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Coral reefs are widely regarded as one of the top science and conservation priorities
globally, as previous research has demonstrated that these ecosystems harbor an
extraordinary biodiversity, myriad ecosystem services, and are highly vulnerable to
human stressors. However, most of this knowledge is derived from studies on nearshore
and shallow-water reefs, with coral reef ecosystems remaining virtually unstudied in
marine areas beyond national jurisdiction (ABNJ), commonly known as the high seas.
We reviewed information on the spatial distribution of reef-building corals throughout
their depth range, and compiled a total of 537,782 records, including 116 unique
records from ABNJ at depths between 218-5,647 m. The majority of reef-building
coral records in ABNJ were in association with geomorphological features that have
steep topographies. These habitats, which include escarpments, seamounts, and
submarine ridges accounted for >74% of the records in international waters. Such
geomorphological features, particularly those that occur within close proximity to the
sea surface, should be prioritized for future scientific exploration. The majority of the
reef-building coral records in ABNJ (>77%) were recorded in unprotected waters, and
this study discusses the challenges and opportunities for protecting marine biodiversity
in ABNJ. Finally, this study offers a definition of high seas coral reefs, and provides a
framework to better understand and conserve these fragile ecosystems.

Keywords: areas beyond national jurisdiction, area-based management tools, coral reef, marine protected area,
seamount, reef-building, Scleractinia, vulnerable marine ecosystems

INTRODUCTION

Coral reefs are widely regarded as some of the most biodiverse and productive ecosystems
on Earth (Reaka-Kudla, 1997; Small et al., 1998; Knowlton and Jackson, 2001). Often
referred to as the rainforests of the sea, coral reef ecosystems account for nearly one
quarter of the total marine biodiversity, despite only covering 0.2% of the total seafloor
by area (Reaka-Kudla, 1997; Knowlton et al, 2010). In addition to their remarkable
biodiversity, coral reefs also provide many other ecosystem services and human benefits,
including fisheries, coastal protection, tourism, recreation, and medicines (Costanza
et al, 1997; Moberg and Folke, 1999; Adey, 2001; Bruckner, 2002; Cesar et al, 2003;
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Teh etal., 2013). Coral reef ecosystems are subject to many of the
same anthropogenic impacts that affect other marine ecosystems;
however, they are considered particularly susceptible to changes
in environmental conditions (Knowlton, 2001; Hoegh-Guldberg,
2005; Hoegh-Guldberg et al., 2007; Hughes et al., 2017a,b).
Almost 30% of corals have disappeared since the early 1980s
(Hoegh-Guldberg, 2005), and up to 90% of coral reefs may be
gone in the next few decades in the absence of swift conservation
action (Hoegh-Guldberg et al., 2018a,b; Hughes et al., 2018).

As a result of their extraordinary biodiversity, myriad
ecosystem services, and global anthropogenic stressors, coral
reefs are widely regarded as one of the top conservation and
science priorities globally (Dight and Scherl, 1997; Crosby
et al., 2002; Klein et al., 2010; Hourigan, 2014). Although most
of our current understanding of coral reefs is derived from
studies in nearshore and coastal areas, coral reefs are also
found in many locations far removed from human population
centers. This includes coral reef habitats around remote and
uninhabited islands (D’agata et al., 2016; Jones et al., 2018),
as well as on seamounts and submarine ridges (Rogers, 1999;
Mortensen et al., 2007; Rogers et al., 2007). While these remote
coral reefs do not provide some of the ecosystem services of
their nearshore counterparts (e.g., subsistence fishing, tourism,
recreation, and shoreline protection), they are still considered
important biodiversity hotspots (Rogers, 1999; Gove et al.,
2016). For instance, coral reefs located near remote islands have
been shown to be hotspots of productivity and biodiversity in
otherwise barren ocean basins (Gove et al., 2016). Similarly,
seamounts and submarine ridges, which can often harbor
mesophotic coral ecosystems (MCEs) and deep-water coral reefs
(Freiwald et al,, 2004; Mortensen et al,, 2007; Rogers et al,
2007; Pereira-Filho et al., 2012), are well known for their high
food availability and remarkable diversity of invertebrates, fishes,
and other open-ocean animals (Genin et al, 1986; Wilson
and Kaufmann, 1987; Rogers, 1994, 1999, 2018; Worm et al,,
2003; Pitcher et al,, 2007; Clark et al., 2010; Morato et al,
2010). Additionally, these unique features facilitate the dispersion
of organisms between distant geographic areas by serving as
navigational marks and stepping stones for the movement of
organisms (Wilson and Kaufmann, 1987; Rogers, 1994; Garrigue
et al., 2015; Rogers, 2018). Furthermore, isolated islands and
seamounts provide important feeding, resting, and spawning
grounds for numerous benthic and pelagic species (Wilson and
Kaufmann, 1987; Rogers, 1994, 2018; Pitcher et al., 2007; Clark
et al., 2010), and coral reefs in these locations often host a high
proportion of endemic species (Kane et al., 2014; Friedlander
etal., 2016; Rogers, 2018).

In the simplest sense, coral reefs are massive aggregations of
limestone and calcareous sediments that are built by a thin veneer
ofliving organisms (Hubbard, 1997). At least 845 species of corals
are known to build reef frameworks in the photic zone (Carpenter
et al., 2008), although a wide diversity of coralline algae and
invertebrates also contribute to building reef mass, including
dead organisms of these taxa (Knowlton and Jackson, 2001). In
deeper waters below the photic zone, there are at least six coral
species that are known to build massive reef structures to depths

exceeding 2,000 m, namely Enallopsammia rostrata, Goniocorella
dumosa, Lophelia pertusa, Madrepora oculata, Oculina varicosa,
and Solenosmilia variabilis (Rogers, 1999; Freiwald et al., 2004;
Davies and Guinotte, 2011). While the diversity of these deep-
water, reef-building corals is markedly lower than their shallow-
water counterparts, they non-etheless act as ecosystem engineers
that create habitat for a multitude of associated species. For
instance, Lophelia pertusa reefs in the North East Atlantic are
home to nearly 900 species (Rogers, 1999).

For the purposes of this paper, we use the term coral reef
to refer to limestone structures that are built by reef-building
corals throughout ocean depths, including in shallow water
(<40 m), at mesophotic depths (~40-200 m), and in the
deep sea (>200 m). While this definition is somewhat broader
than many interpretations of this term, it acknowledges several
shared characteristics of coral reefs throughout their depth range,
namely the presence of reef-building corals that form the basis of
the physical reef structure, which are inhabited by a multitude
of associated organisms (e.g., Hubbard, 1997; Rogers, 1999;
Knowlton and Jackson, 2001; Reed, 2002). Although dominated
by different reef-building corals at different depths, ecosystems
throughout these locations share many key characteristics
(e.g., high structural complexity, vulnerability and diversity of
associated organisms) that unite them in ways that suggest shared
strategies for management and conservation.

Coral reefs have been the dedicated focus of science and
conservation efforts for decades (Dight and Scherl, 1997; Crosby
et al., 2002; Klein et al., 2010; Hourigan, 2014). However, like
many other marine ecosystems (Ortuiio Crespo et al., 2019),
they remain largely unexplored in marine areas beyond national
jurisdiction (ABN]), where the water column is commonly
known as the high seas, and the international seabed as the
“Area” (Molenaar and Elferink, 2009; Gjerde et al., 2016). ABN]J
are ocean areas where no one nation has sole management
responsibility and hence international cooperation is essential.
The high seas generally begin at the 200-nautical mile exclusive
economic zone (EEZ) of countries, whereas the international
seabed begins at the outer edge of the extended continental shelf,
or the EEZ, whichever is greater (Figure 1). Despite covering
nearly two thirds of the ocean and almost half the surface of our
planet, only 1.2% of the high seas currently lie within marine
protected areas (MPAs), with another 0.61% being closed to
bottom-fishing, and 0.41% closed to deep-sea mining activities
(Figure 1; see materials and methods section for details). This
uneven distribution of ocean protection is in large part due to the
patchwork legal framework that is in place for managing ABN],
as well as the lack of broader awareness that important and fragile
ecosystems exist within these remote ocean areas (Molenaar and
Elferink, 2009; Gjerde et al., 2016; Durussel et al., 2017).

The high seas and international seabed have recently gained
increased attention globally, since the United Nations General
Assembly committed to developing an international legally
binding instrument to protect, conserve, and sustainably use
biological diversity in ABNJ (UNGA, 2015). This development
illustrates the increased need to identify priority areas to conserve
within international waters, and a potential pathway to protect
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FIGURE 1 | Spatial distribution of the reef-building coral records in marine areas beyond national jurisdiction (ABNJ) examined as part of this study, along with areas
where human activities are regulated on the high seas, including marine protected areas (MPAs), areas closed to bottom fishing, and areas closed to deep-sea
mining activities. Of the 116 reef-building coral records in ABNJ, none were located in MPAs, with another 25 in bottom-fishing closed areas, and one in areas that

are closed to mining activities.

them in the near future. Several studies have recently been
conducted to identify priority conservation areas in ABN]
(Harris and Whiteway, 2009; Selig et al., 2014; Visalli et al., 2020;
Sala et al,, in review). These studies used a combination of
various global datasets to identify large ocean areas that should be
prioritized for future conservation. Here we provide an alternate
approach, which seeks to examine the spatial distribution of
one of the most diverse and fragile marine ecosystems (coral
reefs) to drive science and conservation efforts on the high
seas. Specifically, this study reviews available data sources on
the spatial distribution of reef-building corals in ABNJ, and
discusses the challenges and opportunities for protecting these
unique systems. Finally, this study provides a framework to better
understand and conserve these fragile ecosystems.

MATERIALS AND METHODS

Records of coral species that are known to build reefs were
retrieved from various sources. This includes 845 reef-building
species that inhabit the photic zone, primarily scleractinians,
but also a few calcified hydrozoans and octocorals (Carpenter
et al., 2008), and six scleractinian species that are known to build
massive reef structures in the deep sea (see above; Rogers, 1999;
Freiwald et al., 2004). Only georeferenced records of reef-building
corals were retrieved from publicly available sources, including
(1) the Ocean Biogeographic Information System', (2) the
United Nations Environment Programme World Conservation

Thttps://mapper.obis.org/

Monitoring Centre* for shallow-water corals, and’, (3) the
United States National Museum of Natural History Museum,
Smithsonian Institution* and (4) the NOAA National Database of
Deep-Sea Corals and Sponges®. Retrieved records were entered in
a ArcGIS geodatabase and plotted against maritime boundaries
of country jurisdictions, which were obtained by combining
polygons of each country’s exclusive economic zone (World
EEZ v11°) and extended continental shelf areas’. The 200
nautical mile limit around Antarctica, as well as any associated
extended continental shelf claims, were removed from ABN]J
given the unique multi-national jurisdiction of the Convention
on the Conservation of Antarctic Marine Living Resources
(CCAMLR) in these waters (Brooks, 2013). Duplicate records
were removed from the data, as were other ABN]J records with
obvious errors in the spatial data (e.g., description of the locality
did not match the reported latitude and longitude; reported
depths > 1,000 m off of the predicted depth at the reported
position as determined by bathymetry data®; specimens retrieved
from gut content of highly mobile fishes). The remaining
ABNJ records were compared against the global distribution of
seafloor geomorphology (Harris et al., 2014) to determine the
broad geophysical feature with which corals were associated.
Additionally, high seas coral records were compared against

Zhttps://data.unep-wemc.org/datasets/1
3https://data.unep-wemc.org/datasets/3 for cold-water corals
*https://collections.nmnh.si.edu/search/iz/
Shttps://www.ncei.noaa.gov/maps/deep- sea- corals/mapSites.htm
Chttp://marineregions.org/
“http://www.continentalshelf.org/onestopdatashop/1149.aspx
8https://www.gebco.net/data_and_products/gridded_bathymetry_data/
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the location of MPAs’, as well as other areas where human
activities are regulated in ABNJ, including areas that are closed
to bottom-fishing', exploration areas for deep-sea minerals, and
areas of particular environmental interest (APEI) that are closed
to deep-sea mining activities''. To examine patterns in the depth
distribution of coral records, frequency distributions were plotted
and manually binned by looking for breaks in the distribution.
For coral records that only had a reported depth range (ie.,
no exact depth), the average between minimum and maximum
depth was used. Finally, a taxonomic analysis of ABN]J coral
records was conducted following taxonomic groupings from the
World Register of Marine Species'.

RESULTS

A total of 537,782 geo-referenced records of reef-building
corals were available from various publicly available repositories
(Table 1). The Ocean Biogeographic Information System
provided the largest proportion of coral records used in
this study (N = 496,708), followed by the United Nations
Environment Programme World Conservation Monitoring
Centre (N = 19,860), the NOAA National Database of Deep-Sea
Coral and Sponges (N = 16,762), and the United States National
Museum of Natural History Museum, Smithsonian Institution
(N = 4,456). Of these, 537,666 records (99.98%) were within
the jurisdictional boundaries of countries, whereas 116 (0.02%)
fell within ABN]J (Table 1; Figure 1). Amongst high seas coral
records, 79 (68.10%) were recorded on escarpments, 63 (54.31%)
on ridges, 43 (37.07%) on seamounts, 25 (21.55%) on basins, and
five (4.31%) on plateaus. The majority of ABNJ coral records were
recorded in unprotected waters (77.59%), as none were located
in MPAs, 25 (21.51%) in bottom-fishing closed areas, and one
(0.86%) in areas closed to mining activities (Figure 1).

Depth information was available for 77 of the ABN]J coral
records, with an average of 1,058 m, and range of 218-
5,567 m (Figure 2). The majority of these records were from
depths shallower than 1,200 m (N = 48, 62.34%), with multiple
frequency distribution peaks at depths of 301-600 m and 901-
1,200 m, respectively (Figure 2). Depths between 1,201-1,800 m
represented 31.12% of the ABNJ coral records, which decreased
in frequency with increasing depth (Figure 2). Depths below
1,800 m accounted for 6.49% of the ABNJ coral records, and
decreased in frequency with increasing depth (Figure 2).

All of the 116 high seas records were scleractinian corals,
primarily in the families Caryophillidae (N = 68), Oculinidae
(N = 31), and Dendrophylliidae (N = 15; Table 2). The most
commonly observed ABN]J records were all deep-water, reef-
building species (Table 2), and included Solenosmilia variabilis,
Madrepora oculata, Lophelia pertusa, and Enallopsammia rostrata
in decreasing order of occurrence, respectively (Table 2). Reef-
building coral species that are typically known from the photic

“https://protectedplanet.net/

1Ohttp://www.fao.org/in-action/vulnerable- marine-ecosystems/vme- database/en/
vme.html

https://www.isa.org.jm/maps
Phttp://www.marinespecies.org/

zone only accounted for two high seas coral records (1.72%),
and included a single record of each Agaricia sp. (N = 1) and
Acropora humilis (N = 1). Noteworthy, the latter reef-building
corals were recorded at depths of 1,800 and 5,647 m respectively,
much deeper than where they typically occur.

DISCUSSION

The high seas are crucial for sustaining life on Earth, as they
contain nearly 90% of the total ocean biomass, produce nearly
half of the oxygen we breathe, and capture over 1.5 billion
tons of carbon dioxide each year (UNEP, 2007; Global Ocean
Commission, 2014; Laffoley et al., 2014; Matz-Liick and Fuchs,
2014). These remote ocean areas have played a pivotal role in
many seafaring cultures, who for millennia have used them to
sustain themselves physically and spiritually (Anderson, 2008).
They are also under threat from numerous human impacts,
including overfishing, habitat disruption, climate change, ocean
acidification, deoxygenation, as well as chemical, noise, and
plastic pollution (Halpern et al., 2015). However, despite their
enormous size, importance, and vulnerability, the high seas
remain largely unstudied and unprotected.

While the terms “coral reef” and “high seas” are rarely
combined in the same sentence, our analysis shows that reef-
building corals are found within ABNJ (Figure 1). Using
publically available data archives, we compiled 116 unique
records that fall outside the jurisdiction of countries. While
high seas records only comprised an extremely small proportion
(0.02%) of all records in this study, this is likely due to the large
disparities in sampling effort between ABNJ and national waters,
as governments tend to exclusively focus research within their
own EEZ. ABN] account for nearly two thirds of the ocean and
~70% of the space that is inhabitable to life on Earth (UNEP,
2007; Global Ocean Commission, 2014; Laffoley et al., 2014), and
hence these remote areas likely also provide habitat for coral reefs
and the myriad species that are associated with them. To date,
there have been no dedicated studies on reef-building corals in
ABN]J, and this represents an enormous opportunity for future
scientific exploration and research.

While this study was only able to confirm an extremely limited
number of reef-building coral records (N = 116; 0.02%) when
compared to the vast size of ABNJ (Figure 1), it nevertheless
provides evidence that reef-building corals, the building blocks
for coral reefs, exist in ABNJ. In cases with limited data,
habitat suitability models are often used to infer locations where
species might be found, and such approaches have been used
to predict suitable habitat for various reef-building corals (e.g.,
Davies and Guinotte, 2011; Rowden et al.,, 2017; Cryer et al,,
2018). Developing such habitat suitability models would be a
logical next step for the results of this study; however, in order
for these models to be useful, they will require high-quality
datasets with good spatial coverage globally, particularly on the
high seas. With the exception of data that can be obtained via
satellites, data coverage on the high seas is still extremely poor
(Fujioka and Halpin, 2014; Ortufio Crespo et al., 2019; Visalli
et al, 2020). The Ocean Biogeographic Information System,
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TABLE 1 | Number of unique coral records examined as part of this study by jurisdiction and dataset (ABNJ = areas beyond national jurisdiction).

Dataset ABNJ records National jurisdiction records Total
Ocean Biogeographic Information System 57 496,647 496,704
United Nations Environment Programme World Conservation Monitoring Centre 34 19,826 19,860
NOAA National Database of Deep-Sea Corals and Sponges 20 16,742 16,762
United States National Museum of Natural History Museum, Smithsonian Institution 5 4,451 4,456
TOTAL 116 537,666 537,782

In cases when multiple datasets included the same record, only the dataset with the most detailed attribute information was kept in the dataset.

20

Number of recrods

<300

301-600 601-900  901-1200

was available.

1201-1500 1501-1800 1801-2100 2101-2400
Depth interval (m)

FIGURE 2 | Frequency distribution by depth for the 77 reef-building coral records in marine areas beyond national jurisdiction (ABNJ) for which depth information

>2400

which is the most comprehensive spatially explicit repository
for biodiversity information globally, has disproportionately low
data coverage in ABNJ. For instance, almost one third of all
species recorded in ABNJ in this repository are represented
by a single record (Ortuiio Crespo et al., 2019). Therefore,
future scientific explorations should not only target ecologically
important areas like coral reefs, but also seek to fill in the
enormous data gaps that exist across various taxa and disciplines
in these remote ocean areas.

The majority of reef-building coral records in ABN] were
in association with geomorphological features that have steep
topographies. Escarpments, seamounts and submarine ridges
accounted for > 73% of all coral records in ABNJ, despite
these features only covering a relatively small portion of the
global seafloor. Specifically, escarpments only cover 5.84% of the

global seafloor, seamounts 2.17%, and submarine ridges 2.70%
(Harris et al., 2014). Such steep geomorphological features are
known to accelerate currents around them, as well as generate
increased nutrient fluxes (Genin et al., 1986; Lueck and Mudge,
1997; Mortensen et al., 2007; Lavelle and Mohn, 2010). These
conditions provide highly suitable habitat for suspension feeders
like corals (Genin et al., 1986; Mortensen et al., 2007; Rogers
et al., 2007), as well as aggregate biomass at higher trophic levels
(Wilson and Kaufmann, 1987; Worm et al., 2003; Morato et al.,
2010). A similar pattern has been described for coral reefs on
remote ocean islands, where enhanced phytoplankton biomass
proximate to island-reef ecosystems can influence food-web
dynamics and elicit increases in biomass at higher trophic levels
(Gove etal., 2016). By definition ABNJ may not contain emergent
land features; however, high seas coral reefs may function in
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TABLE 2 | Counts by taxonomic groups for the reef-building coral records in marine areas beyond national jurisdiction examined as part of this study.

Taxon Count Depth range (m) Region Survey equipment
Caryophylliidae 68

Solenosmilia variabilis 51 225-2,293 Atlantic, South Pacific, Indian, Southern Ocean Dredge, trawl, submersible, ROV

Lophelia pertusa 17 490-2,080 North Pacifc, North Atlantic Manned submersible, ROV, drop camera
Oculinidae 31

Madrepora oculata 31 220-1,130 Atlantic, Pacific Dredge, trawl, submersible, ROV
Dendrophylliidae 15

Enallopsammia rostrata 15 218-1,969 North Atlantic, Pacific, Southern Ocean Manned submersible, ROV, trawl
Acroporidae 1 North Pacific

Acropora humilis 1 5,647 North Pacific Trawl
Agariciidae 1 1,800 South Atlantic

cf. Agaricia sp. 1 1,800 South Atlantic Dredge
TOTAL 116 2-5,647

similar ways to reef ecosystems on remote islands (Figure 3). If
this is true, then coral aggregations on steep geomorphological
features of the high seas likely also represent hotspots of
productivity and biodiversity for other taxa (Figure 3).

While the basic structure and function of high seas coral reefs
may be similar to those of reef ecosystems on remote islands, they
may also represent highly unique ecosystems harboring species
and ecological processes that exist nowhere else on Earth. Benthic
habitat that is isolated from emergent land may yield a suite
of unique environmental conditions. For example, a region of
the tropical Pacific Ocean west of Chuuk between about 6.25°
N and 9.25° N latitude and 146.5° E and 150.5° E longitude,
contains nearly 9,000 km? of shallow (<100 m) limestone
habitat, within which only about 12.25 km? of emergent land
exists. The largest single feature in this region is Gray Feather
Bank (sometimes spelled “Grey Feather Bank”), a sunken atoll
encompassing approximately 2.700 km? that summits at a depth
of approximately 20-25 m. The nearest emergent land (Poluwat)
consists of a small cluster of islets with a combined total area
of 3.3 km?, which is located 50 km away and separated by
deep ocean. Observations on this remote oceanic seamount by
a team of divers in 2007 revealed a habitat that shared some
characteristics of shallow reef habitat, but also differed in several
fundamental ways (e.g., the composition and depth range of
species, and the qualitative nature of the habitat and associated
coral cover; see Figure 4) (R. Pyle, unpublished data). Although
located within the EEZ of the Federated States of Micronesia,
similar coral reefs very likely exist on the summits of seamounts
in ABNJ, such as the region north and east of the Marshall
Islands (Figure 5).

Beyond these observations, the characteristics and dynamics
of open-ocean coral reefs remain almost completely unknown
to science due to a historical lack of scientific exploration.
However, their existence likely is known to the fishing industry.
For example, during the aforementioned exploration of Gray
Feather Bank, divers unexpectedly noted the complete absence
of sharks, as well as the presence of long-line fishing gear
entangled on the reef. Exploration of seamounts and other
steep underwater features in ABNJ should be undertaken
to examine the similarities between such open-ocean reef

ecosystems and their counterparts near emergent land, as well as
to understand how these remote habitats are being impacted by
human activities.

Future explorations in ABN]J should focus on exploring steep
geomorphological features that come within close proximity to
the sea surface. Amongst reef-building coral records in ABN]J
for which depth information was available (N = 77), this
study revealed four records (5.19%) at depths shallower than
250 m (Figure 2). Most of these were found in association
with seamounts and ridges. Global seamount inventories (Kim
and Wessel, 2011; Yesson et al., 2011; Harris et al., 2014)
indicate that ABNJ host several aggregations of seamounts
that summit within close proximity of the sea surface in each
ocean basin (Figure 5); however, many of these have not
yet been explored or even mapped in detail. Because these
shallow seamounts could potentially host both shallow-water
and cold-water coral assemblages (Figure 3), they should be
prioritized for future exploration. Areas that that are particularly
promising for such explorations due to their dense aggregations
of seamounts are on the Salas y Gémez and Nazca Ridges
in the South Pacific, between Hawaii and Guam in Central
Pacific, south of the Crozet Islands in the Indian Ocean, off
the West Coast of Africa, east of Tristan da Cunha in the
South Atlantic, and off the Antarctic Peninsula and Thurston
Island in the Southern Ocean (Figure 5). Importantly, many
of the locations have not yet been mapped with modern
echosounders (Figure 5). Therefore, these locations will need
to be mapped in detail first in order to ground truth seamount
depth data derived from models (Kim and Wessel, 2011;
Yesson et al., 2011).

In addition to providing guidance on future ABNJ that should
be prioritized for future scientific explorations, the results of this
study have important implications for prioritizing high seas areas
for conservation. Due to the remarkable biodiversity and myriad
ecosystem services, coral reefs have a long history of protection
in many countries. However, they have not had a similar fate in
ABNJ, in large part due to the lack of awareness that coral reefs
may exist there, as well as the patchwork of a legal framework
that is currently in place to protect the high seas (Molenaar and
Elferink, 2009; Gjerde et al., 2016; Boteler et al., 2019).
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FIGURE 3 | Diagram showing the functional importance of high seas coral reefs, which are associated with seamounts and other steep topographical features in
marine areas beyond national jurisdiction. These features create favorable conditions for suspension feeders like corals, and also attract a wide diversity of other

Increased nutrients

The United Nations Convention on the Law of the Sea
(UNCLOS) sets the basic framework for regulating human
resource uses throughout the ocean, as well as a specific
obligation to protect rare and fragile ecosystems (UNCLOS
Article 192 and 194.5). However, it does not specify how States
should do so in ABNJ. As a result, a host of regional and
global agreements covering different sectors, including fishing,
shipping, and mining, were developed both before and after
UNCLOS came into effect in 1994 (Molenaar and Elferink, 2009;
Gjerde et al., 2016; Durussel et al., 2017; Boteler et al., 2019).
For instance, fishing activities on the high seas are regulated by
numerous regional fishery management organizations, each one
of which is dedicated to managing fisheries in a particular high
seas region, or managing fisheries that target highly migratory
fish stocks or straddling fish stocks in broader regions that include
both national waters and the high seas (Kaitala and Munroe,
1993; Cullis-Suzuki and Pauly, 2010; Auster et al., 2011).

The impacts of bottom-fishing, particularly on seamounts and
deep-water coral reefs, are well documented in the literature
(e.g., Clark and Koslow, 2007; Clark, 2009; Pitcher et al., 2010).
For high seas fisheries that target species associated with the

seafloor, the protection of vulnerable marine ecosystems (VME)
is an important component of its management framework
(Parker et al, 2009; Penney et al, 2009; Auster et al,
2011; Ardron et al, 2014; Rowden et al., 2017). Specifically,
requirements of the 2006 United Nations General Assembly
Sustainable Fisheries Resolution (61/105) aim to ensure that
destructive bottom-fishing activities do not proceed unless
measures have been established to prevent significant adverse
impacts. While VMEs are embedded in the management regimes
of high seas fisheries, there are difficulties of designating
these bottom-fisheries protected areas, particularly in poorly
explored areas (Auster et al., 2011). VMEs are often found by
fishing vessels that accidentally catch corals and other non-
target species, and thus these areas often get protected after
destruction has already occurred (Auster et al., 2011; Ardron
et al, 2014). This is also apparent in our dataset, where
many ABNJ coral records were derived from fisheries data
(Table 2). Interestingly, 21.51% of all reef-building coral records
in ABNJ fell within bottom-fished closed areas, despite the
fact that these fishery closures only account for 0.61% of the
seafloor area globally.
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FIGURE 4 | Diver captures video of coral reef habitat on the summit of Gray Feather Bank at a depth of 25 m. While located within the EEZ of the Federated States
of Micronesia, this sunken atoll demonstrates the potential for ABNJ coral reef ecosystems to exist in nearby open-ocean environments where benthic habitat at

suitable depths exists (Photo courtesy of B. Cranston).

FIGURE 5 | Spatial distribution of seamounts that are predicted to have summits shallower than 250 m in depth based on modeled data in Yesson et al. (2011).
These seamounts are likely to host high seas coral reefs and should be prioritized for future scientific explorations and conservation. However, many of these
seamounts have not yet been mapped with modern echosounders, and therefore will need to be mapped in detail first in order to ground truth seamount depth

data. Publicly available multibeam data from NOAA's National Centers of Environmental Information.

60°E 120°E 180° 120°W 60°W 0°

i i

—

[ Countries' exclusive economic zones
|| Extended continetal shelf claims
o Seamounts <250 m

Publicly available
multibeam data

0°

To address these issues, several regional fishery management
organizations have implemented move-on rules, which require
fishing vessels to move a minimum distance when a particular

catch level of a VME indicator species is encountered (Parker
et al,, 2009; Penney et al., 2009; Auster et al., 2011; Geange et al,,
2020). While the FAO Guidelines call for prior assessment of
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areas likely to contain VMEs, there are no common approaches
for defining threshold metrics for what constitutes evidence for
encountering a VME (Auster et al., 2011). As a result, VMEs are
not consistently identified in different regions. Only 21.55% of
the high seas coral records identified in this study were located
inside areas closed to bottom-fishing, and the data of coral reefs
outside current closures could provide important guidance on
identifying additional areas that should be closed to bottom-
fishing in the future. Similar approaches that rely on coral spatial
distribution data have already been used to provide practical
guidance on the management of bottom fisheries in the South
Pacific (Penney et al., 2008; Rowden et al., 2017, 2019; Cryer et al,,
2018; Government of New Zealand, 2019).

The International Seabed Authority (ISA) regulates mineral-
related activities in the international seabed beyond the limits of
national jurisdiction. It does so by setting forth the regulations,
standards and procedures for securing exploration and (in the
future) exploitation contracts for seabed minerals, as well as
for developing the measures to protect the marine environment
from the harmful effects of mining (UNCLOS Article 145).
Environmental standards are currently under development at
the ISA as part of the mining regulations, and to date have
included the designation of a network of provisional no-mining
areas of particular environmental interest (APEI) as part of a
wider regional environmental management plan (Lodge et al.,
2014; Wedding et al., 2015). One record in this study was located
in an APEI and therefore currently protected from mining
activities, whereas two records were found within proximity of
areas where there are active exploration contracts for deep-sea
minerals. Specifically, reef-building corals were recorded within
56 km of active exploration contracts for cobalt-rich crusts in the
South Atlantic, and within 160 km of active exploration contracts
for polymetallic sulfides on the Mid-Atlantic Ridge (Figure 1).
While the footprint of impacts generated by potential mining
activities are still poorly understood (Miller et al., 2018), the
results of this study have important implications for the mining
regulations that are currently being developed at the ISA, as
these should protect sensitive marine organisms from harmful
mining effects (UNCLOS Article 145). A precautionary approach
to ensuring effective protection means that mining activities
should not be allowed to proceed if it cannot be demonstrated
that these sensitive ecosystems will not be subjected to
lasting harm.

The International Maritime Organization (IMO) regulates
international shipping activities across national jurisdictions and
on the high seas. IMO manages shipping activities through
various measures, including routing, reporting, and discharge
requirements. The IMO can also designate particular sensitive
sea areas (PSSAs), which may include environmental protection
measures, including areas to be avoided by all ships, or by
certain classes of ships (Molenaar and Elferink, 2009; Prior et al.,
2010; Boteler et al., 2019). While there are currently 17 PSSAs
globally, none of these are located in ABNJ, and compared to
national waters, relatively few shipping route limitations exist on
the high seas (Prior et al., 2010). With over 90% of the world
trade now being carried out through international shipping on
the high seas (Kaluza et al., 2010), the shipping industry has

wide-ranging potential impacts on ABNJ. Protection of marine
ecosystems through the designation of PSSAs has already been
successfully achieved in the national waters of several countries,
and a similar approach could be implemented on the high
seas (Prior et al., 2010). Specifically, PSSAs should be established
in high seas areas where the risks for potential impacts (e.g.,
noise, chemical and sewage pollution, invasive species from
ballast water or biofouling, ship strike with whales and other
marine megafauna) are greatest, such as in places where there
may be extensive shallow-water environments and abundant sea
life (Figure 5). While some shipping-related threats like noise
pollution and ship strikes may be less a concern for reef-building
corals, they are still important considerations for many reef-
associated organisms.

In addition to intergovernmental bodies that regulate high
seas fishing, shipping and mining, there are several international
conventions that regulate specific human activities across
international borders, including those of the high seas (Ardron
and Warner, 2005). Among others these include the International
Convention for the Regulation of Whaling, which regulates
whaling, the London Convention, which regulates the dumping
of wastes in the ocean, the Convention on International Trade in
Endangered Species (CITES), which regulates the international
trade of endangered species, and the Convention on Migratory
Species, which seeks to conserve migratory species, their habitats
and migratory routes (Ardron and Warner, 2005). To date, there
has been a lack of coordination and cooperation between all of
these international bodies. To overcome these challenges, in 2015
the United Nations General Assembly (UNGA) agreed to develop
an international legally binding instrument under UNCLOS
on the conservation and sustainable use of marine biological
diversity in ABNJ (UNGA, 2015). Specifically, this agreement
seeks to create new international procedures for: (1) area-
based management tools (including MPAs), (2) environmental
impact assessments, (3) marine genetic resources, including
benefit sharing, and (4) capacity-building and transfer of marine
technology. The negotiations for the treaty are still ongoing, with
the fourth and final scheduled session being postponed as a result
of the international coronavirus crisis.

Until a legally binding instrument under UNCLOS is created,
there is currently no comprehensive legal framework for the
establishment of MPAs in ABNJ. Rather, initiatives to protect
critical habitats on the high seas remain scattered throughout
the legal mandates of organizations with different management
purposes, such as PSSAs under the IMO, APEIs under the
ISA, and temporal or spatial fishing closures by regional fishery
management organizations (Ardron and Warner, 2005). Yet,
high seas MPAs are possible outside the framework of a
legally binding instrument under UNCLOS. For example, the
member countries of the Convention for the Protection of
the Marine Environment of the North-East Atlantic (OSPAR)
and the Convention on the Conservation of Antarctic Marine
Life (CCAMLR) have established MPAs in ABNJ of the North
Atlantic and Southern Ocean, respectively (Durussel et al., 2017;
Smith and Jabour, 2018). While these MPAs provide important
advances in protecting biodiversity on the high seas, they still
only cover a very small portion of the international ocean and
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apply only to the States involved, thereby providing little hope to
safeguard important ecological processes throughout the ocean.
Although most coral reefs occur within national jurisdictions,
this study provides evidence that coral reef habitat also exists in
ABNJ (Figure 1). Moreover, high seas coral reefs are likely also
important for connectivity across large geographic distances.
Existing mechanisms for protecting habitats in ABN]J are
scattered and poorly structured, and currently do little to
protect particularly important ecosystems such as high seas
coral reefs. All of the high seas coral reefs identified through
this study fell outside existing MPAs, and are therefore
vulnerable to overexploitation in the near future, in addition to
impending climate change impacts (Halpern et al., 2015). We
urge States and their representatives to take these important
ecosystems into consideration when crafting the next round of
international mechanisms for protecting marine biodiversity in
ABNJ. Specifically, we need explicit mechanisms for the rapid
identification and conservation of those ecosystems that are the
most important contributors to marine biodiversity globally.
Outside of reducing greenhouse gas emissions, protected
areas offer reef-building corals the best chance of thriving
in the future. By reducing human stressors and prioritizing
conservation, MPAs lead to increases in biomass while
safeguarding biodiversity and enhancing global resilience to
environmental change (Lester et al., 2009; Barnett and Baskett,
2015; Lubchenco and Grorud-Colvert, 2015; Hopkins et al., 2016;
Roberts et al., 2017). At the same time, we need clear messages to
sectoral organizations that activities that degrade high seas coral
reefs, as has already been agreed for with respect to vulnerable
marine ecosystems and bottom fishing, should be managed
to avoid harm. While the dearth of available information on
the location and assemblages of high seas coral reefs makes
conservation planning difficult, the precautionary approach
should impel action. High seas coral reefs likely comprise fragile
habitats that may not cover large areas, but that are key to global
biodiversity and thus warrant protection. Since high seas coral
reefs are virtually unexplored, these areas represent enormous
opportunities for future scientific discoveries and conservation.
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