Salas y Gómez and Nazca ridges. Although there is a predominant eastern flow in the currents in the region, occasionally westward currents prevail. Notwithstanding the prevailing currents in the area, the species composition of the Salas y Gómez and Nazca ridges are mainly composed of species related to those from the Western Indo-Pacific, but also include some from the Eastern Tropical Pacific (Andrade et al., 2014). Reef-building corals in shallow water are a good example of this mixed influence, as the ridges contain some coral species that are related to those found in Colombia, Ecuador, and Panama (Glynn et al., 2007; Easton et al., 2019). It is important to highlight that the Salas y Gómez and Nazca ridges are the only place in the Southeast Pacific, and one of the few places in ABNJ globally, where seamounts peak in waters shallow enough (<200m) to host photosynthetic reef-building corals (CBD, 2017; Easton et al., 2017; Wagner et al., 2020; Wagner et al., 2021a; Wagner et al., 2021b; Zapata-Hernández et al., 2021). These reef-building corals in turn are important ecosystem engineers that create habitat for a wide variety of associated species (Wagner et al., 2020; Georgian et al., 2021).

Recent studies have examined the connectivity of two reef-associated species, the Easter Island spiny lobster Panulirus pascuensis Reed, 1954 and the Easter island rudderfish Kyphosus sandwicensis (Sauvage, 1880), on the western end of the Salas y Gómez Ridge using variability of microsatellite loci (Meerhoff et al., 2018; Valencia et al., 2021). These studies found weak connectivity amongst marine fauna populations located on Rapa Nui and Salas y Gómez Island (415 km away), findings that are consistent with other studies that indicate weak connectivity within the ridges for many reef taxa (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021). In contrast, high genetic connectivity between the Desventuradas Islands and the Juan Fernandez Archipelago was described for the Juan Fernandez rock lobster Jasus frontalis (Milne Edwards, 1837) using mtDNA COI variability (Porobić et al., 2013) and the diadematid sea urchin Centrostephanus sylviae Fell 1975 using Single Nucleotide Polymorphism (SNPs) (Veliz et al., 2021). Like several other endemic species from this region, both the lobster and the sea urchin species are currently only known from the Desventuradas and Juan Fernandez Islands, indicating that eastern portion of the ridges has stronger connectivity to the Juan Fernandez Archipelago than to the western side of the ridges. A recent study projected increases in connectivity between Juan Fernandez and the Desventuradas Islands, and along the Sala y Gomez Ridge as a result of a warmer climate in the near future (Dewitte et al., 2021).



3.1.3 Animal connectivity

While there are important dispersal barriers preventing certain species reaching the ridges, these are overcome by some highly mobile species. In fact, the ridges themselves have been described as movement corridors for some migratory species, including the endangered blue whale (Balaenoptera musculus), the critically endangered leatherback turtle (Dermochelys coriacea), the critically endangered waved albatross (Phoebastria irrorata), as well as many other seabirds (Shillinger et al., 2008; Block et al., 2011; CBD, 2017; Easton et al., 2018; Boteler et al., 2019; Serratosa et al., 2020).

Blue whales are known for their large migrations from cold-water feeding grounds to warm water calving grounds. One subpopulation, which some contend is a discreet subspecies, regularly pass through the Salas y Gómez and Nazca ridges during their migration from the southern tip of Chile to the Galapagos Islands (Hucke-Gaete et al., 2014; Torres-Florez et al., 2014; Buchan et al., 2017). Blue whales have been shown to feed and rest on seamounts in the North Atlantic (Lesage et al., 2018), and it is likely that this is also the case for the Salas y Gómez and Nazca ridges (CBD, 2017). Humpback whales have a similar migration pattern, traveling from Antarctic feeding grounds to warmer waters near the Galapagos to breed, transiting through the Salas y Gómez and Nazca ridges annually (Acevedo et al., 2013). Several other species of marine mammals have been observed migrating through the Salas y Gómez and Nazca ridges, including the Cuvier’s beaked whale Ziphius cavirostris, sperm whale Physeter macrocephalus, Blainville’s beaked whale Mesoplodon densirostris, minke whale Balaenoptera bonaerensis or B. acutorostrata, false killer whale Pseudorca crassidens, pilot whale Globicephala sp., bottlenose dolphin Tursiops truncatus, common dolphin Delphinus sp., leopard seal Hydrurga leptonyx, and southern elephant seal Mirounga leonina (Hucke-Gaete et al., 2014), many of which are top-predators. Leatherback turtle and and the green turtle Chelonia mydas migrate through this region in order to lay eggs on neighbouring beaches and may also forage on seamounts (Shillinger et al., 2008; Boyle et al., 2009; Block et al., 2011; Álvarez-Varas et al., 2021b). Several species of Terns, Petrels and Boobies nest on the islands of Rapa Nui, Salas y Gómez, and the Desventuradas, and are known to feed in waters of the Salas y Gómez and Nazca ridges (Portflitt-Toro et al., 2020). This includes the emblematic Sooty Tern (Onychoprion fuscatus), a sacred bird in Rapa Nui culture.

Twelve species of seabirds are known to breed on Rapa Nui while eleven species have been observed breeding on Salas y Gómez Island. The Kermadec petrel, Christmas shearwater (Puffinus nativitatis), red-tailed Tropicbird (Phaethon rubricauda), great frigatebird (Fregata minor), masked booby (Sula dactylatra), brown noddy (Anous stolidus), grey noddy (Anous albivitta), common white tern (Gygis alba), and sooty tern all breed on both Rapa Nui and Salas y Gómez Island (Flores et al., 2014). Sala y Gómez Island is considered an Important Bird and Biodiversity Area (IBA) due to the presence of breeding populations of the masked booby and grey noddy. The ridges also intersect five proposed IBAs, which are being considered because they include nodes of migratory routes including incubation areas for Waved Albatross, as well as non-breeding areas for Chatham Albatross (Thalassarche eremita) and Salvin’s Albatross (Thalassarche salvini), and Cook’s petrel (Pterodroma cookii), Chatham petrel (Pterodroma axillaris) and white-chinned petrel (Procellaria aequinoctialis).

The Chatham Albatross travels thousands of kilometers each year to get from their breeding grounds on the Pyramid, a small outcropping in New Zealand’s Chatham Islands, to South America traveling above the ridges (Nicholls and Robertson, 2007). The Chatham Petrel is also known to migrate from New Zealand across the Salas y Gómez and Nazca ridges each year to feed in its non-breeding season (Rayner et al., 2012). Several top predators occur on both sides of the southern Pacific, including the Salas y Gómez and Nazca ridges. This includes the Galapagos shark (Carcharhinus galapagensis) (Morales et al., 2019; Pazmiño et al., 2018), the yellowtail amberjack (Seriola lalandi) (Premachandra et al., 2017; Morales et al., 2019) and the yellowfin tuna (Thunnus albacares) (Pecoraro et al., 2018), all of which likely use the ridges as migration corridors. Swordfish (Xiphias gladius) move from over the ridges north across the Galapagos Rise, representing another connection between the ridges and the area around the Galapagos Islands (Abascal et al., 2010; Evans et al., 2014).




3.2 Human connectivity


3.2.1 Human and cultural connectivity

Despite being uninhabited, the waters of the Salas y Gómez and Nazca ridges have an exceptionally rich history of human seafaring and cultural significance (reviewed in Delgado et al., 2022). This ranges from indigenous Polynesian cultures who first ventured to this region close to a thousand years ago, to the period of European colonial exploration, as well as the rise of the modern global economy. Voyaging, the transportation of commodities, and fishing have occurred throughout the human history of this region. As a result, there are many yet-to-be discovered shipwrecks, as well as numerous accounts in the written and oral history that highlight the profound connections of many cultures to this region (Delgado et al., 2022). In relation to the human colonization of Rapa Nui Island, recent evidence suggests prehistoric contact of Polynesian individuals with Native American individuals (approx. AD 1200) contemporaneous with the settlement of remote Oceania. This suggests that a single contact event occurred in eastern Polynesia, before the settlement of Rapa Nui, between Polynesian individuals and a Native American group related to the indigenous inhabitants of present-day Colombia (Ioannidis et al., 2020). In modern times, vessels could be sources of biological connectivity along the Salas y Gómez and Nazca ridges, by transporting invasive species in ballast water or as hull fouling (Carlton, 1985; Cariton and Geller, 1993; Bax et al., 2003; Bailey, 2015). Indeed, many cultures, particularly Rapa Nui culture, have profound connections to these remote waters. It is important that this knowledge is perpetuated via research, education, and outreach activities, so that people continue to appreciate both the natural and cultural significance of the region. Figure 2.




Figure 2 | Diagram showing how the natural and cultural significance of the Salas y Gómez and Nazca ridges are influenced by connectivity via movement of organisms, nutrients, and pollutants.





3.2.2 Connectivity in governance arrangements

The concept of connectivity is found in many multilateral agreements (Dunn et al., 2019), and particularly revolves around (1) international cooperation for highly migratory species (e.g., CMS, 1979; UNCLOS, 1982), (2) management of straddling and highly migratory fish stocks (UNFSA, art. 5 and in the conventions of regional fisheries management organizations (RFMOs)), (3) conservation of albatrosses and petrels (ACAP, 2001), (4) conservation of cetaceans through whale sanctuaries; (5) application of precautionary and ecosystem approaches (e.g., CITES,  1973; CMS, 1979; CBD, 1992; UNFSA, 1995; and in RFMO and regional seas organization (RSO) Conventions); (6) minimisation of pollution and preventing transboundary environmental damage (e.g., London Convention, 1972; London Convention Protocols, 1978; MARPOL Convention, 1978; UNCLOS, 1982; CBD, 1992; UNFSA, 1995, and in RFMO and RSO Conventions); and (7) establishment of protected areas and ecological networks (e.g., CBD, 1992; and under the International Seabed Authority (ISA), and in RSO Conventions). In 2021, the importance of connectivity was formally recognised by the United Nations General Assembly, stressing the need to maintain ecosystem connectivity through the development of transboundary cooperation, the application of EIAs, the application of ecosystem-based approaches, and the establishment of transboundary protected areas and ecological corridors (UNGA, 2021). Within the Salas y Gómez and Nazca ridges, both SPRFMO and IATTC have legal provisions that include the concept of connectivity, particularly with regards to the adoption of measures for target fish stocks and associated species, pollution minimisation, and the application of the precautionary approach (e.g., IATTC art. VII; SPRFMO art. 3) (IATTC, 1949; SPRFMO, 2009). SPRFMO also has a specific provision on the application of the ecosystem approach (SPRFMO, art. 3.2) (SPRFMO, 2015). The South Pacific Permanent Commission (CPPS), through the 1981 Lima Convention, also has legal provisions for pollution minimisation in ABNJ (Lima Convention, 1981).




3.3 External threats to connectivity


3.3.1 Plastic pollutants and marine debris

The Salas y Gómez and Nazca ridges are located near the South Pacific Gyre, a circulation feature known for its high concentrations of plastic pollution and other marine debris (Eriksen et al., 2014; Boteler et al., 2019; Luna-Jorquera et al., 2019; van Gennip et al., 2019). These pollutants originate mostly from the South American coast (Thiel et al., 2018; van Gennip et al., 2019) and are then concentrated in the circulating waters of the gyre. High levels of plastic pollution impact many species of marine mammals, sharks, turtles, seabirds, and fishes, through entanglement or ingestion (Thiel et al., 2018). Moreover, floating anthropogenic debris is known to be an agent for transporting non-indigenous species (Rech et al., 2016; Rech et al., 2018; Rech et al., 2021), thus increasing the risk of biological invasions throughout the region.



3.3.2 Fishing

Currently, fishing is the dominant human activity that occurs in the waters of the Salas y Gómez and Nazca ridges (Wagner et al., 2021b). The main species caught in the Southeast Pacific region remain: Anchoveta (Engraulis ringens), Jumbo flying squid (Dosidicus gigas), Araucanian herring (Clupea bentincki), Chilean jack mackerel (Trachurus murphyi), Chilean kelp (Durvillaea antarctica, Scomber japonicus), Skipjack tuna (Katsuwonus pelamis), and Chub mackerel (Scomber japonicus) (FAO, 2020). Fishing effort is still considered moderate, and is attributable mostly to vessels flagged by China, Spain, Japan, Taiwan, and the Republic of Korea, which collectively account for over 96% of the fishing effort (reviewed in Wagner et al., 2021b). It is important to highlight that fishing by bordering countries to the Salas y Goméz and Nazca ridges fish mainly takes place within their national jurisdiction. Fishing effort in ABNJ is mainly undertaken by distant water fishing nations. However, nearby countries are most likely to be negatively impacted by the depletion of ABNJ fisheries species that could otherwise be available in adjacent national waters. The SPRFMO Convention includes specific provisions to protect Vulnerable Marine Ecosystems (VMEs) and has defined ten benthic invertebrate taxa that are regarded as indicators of VMEs for the South Pacific (SPRFMO, 2020).



3.3.3 Deep-sea mining

Though there is currently no deep seabed mining taking place in ABNJ, several countries and international consortia hold contracts with the International Seabed Authority (ISA) to explore areas within the Pacific, Indian, and Atlantic oceans. It is expected that deep seabed mining will have severe and long-lasting impacts on the marine environment, which has prompted several countries and organisations to call for a moratorium on deep seabed mining (Christiansen et al., 2022) While there have been no ISA contracts issued to explore for deep-sea minerals in the Salas y Gomez and Nazca ridges, the occurrence of seabed minerals in this region may attract interest in the future.



3.3.4 Climate change

Climate change is another external-originating threat and is one of the most important ocean threats globally (IPCC, 2019; Hoegh-Guldberg, 2019). While climate change is impacting ocean ecosystems everywhere, some areas are considered particularly susceptible, including the Salas y Gómez and Nazca ridges. This is because the region contains some of the most nutrient-poor waters in the world, with communities that are adapted to these conditions (Von Dassow and Collado-Fabbri, 2014). As climate changes, with temperature, salinity, and oxygen shifts, some of these communities may no longer be able to tolerate local conditions, resulting in potential range shifts, habitat loss, decreased biodiversity, and decreased resilience (Cheung and Levin, 2018; Dewitte et al., 2021; Wagner et al., 2021b). These consequences will be compounded by the El Niño Southern Oscillation and the Pacific Decadal Oscillation, which already have widespread impacts throughout the region (Yañez et al., 2017). The Southeast Pacific Subtropical Anticyclone, which is the dominant forcing mechanism of currents in the region, has already experienced a poleward shift due to climate change, a shift that is projected to continue (Yañez et al., 2017). It is important to highlight that future warming climates will increase south-easterly trade winds in the Southeastern Pacific (Dewitte et al., 2021). As a result, connectivity between the Juan Fernandez and Desventuradas Islands, and along the Sala y Gomez Ridge, is projected to increase (Dewitte et al., 2021).





4 Integrating connectivity into management and conservation

Although the importance of maintaining connectivity is well recognised globally, quantitative methods for identifying areas of high connectivity are rarely utilized in the design of area-based conservation efforts (Magris et al., 2014). There are a handful of MPAs which included connectivity as a criteria in their design, most of which are located in Australia or the United States (Balbar and Metaxas, 2019). The complexity of connectivity (i.e., ocean dynamics and processes), however, means that there is no one-size-fits-all solution, but rather a suite of scientific tools, management approaches, and governance arrangements that will need to be applied. Identifying specific conservation and management objectives upfront, will be critical to determining how to best integrate connectivity. In this regard, IUCN has produced guidelines on marine connectivity (Lausche et al., 2021), which support the design of MPAs and MPAs networks using the best available science in the face of climate change.


4.1 Tools for understanding connectivity


4.1.1 Baseline studies

Baseline biodiversity and ocean circulation studies will remain fundamental to understanding connectivity and will need to be complemented with new tools to generate information needed by decision makers (Borja et al., 2016; Gjerde et al., 2021). There are only a few studies that have surveyed biodiversity across the large range of the Salas y Gómez and Nazca ridges (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021). These studies found unique species compositions with few species shared between opposite ends of the ridges, highlighting the need to enact large-scale conservation measures to conserve representative biodiversity. This is particularly important due to the exceptionally high proportion of endemic species and fragility of this region. Loss of habitat in the Salas y Gómez and Nazca ridges could therefore lead to species extinctions.



4.1.2 DNA-based analyses

DNA-based analyses are a promising approach for connectivity research. Genomic analyses are useful to detect species or population geographical delimitation (e.g., Veliz et al., 2021), effective population size (Pazmiño et al., 2017) and also symmetry/asymmetry in connectivity among populations in a metapopulation context (Liggins et al., 2020). Another approach is the analysis of environmental DNA (eDNA), which organisms release into the environment and thereby allow their detection without sampling the organisms themselves (Levin et al., 2019). This approach still requires baseline knowledge of species identity and longevity of the DNA signal in the environment (Levin et al., 2019), but can cost-effectively complement in situ sampling (Gjerde et al., 2021).



4.1.3 Acoustic monitoring

Acoustic monitoring is another approach that is useful to survey large spatial scales, and can provide information about seafloor topography, currents, temperature, abundance, and type of marine life (Howe et al., 2019). Combining acoustic monitoring with DNA techniques offers significant promise for enhancing ocean observations and addressing questions about long-range connectivity (Howe et al., 2019). These approaches can also be complemented by satellite data to monitor phytoplankton and harmful algal blooms, including their spatial and temporal dynamics (Borja et al., 2016).



4.1.4 Underwater vehicles

Advanced technologies like human occupied vehicles (HOVs), remotely operated vehicles (ROVs), autonomous underwater vehicles (AUVs), and towed camera systems have been used to survey deep-water areas (Dominguez-Carrió et al., 2021). Unfortunately, these approaches typically require expensive instruments, specialized technicians, and costly ship time, thereby being restrictive (Dominguez-Carrió et al., 2021). Cost-effective drop cameras developed by the National Geographic Society (Turchik et al., 2015) were used to conduct the first surveys on both ends of the Salas y Gómez and Nazca ridges (Figure 3; Friedlander et al., 2021). Future surveys using such cost-effective methods have the potential to improve baseline knowledge of the deep-water fauna and connectivity of the region. However, these tools still face challenges of identifying species from visual imagery of alone. Additionally, biodiversity estimates based on imagery often under-represent biodiversity, requiring baseline data (e.g., through species collection).




Figure 3 | Examples of deep-water fauna documented using cost-effective drop cameras during the first ever study that surveyed both ends of the Salas y Gómez and Nazca ridges. From top left to bottom right: (A) Lithodidae, (B) Chaceon chilensis, (C) various deep-sea corals and sponges, (D) Polymixia salagomeziensis, (E) Pentaceros decacanthus, (F) Squalus sp., (G) Gymnothorax bathyphilus, (H) Coryphaenoides sp., (I) Hydrolagus sp., (J) Etmopterus sp., and (K) Spectrunculus sp. (Friedlander et al., 2021; images courtesy of National Geographic Pristine Seas and National Geographic Exploration Technology Lab).





4.1.5 Machine learning methods

Progress has also been made with machine learning methods for analysing large datasets. This has implications for the Salas y Gómez and Nazca ridges, since many historical datasets (see Wagner et al., 2021b; Delgado et al., 2022) have not yet been examined in exhaustive detail and could therefore be mined to glean new insights. One important caveat is that many available datasets do not have the fine-scale resolution, or do not capture the complexity of habitats needed to apply such methods (Saleh et al., 2020). Another challenge is that much of the analysis with machine learning methods still rely on costly human labour (e.g., to prepare the photos for analysis) which does support the models to learn how to detect species in natural settings (Saleh et al., 2020).



4.1.6 Animal borne devises

Other technologies, such as animal-borne devices, can be used to study species movement and behaviour. These are rapidly advancing and providing increasingly accurate information (Davies et al., 2021). Tracking data of birds, mammals, fishes, and turtles is increasingly becoming available, and is highly relevant to understanding how to integrate connectivity into conservation and management measures (Dunn et al., 2019; Hays et al., 2019; Davies et al., 2021). Connectivity data is currently available for a few species that migrate to the Salas y Gómez and Nazca ridges (Shillinger et al., 2008; Block et al., 2011). Future studies, including those that tag animals on the ridges, will be essential to improve our understanding of their movement and connectivity within the region. Such approaches have successfully been used to study movement patterns of Galapagos shark (Carcharhinus galapagensis) and yellowtail amberjack (Seriola lalandi) in the waters around Salas y Gómez Island (Morales et al., 2021). New knowledge platforms such as the Migratory Connectivity in the Ocean (MiCO) system will help make connectivity information available to researchers, decision makers, and the public (Dunn et al., 2019).



4.1.7 Modelling

Collected data can be combined with modelling to predict spatial distribution patterns across broader scales, including in areas that have not yet been surveyed (Borja et al., 2016; Oppel et al., 2018; Georgian et al., 2021; Gjerde et al., 2021). Modelling is increasingly being used to predict the distribution, composition, and structure of marine ecosystems, including climate-driven changes (Gjerde et al., 2021). A recent study modelled the distribution of corals and sponges across the Salas y Gómez and Nazca ridges and found that these taxa are widespread across the ridges and found that these taxa are widespread across the ridges (Figure 4; Georgian et al., 2021). Corals and sponges provide important habitats for many associated species and are also highly susceptible to impacts; protecting these vulnerable marine ecosystems (VMEs) is therefore an important component of the framework for managing high seas bottom fisheries under the United Nations General Assembly Sustainable Fisheries Resolution (Jones and Lockhart, 2011; Georgian et al., 2021). Promising approaches include combining long-term monitoring studies with population connectivity models. Such approaches can assess potential area-based management tools (ABMTs), including MPAs, in terms of their relative contributions and their dependence on regional ecosystem characteristics (Carr et al., 2019).




Figure 4 | Map showing results of a recent modelling study (Georgian et al., 2021) that noted that every seamount of the Salas y Gómez and Nazca ridges contains highly suitable habitat for habitat-forming corals and sponges. Warmer colours indicate more suitable habitat. (Credit: John Nelson).





4.1.8 Metrics for connectivity criteria

Research results can be used to understand connectivity patterns and create criteria for the region to support management decisions and in particular the design of MPAs. There is no agreed upon approach amongst scientists by which to establish connectivity patterns for the design of MPAs, while some classifications have been suggested: modelling, tagging, genetics, and simple observation (Balbar and Metaxas, 2019 citing Bryan-Brown et al., 2017). Balbar and Metaxas, 2019 provide a comprehensive review of the different methods and approaches available to decision makers to integrate connectivity criteria into the design of MPAs and provide a number of recommendations: “determine whether to prioritise connectivity as an ecological criterion; identify the role of an MPA in supporting connectivity; identify appropriate spatial and temporal scales; and improve regional knowledge of patterns of connectivity.” The synthesis provided in this paper could be a first step in creating a connectivity index for the region, as no such index exists, focusing on aspects of ecological and cultural connectivity and considering pressures such as fishing and climate change.



4.1.9 Interdisciplinary and international collaboration

Biodiversity and oceanographic data alone are not enough to understand ecosystem vulnerability and needs to be combined with spatial data on threats and human activities to inform decision making (Hays et al., 2019). Due to the complexity of connectivity and the variety of scientific methods to study it, interdisciplinary and international collaborations will be critical to improve our understanding of connectivity. As tools for collecting and analysing scientific information continue to advance, it will be essential that scientists find effective ways to translate research findings into conservation benefits. This requires a successful science-policy interface to communicate research findings to policy makers, as well as the public at large.




4.2 Management approaches to include connectivity in decision making

Conservation efforts need to include surface to seabed protection (O’Leary and Roberts, 2018), and explicitly integrate climate adaptation objectives (Tittensor et al., 2019). Particular challenges to incorporating connectivity in ABNJ conservation include the scarcity of spatial and temporal data (Dunn et al., 2019; Visalli et al., 2020), as well as challenges related to monitoring, control, and enforcement in remote regions (Wilhelm et al., 2014; Ortuño Crespo et al., 2020).

Data obtained using multiple scientific methods and from various sources can create a more complete understanding, thereby supporting the better integration of connectivity into management decisions. For instance, genetic, acoustic and telemetry data have been used to describe connectivity for blue whales (Torres-Florez et al., 2014; Buchan et al., 2015; Torres-Florez et al. 2015), but additional work is needed to aggregate this information into integrated models (e.g., through MiCO). Holistic studies through strategic environmental assessments (SEA) or regional environmental assessments (REA) can create a comprehensive basis for understanding marine ecosystems (Gjerde et al., 2021), as well as assess conditions important for conservation, such as species distributions, temporal variability, trophic relationships, ecosystem function, oceanographic connectivity, and resilience. First steps towards conducting such assessments focused on the status of marine biodiversity and human activities in the region have been completed (Boteler et al., 2019) and could be used to expand upon.

While environmental assessments typically focus on a defined area, connectivity is not an area-based characteristic, making it more difficult to integrate it into management and policy decisions (Balbar and Metaxas, 2019). It is therefore necessary to include data that ranges beyond the geographical and temporal scope of an environmental assessment to guide decision making. Such decisions will need to be made on a case-by-case basis depending on the known and potential dispersal of focal species and impacts. This is further complicated because connectivity patterns may vary over time, requiring regular environmental assessments to assess temporal changes (Balbar and Metaxas, 2019). Environmental assessments can also identify knowledge gaps and guide future research initiatives. As noted previously, connectivity data for some species of whales, turtles, and seabirds indicate that these highly mobile species regularly use the Salas y Gómez and Nazca ridges for foraging and resting. Consequently, areas that are likely to include these focal species should be prioritized for increased protection.

Holistic environmental assessments can help underpin management decisions about the role and function of connectivity. It is important to include migratory connectivity with MPA site selection criteria and network design criteria (Dunn et al., 2019). Identifying connectivity corridors can build coherence between fragmented ecosystems, or buffer zones from potentially damaging external influences (Bennett and Mulongoy, 2006). Connectivity metrics (to quantify connectivity of biodiversity of an area such as habitats or species) can help specify desired conservation objectives and actions, as well as prioritize areas for inclusion in MPA networks (Keeley et al., 2021). Spatial tools, such as marine spatial planning, can also help to evaluate the role of connectivity (Balbar and Metaxas, 2019). The use of marine spatial planning in ABNJ remains limited, while exploratory studies for the application of area-based planning tools such as marine spatial planning have been explored for the Southeast Pacific (UNEP-WCMC, 2019). Such spatial tools must be combined with information on human activities and stressors, including impacts of climate change, to identify threats to connectivity and allow a multi-sector approach. Screening of potential activities through environmental impact assessments (EIAs) can quantify impacts where activities are taking place, but also more widely to where impacts might occur in the future (Tessnow-von Wysocki, 2021). Existing EIAs within the broader South Pacific stem from sectoral organizations such as SPRFMO and IATTC. Other organizations which could require EIAs in the region include the International Seabed Authority (mining) and the International Maritime Organization (shipping); however, activities regulated by these organizations are currently very limited in the region (Wagner et al., 2021b). EIAs can also provide an understanding about whether activities taking place within national jurisdiction are leading to impacts in ABNJ, and vice versa (Livingstone and Jose, 2021). This is particularly relevant to cross-jurisdictional impacts of potential human activities. In regard to human impacts, it is important to highlight that fishing and other extractive activities are still at relatively low levels in the Salas y Gómez and Nazca ridges, so there is a time-sensitive opportunity to proactively conserve the unique natural and cultural resources of the region, while having minimal impacts on industries.

Holistic assessments that include connectivity will be critical to inform management decisions. Priorities for managing connectivity, including ecological, economic, and social considerations, will need to be documented in management plans, including respective roles and time plans for achieving conservation objectives (Balbar and Metaxas, 2019). Only when a management plan lays out the scientific assessment and associated management activities in a transparent manner, can stakeholders evaluate management effectiveness over time. Management planning is a key challenge for remote MPAs (Gaymer et al., 2014; Wilhelm et al., 2014), but recent years have seen a major advance in the generation of management plans. All the MPAs created in Chilean waters of the Salas y Gomez and Nazca ridges (see Figure 1) now have completed management plans, although these still have not been officialised by the Government (Gaymer et al., 2018; Gaymer et al., 2021a; Gaymer et al., 2021b; Gaymer et al., 2021c). These management plans highlight the importance of connectivity in maintaining the life cycles in key habitats and ecosystem services.

Transboundary and cross-sectoral cooperation are key to ensuring that connectivity is fully considered within ocean governance. Spatial planning tools and holistic environmental assessments are key to ensure that connectivity is optimized for biodiversity conservation. The inclusion of ‘ecological connectivity [and/or coherence]’ as one of the criteria for the identification of future ABMTs under the proposed BBNJ Agreement will help ensure that connectivity is considered by relevant stakeholders when establishing ABMTs, including species corridors, MPA networks, linkage zones, permeability areas, and climate corridors.




5 Discussion

Integrating connectivity into conservation for the Salas y Gómez and Nazca ridges will be critically important to conserve the natural and cultural resources of this unique region. ABNJ have gained attention in recent years through the negotiations for the BBNJ Agreement and are increasingly understood as critical to achieve global sustainability goals. Closely connected to coastal States in South America, the Salas y Gómez and Nazca ridges are important for global marine biodiversity and provide numerous benefits to humanity, including climate regulation, food security, cultural values, and other ecosystem services.

This review is a first step in conducting a baseline study on connectivity of the region. While this study summarizes information from various publicly available sources, a more in-depth holistic regional environmental assessment should be developed to coalesce additional information that may be available and is not yet in the public domain. Conducting such a study will be logistically complex, as regional characteristics will need to be considered across numerous jurisdictions, disciplines (e.g., ecological, physical, chemical, economic, and social), as well as take into account changes over time and beyond the immediate geographic focal area. Such a regional environmental assessment will require a collaborative effort, bringing together individuals from different countries, expertise, and experience. This exercise should build upon relevant working groups in the region (e.g., within CPPS, SPRFMO, IATTC, International Union for Conservation of Nature, World Commission on Protected Areas, Deep Ocean Stewardship Initiative, UN Decade for Ocean Science, ESMOI, and others), and coalesce information from existing data platforms.

A regional environmental assessment will be critical to identifying information gaps in relation to connectivity and help identify the tools and approaches needed to fill these gaps. Such assessments will represent important first steps at integrating connectivity in the design and implementation of conservation approaches for the region. Available data should provide a starting point to include connectivity in conservation measures. Data collection should be a continuous objective, which requires ongoing contributions to work towards a fuller understanding of connectivity. Through such an iterative process, key characteristics of connectivity will begin to emerge, and ultimately, with communication across stakeholder groups, connectivity priorities will be established and integrated into management measures. It will therefore be necessary to develop a suite of indicators by which to understand and assess connectivity within the region and beyond, thereby underpinning decision making and monitoring of management results. It is important to note that connectivity is an important criterion for conservation efforts, such as a network of MPAs, across large spatial scales but should also be complemented with other considerations like endemism. Due to the high rate of endemism (Comité Oceanográfico Nacional de Chile, 2017; Friedlander et al., 2021; Tapia-Guerra et al., 2021) as well as, the importance of the ridges as migratory corridors for highly mobile species, creating a large-scale MPA in this region would address several conservation considerations. In addition to having advantages in terms of connectivity and ecological integrity, large-scale MPAs also have lower establishment costs per unit area (Toonen et al., 2013; Wilhelm et al., 2014).

Regional conservation objectives for the Salas y Gómez and Nazca ridges should be established based on identified priorities, and these should explicitly deal with connectivity. Objectives should focus on conserving areas that are key to maintaining connectivity and restoring degraded areas that may be impeding connectivity. Management approaches such as dynamic closures, migratory corridors, and buffer zones could be considered along with existing or new ABMTs to achieve such objectives. Regional action plans for connectivity should be considered to establish a management process such as roles of key stakeholders, a timeline for implementation, as well as monitoring and enforcement mechanisms. These efforts will also need to be reviewed over time and updated based on new information.

Some limited legal provisions exist for connectivity, but more could be done to bring together stakeholders within the region to jointly address the management of connectivity. Another opportunity is to establish regional or global targets for connectivity, potentially through the Convention on Biological Diversity’s post-2020 Global Biodiversity Framework. However, as connectivity is not strictly an area-based target as other ecological criteria such as representation, it is difficult to develop quantitative, spatial objectives.

Connectivity is widely recognised as a critical ecological feature but remains under-addressed in management strategies. Nevertheless, there are a range of opportunities from new scientific approaches, to developing management efforts, or addressing governance issues, which could build upon existing efforts to advance marine management within the region. Such efforts will require political will and support from many different actors and will therefore take time to develop. However, continued efforts to integrate connectivity into conservation efforts for the Salas y Gómez and Nazca ridges will not only improve the health of its ecosystems, but also elevate the region as an exemplary model for cross-sectoral collaboration and cooperation.



6 Recommendations and conclusion

Integrating connectivity into conservation efforts in the Salas y Gómez and Nazca ridges will provide benefits for biodiversity, climate regulation, food security, cultural services, as well as advance global sustainability goals. Based on available information from previous studies, conservation approaches, and governance arrangements, the following recommendations emerge:

	The Salas y Gómez and Nazca ridges are of exceptional natural and cultural significance and should therefore be protected using the best-available conservation measures. Human activities that cause harm to the health of the Salas y Gómez and Nazca ridges should be restricted. A zone expanding beyond the immediate area of the ridges should be established to create a buffer between the Salas y Gómez and Nazca ridges and human activities within the region.

	Despite being remote, uninhabited, and not yet targeted by extractive activities in a major way, the Salas y Gómez and Nazca ridges are being impacted by externally originating threats like plastic pollution and climate change. These threats need to be reduced in collaboration with many stakeholders, including through regional and global policy fora. In particular, States within the region could create a coalition of countries to call upon global action to address this global threat.

	The otherwise pristine ecosystems of the Salas y Gómez and Nazca ridges can provide important examples to showcase the severity of these externally originating threats to global audiences.

	Due to their high rates of endemism, as well as their importance as migratory corridors, enacting large-scale conservation measures in the Salas y Gómez and Nazca ridges, such as the establishment of a large-scale marine protected area and the identification of this region as a vulnerable marine ecosystem (VME), would address important conservation considerations for both connectivity and representation.

	Data on connectivity is still limited but should not constrain the development of conservation measures. A precautionary approach should be implemented wherever understanding is considered insufficient to ensure that human activities do not cause significant or irreversible harm to biodiversity. This is particularly relevant to industrial activities like fishing and mining that have not been fully developed around the ridges, and could therefore be restricted proactively, without impacting industries.

	Data for some species of whales, turtles, and seabirds indicate that these highly mobile species regularly use the Salas y Gómez and Nazca ridges for foraging and resting. Consequently, areas that are likely to include these focal species should be prioritized for increased protection. It is therefore necessary to include data that ranges beyond the geographical and temporal scope of the region into environmental assessments to guide decision making.

	While remote, the Salas y Gómez and Nazca ridges are connected to adjacent coastal States in many ways. Actors from these States should be brought together to co-design and co-deliver conservation measures that integrate connectivity.

	A holistic assessment of the region should be conducted and build upon relevant working groups in the region (e.g., within CPPS, SPRFMO, IATTC, International Union for Conservation of Nature, World Commission on Protected Areas, Deep Ocean Stewardship Initiative, UN Decade for Ocean Science, ESMOI, and others), and coalesce information from existing data platforms.

	International and interdisciplinary collaboration will be needed to not only conserve the Salas  y Gómez and Nazca ridges, but also help fill knowledge gaps relating to connectivity. Observational data should be combined with modelling to predict spatial distribution patterns across broader scales, including in areas that have not yet been surveyed. Emerging technologies like genomic sequencing, eDNA, acoustic methods, and deep-sea camera systems will need to be integrated with baseline biodiversity and ocean circulation studies to improve our understanding of connectivity. Research should be strategically paired with education and outreach activities, so that people continue to appreciate both the natural and cultural significance of the region.

	Research should contribute to development of comprehensive indicators for understanding and assessing natural and cultural connectivity within the region and beyond. Indicators can be paired with information and knowledge about pressures such as climate change and human activities. A suite of indicators will underpin decision making such as for the identification and design of management measures i.e., MPAs and MPA networks and support the assessment of management decisions.

	States, organizations, civil society, and scientists should coordinate efforts to share knowledge on the region including questions of connectivity. A holistic assessment co-developed by various stakeholders will help create the basis for establishing regional management and conservation targets, including connectivity considerations.

	The Salas y Gómez and Nazca ridges could act as an exemplary case study for integrating connectivity into conservation. Lessons learned could be documented and shared broadly to support initiatives in other locations around the globe.
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