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Designing conservation networks requires a well-structured framework for achieving
essential objectives such as connectivity, replication or viability, and for considering local
management and socioeconomic stakes. Although systematic conservation planning
(SCP) approaches are increasingly used to inform such networks, their application
remains challenging in large and poorly researched areas. This is especially the case
in the deep sea, where SCP has rarely been applied, although growing awareness
of the vulnerability of deep-sea ecosystems urges the implementation of conservation
measures from local to international levels. This study aims to structure and evaluate
a framework for SCP applicable to the deep sea, focusing on the identification of
conservation priority networks for vulnerable marine ecosystems (VMEs), such as cold-
water coral reefs, sponge grounds, or hydrothermal vents, and for key demersal
fish species. Based on multi-objective prioritization, different conservation scenarios
were investigated, allowing the impact of key elements such as connectivity and
conservation cost to be evaluated. Our results show that continental margin slopes,
the Mid-Atlantic Ridge, and deeper areas of large and productive shelves housing
fishing grounds appeared as crucial zones for preserving the deep-sea biodiversity
of the North Atlantic, and within the limitations imposed by the data available, of
the Mediterranean. Using biologically-informed connectivity led to a more continuous
and denser conservation network, without increasing the network size. Even when
minimizing the overlap with socioeconomic activities, the inclusion of exploited areas
was necessary to fulfil conservation objectives. Such areas included continental shelf
fishing grounds for demersal fish species, and areas covered by deep-sea mining
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exploration contracts for hydrothermal vent communities. Covering 17% of the study
area and protecting 55% of each feature on average, the identified priority network held
a high conservation potential. However, these areas still suffer from poor protection, with
30% of them benefiting from some form of recognition and 11% only from protection
against trawling. Integrating them into current marine spatial planning (MSP) discussions
could foster the implementation of a basin-scale conservation network for the deep
sea. Overall, this work established a framework for developing large-scale systematic
planning, useful for managing Areas Beyond National Jurisdiction (ABNJ).

Keywords: marine spatial planning, marine protected areas, biodiversity conservation, spatial prioritization,
connectivity, vulnerable marine ecosystems, open ocean, high seas

INTRODUCTION

The deep sea hosts a large diversity of ecosystems and species
(Gage and Tyler, 1991; Tyler, 2003; Danovaro et al., 2010;
Ramirez-Llodra et al., 2010). The bathyal domain, which
comprises continental margins and oceanic rises from about 200
m down to 3,500 m deep (UNESCO, 2009), is topographically
complex, including canyons, seamounts and ridges, known to
represent hotspots of benthic and demersal biodiversity (Rogers
et al., 2007; De Leo et al., 2010; Würtz, 2012; Morato et al.,
2013; Fernandez-Arcaya et al., 2017). These habitats offer diverse
substrates for species to attach to, but also a plentiful food supply
for benthic filter- and suspension-feeders, as plankton is trapped
by currents on their steep slopes (Frederiksen et al., 1992; Gili
et al., 1999; Genin, 2004; White et al., 2005; Mienis et al., 2007).
The presence of habitat-forming species highly influences the
structure and functioning of such benthic ecosystems. Cold-
water corals and deep-sea sponges facilitate the development of
complex benthic communities, including coral reef frameworks,
coral gardens, sea-pen fields and sponge grounds, among others
(Roberts et al., 2006, 2009; Buhl-Mortensen et al., 2010; Baker
et al., 2012; Beazley et al., 2013; Rueda et al., 2019). Hydrothermal
vents and cold seeps are other types of highly specific and
unique communities whose components rely on chemosynthesis
achieved by the symbiotic association of organisms (Fisher
et al., 2007; Palomino et al., 2019). This mosaic of deep-sea
ecosystems offers a wide array of ecological functions beyond
structuring benthic communities, such as the provision of habitat,
refuge and feeding resources for many demersal fish species
(Baillon et al., 2012; Henry et al., 2013; Pham et al., 2015; Buhl-
Mortensen et al., 2017; D’Onghia, 2019) and influences oceanic
functioning through the carbon pump (Cathalot et al., 2015;
Soetaert et al., 2016). Many of such ecosystem functions translate
into ecosystem services, which ultimately benefit humankind
(Thurber et al., 2014).

Deep-sea ecosystems are under increasing pressure from
human activities (Davies et al., 2007; Ramirez-Llodra et al., 2011;
Pianté and Ody, 2015; Halpern et al., 2019), whose cumulative
impacts remain highly uncertain (Armstrong et al., 2019). Deep-
sea fishing is known to deplete deep-water fish stocks, and to
adversely impact entire benthic habitats (Koslow et al., 2000;
Althaus et al., 2009; Bailey et al., 2009; Maynou and Cartes,
2012; Pusceddu et al., 2014; Aguilar et al., 2017; Clark et al.,

2019). Recent advances in technology have opened the way for
the biotechnology industry to access and exploit the potential
of deep-sea biochemical compounds (Synnes, 2007; Skropeta
and Wei, 2014). The oil and gas industry has a long history
of activity in the deep sea (LaBelle, 2001) and may soon be
followed by the mining industry (Sharma, 2017). Deep-sea
mining targets minerals that are often found in areas supporting
high biomass, such as hydrothermal vents, and is therefore
likely to cause adverse impacts on these ecosystems (Van Dover,
2011; Gollner et al., 2017; Niner et al., 2018; Van Dover et al.,
2018). In addition to these growing exploitation threats, the
future of deep-sea species and habitats will also be influenced
by forecasted changes in climate conditions, which will widely
affect deep-sea ecosystem structure and functioning (Parravicini
et al., 2015; Sweetman et al., 2017; Levin et al., 2020; Morato
et al., 2020). In the face of these threats, certain deep-sea
ecosystems have now been designated as vulnerable marine
ecosystems (VMEs) following the criteria proposed by the Food
and Agricultural Organization (FAO) of the United Nations
(FAO, 2009). These criteria include: (1) uniqueness or rarity; (2)
functional significance of the habitat; (3) fragility; (4) life history
traits of component species that make recovery difficult; and (5)
structural complexity. VMEs are generally identified through the
type and abundance of indicator taxa such as large cold-water
corals and sponges, chemosynthetic species and certain types of
mud and sand fauna.

The challenge of progressing toward a sustainable exploitation
of deep-water resources and the inherent fragility of deep-
sea ecosystems reinforce the need to establish an adequate
conservation and governance framework for the deep sea
(Mengerink et al., 2014; Manea et al., 2020; Orejas et al.,
2020). In recent years, a growing number of regional or
international agreements, conventions and laws have addressed
the need to conserve deep-sea biodiversity (Ardron et al.,
2014). These include: (i) the UN Convention on Biological
Diversity (CBD) leading a global effort to identify Ecologically or
Biologically Significant Areas (EBSAs); (ii) the implementation
by Regional Fisheries Management Organizations (RFMOs) of
the United Nation General Assembly resolutions (61/105 and
64/72) calling on sovereign states to protect VMEs from fishing;
(iii) the identification and protection of Areas of Particular
Environmental Interest by the International Seabed Authority
(ISA) in areas licensed for seabed mining; (iv) the regional
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designation of marine protected areas (MPAs) by consortiums
of nations such as the OSPAR Commission in the North-
East Atlantic and the UNEP-MAP Protocol of the Barcelona
Convention in the Mediterranean (Barcelona Convention, 1995;
MedPAN & SPA/RAC, 2019); and (v) the ongoing negotiations
on the new legally-binding UN Treaty to protect Biodiversity
Beyond National Jurisdictions (the UN BBNJ treaty for short,
Wright et al., 2019).

Despite the various measures outlined above, less than 2% of
Areas Beyond National Jurisdiction (ABNJ), which are almost
exclusively constituted by deep sea, are protected in the world,
and the integration of the deep sea in national protection
networks remains uneven and lacks foundation. Hence there is
an urgent need to provide objective guidance if global marine
protection objectives are to be met (i.e., the Aichi Target 11
of 10% of the oceans protected by 2020; and prospective
30% targets in the draft CBD post 2020 Global Biodiversity
Framework). Meanwhile, systematic approaches for conservation
planning have been called for (Ban et al., 2014; Manea et al.,
2020) but only sparsely applied to the deep sea (Evans et al.,
2015), essentially for sectoral purposes (deep-sea mining, see
Wedding et al., 2013; Dunn et al., 2018), or in ABNJ in
general (Álvarez-Romero et al., 2018a; O’Leary et al., 2019;
Visalli et al., 2020).

Systematic conservation planning (SCP) is an explicit,
objective-based and quantitative approach for allocating areas
for biodiversity conservation (Margules and Pressey, 2000).
Although it is widely used to design terrestrial protected areas
and coastal MPAs, a major constraint for the development
of this method at an ocean basin scale, particularly in the
deep sea, is the lack of baseline data on the distribution,
biogeography and connectivity of both vulnerable and exploited
species (IUCN, 2019; Wright et al., 2019; Manea et al., 2020).
The deep North Atlantic and the Mediterranean are some of
the most sampled areas of the deep sea and thus are suitable
regions to implement SCP at large spatial scales. To date, as
elsewhere, the protection of these basins has been designed by
incrementally protecting important and well-studied areas, and
then iteratively adding ad hoc new areas to enhance conservation,
without considering overall network coherence (Ardron et al.,
2014, MedPAN & SPA/RAC, 2019). While a few studies have
investigated aspects of the efficiency of the current MPA network
to protect deep-sea ecosystems in parts of the North Atlantic
(e.g., Johnson et al., 2014; Evans et al., 2015; Ross et al., 2017;
Kenchington et al., 2019b), and the Mediterranean (Abdulla
et al., 2009; Amengual and Alvarez-Berastegui, 2018; MedPAN
& SPA/RAC, 2019; Manea et al., 2020), conservation planning
has seldom been addressed over the full basin even though
it represents the most relevant ecological scale especially for
widely distributed species. Besides, climate change is likely to
severely limit the effectiveness of currently existing protection
measures for the deep sea (Johnson et al., 2018b) by causing
significant species distribution shifts, contractions and local
extinctions. This emphasizes the need to consider a large
spatial scale, at which ecological and evolutionary processes
take place, and it appears then crucial to propose conservation
options that will provide long-term network viability and

identify areas of refugia that are resilient to climate change
(Johnson and Kenchington, 2019; Manea et al., 2020).

This study draws upon recent research that identified a
series of ecological principles that should be used to guide
the implementation of MSP for the deep environments of the
Mediterranean (Manea et al., 2020), the Mid-Atlantic Ridge
(Dunn et al., 2018), and addressing the conservation of VMEs
(Morato et al., 2018). Even though the narrow Strait of Gibraltar
can represent a dispersal barrier for several species or populations
(Pascual et al., 2017), the natural connection between the North
Atlantic and the Mediterranean links the deep-sea ecosystems
of the two basins, for instance through the Mediterranean
Outflow Water (MOW) (e.g., Boavida et al., 2019; Mosquera
Giménez et al., 2019). This interdependency makes it ecologically
relevant to conduct this study considering the two basins together
particularly in terms of network connectivity in the face of climate
change. Moreover the North Atlantic and the Mediterranean
share several riverine states and a common supra-national
body (EU) for law enforcement, that reinforce the relevance of
addressing them together regarding MSP.

Our aim is to apply a SCP exercise to address conservation
management gaps for the deep-sea biodiversity in the North
Atlantic, and within the limits of data available, in the
Mediterranean, in the context of climate change and ongoing
international discussions on conservation management policies.
Our study is thus not attempting to design a fully ecologically
representative conservation network (including exhaustive
pelagic, demersal and benthic compartments) but rather focuses
on designing and evaluating a framework that can be re-used to
better conserve deep-sea VMEs. This will be achieved by:

(1) Identifying zones of conservation importance for VMEs
(especially habitat-forming cold-water corals and sponges)
and commercially important demersal fish species, by
taking into account predicted climate change;

(2) Evaluating the implications of considering connectivity in
the conservation network design;

(3) Evaluating the implications of considering current
management of human activities in the conservation
network design;

(4) Assessing the efficiency of current conservation efforts and
identifying priority areas that could set the baseline for the
design of a robust network of MPAs.

MATERIALS AND METHODS

In the framework of two EU projects funded under the Horizon
2020 programme (ATLAS and SponGES), the generation and
synthesis of (1) knowledge on the actual distribution of VMEs
in the Atlantic and the Mediterranean (Supplementary Figure 1,
Combes et al., 2019; Morato et al., 2021), (2) predictive modelling
of the current and future distributions of VME indicator
taxa and deep-sea fishes (Morato et al., 2020; González-Irusta,
unpublished data), and (3) the modelling of larval dispersal at
the scale of the North Atlantic (Gary et al., 2020) provided the
basis to test the relevance of SCP to guide MSP. Furthermore, this
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information was augmented with existing datasets on seafloor
geomorphology and biogeography, human uses of the deep
sea and the current conservation management measures being
implemented over the full basin.

Systematic Conservation Planning
For a given region (i.e., an area to be managed), SCP
is based primarily on an analysis of the distribution of
biodiversity (species and/or habitats) while taking into account
existing management of human activities. By applying spatial
prioritization calculations, an SCP framework aims to select a
network of areas that, if protected, would satisfy specific and
quantitative conservation objectives. Various types of objectives
can be set for a conservation network, such as protecting a set
of species, representing the diversity of habitats, maximizing
the connectivity between conservation units, or minimizing
the socioeconomic cost of implementing the network (e.g.,
minimizing the amount of fishing grounds to close). The
conservation solution emerging from prioritization depicts a
suggested network of marine reserves, fishing closures, or
any other designation that can suggest management measures
ensuring the protection of the features of interest.

The spatial prioritization approach used in this study is similar
to the widely used Marxan framework (Ball et al., 2009), and
follows the steps outlined in the conceptual flow diagram shown
in Figure 1 and explained in more detail in the following
subsections. Technical key terms of the prioritization approach
are outlined in this paragraph.

Spatial planning scenarios are developed for a given planning
region. The planning region is subdivided into a series of
spatial grid cells known as planning units (PUs) that can be
either selected or not selected by a prioritization algorithm
to reach a conservation solution. Spatial prioritization was
undertaken using an integer linear programming (ILP) algorithm
available in the Prioritizr package (Hanson et al., 2019b)
in the R environment (R Core Team, 2018). A number of
different conservation scenarios were constructed to determine
the optimal conservation network design in terms of MPA size,
number and location while minimizing disruption to the existing
economic activity, i.e., fishing for the planning region.

The conservation features, e.g., vulnerable species or habitats,
are each assigned a conservation target, corresponding to the
minimum percentage area of the feature distribution that is
required to be protected in the planning region. Besides setting
conservation targets, the other essential element of SCP is
determining the socio-economic cost of protecting a PU. When
no socioeconomic costs are available, an area-based cost (i.e.,
proportional to the area of each PU) can be used, which is
identical for all the PUs within a regular grid. In order to balance
conservation goals with socio-economic or spatial management
needs, the cost of PUs can be varied according to acquisition
costs, the value of foregoing economic activity (opportunity cost),
or any relative measure of easiness-to-implement management
(Ban and Klein, 2009). Here, the cost layer was varied according
to the scenarios’ objectives (Figure 1). Furthermore, spatial
constraints and penalties can be factored into the solution of
the conservation problem by influencing the location, size and

spacing of the areas selected as part of the conservation solution.
A constraint is a spatial requirement applied to the conservation
solution that excludes or includes certain PUs (e.g., to include
existing MPAs in the final solution). Penalties are associated with
a specific metric, which acts as a trade-off between the cost of
PUs. Two penalties were used here: (1) a boundary penalty, which
increases the cost for more spatially fragmented solutions and
thus favours larger, less numerous areas (through “clumping”
of PUs) as the penalty is increased; and (2) a connectivity
penalty, which applies a connectivity metric to promote better
connectivity among conservation units (Figure 1).

The optimal conservation solution is determined by applying
a “minimum set,” i.e., a Marxan-like objective function, whose
objective is to minimize the cost of the solution whilst ensuring
that all targets (and other constraints, if any) are met (Ball et al.,
2009; Hanson et al., 2019b). This can be expressed in matrix
notation as:

minimize cx subject to Ax ≥ b

where x is a vector of decision variables (here, whether to select
or not a PU), c is a vector of costs for each PU, A is the
constraint matrix that stores the amount of each feature in
each PU, b is a vector of targets for each conservation feature,
the ≥ symbol indicates that the total amount of each feature
in the solution must exceed the quantities in b. A conservation
problem can be further modified by adding penalties acting on
c (e.g., the connectivity penalty that decreases the cost of well-
connected PUs), or constraints acting on A (e.g., the exclusion
of certain PUs).

In this study, this objective function was further adjusted by
imposing the completion of conservation targets non-solely on
the total planning area, but also within 13 sub-regions (Figure 2)
in order to allocate conservation units across the entire ocean
basin and enhance the network replication and capture some
element of geographic representativeness. Each conservation
problem was solved a number of times so that it was possible to
obtain a selection frequency with which individual PUs appeared
in each solution, indicating the relative importance of PUs for
achieving the conservation objectives. The resulting proposed
conservation priority networks thus include those PUs that
reached a high selection frequency, i.e., that were present in more
than half or 75% of the solutions.

Planning Region
The planning region covered the Atlantic and Mediterranean
basins from 18◦N to 76◦N and 36◦E to 98◦W (Figure 2). This
area was sub-divided divided using a grid of 25 × 25 km cells,
with each square representing a PU. Units that only contained
seafloor deeper than 3,500 m (abyssal and hadal environments)
were excluded because target VME and fish species do not
occur at these depths. In contrast, shallow areas (<200 m depth)
were retained, since demersal fish species occur both on margin
slopes and continental shelves, and cold-water corals are often
found in shallower waters on continental shelves and in fjords
(Freiwald et al., 2004; Roberts et al., 2009; Buhl-Mortensen et al.,
2015; Chimienti et al., 2019). PUs containing more than 20%
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FIGURE 1 | Conceptual flow diagram of the prioritization steps of the framework. The five network criteria for ecological coherence (important areas, representativity,
connectivity, replication, and adequacy and viability) as identified by the Convention on Biological Diversity (CBD, 2008), are outlined in bold.

terrestrial land cover were also excluded, leaving a total of 31,518
PUs covering 19,698,750 km2 of the North Atlantic and the
Mediterranean (Figure 2). Scenarios that included connectivity
were run on a reduced area matching the boundaries of the
VIKING20 oceanographic model (Böning et al., 2016) used as
input for Lagrangian larval dispersal modelling (Gary et al.,
2020). This smaller area comprised 22,347 PUs (70.9% of the total
planning region, Figure 2). An Albers equal-area conic projection

centered in the study area (origin of latitude 30◦N and longitude
30◦W) was used during spatial data extraction, conservation
prioritization and mapping.

Given its large spatial scale, the planning region was divided
into 13 sub-regions or provinces (11 in the North Atlantic and 2
in the Mediterranean) to target a geographically representative
protection of species and habitats, and enhance conservation
network replication. These 13 provinces (Figure 2) were
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FIGURE 2 | (A) Bathymetry over the planning region. (B) Delimitation of the planning region into 13 “provinces.” “Deep” regions represent areas with an average
depth below 800 m whereas “shallow” regions have an average depth between 0 and 800 m. The red line shows the limits of the smaller planning area used for
connectivity scenarios.

delineated with reference to three criteria that capture large
scale habitat heterogeneity: (1) the lower bathyal Global Open
Oceans and Deep Seabed (GOODS) biogeographic provinces

classification (UNESCO, 2009); (2) the identification of major
geographical barriers separating the abyssal plains located east
and west of the Mid-Atlantic Ridge, as well as the Gibraltar
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Strait separating the Atlantic from the Mediterranean; and
(3) depth, distinguishing between shallow (<800 m) and deep
(>800 m) areas corresponding to the upper and lower bathyal
biogeographic regions (UNESCO, 2009). The shallow provinces
thus include the upper bathyal zone as well as the continental
shelf (<200 m), while the deep provinces represent the lower
bathyal zone down to where it transitions into the abyssal domain
(ca. 3,500 m). Conservation targets for each conservation feature
were applied in each of the 13 provinces. This ensured that in all
solutions the same percentage of each conservation feature was
protected within each province across the whole planning region.

Conservation Features and Targets
Conservation Features
In our study, we considered four main types of conservation
features across the North-Atlantic and the Mediterranean: (1)
known bona fide VMEs and areas where VMEs are likely to occur,
(2) predicted suitable habitat of VME indicators, (3) predicted
climate change refugia for VME indicators and deep-sea fish, and
(4) geomorphologic features.

Vulnerable marine ecosystems
We assembled datasets of records from both the Atlantic
and the Mediterranean (Combes et al., 2019; Morato et al.,
2021), based on the lists of VME indicator taxa or VME
habitat defined by the ICES Working Group on Deep-water
Ecology (WGDEC) and GFCM Working Group on VMEs
(ICES, 2016, 2019; GFCM, 2018). Such records were compiled
from the ATLAS “North Atlantic Ocean basin-scale VME index
dataset” (Morato et al., 2021), which is currently comprised
of ∼455,000 records distributed in both sides of the North
Atlantic and within the Mediterranean: 38,400 records from
the ATLAS partners1, 315,000 from the Ocean Biogeographic
Information System portal2 (OBIS), 71,500 from the NOAA
Deep Sea Coral Data Portal3, 30,000 from the ICES VME
database4 and 100 from the InterRidge Vents Database v.3.45,
and further complemented by a literature review to list all
known cold-seep ecosystems in the North Atlantic and the
Mediterranean, of which 41 occurred in the planning region
(Supplementary Text 1).

Known bona fide VMEs were defined as records for which
there is unequivocal evidence for a VME, e.g., hydrothermal
vents and cold seeps, in-situ ROV observations of a coral reef
or significant bycatch of a VME indicator species. On the other
hand, areas where VMEs are likely to occur were defined as
records of VME indicators that suggest the presence of a VME
with varying degrees of uncertainty. Based on these records, the

1The ATLAS data calls were sent to partners to inventory the VMEs emerging from
their institutional databases or through ATLAS research activities. This database
included bona fide VMEs and VME indicator taxa records for both the Atlantic
and Mediterranean. Several of these VMEs have been discovered recently thus are
not yet available on public data portals (Combes et al., 2019).
2www.iobis.org
3https://deepseacoraldata.noaa.gov/
4http://www.ices.dk/marine-data/data-portals/Pages/vulnerable-
marineecosystems
5http://vents-data.interridge.org

VME index, originally described by Morato et al. (2018), involved
the calculation of two indices: (1) a VME index score based on
indicator species taxonomy and abundance giving an indication
of the likelihood that a PU could contain VME habitat and (2)
an associated confidence score based on source data quality.
Based on the combined scores, individual records could then
be assigned to one one of three levels of VME likelihood (low,
medium, or high) using the Jenks natural breaks classification
method (Jenks, 1967). In our study, the known VMEs and
the areas categorised with a “high,” “medium,” and “low” VME
likelihood (Supplementary Figure 1) were each associated with a
conservation target.

Vulnerable marine ecosystems species and demersal fishes:
present and future predicted habitat suitability
Because the spatial distribution of VME indicators in the deep
sea is still poorly known, it is common practice to incorporate
the outputs of species distribution models (or habitat suitability
models) in prioritization exercises (Kenchington et al., 2019a).
In this study, we included the predicted habitat suitability
index of a number of VME indicator species and deep-sea
fish species (González-Irusta, unpublished data; Morato et al.,
2020; sponge HSM unpublished data) in the prioritization
approach. Six coral species and one sponge species were
selected as VME indicator species because they can form
diverse VME habitat types in the North Atlantic and in the
Mediterranean (Supplementary Figures 2,3). The coral species
included three scleractinians with aragonitic skeletons (the
reef-building colonial species Lophelia pertusa6 and Madrepora
oculata, and the solitary cup coral Desmophyllum dianthus),
and three octocorals with calcitic skeletons (Acanella arbuscula,
Acanthogorgia armata, and Paragorgia arborea). The selected
sponge species Geodia barretti is a boreal species forming sponge
grounds on both sides of the Atlantic (Cárdenas et al., 2013). Six
demersal fish species, occurring below 200 m depth and where the
largest bottom-fisheries take place on the North Atlantic (Watson
and Tidd, 2018), were also included, as securing the stocks of
these highly targeted species appears essential to work toward
bottom-fishing sustainability. These species were the roundnose
grenadier (Coryphaenoides rupestris), the Atlantic cod (Gadus
morhua), the bluemouth rockfish (Helicolenus dactylopterus), the
American plaice (Hippoglossoides platessoides), the Greenland
halibut (Reinhardtius hippoglossoides) and the beaked redfish
(Sebastes mentella). Most occurrence records of these fish are
in the northern half of the North Atlantic, thus the use of
such fisheries-targeted species would only affect the SCP in this
constrained latitudinal range, in contrast with the other types
of conservation features that were spread through the whole
planning region.

In order to assess possible climate change impacts, Morato
et al. (2020) used habitat suitability modelling to forecast
potential shifts in species distribution from the present-day
(1951–2000) to future climate change RCP 8.5 scenarios (2081–
2100) for the 12 species used in the study. The modelling
approach hence resulted, for each species, in two maps

6Recently synonymised to Desmophyllum pertusum (Addamo et al., 2016).
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TABLE 1 | Summary of conservation target attribution for each conservation feature.

Rarity (% of planning region) Other decision rule Effect on target Final target Features

Cover ≤ 5% – – 60% Known VMEs; geomorphotypes: fracture zones;
seamounts; canyons

Potential habitat reduction ≥ 70% +20% 80% (60 + 20%) VME species refugia: A. armata; P. arborea;
G. barretti

Cover 5–10% – – 50% VME species SH: A. armata; P. arborea; G. barretti

Potential habitat reduction ≥ 70% +20% 70% (50 + 20%) VMEs species refugia: A. arbuscula; L. pertusa

Potential habitat reduction < 70% 0 50% Fish refugia: C. rupestris; H. platessoides;
G. morhua; R. hippoglossoides; S. mentella

Cover 10–25% – – 30% VME species SH: A. arbuscula; D. dianthus;
L. pertusa; M. oculata

Potential habitat reduction < 70% 0 30% VME species SH and fish refugia: D. dianthus;
M. oculata; H. dactylopterus

– Areas where VMEs are likely to
occur : VME index category

50% 50% High VME likelihood

30% 30% Medium VME likelihood

15% 15% Low VME likelihood

The different conservation features’ categories are outlined in bold. Final targets are highest when the conservation feature has low coverage/high rarity and, for species
predictions, when current habitat extent is likely to suffer large reductions. For VME indicator species, the present-day predictions of suitable habitat (SH) are expressed as
“VME species SH” whereas the climate refugia predictions of the same species are expressed as “VME species refugia”. For demersal fishes, only the refugia predictions
were considered in the prioritization.

of the predicted suitable habitat under both present and
future environmental conditions (Morato et al., 2020). Given
uncertainties associated with predicting future conditions and,
hence, habitat suitability, future predicted species distributions
were only used to identify potential species climate refugia.
Climate refugia are defined as areas predicted as suitable habitat
for the modelled species both during the present (1951–2000) and
under future conditions (2081–2100), i.e., areas of suitable habitat
that overlap between the two time periods.

While the emphasis of our study is on VME species, it
is useful to consider the longer-term evolution of fisheries
by including predicted climate refugia for commercial fish
species. Thus, conservation scenarios included: (1) for the
VME indicator species, predictions of both present suitable
habitat (Supplementary Figure 2) and future climate refugia
(Supplementary Figure 3) and (2) for fish species, only the
prediction of climate refugia (Supplementary Figure 4).

Geomorphologic features
Three geomorphologic features known to provide a physical
environment for VME indicator species were also considered
in our planning scenarios (Supplementary Figure 5) (1)
the seamounts extracted from Yesson et al. (2011), (2) the
fracture zones along the Mid-Atlantic Ridge, determined
from the GEBCO Gazetteer of Undersea Features Names7,
and (3) the shelf-incising canyons (i.e., which have a shelf
origin and continue toward the margin slope), measured
by their total length (km) in each PU, calculated from the
dataset of Harris and Whiteway (2011).

Conservation Targets
The attribution of targets for all conservation features was based
on the application of simple decision rules (Table 1). Firstly,

7www.gebco.net

FIGURE 3 | Relative habitat reduction between present suitable habitat and
future climate refugia for the 13 selected species.

conservation targets were based on the rarity of the conservation
feature within the planning region (Supplementary Table 1);
higher conservation targets being set for rarer features. The
conservation targets were fixed at 60, 50, or 30% for features
covering less than 5, 5–10, or 10–25% of the planning area,
respectively (Table 1). Secondly, targets were adopted to conserve
areas predicted to act as species’ climate refugia. The potential
reduction of species habitat in the future was estimated by
comparing current and future predictions of suitable habitat
for each species (Figure 3). Climate refugia were here chosen
as the most conservative (or restrictive) representation of the
future distribution of the species, as if species could not extend
their habitat in areas that are currently unsuitable, thus resulting
in the highest future potential reduction. For five species that
were predicted to have a suitable habitat reduction under future
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environmental conditions of at least 70% (the three gorgonian
corals, one scleractinian coral and the sponge), climate refugia
were regarded as crucial areas for the species viability and thus
these areas were prioritised by increasing their conservation
targets by a further 20% (Table 1). Finally, for areas where VMEs
are likely to occur a target of 15, 30, or 50% were assigned to
those PUs with low, medium, or high VME index, respectively.
Hence, the higher conservation targets of 70–80% were assigned
to rare features (<10% cover) that act as climate refugia. Such
targets were high relative to those generally used in conservation
planning, from the 10% Aichi targets (CBD/COP10) to the 50%
targets (Wilson, 2016; Dinerstein et al., 2017), but were here
regarded as a scientific recommendation to ensure protection
and buffer the uncertainties associated with habitat models and
climate predictions (in line with our general approach of adopting
the more conservative methods for prioritization).

Costs and Constraints
A common objective during SCP is to minimize conservation
costs while achieving conservation targets (Ban and Klein, 2009).
One way to achieve this is to favour solutions that promote cost-
efficient management and/or minimize socio-economic impacts.
In this study, we produced different scenarios based on two cost
and constraints approaches: (1) constant area-based cost and (2)
varying cost that accounts for current conservation measures and
current bottom-fishing activities.

Area-Based Cost
A constant area-based cost, minimizing the total area of the
network, is used as all the PUs have identical areas. In that
case, the prioritization does not account for spatial heterogeneity
in management or socio-economic activities. A cost-calibration
analysis showed that increasing the value of a constant area-based
cost constrained the number of PUs in solutions. The area-based
cost was set either to 1 (low cost) where PUs selected to provide a
solution were lowly restricted, or to 10 (high cost) which imposed
a more restricted selection of PUs and a higher influence of
combined costs and penalties on the solution.

Existing Conservation Measures and Ecologically or
Biologically Significant Areas
Protected areas are often forcibly included in conservation
solutions, so the prioritization algorithm complements the
existing conservation network with new areas. In this SCP
framework, we adopted a more flexible approach, by not
locking-in, but rather favouring areas that already benefit from
legal protection (MPAs) or that are considered as priority for
conservation due to their ecological significance (EBSAs). Thus,
we created an inventory of all the MPAs and EBSAs that were
in place in the Atlantic and Mediterranean in 2019. These
included fishing closures implemented to protect VMEs by the
north Atlantic RFMOs (NAFO and NEAFC) and the GFCM
in the Mediterranean, MPAs from the World Database on
Protected Areas8 (WDPA) complemented by national databases

8www.protectedplanet.net

for Norway9, Canada10 and the United States11, and CBD12

EBSAs in the northwest Atlantic, Caribbean, and Mediterranean
regions. These areas were subsequently categorised according
to their level of protection (Supplementary Figure 6): (1)
High – for areas restricting human activities, e.g., RFMOs’ fishing
closures and “marine reserves,” i.e., MPAs providing full no-
take zones, closed to bottom-fishing, and/or those corresponding
to IUCN category “Ia” or “Ib”; (2) Medium – for areas with
less restrictions such as MPAs not classified as “reserves” and
a GFCM fishing restricted areas in the Gulf of Lions, France;
(3) Low – for CBD EBSAs, which are indicative areas and
not under any management regime. When different protection
measures overlapped in the same area, the stricter protection
category was retained.

Bottom-Fishing Activities
Planning units that contain areas of high economic value (e.g.,
fisheries) can be assigned a higher cost so they are less likely to
be included in conservation solutions. We extracted the fishing
catch landing value for towed bottom-impacting gears (dredges,
bottom trawls, and Danish seines) using the Global Fisheries
Landings database (Watson, 2017; Watson and Tidd, 2018). The
2010–2015 average annual catch rate (tonnes per square km of
ocean) was calculated for each PU and then log transformed to
lower the weight of extremely high catch values (Supplementary
Figure 7). Passive bottom impacting fishing gears (e.g., traps or
bottom longline) were not considered as they were fairly localised
comparatively to the working spatial resolution used (25 km),
their catch levels were negligible in respect to total catches,
and pelagic and bottom gears were not always distinguished in
the available data.

Combined Costs
The layer displaying varying costs was computed from three
sets of data, which allowed the inclusion of socio-economic
and spatial management aspects in the PU selection process.
First, PUs cost was negatively indexed to the three levels of
protection in order to favour zones that already benefit from
conservation designations and acknowledge the management
efforts in place. Second, PUs cost was increased in proportion
to the bottom fishing catch value to penalize the selection
of fishing grounds, and thus, limit the economic loss due to
implementing restrictions in fished areas selected in conservation

9http://maps.imr.no/geoserver/web/. Map “coralmpa”: cold-water corals MPAs in
the EEZ of Norway.
10https://open.canada.ca/data/en/dataset/a1e18963-25dd-4219-a33f-
1a38c4971250; https://open.canada.ca/data/en/dataset/44769543-7a23-4991-
a53f-c2cf7c7a946f
11https://marineprotectedareas.noaa.gov/dataanalysis/mpainventory/;
https://safmc.net/ecosystem-management/mapping-and-gis-data/. The national
NOAA dataset of protected areas was complemented by the deepwater coral
Habitat Areas of Particular Concern (HAPC) and grouper Special Management
Zones managed on the Atlantic coast by the SAFMC.
12www.cbd.int/ebsa/ebsas. Considering the North-East Atlantic, a first workshop
to describe EBSAs was held by the OSPAR Commission and the North East
Atlantic Fisheries Commission in 2011. In 2019, a new workshop, convened by the
CBD, and with input from ATLAS Partners, has taken place (CBD/SBSTTA/23/7
and 23/7/ADD1) and described 17 potential EBSAs, but have yet to be formally
endorsed by CBD COP and have therefore not been included in this analysis.

Frontiers in Marine Science | www.frontiersin.org 9 June 2021 | Volume 8 | Article 611358

http://www.protectedplanet.net
http://maps.imr.no/geoserver/web/
https://open.canada.ca/data/en/dataset/a1e18963-25dd-4219-a33f-1a38c4971250
https://open.canada.ca/data/en/dataset/a1e18963-25dd-4219-a33f-1a38c4971250
https://open.canada.ca/data/en/dataset/44769543-7a23-4991-a53f-c2cf7c7a946f
https://open.canada.ca/data/en/dataset/44769543-7a23-4991-a53f-c2cf7c7a946f
https://marineprotectedareas.noaa.gov/dataanalysis/mpainventory/
https://safmc.net/ecosystem-management/mapping-and-gis-data/
http://www.cbd.int/ebsa/ebsas
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-611358 June 30, 2021 Time: 13:10 # 10

Combes et al. SCP for the Deep Sea

solutions (i.e., fishing considered an opportunity cost). Third,
PUs containing known VMEs or assigned with a medium to high
VME confidence index score were given a lower cost value and
were preferentially selected to PUs with low VME confidence due
to a reduced requirement to confirm the presence of VME before
designating an area as an MPA.

The PU values of the cost layer were calculated following the
formula:

Cost layer = b (1− (
f 1
n
∗ c1−

f 2
n
∗ c2+

f 3
n
∗ c3))

where b is the PU raster layer; n is the number of features in the
scenario (n = 24); f 1, f 2, and f 3 are the number of features
affected by protection measures (f 1 =24), fishing (f 2 =21) or
VME confidence index (f 3 =1); c1, c2 and c3 are raster layers
with protection (c1), fishing (c2) or VME confidence (c3) cost
indices rescaled within [0,0.8].

The cost layer was computed from an area-based baseline
value (b) of 10, which then was made to vary according to the
weighted sum of three cost indices (c1, c2, and c3). These latter
described the range of cost variation applied to the baseline, from
0 to 80%, either following fixed values per categories (0.25, 0.5,
and 0.8 for lower to higher levels of protection; 0.5 and 0.8 for
medium and high VME confidence) or a continuous gradient
(fishing catch). The three indices were weighted depending on the
proportion of features likely affected by each kind of cost ( f

n ). The
protection and fishing cost indices had a high weight (1 and 0.88,
respectively) as these activities potentially impact many species
and habitats. On the contrary, the VME confidence index was
only related to the VME feature and thus had a low importance
in the final cost value (weight of 0.04).

Deep-Sea Mining Constraint
Finally, a spatial constraint consisted in the exclusion from the
solutions of 106 PUs that contained deep-sea mining exploration
zones, under contract with the ISA (Supplementary Figure 7).
Scenarios including this constraint considered that SCP could
not be implemented in these areas although efforts are underway
to develop a Regional Environmental Management Plan for the
Atlantic which will include conservation areas (International
Seabed Authority, 2018).

Spatial Penalties
Spatial penalties enable trade-offs on the cost of PUs. We applied
a “boundary penalty,” known as the boundary length modifier
(BLM) in Marxan, that penalizes solutions that are excessively
fragmented (Hanson et al., 2019b). A penalty value of 0.0001 was
found to provide a suitable compromise between too fragmented
and too clumped solutions and was applied in all scenarios run
without connectivity.

Connectivity was addressed by adding penalties to favor
solutions that selected combinations of PUs with high
connectivity between them (Hanson et al., 2019b). A matrix of
the probability of connectivity between each pair of PUs was
derived from the outputs of the ARIANE Lagrangian particle
tracking model (see Gary et al., 2020). This model tracked

the trajectories of almost 500 million hypothetical pelagic
larvae of benthic species with ocean circulation conditions
over a 50-year period (1959–2008) generated by the VIKING20
model (Böning et al., 2016). Particles were released in each
PU, at the surface (20 m) and at the seabed, and at 1,000 m if
water depths were deeper than 1,000 m. The different release
depths were a simplified way to model different larval behaviors
which have been observed in deep-sea benthic species: drifting
near the seabed, swimming up to the surface, swimming clear
of the seabed but not right up to the surface. Particles were
passively drifting with the prevailing currents for 20 days,
corresponding to the shorter end of the range of many deep-sea
pelagic larval durations (PLDs) (Hilário et al., 2015). This was
of sufficient duration to identify connectivity pathways that
could be factored into our models, but it should be noted that
in addition to the PLD, the competency period (i.e., at which
time larvae start heading downward to find somewhere to
settle) and larval behaviour will have significant influence on
actual connectivity patterns (Gary et al., 2020). The degree of
connection between PUs was calculated as the proportion of
particles released from a source PU passing through any other
PU within 20 days. The connectivity penalty thus favoured
solutions that maximise the number of larvae retained within the
conservation network.

Spatial Prioritization
Scenarios
A total of 47 scenarios were formulated for the ATLAS SCP
approach, for which conservation features, conservation targets,
penalties (costs and connectivity) and constraints vary. Four of
the more complex scenarios are presented and compared in
this paper (Table 2). For the “Base” scenario, the 24 features
and associated conservation targets were replicated within the
13 provinces across the full planning region, and an area-
based cost with a low value (1) was used during the planning
exercise. The “Base” scenario was rerun in the smaller planning
region used for the “Connectivity” scenario (Figure 2B) that was
limited by the coverage of the ocean circulation model used in
particle tracking and called the “Reduced Base” scenario. In the
“Connectivity” scenario, the replacement of the boundary penalty
by the connectivity penalty allowed us to consider larval dispersal
to achieve a more resilient conservation network. The area-based
cost was increased to 10 in this scenario to increase the influence
of the connectivity penalty on PUs selection. The area-based
cost was similarly increased for the “Reduced Base” scenario
to facilitate comparisons. Finally, the “Management” scenario
involved more complex costs and constraints to prioritize areas
according to the current protection and uses of the deep sea.
The aim was therefore to find solutions that maximize the spatial
overlap with current protection measures (PUs with low cost),
while minimizing the overlap with fishing (PUs with high cost)
and deep-sea mining (excluded PUs).

Solving and Evaluation
The Gurobi solver (Gurobi Optimization LLC, 2018) was used
to solve the prioritization problems. For most scenarios, 100
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TABLE 2 | Characteristics of the implemented scenarios.

Scenario Planning area Penalty Cost Constraint

“Base” Full Boundary Area-based (1) None

“Reduced Base” Reduced Boundary Area-based (10) None

“Connectivity” Reduced Connectivity Area-based (10) None

“Management” Full Boundary Varying (1.8–17) Mining areas
excluded

runs were required using the “cuts” portfolio method (Rodrigues
et al., 2000; Hanson et al., 2019b), and the 30 best solutions,
i.e., the less costly solutions, were picked from the 100 initial
runs (see Supplementary Figure 8 for cost evolution through
solving). Connectivity problems were computationally heavy
and particularly long to solve thus limits were placed on
the calculations: only 30 runs with a computational time
limit of 10,000 or 15,000 seconds were permitted. Outputs
were evaluated using the selection frequency of PUs, reflecting
how often they were included within the 30 best solutions.
For each scenario, the dispersion of the number of selected
PUs across the selected solutions was assessed using boxplots.
The selection frequencies approach was preferred to using
the binary output of a single solution, because it provides
more flexibility in suggesting a conservation network solution.
Thresholds of PUs selection frequency were used to determine
the importance of their contribution toward the conservation
objectives:

• PUs that were selected at least once across solutions
contribute to the objectives;
• PUs that were selected in at least 50% of solutions make a

relatively important contribution to the objectives;
• PUs that were selected in at least 75% of solutions make a

highly important contribution to the objectives.

Finally, the PUs selected in at least 50–75% of solutions
within the “Management” scenario were used to delineate
two suggested priority networks for ocean-basin conservation.
The representativeness of the prioritization elements (features,
protection levels, and fishing catch) was assessed in these two
priority networks and their conservation value compared with
existing MPAs and CBD EBSAs.

Data Management and Access
The R code used to structure and run the scenarios, together with
links to the scenarios’ input layers, the conservation targets table,
the connectivity matrix resulting from the 20 days PLD larvae
drift modelling and the final scenarios’ outputs are available
online (Combes and Vaz, 2019).

RESULTS

Base Scenario
This conservation planning scenario covered the whole planning
region (Figure 2). The PUs most frequently selected in the
solutions were mainly located along the slopes of the continental

margins on both sides of the Atlantic, on the southern coasts
of Greenland and Iceland, along the Mid-Atlantic Ridge, on
the north of the Gulf of Mexico, and for the Mediterranean,
along its western coasts, the Tyrrhenian Sea and the north and
west of the Ionian sea (Figure 4). Large shallower expanses of
the upper slopes and continental shelves (northern part of the
North Sea, north of the British Isles and the Canadian shelf
from the St. Lawrence Gulf to Baffin Bay) were also selected
but with more moderate frequency (Figure 4). The individual
solutions computed for this scenario covered approximately
19% of the planning region on average. This distribution
of PU selection frequencies in the “Base scenario” seems to
fit the overall distribution pattern of the selected features
(Combes and Vaz, 2019; Morato et al., 2020). With regards
to the invertebrate species, their present-day distribution and
particularly their future climate refugia, appear mostly on
margin slopes, sometimes predicted exclusively in those areas
(Supplementary Figures 2,3). For instance, the refugia of
A. arbuscula, A. armata, L. pertusa, and G. barretti, which
were all small in extent and thus had high conservation value,
formed thin ribbons of highly selected PUs along the North-
Atlantic margins. In general, fish species’ climate refugia were
located on the northern continental shelves above 500 m depth
(Supplementary Figure 4), with some of them (R. hippoglossoides
and S. mentella) exclusively found in cold waters as far as the
Arctic. VME habitat and geomorphotype features displayed a
more scattered distribution, mainly along margin slopes of the
Atlantic, on the Mid-Atlantic Ridge and on the northern part of
the Mediterranean (Supplementary Figures 1, 5).

Connectivity Scenario
In order to test the influence of including connectivity in our
SCP solutions, a “Reduced Base” scenario was re-run within
the smaller planning region used for the connectivity scenario.
The output was similar to the larger area “Base” scenario.
The “Reduced Base” output (Figure 5A) was compared with
the “Connectivity” scenario output (Figure 5B) that maximised
connectivity. Replacing the boundary penalty with a connectivity
penalty did not change the broad distribution of conservation
solutions but tended to constrain selection frequencies so that
less PUs contributed to the solutions (Table 3) resulting in highly
selected areas systematically forming a continuous and compact
conservation network (Figure 5B). Hence, the connectivity
scenario conserved much less of the planning region when
focusing on the PUs with selection frequencies of ≥50% or
those that were selected at least once (21 vs. 16% and 50 vs.
32%, respectively). Both the “Reduced Base” and “Connectivity”
scenarios conserved c. 10% of the planning region when only PUs
with a selection frequency of >75% were retained. However, the
use of connectivity did not affect the number of PUs in individual
solutions, ranging approximately from 4,400 to 4,600 PUs (19.7–
20.6% of the planning area) for both scenarios (Figures 5A,B).

Management Scenario
The “Management” scenario has the aim of finding solutions
that maximize the selection of current conservation measures
while minimizing the overlap with human activities. In this
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FIGURE 4 | Output from the “Base” scenario: map of PU selection frequency from the 30 solutions with a boxplot showing the number of PUs in the solutions.

scenario, the socio-economic costs were assigned to PUs ranging
between 1.8 and 17, with the baseline value of 10 predominating
(Figure 6A) based on the value of fish caught or the presence of
MPAs and likely VMEs. The lower cost values (least penalised)
were attributed to MPAs and fishing closures in the High
Seas where bottom-fishing was absent. The lowering of cost
values for MPAs inside EEZs (Supplementary Figure 6) was
partly counterbalanced due to fishing occurring in the same
areas (e.g., parts of the US shelf, Celtic Sea and North Sea,
northwest Mediterranean, Figure 6A). The higher cost values
induced by high fishing activity were found along the Atlantic
coasts and on large shelf areas, such as the North Sea, Celtic
Sea and the Canadian shelf, and to a lesser extent in the
Mediterranean, within the Alboran Sea and the coasts of Italy
(Figure 6A). Existing MPAs, fishing closures or CBD EBSAs
cover 19.7% of the planning region, of which 4.6% are fishing
closures or marine reserves, 8.7% are MPAs with lesser protection
(i.e., without no-take zones or strong fishing restrictions) and
6.4% are EBSAs (which do not mandate any management
measures, Supplementary Figure 6). Current fishing closures
and reserves with adequate enforcement protect from 0 to
16.5% of the target conservation features, with an average area
extent of 7.2% (Supplementary Table 1). Importantly, existing
levels of protection of potential climate refugia for 8 of the
13 species examined in this study are currently below 6%
(Supplementary Table 1). Deep-sea mining areas are all situated
in the same province (“Deep 6,” Figure 2), and overlap with
the “hydrothermal vent fields” EBSA designated along the Mid-
Atlantic Ridge almost entirely (Supplementary Figure 6).

While the areas selected as having conservation value in
the “Management” and “Base” scenarios are broadly similar
(Figures 4, 6B, respectively), their selection frequency varied
(Table 3). Indeed, 30% less PUs were selected in solutions
for the “Management” scenario, while the number of highly
selected PUs (≥75% of selection frequency) increased by one
third (Table 3) as would be expected existing conservation areas
were favoured in solutions by their lower cost. The percentage of
PUs selected in existing MPAs and EBSAs increased from 25%
in the “Base” scenario to 38% in the “Management” scenario
(Table 3). Similarly, this was reflected in the contribution of
existing MPAs and EBSAs in the conservation solutions (an
increase from 7 to 15.8 %) linked to their cost premium up
to −80%. In the High Seas, solutions captured fishing closures
in the NAFO regulatory area: Flemish Cap, New England and
Corner seamounts; and in the NEAFC regulatory area: middle
and northern Mid-Atlantic Ridge and Hatton Bank (Figure 6B).
In EEZs, the selection of MPAs and EBSAs increased where the
fishing pressure was relatively low, along the coasts of the US
(mainly Florida, including its cold-water coral Habitat Areas
of Particular Concern and snapper MPAs) and Canada (e.g.,
in several cold-water coral marine refuges and cod closures)
and along the northern Mediterranean coast (e.g., in the large
MPAs of the Pelagos Sanctuary and the Spanish Whale Migration
corridor, that are cetaceans MPAs but encompass large deep-sea
ecosystems and notably canyons) (Figures 6A,B).

The increase of cost indexed to fishing catch, which
generally occurred in coastal areas and over large shelf areas
(Supplementary Figure 7), reduced the selection frequency of
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FIGURE 5 | Outputs from (A) the “Reduced Base” scenario and (B) the “Connectivity” scenario: maps of PU selection frequency from the N solutions with a boxplot
showing the number of PUs in the solutions.

these areas but did not exclude them from conservation solutions,
likely because they hold significant potential for demersal fish
conservation (Figure 6B). In both the “Base” and “Management”
scenario solutions, median fishing catch values in selected PUs
appeared to be higher than those obtained for the planning region
as a whole (Figure 7).

Finally, removing areas covered by existing sulphide mining
exploration contracts from conservation solutions did not change
the general output, because of the small size of the excluded area
(Figure 6A). However, the loss of potential conservation area
is compensated for by a strong selection of conservation PUs
north of the mining exploration zone (Figure 6B). The “Deep
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TABLE 3 | Number of selected PUs in the different conservation solutions based on selection frequency thresholds (PUs selected at least once; in ≥50% of the
solutions; or in ≥75% of the solutions).

Scenario PU selection N of PUs Relative cover (% of
planning area)

% of PUs in MPAs or
CBD EBSAs

% of the MPAs and CBD
EBSAs being included

“Reduced Base” Selected at least once 11,278 50.47 19.8 57.5

≥50% of frequency 4,785 21.41 21.2 26.1

≥75% of frequency 1,855 8.3 21.5 10.3

“Connectivity” Selected at least once 7,170 32.08 19.9 36.8

≥50% of frequency 3,615 16.18 19.4 18.1

≥75% of frequency 2,384 10.67 17.6 10.8

“Base” Selected at least once 16,907 53.64 21.7 57.6

≥50% of frequency 5,766 18.29 24.7 22.4

≥75% of frequency 1,947 6.18 25.0 7.6

“Management” Selected at least once 11,900 37.76 24.1 45.0

≥ 50% of frequency 5,247 16.65 29.9 24.6

≥75% of frequency 2,618 8.31 38.3 15.7

“Reduced Base” and “Connectivity” Scenario calculations are for the reduced planning region (Figure 2; N = 22,347 PUs) while the full planning region (N = 31,518 PUs)
is used for the “Base” and “Management” scenarios. Two suggested priority networks for conservation are highlighted in bold.

6” province contained 51.7% of all the PUs with hydrothermal
vents. Sulphide exploration contracts cover 43.3% of PUs
with hydrothermal vents in “Deep 6” and 23.2% of all the
hydrothermal vent PUs at the basin scale. Therefore, excluding
the licensed mining areas from conservation solutions removed
the associated hydrothermal vents. So while the conservation
target of 60% for these ecosystems –that were included in the
“known VMEs”– could be achieved at the basin scale by selecting
PUs further north, it was not possible to reach that target in
the “Deep 6” province (with a maximum of 56.7% PUs available
for conservation).

Conservation Priority Networks
Outputs from the “Management” scenario were used to identify
a set of conservation priority areas (including certain existing
measures) in the North Atlantic and the Mediterranean. Using
selection frequency thresholds, it was possible to identify: (1) a
“priority” network based on PUs that were selected in at least
50% of the scenario solutions, and (2) a “core priority” network
based on PUs that were selected in at least 75% of the scenario
solutions (Figure 8). The “priority” network, which covered
16.6% of the planning area (Table 3), included on average 55%
of each conservation feature, exceeding the initial conservation
targets in most cases (Supplementary Table 1). While the twice
smaller “core priority” network included on average 37% of
each conservation feature, falling short of the initial conservation
targets, it still identified a conservation area extent 6 times higher
than that currently covered by MPAs or EBSAs (Supplementary
Table 1). The percentage of PUs in the “priority” and “core
priority” networks that occurred in MPAs or EBSAs was 29.9–
38.3%, respectively, with values dropping to 10.7 and 15.8%,
respectively when only marine reserves and fishing closures were
considered (Table 3 and Figure 8). Conversely, 75.4% (“priority”
network) to 84.3% (“core priority” network) of the MPAs and
EBSAs (out of which 61% and 71.2% for marine reserves and
fishing closures, respectively) were not located in the selected
priority networks (Table 3).

DISCUSSION

To our knowledge, this study is among the first SCP exercises
to employ a strategic approach to the conservation of
deep-sea biodiversity at an ocean-basin scale. The spatial
prioritization process developed here shows this strategy has
the potential to facilitate the identification of conservation
priority networks across the whole of the North Atlantic,
and into the Mediterranean, down to depths of c. 3,500
m. Conservation features included VME indicators, such
as habitat-forming cold-water coral and sponge species
and commercially-important demersal fishes, as well as
habitat geomorphotype proxies. We carried out a multi-
objective prioritization using different approaches: inclusion
of climate refugia, replication, connectivity, different costs
and constraints, in order to assess their applicability in
basin scale SCP. Continental margin slopes of the Atlantic,
the Mid-Atlantic Ridge, the Western Mediterranean,
the north and west of the Ionian Sea, together with the
largest continental shelves containing fishing grounds, were
identified as crucial areas for conservation management.
Interestingly, the priority networks identified ostensibly
to protect the coral and sponge species included in this
study also encompass much of the predicted distribution
of a number of other VME indicator species not included
in this study, mostly occurring between 500 and 2,500 m
depth (Davies and Guinotte, 2011; Yesson et al., 2012,
2017; Knudby et al., 2013; Howell et al., 2016). Priority
networks to protect the cold-temperate fish species selected
focused on securing their future climate refugia and did not
include species found in warm-temperate, tropical or Arctic
zones. Notwithstanding caveats, such as the patchy data
availability usual in the deep sea, the investigated scenarios
used in this SCP exercise were able to identify gaps in the
current conservation network employed to protect deep-sea
VMEs and demersal fishes. This may help drive future data
acquisition programs, particularly in the Mediterranean,
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FIGURE 6 | (A) Socio-economic cost layer used in the “Management” scenario, generated from the distribution of bottom fishing catch, the presence of MPAs or
CBD EBSAs and the VME confidence index. Blue PUs (cost lower than 6) highlight the MPAs in which the fishing catch was relatively low, while yellow PUs reveal
areas of high fishing catch. PUs containing deep-sea mining activities (in orange) were excluded from the conservation solutions. (B) Output from the “Management”
scenario: map of PU selection frequency from the 30 solutions with a boxplot showing the number of PUs in the solutions.

notwithstanding preliminary attempts to identify knowledge
gaps and the need for transnational conservation strategies
(IUCN, 2019). Repeating a systematic conservation approach

similar to that used in this study could add value to regional
conservation planning processes in the North Atlantic and
the Mediterranean.
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FIGURE 7 | Distribution of costs associated with the fishing catch index (log
of fishing catch +1, rescaled between 0 and 1) and total number of PUs
selected (in box) for all PUs and for “Base” and “Management” scenario
solutions (according to frequency of PU selection in solutions: selected at
least once, ≥50% or ≥75%).

Structuring a Resilient and Replicated
Network
A growing number of SCP studies highlight the importance
of designing resilient protection networks that integrate
climate change considerations (Levy and Ban, 2013;
Magris et al., 2014, 2017; Álvarez-Romero et al., 2018b; Manea
et al., 2020). In our study, more than half of the conservation
features considered consisted of species’ future climate refugia.
Accompanying conservation targets were set high so that
solutions preferentially selected these areas having high resilience
toward climate change. Above all, in the context of drastic
widespread environmental changes such as ocean acidification,
warming and deoxygenation, VME engineers like most skeleton-
forming invertebrates, are facing serious declines by 2100
potentially leading to extinction (Veron, 2008; Jackson et al.,
2014; Roberts et al., 2016; Morato et al., 2020). In this study,
refugia for coral and sponge species were restricted to steep
margin slopes, that together with seamounts, appear to be
essential areas for their future conservation because they provide
a large range of environmental conditions in a relatively small
area (Tittensor et al., 2010; Lo Iacono et al., 2018). Such climate
refugia (for fish or invertebrates) may facilitate recolonisation
or colonisation of new areas, thus fostering long-term species
viability. Therefore their protection should be considered a high
priority for the deep sea (Manea et al., 2020; Morato et al., 2020).
The ability of species to show phenotypic plasticity or genomic
adaptation that may enhance their tolerance to climate change
was not considered here.

Subdividing the planning region into smaller sub-regional
provinces appears to be an appropriate method to ensure network
replication and resilience, as well as for capturing elements of
geographic representativeness in such a large planning area.
A similar approach has already been implemented in large
planning regions such as the Mediterranean Sea (Giakoumi
et al., 2013), the Caribbean and the Gulf of Mexico (Schill
et al., 2015) and the Great Barrier Reef (Fernandes et al., 2005),
ensuring higher potential resilience for the target species and
habitats. Replicating the targets set for conservation features
within each province fosters the selection of a range of small to

large patches across the basin, and avoids the issue of focusing
solely on areas where the targets are most densely represented.
This in turn increases the likelihood that conservation solutions
cover basin scale ecoregion variability. Furthermore, such an
approach could increase the preservation of a greater range
of spatially-structured intraspecific diversity. For instance, good
genetic diversity and unhindered gene flow are needed to ensure
conservation measures and networks function optimally (Laikre
et al., 2010). However, these aspects are rarely considered in
conservation planning frameworks because they still represent
knowledge gaps (Hanson et al., 2019a).

Finally, basin-scale prioritization can highlight the relative
importance of each province in contributing to conservation
at the basin scale. Regional managers should be encouraged
to work together, adopting standardised approaches to ensure
conservation targets at the regional level are attained so that basin
scale targets can be achieved.

Assessing Connectivity
Despite the fundamental importance of genetic connectivity
in the local and regional persistence of metapopulations
(Kritzer and Sale, 2004; Cowen, 2006), and the strong influence
of oceanographic features on patterns of larval retention or
dispersal (Dubois et al., 2016), very few algorithms, most of
them rather recent (Daigle et al., 2018; Fox et al., 2019; Hanson
et al., 2019b), include connectivity in marine conservation
prioritization exercises. There are other methods that can
generate connectivity metrics between PUs (e.g., betweenness
centrality, Google PageRank, eigenvector centrality, see (Daigle
et al., 2018) or optimize network-wide metrics such as population
persistence or average shortest paths (Kininmonth et al., 2011;
Fox et al., 2019), but these are very computationally heavy and
would demand considerable computing power and time if used
in large-scale conservation scenarios such as the one tackled here.

In this study, our approach to integrate connectivity
into SCP aimed at maximizing the recruitment of benthic
species larvae within the reserve network by favouring
the selection of pairs of PUs with high connectivity
between them (Hanson et al., 2019b). This allowed us to
carry out a preliminary exploration of the influence of
connectivity on planning solutions. Using modelled larval
drift trajectories in SCP can substantially promote the viability
of protected populations by favouring recruitment within
the reserve network (Dubois et al., 2016; Magris et al.,
2018; Álvarez-Romero et al., 2018b, Manea et al., 2020);
and even benefit fisheries by replenishing fishing grounds
(Krueck et al., 2017).

We used the Lagrangian particle models of Gary et al.
(2020) to track the larval drift of hypothetical sessile VME
indicator species, which were the main focus of this exercise.
Many benthic species have spatially fragmented distributions
and for the vast majority, their dispersal capability is linked
to pelagic larval drift and duration (Cowen and Sponaugle,
2009; Hilário et al., 2015). The species studied here show
a diversity of life-history traits and their PLD, when this
information is available, can vary from days to months (Brooke
and Young, 2005; Maldonado, 2006; Larsson et al., 2014;

Frontiers in Marine Science | www.frontiersin.org 16 June 2021 | Volume 8 | Article 611358

https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org/
https://www.frontiersin.org/journals/marine-science#articles


fmars-08-611358 June 30, 2021 Time: 13:10 # 17

Combes et al. SCP for the Deep Sea

FIGURE 8 | Maps showing the priority conservation networks selected in the “Management” scenario solutions, where PUs occurred in at least 50% (A) or 75% (B)
of the selection frequency. The colour categories differentiate between current spatial management and designation categories together with their contribution (% of
the priority network): (1) restrictive marine reserves and RFMOs fishing closures providing a high protection; (2) other MPAs with lower protection level; (3) CBD
EBSAs with no legal protection; and (4) areas that have no protection of any kind or a protection that is not recognised as an MPA by the World Database of
Protected Areas or as an EBSA by the CBD.

Hilário et al., 2015; Strömberg and Larsson, 2017; Kenchington
et al., 2019b). Hence, accounting for the diversity of life history
traits coexisting in marine communities is a very challenging
target to achieve (Gaines et al., 2010; Moffitt et al., 2011;

Jonsson et al., 2016). In this study, a non-specific and
simple approach was applied to model larval connectivity,
likely to provide broad results that would be more relevant
information for prioritization than focusing on specific
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dispersal strategies. However, it is important to keep in
mind that dispersal patterns may be largely deterministic
as they are linked to individual species larval or adult
reproductive behaviour.

Accounting for connectivity during SCP resulted in a relatively
coherent and continuous network with the main priority areas
linked together by “corridors” of PUs. This kind of output
selects important larvae pathways and hubs (in Lagrangian
dispersal modelling terms) that link populations. Certain PUs
that were not retained under the “Base” scenario became very
relevant in the “Connectivity” scenario. This suggests that when
building a conservation network, some suboptimal areas (with
a lower number or abundance of target conservation features)
might be important to ensure connectivity between distant
populations and maintain large-scale populations’ renewal and
persistence. A strong connectivity across habitats enables larvae
and propagules from source areas to supply degraded deep-
sea ecosystems, thus improving resilience. Furthermore, results
here demonstrate that a better connected conservation network
could be achieved by prioritizing PUs with high connectivity
potential without the need to increase the total area of the
network. Other studies found similar prioritization results,
where including larval connectivity favoured the selection of
more numerous or larger reserves in close proximity without
increasing the solution cost or area (Magris et al., 2018;
Álvarez-Romero et al., 2018b).

Whereas this study did not evaluate the performance of
the current MPA network in maintaining deep-sea benthic
connectivity, similar particle-tracking model assessments have
been undertaken quite recently at sub-basin scale in the North
Atlantic (Fox et al., 2016; Ross et al., 2017; Kenchington et al.,
2019b) and at smaller scale in the Mediterranean (Basterretxea
et al., 2012; Clavel-Henry et al., 2019). While the NAFO
VME fishing closures in the northwest Atlantic (Kenchington
et al., 2019b) and MPAs in the EEZs such as the west of the
United Kingdom and Ireland (Fox et al., 2016; Ross et al.,
2017) and the Mediterranean (IUCN, 2019) form networks,
these are the result of ad hoc additions of new fisheries
closures and MPAs over time without any attempt to take
network properties such as connectivity into account. As in other
regions (Schill et al., 2015; Magris et al., 2018), these studies
demonstrate that such ad hoc networks fail to maintain the
larval exchange pathways that are essential to replenish benthic
populations. Substantial conservation network improvements
could be achieved in the North Atlantic and the Mediterranean by
expanding MPA networks to allow for enhanced self-recruitment
and to ensure the capture of likely important sources and
sinks of larval recruitment. This would result in improved
within-network exchange increasing genetic variability and hence
overall resilience (Ross et al., 2017; Kenchington et al., 2019b;
Manea et al., 2020). However, building networks that are highly
connected is extremely challenging in the deep sea since life-
history traits and the behaviour of deep-sea larvae remains
largely unknown (Hilário et al., 2015; Clavel-Henry et al.,
2019; Kenchington et al., 2019b), thus limiting the precision of
predicted connectivity patterns. Approximate estimates may be
modelled, as they were here, where different release depths were

used to account for larval dispersion behaviour strategies rather
than model specific swimming, floating and sinking parameters.

Assessing Spatial Management and
Exploitation Activities
Factoring in the costs associated with the implementation of
different sizes, numbers and locations of MPAs, as well as
imposing constraints to avoid areas that are already exploited
or have potential to be, led to prioritization solutions that
favoured the selection of a conservation network with low
implementation costs while minimizing the inclusion of areas
that provide economic value (e.g., for deep-sea fishing and
potentially mining). This widely used approach provides a solid
basis for stakeholder negotiations and eases the subsequent
implementation of conservation measures by reducing conflicts
between stakeholders and managers (Klein et al., 2008; Ban and
Klein, 2009; Mazor et al., 2014). While the objective of such
an approach is to reach a compromise between biodiversity
conservation and resource exploitation or management measures
in place, it can lead to a selection of areas that are sub-optimal
for conservation, yet still likely to provoke less stakeholder
conflict. It is therefore important to evaluate how integrating
socio-economic considerations into conservation prioritisation
planning will influence the solutions. There are formal methods
to approach these trade-offs using multi-objective optimization
methods and calculation of the Pareto frontier (Lester et al., 2013;
Rassweiler et al., 2014; Fox et al., 2019), but they are generally too
resource-intensive to apply to a network of this size.

It is common practice during SCP to lock-in current MPAs to
ensure they are part of the conservation solution. This approach
often results in sub-optimal planning solutions (Evans et al., 2015;
Moore et al., 2016) because current MPAs are often designated on
an ad hoc basis that may differ from the conservation objectives
employed in more systematic planning. However, including
existing MPAs in conservation prioritisation planning should
lead to reduced network implementation costs and acknowledges
prior efforts to conserve biodiversity (Manea et al., 2020). Indeed,
strengthening the management of existing MPAs may sometimes
be less costly and easier for stakeholders to accept than creating
a new MPA. When favouring the selection of existing MPAs
rather than locking them, a priori, into the planning solution,
the MPAs that contribute to the SCP conservation objectives are
likely to be included while MPAs that make no contribution will
be excluded. Hence this approach enables integrating existing
MPAs into conservation planning based on their contribution
to the conservation objectives rather than the fact that they
already exist. By analysing the MPAs (or parts of MPAs) selected
in the conservation solutions, their relative contribution to the
conservation network can be assessed.

Our study shows that current MPAs or EBSAs in the
North Atlantic and the Mediterranean are inadequate for
the preservation of deep-sea biodiversity. Even with their
cost decreased down to −80%, three quarters of the MPAs
or EBSAs within the planning region did not fall into the
priority conservation areas identified in the “Management”
scenario. Even the marine reserves and fishing closures, most
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of them explicitly targeting VMEs in the North Atlantic and
the Mediterranean, were predominantly excluded from the
conservation solutions as only 29% of them were included
in priority networks. These restrictive MPAs, with their small
coverage (4.6%) and uneven distribution across the planning
region, only conserve 7% of target species or habitats,
a proportion that appears largely insufficient given global
conservation target goals. These results agree with the previous
studies in the northeast Atlantic (Johnson et al., 2014; Evans et al.,
2015) and the Mediterranean (IUCN, 2019), which highlighted
the lack of an efficient and representative MPA network for
conserving deep-sea habitats.

While minimizing the selection of areas with socio-economic
activity to avoid conflict is a goal in prioritization, it is worth
noting that areas of high conservation value may be found
where activities take place. In our study, this was particularly
evident for Atlantic fish populations that are exploited by bottom
fishing over large areas of the shelf and for specific ecosystems
such as hydrothermal vents that generate polymetallic sulphides
coveted by the mining industry (Fisher et al., 2007). According to
the targets set during prioritization, conserving areas of future
refugia for fish species could not occur without implementing
new closures on the current bottom-fishing grounds. Similarly,
areas currently licensed for deep-sea mining exploration are
considered to be priority conservation areas in the “Base”
scenario, simply because the licensed areas include all of the
known hydrothermal vent fields south of the Azores EEZ (Van
Dover et al., 2018) that form the largest part of the hydrothermal
vent fields identified in the Mid-Atlantic Ridge EBSA. At the
level of the planning region, excluding this relatively small area
could be compensated for by increasing the amount of known
VMEs (in particular hydrothermal vents) in other areas included
in solutions. In the management scenario, however, it wasn’t
possible to reach the 60% conservation target for hydrothermal
vents in the “Deep 6” province while excluding areas already
licensed for mining. To achieve 100% of the targets, the potential
contribution of some of the existing licensed areas would need
to be considered.

Hydrothermal vent communities show high rates of
endemism, symbiotic association, and extreme environmental
adaptation that makes them extremely rare. Since deep-sea
mining impacts and the recovery potential of hydrothermal vent
communities are still unknown (Gollner et al., 2017; Niner et al.,
2018), exploration for polymetallic sulphides could represent
a critical threat to these ecosystems (Boschen et al., 2016; Van
Dover et al., 2018). Furthermore, the concentration of mining
operations in a particular province may prove particularly high
risk if the region contributes significantly to the overall network
connectivity. Finally, the mining footprint might expand in the
future and further increase the potential impact already facing
these hydrothermal vent ecosystems (Boschen et al., 2016; Van
Dover et al., 2018).

Limitations
Although efforts were made to ensure results would be as
comprehensive as possible by diversifying the types of data
and objectives included in the prioritization, several limitations

emerged during the study that should be considered in order to
judiciously use these outputs in conservation management and to
improve future SCP of the region.

As expected, the results obtained underline several limitations
due to data availability and accuracy, reflecting the uneven
distribution of deep-sea scientific data available for the Atlantic
and Mediterranean basins. In fact, the main priority networks
identified correspond to areas where data on VMEs and fish
species was most available, further highlighting the need to
continue improving our scientific knowledge, especially in data-
poor regions. For instance, results obtained here show that
the north and western sides of the Mediterranean were often
selected in conservation solutions, whereas the southern and
eastern parts were less represented. Such underrepresentation
very likely reflects the paucity of deep-sea data in such areas,
linked to an imbalance in the resources dedicated to deep-
sea research and regional geopolitical issues (IUCN, 2019;
Manea et al., 2020). Deep-sea exploration is generally targeted,
focusing on areas of interest for resources or “anomalies” (e.g.,
areas of chemosynthetic activity, geological interest, or high
biomass concentration), leading to patchy information about the
distribution of deep-sea species and habitats. Habitat suitability
models can be used to overcome the lack of observations
over large geographical extents, but their results are highly
reliant on the availability of species records where environmental
conditions are relatively well described. The identified priority
networks should be useful in providing conservation options
where VMEs are known or likely to occur but should not be used
in areas that are under-explored.

Another data gap relates to knowledge of intraspecific
diversity (i.e., genomic and physiological data) allowing an
appraisal of the species capacity to adapt to forthcoming
environmental changes (Buckley et al., 2011; Feng et al.,
2019), either through phenotypic plasticity or through genetic
adaptation, as this may confound predictions of future habitat
shifts and the location of potential climate refugia. Equally, little
is known about the reproductive cycle and larval biology of most
VME indicator species (but see Larsson et al., 2014; Strömberg
and Larsson, 2017), making it difficult to predict changes in
connectivity patterns and population renewal capacity under
climate change scenarios.

Considering the current management and socio-economic
data used to create the cost layer, the accuracy and resolution of
the data used in this study was limited by the need to cover the
entire North-Atlantic basin and the Mediterranean. Indeed, even
if the global MPA datasets used were complemented by national
datasets, discrepancies were found (United States, Canada, and
Norway). Furthermore, not all local datasets could be properly
investigated, potentially resulting in the missing of information
inside some national EEZs. An example might be national
fishing closures that have a high level of protection but are not
internationally recognised as MPAs. In the future, the recognition
of Other Effective Conservation Measures (OECMs) as MPA
equivalents (Diz et al., 2018) by the CBD (CBD/COP/DEC/14/8),
as applied in Canada, will help to capture some of the areas
missed. Similarly, the fishing catch dataset used was of a lower
resolution than other fishing datasets, such as the bottom
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trawling footprint in European waters (Eigaard et al., 2017). Data
homogeneity and comparability over the whole planning region,
even with coarser resolution and more approximate proxies, was
favoured instead of trying to integrate patchy high-resolution
sub-regional datasets with the biases that it would create.

Finally, selecting PUs based on an analysis of their selection
frequencies in order to identify priority networks must be
done with caution. Networks delineated based on PU selection
frequencies are not prioritization solutions per se and thus do not
ensure that the conservation targets of each feature will be met.
While each individual solution for a given scenario is optimised
to meet the conservation targets, retaining only the PUs most
often selected in the overall runs does not guarantee that all
targets are met in the final network. It is then essential to evaluate
if the level of target completion within the priority networks
is sufficient when using this delineation method. In contrast,
the selection frequency provides useful information regarding
the importance of each PU through the number of times a
scenario was run. For instance, a PU might be highly selected
because it is irreplaceable in meeting one or several targets,
contains numerous features, is essential to ensure connectivity,
or is situated at the core of an important area for conservation.

Recommendations
The “priority” and “core priority” networks delineated by the
selection of units with high conservation importance provide
useful information to focus the attention of managers engaged
in future conservation planning for the North-Atlantic and
Mediterranean deep sea. Covering from 8 to 17% of the planning
region, the “priority” and “core priority” networks contained
on average 37–55% of each conservation feature, emphasizing
their high conservation potential relative to other areas. However,
ensuring an adequate conservation of all deep-sea species and
habitats and not just those selected for this study will require
even larger areas.

Our results reinforce the need to set more ambitious
conservation targets for the ocean. The current CBD target
to protect 10% of marine areas by 2020 (Aichi Target 11,
CBD/COP10) will likely soon be replaced by the ambitious target
of protecting 30% of marine areas by 2030 with 10% declared
no-take zones (CBD/COP15, see CBD, 2020), with some already
calling for a “30% by 2030” no-take target (e.g., United Kingdom,
IUCN, Oceans Unite, see SCP examples for ABNJ in O’Leary
et al., 2019; Visalli et al., 2020) or even to reach 50% of terrestrial
and marine protection by 2050 (e.g., Nature Needs Half, see
Wilson, 2016; Dinerstein et al., 2017).

Despite their obvious importance, the priority areas identified
in our study are currently poorly protected since existing fishing
closures and reserves cover less than 16% of their extent.
Moreover, our results show that bottom fishing, particularly
on continental shelves, occurs within MPAs that have low
levels of restriction and of course within EBSAs, as these
areas are indicative and do not have any legal protection.
Marine reserves permanently closed to demersal fishing appear
to be the most effective tool to guarantee the long-term
conservation of deep seabed ecosystems, given that benthic
ecosystems may struggle to completely recover from the impacts

of even infrequent bottom-fishing events (Althaus et al., 2009;
Huvenne et al., 2016; Aguilar et al., 2017; Clark et al., 2019).
Moreover, reinforcing and expanding the network of no-take
marine reserves in the North Atlantic and Mediterranean
could also contribute to local rebuilding of commercially
exploited demersal fish stocks as well as by-catch species caught
during fishing (Murawski et al., 2000; Kincaid and Rose, 2017;
del Otero and Marin, 2019).

In addition to the results produced above, we have developed
a SCP framework that may be used by decision makers to
achieve future conservation goals. The framework enables the
identification of priority networks based on science that can
inform various MSP and management processes at the ocean-
basin scale. SCP for the deep sea can help fast-track consensus
around the expansion of an MPA network by facilitating
engagement with stakeholders. Identified priority networks due
to their conservation importance are likely to require more
stringent environmental impact assessment (EIA) thresholds
with accompanying mitigation measures.

Understanding where deep-sea protective measures are most
needed and what level of management is required for them
to achieve their conservation goals is imperative to support
the setting of more ambitious conservation targets for the
ocean. The SCP framework employed here and the priority
conservation networks we identified can potentially support the
implementation of marine spatial planning (MSP) in the deep sea
via a number of avenues:

(1) The on-going negotiation of a legally binding instrument
for the conservation and sustainable use of biodiversity
beyond national jurisdictions (the BBNJ process),
coordinated by the UN Division of the Law of the Sea
(UNGA, 2017). This BBNJ process aims to set global
protection goals for ABNJ and will include guidelines for
the use of area-based management tools (including MPAs)
and implementation of EIA;

(2) A further iteration of the CBD EBSA process (Johnson
et al., 2018a), notably to foster the description of EBSAs
in ABNJ. Whilst in the Northwest Atlantic, Mediterranean
and Northeast Atlantic Regional EBSA Workshops the
focus was predominantly on deeper waters including
ABNJ, other Regional EBSA Workshops concentrated on
shallower coastal locations within national jurisdiction.
A thematic deep-sea review of EBSAs, taking into
account SCP suggestions could further highlight gaps
and opportunities.

(3) Informing competent regional and/or sectoral
organizations with a mandate to protect biodiversity –
notably NAFO, NEAFC, OSPAR, the Barcelona
Convention and ISA13 – which should all aim to
consolidate and expand their conservation networks to
meet strategic obligations. For instance, deep-sea priority

13Beyond these mentioned sectoral and regional organizations, it should be noted
that there are regional governance gaps in the North Atlantic. For instance the
northwest Atlantic has no Regional Seas Convention and WECAFC (Western
Central Fishery Commission) can provide fisheries advice but has no mandate to
designate VMEs.
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areas could inform the extension of the North-Atlantic
fishing closure network by the relevant sectoral (RFMOs)
and local (nations, EU) jurisdictional bodies. Similarly,
our priority networks could contribute to the regulation
of deep-sea mining regulation via the Atlantic Regional
Environmental Management Plan (REMP). The ISA is
required to implement the REMP and is mandated to
designate Areas of Particular Environmental Interest
(APEI) using SCP (Wedding et al., 2013; Lodge et al.,
2014; Dunn et al., 2018) to protect specific features such as
hydrothermal vents (Johnson, 2019).

(4) Informing national conservation planning exercises in
many different countries by highlighting the potential
contribution national conservation initiatives could make
to the support of basin-scale priority conservation
networks.

Finally, these results can help direct future research. The
UN Decade of Ocean Science for Sustainable Development
will undoubtedly have a deep-sea component. Building baseline
data, ground-truthing identified priority networks, confirming
their potential to promote resilience and provide refugia from
climate change, should all be featured in future research programs
informed by SCP. From a viability and resilience perspective,
it is recommended that connectivity and climate change should
be factored into the design of future conservation networks
(Magris et al., 2014). By investigating in more detail the
connectivity pathways of benthic species, broadly addressed
here, and including areas identified as sources and sinks from
population genetic studies, more robust conservation networks
are possible. This study has shown that few areas that could
be considered as potential climate refugia for deep-sea species
currently benefit from some form of protection. Our results
support the conclusions of Johnson et al. (2018b) that climate
change pressures are likely to affect deep-sea oceanography
and biodiversity, and thus the ability of the current protection
network to preserve them.

SUMMARY/CONCLUSIONS

This study adds to previous research that promotes the use
of SCP based on multi-objective prioritization (Beger et al.,
2015; Magris et al., 2017; Álvarez-Romero et al., 2018b; Manea
et al., 2020). It factors in multi-scale representativity (species,
ecosystems, and physical habitats), regional replication, climate
change resilience and population connectivity while taking
into account existing spatial management and socio-economic
interests (fisheries and mining).

The key findings that emerged from both the process
of structuring the prioritization framework and the resulting
conservation solutions are as follows:

• An in-depth and exhaustive data mining exercise is a
prerequisite for successful application of SCP. Diverse data
types should be collated including habitat types, species
occurrence records and predicted distributions based on
the outputs of habitat suitability models models. The latter

facilitates testing the impact of various climate change
scenarios on the future distribution of species and habitats.
• It is important to consider climate change effects

during MPA design. The inclusion of predicted species
climate refugia as conservation features during the
planning process provides a degree of future proofing,
ensuring the long-term viability, and resilience of the
conservation network.
• Promoting conservation network replication by dividing

the planning region into distinct sub-regions promotes
environmental and geographic representativeness
and potentially increases intraspecific diversity, thus
strengthening overall network resilience.
• Adjusting targets to prioritize conservation features

according to their rarity, ecological importance or
vulnerability, or degree of data confidence provides more
flexibility and accuracy than applying blanket targets
across all features.
• The inclusion of connectivity in SCP is challenging,

especially for remote and poorly known areas or species.
Including it during prioritization can help to identify
areas that do not appear as important at first sight,
but play an essential role in ensuring connectivity and
network coherence.
• Weighting in favour of, rather than “locking-in,” current

protected areas and EBSAs during prioritization
builds on the existing networks while excluding any
individual MPAs or EBSAs that do not contribute to the
proposed SCP network.
• Taking into account economic activity in the SCP design is

essential so that the selection of the conservation network
minimizes the socio-economic costs of conservation, but
also to assess whether prioritised conservation areas overlap
with those activities which may prevent them from
contributing to meeting the conservation targets. This was
the case for most fish refugia that were located on existing
fishing grounds, and for hydrothermal vents located within
licenced deep-sea mining exploration areas.
• Identifying the priority conservation zones that most

strongly contribute to the SCP objectives is a fundamental
step in the development and implementation of a
robust MSP approach.
• This study highlights the value of SCP in that the relatively

small proportion of the planning region – here around
17% – proposed for the network ensured that on average
55% of each feature would be conserved, thus banking an
extensive conservation capital.
• While VMEs are considered amongst the ecosystems most

at risk from climate change and considered as a top-priority
for conservation management, deep-sea biodiversity in the
North Atlantic and Mediterranean is still inadequately
protected.

In conclusion, this multi-objective prioritization allowed
us to determine options for developing a coherent VME
conservation network for the whole of the North Atlantic and
the Mediterranean that could be updated as new data is gathered.
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The SCP approach adopted here could be employed by
stakeholders and policymakers to provide the foundation for
basin-scale MSP, for example, in ABNJ, where a framework
to coordinate the actions of different regional authorities and
sectoral bodies is still lacking (Ardron et al., 2014; Ban et al., 2014;
Wright et al., 2019). A similar approach could be used to extend
such planning into adjacent areas, such as the Arctic. This study
demonstrates the value of adopting a basin-wide management
strategy to protect the vulnerable habitats and species found in
the deep sea in a more systematic way to improve mitigation of
the threats posed by bottom fishing, mining and climate change.
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