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Summary

Deep-sea habitats provide a wealth of resources and essential ecosystem services such as carbon
sequestration and nutrient cycling. Despite their distance from human populations, they are increasingly
exposed to pressures such as fishing, oil and gas extraction, deep-sea mining, waste disposal, and
climate change, which cause severe and often irreversible degradation of these fragile, slow-growing
ecosystems. Governance is limited because much of the deep sea lies in international waters and because
of their remoteness, making precautionary measures and international cooperation essential. Various
global and regional frameworks now offer criteria, standards, and practical guidance for assessing and
restoring degraded habitats, though most attention remains focused on coastal and terrestrial
ecosystems. This report aims to identify and help prioritize degraded areas for restoration in European
deep seas. To that aim we first define “degradation” and European deep-sea habitats based on existing
definitions and classifications. We use a working definition that focuses on human impacts reducing
ecosystem integrity and we apply it to deep-sea sponge aggregations, cold-water coral (CWC) reefs and
gardens, hydrothermal vents, cold seeps, and soft sediments. We identified degraded habitats using
three complimentary approaches: analysis of national reports from the Marine Strategy Framework
Directive (MSFD), a global meta-analysis of the scientific literature relevant to European deep seas,
and an assessment of risk of degradation.

First, we analysed official MSFD reports, filtering assessments for deep-sea habitats and producing
descriptive statistics. Second, we conducted a systematic review and meta-analysis of published studies
that compared baseline and disturbed communities, focusing on field-based evidence of anthropogenic
impacts on community metrics. Third, we evaluated degradation risk by mapping the distribution of
deep-sea habitats and overlaying these maps with spatial data on human activities such as fishing, oil
and gas extraction, shipping, and waste disposal. Using a cumulative impact assessment framework, we
combined habitat occurrence, pressure intensity, and habitat sensitivity scores to identify areas at
greatest risk of degradation, both across European waters (10 x 10 km) and in a detailed case study of
Icelandic waters that focuses on the impact of fishing on CWCs (100 x 100 m).

The analysis of MSFD official reports shows that deep-sea habitats are poorly assessed, with most
evaluations classified as “not assessed” or “unknown,” reflecting a severe lack of data. Portugal, France,
and Greece report most of deep-sea assessments but Good Environmental Status (GES) is rarely
assessed because of lack of data. The global systematic review highlights the small number of studies
that occur in European deep seas. Most available information is on soft sediments with some
publications on structurally complex habitats such as CWCs and sponge grounds and none on
chemosynthetic environments such as hydrothermal vents and cold seeps. Trawling is the major threat
reported across habitats, with density and diversity of habitat-forming species or communities being the
most frequently used metrics to quantify degradation. We found reductions of up to ~60% in density

metrics and up to ~80% in diversity metrics after disturbance. Despite the lack of quantitative
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assessments, hydrothermal vents face growing threats from prospective deep-sea mining, with risks
including biodiversity loss, physical destruction, and sediment plumes. Sediment resuspension from
trawling in submarine canyons also emerges as a major indirect driver of degradation, particularly for
CWoCs, but its effects are still not quantifiable.

Most European deep-sea areas show low to moderate risk of degradation, but hotspots of potential
degradation occur along the upper continental slope of the Northeast Atlantic and across the
Mediterranean, where soft sediments and CWCs are especially vulnerable. Smothering, habitat
alteration, and pollution dominate pressure contributions, while hydrothermal vents show
comparatively lower current risk but remain highly vulnerable to emerging mining activities.
Soft-sediment habitats emerged as the most degraded and at risk, particularly in the Mediterranean Sea,
reflecting both their wide distribution and vulnerability to trawling, though corals and sponges remain
crucial for biodiversity and equally sensitive to disturbance. Bottom trawling is the most damaging and
widespread activity, while other pressures such as mining, oil and gas, climate change, and marine
debris pose growing but poorly quantified threats. We recommend the use of standardized community
metrics to assess degradation including density of Habitat Forming Species and community species
richness and Shannon diversity indices. We also encourage the use of trait and functional diversity
metrics to enhance our understanding of degradation state of a habitat.

By integrating national reports, literature synthesis, and spatial risk mapping, this study identifies
degradation hotspots and highlights the need for standardized metrics to guide restoration and

strengthen conservation of vulnerable European deep-sea ecosystems.
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1 Introduction

1.1 Background and scope of the deliverable

Deep-sea habitats provide a range of valuable resources including food, minerals, energy, chemical
compounds with applications in biotechnology and pharmacies, as well as ecosystem services such as
carbon sequestration and nutrient cycling (Armstrong et al. 2012, La Bianca et al. 2023). Despite their
remoteness, they still do not escape anthropogenic activities and pressures. The main concerns for deep-
sea habitat degradation stem from the many unknowns surrounding these hard-to-reach environments,
which are home to long-lived species that grow slowly and are therefore difficult to recover (Ramirez-
Llodra et al. 2011).

Human impacts on the deep sea have shifted from disposal to intensive exploitation and are increasingly
driven by climate change (Ramirez-Llodra et al. 2011). Overexploitation of coastal resources and
emerging technologies have extended human activities into the deep sea, making it a target for activities
such as bottom trawling, static fishing gears, oil and gas extraction, deep-sea mining, and the laying of
submarine cables. These practices physically disturb fragile ecosystems, such as cold-water coral
(CWC) reefs, sponge aggregations, and hydrothermal vent communities, which may take centuries to
form, support unique and often undiscovered biodiversity, and are extremely slow to recover (Hogg et
al. 2010; Ragnarsson 2016). Deep-sea fisheries, particularly bottom trawling, cause severe and often
long-lasting damage to benthic communities by reducing biodiversity, destroying biogenic habitats, and
impacting slow-growing, vulnerable species (Clark et al. 2016). Climate change and marine litter
exacerbate these threats (Ramirez-Llodra et al. 2011).

Given their remoteness, deep-sea habitats escape certain human activities that largely affect shallower
ecosystems, such as nutrient runoff, tourism, ship noise, and coastal pollution. At the same time, their
unique characteristics and valuable resources expose them to other major threats, including oil and gas
extraction, deep-sea mining, and waste disposal (Ramirez-Llodra et al. 2011). Damage in the deep sea
often goes unnoticed, and with low productivity and slow-growing species, recovery is extremely slow,
if possible, at all. While shallow-water habitats generally fall under national jurisdictions, much of the
deep sea lies in international waters, where governance is limited and protective measures are harder to
enforce (Gjerde et al. 2022).

Because harm is often irreversible, there is an urgent need for precautionary measures and stronger
international governance to protect and restore deep-sea habitats. Efforts to understand, assess, and
mitigate habitat degradation have increasingly focused on scientifically grounded frameworks and
practical guidance across global, regional, and local scales. The [IUCN Red List of Ecosystems provides
a standardized method to assess ecosystem risk based on criteria such as ecosystem collapse,
distributional decline, environmental degradation, and disruption of biotic processes, complementing
the Red List of species (Keith, 2013). At the regional level, the EU Marine Strategy Framework
Directive (MSFD, 2008/56/EC) establishes a set of descriptors and criteria to assess the Good

Environmental Status of ecosystems in European countries. Practical guidance for restoration is offered
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by standards such as the FAO ecosystem restoration guidelines in Nelson et al. (2024), which outline
participatory, scalable approaches and ten guiding principles to support the United Nations Decade on
Ecosystem Restoration (2021-2030) and global biodiversity targets. Collectively, these frameworks
determine ecosystem health status and, therefore, the level of urgency to protect and restore. However,
despite inclusion of deep-sea habitats most of the focus remains on coastal waters and terrestrial
environments.

Considering existing evidence of successful marine restoration (Danovaro et al., 2025), it is essential to
identify degraded habitats to help prioritize restoration efforts. This report focuses on understanding
habitat degradation in European deep seas (below 200 m depth) to highlight areas where restoration is
most needed. We apply three complementary approaches: (1) analysis of official reports submitted by
European countries under the MSFD framework, (2) meta-analysis of published literature, and (3) risk
assessment of habitat degradation by overlaying habitat distribution with human activities and
pressures, conducted both at a broad European scale and through a high-resolution case study of

Icelandic waters.

1.2 Working definition of degradation
Effective restoration of deep-sea habitats requires a clear definition of degradation and a list of

criteria to assess degradation status and degree of damage. Several international efforts have
addressed this issue from different perspectives (Bekkby et al., 2020; Dunne, 2025), including
the establishment of European directives such as the Marine Strategy Framework Directive
(MSFD) and subsequent evaluation of Good Environmental Status (GES; European
Commission, 2008). To standardize, unify, and reach a common ground that proves useful for
the decision-making of restoration actions, we compiled the most widely used definitions of

degradation up to date (Table 1).
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Table 1. Degradation definitions and related concepts (i.e., Ecosystem integrity and Good
Environmental Status, provide valuable information on degradation by opposition). The definitions
collected are not exclusive to deep-sea environments since the concept of degradation is applicable to

any ecosystem type.

Degradation

A persistent deterioration of the attributes of an ecosystem
(e.g. abiotic condition, species composition, ecosystem
structure and function, external exchanges) relative to
reference conditions, due to direct (e.g. unsustainable
resource use, land use change, overexploitation,
contamination) or indirect (e.g. climate change) human
intervention, that affects the ecosystem’s capacity to provide
benefits to people and nature.

Nelson et al.,
2024

A level of deleterious human impact to ecosystems that
results in the loss of biodiversity and simplification or
disruption in their composition, structure, and functioning,
and generally leads to a reduction in the flow of ecosystem
services.

Gann et al., 2019

A decline or loss of biodiversity or ecosystem functions. Is
context-specific and refer to both the state of ecosystems
and to ecosystem processes.

Convention on
Biological
Diversity, 2016

The decrease in the value of an ecosystem asset over an
accounting period that is associated with a decline in the
condition of an ecosystem asset during that accounting

SEEA Ecosystem
Accounting, 2024

period.
. . Millennium
Ecosystem’s capacity to provide benefits to humans has
. Ecosystem
been reduced, often as a consequence of changes in
ecosystem structure and function Assessment
Y ' (2005)
IPBES
(Intergovernment

Land and ecosystem degradation refers to the persistent
reduction of the capacity of ecosystems to support
biodiversity and provide ecosystem functions and services,
due to direct or indirect drivers.

al Science-Policy
Platform on
Biodiversity and
Ecosystem
Services, 2018)

Degradation is measured as a decline in ecosystem
distribution or ecosystem function that reduces its capacity to
sustain native biota and ecosystem processes.

IUCN Red List of
Ecosystems

framework (Keith
etal., 2013; 2015)
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Table 1. Continued

Degradation can be understood as the crossing of ecological
thresholds that reduce ecosystem resilience and trap the
system in an alternative, often less desirable state.

Holling, 1973;
Holling &
Gunderson, 2002

Degradation corresponds to a decline in ecosystem health,
where health is defined as the ability to maintain
organization, resilience, and vigour over time.

Costanza et al.,
1992; Rapport et
al., 1998

Benthic broad habitat types are in a “bad” state when its
abiotic and/or biotic characteristics show an unacceptable
deviation from reference state and do not adequately reflect
the prevailing natural physiographic, geographic,

Degradation | climatic/environmental, and biological conditions. The
parameter focuses primarily on various aspects of species Marine Strategy
diversity such as composition, abundance and biomass, size, | Framework
interactions and functions but also pays attention rare or Directive
absent sensitive species of the type-specific communities, (MSFD),
endangered species or species that provide key functions. Raicevich et al.,
Indicators of degradation or “bad” state are the abundance or | 2025
dominance of opportunistic species indicative of pollution,
as well as reduced ecosystem processes or functions. If the
anthropogenic pressures prevent habitat’s ability to recover
to a GES within a maximum of 6 years, the system is also
considered in “bad” state.
Ecosystem structure, function and composition relative to Hansen et al.,
"the natural or historic range of variation of these 2021 and
characteristics". references therein
The degree to which an ecosystem’s physical condition,
Ecosystem composition, structure and function are intact (that is, have
integrity not been degraded). Measuring ecosystem integrity is
complex and requires under'standlng tl.le range of states an Nelson et al.,
ecosystem would have been- if degra(-iatlon had not occurred. 2004
Assessments of ecosystem integrity ideally should be based
on a sufficient number of indicators of physical condition,
composition, structure and function. The inverse of
ecosystem integrity is ecosystem degradation.
Habitat Good | Sea-floor integrity needs to be at a level that ensures that the European
Environmental structure and functions of the ecosystems are safeguarded, Commission,
Status and benthic ecosystems are not adversely affected. 2008

10
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Table 1. Continued

European Red
List of Habitats

criteria
A) Reduction in quantity (area or distribution), B) Restricted

geographic distribution, C) Reduction in abiotic quality, D)
Reduction in biotic quality, E) Quantitative analysis of
probability of collapse.

Gubbay & Hall-
Spencer, 2016;
Keith et al., 2013

(From a
regional
perspective
rather than a
localised
habitat)

Having considered the available information, we include below the working definition of degradation
for REDRESS, which is context-dependent and, therefore, the specifics of which will manifest
differently in each habitat type and for each threat:

A loss or significant reduction of ecosystem integrity (i.e., physical condition, composition, structure,
and function) compared to pre-disturbance or a reference baseline that may (but not necessarily)
result in a negative impact on the ecosystem’s ability to provide ecosystem services. The disturbance
referred to here is of anthropogenic origin with a direct (e.g., resource extraction) or indirect (e.g.,
climate change) nature and relates to present or future (e.g., climate change and deep-sea mining)

habitat degradation.

1.3  Habitat description and selection

We selected European deep-sea habitats based on existing classifications (Table 2). We excluded
geomorphic features from our list (i.e., seamounts, carbonate mounds, submarine canyons and
trenches), given that important biogenic habitats of different nature already exist there. Therefore, we
prioritized cold-water coral reefs and gardens and sponge aggregations as habitats over geomorphic
features. Similarly, hard substrate habitats are represented through biogenic habitats (e.g., coral reefs),
geomorphic features (i.e., seamounts) and chemosynthetic features (i.e., vents) that are already included

in our classification. Adding a separate 'hard substrate' category would therefore introduce redundancy.
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Table 2. Focused deep-sea habitats to study degradation and potential restoration, along with their corresponding classifications under the European Nature
Information System (EUNIS, 2022), the Marine Strategy Framework Directive (MSFD), OSPAR, the Joint Nature Conservation Committee (JNCC), and the
High-Level classification used in Nature Restoration Law.

Proposed
habitat

Deep-sea
sponge
aggregations

Description

Extensive “sponge grounds”
composed of dense aggregations of
large sponges on the deep-sea
floor. These habitats are
principally formed by glass
sponges (Class Hexactinellida) and
massive demosponges. They are
found at depths below 200 m and
commonly down to 1300 m on
hard or soft substrate. The habitat
can be formed by a variety of
different sponge species, excluding
encrusting morphotypes. The
sponge’s siliceous spicules form a
structurally complex habitat that
alters the surrounding seabed (e.g.,
creating thick spicule mat on
mud).

High-Level Nature

Restoration and

Amending
Regulation (EU)
2022/869
. Deep sponge
Sponge communities Upner avorestion on
on Atlantic upper pp £8reg Group 5: Sponge,
bathyal rock bathyal rock Deep-sea sponge Atlantic upper coral and
(ME122/ME1221- anclf biogenic aggregations bal‘ihyzlill r(()lck and coralligenous beds
ME1222, level 4) ree other har
substrata
Sponge aggregation on
Atlantic upper bathyal =~ Upper Group 5: Sponge,
coarse sediment bathyal ?eerz _s:ZOSII: Songe coral and
(ME324/ME3241, sediment gefeg coralligenous beds
level4)
Sponge aggregation on
Atlantic upper bathyal =~ Upper Group 5: Sponge,
mixed sediment bathyal ?eerz _s:;:f: Songe coral and
(ME322/ME3221, sediment gefeg coralligenous beds
level4)
Sponge aggregation on Upper Group 5: Sponge,
Atlantic upper bathyal bathyal Deep-sea sponge coral and
;nud1 ‘(‘1)\/[E623ME623 1, sediment aggregations coralligenous beds
eve

12




Table 2. Continued

High-Level Nature
Restoration and

Proposed
habitat

Description

Extensive “sponge grounds”

Deep-sea sponge

Deep sponge
aggregation on

Amending
Regulation (EU)
2022/869

Group 5: Sponge,
coral and

composed of dense aggregations aggregations Atlantic mid coralligenous beds
of large sponges on the deep-sea bathyal mud
floor. These habitats are .

Sponge aggregation on Deep sponge

principally formed by glass

formed by a variety of different

Group 5: Sponge,

> Atlantic lower bathyal Lower bathyal =~ Deep-sea sponge aggregation on coral and
sponges (Class Hexactinellida) | 9 (ME622/ME6221,  sediment aggregations Atlantic lower coralligenous beds
and massive demosponges. leveld) bathyal mud g
They are found at depths below G 5 S
Deep-sea 200 m and commonly down to | Black Sea upper bathyal  Upper bathyal Deep-sea sponge roup 5: Sponge,
biogenic habitat (ME24, rock and . coral and
sponge 1300 m on hard or soft : ‘ aggregations corallizenous beds
aggregations | substrate. The habitat can be level 4) biogenic reef genou

Mediterranean upper

Group 5: Sponge,

sponge species, excluding bathyal facies of with Upper bathyal ~ Deep-sea sponge coral and
encrusting morphotypes. The Pheronema carpenteri sediment aggregations coralligenous beds
sponge’s siliceous spicules form | (ME6514, level 5)

a structurally complex pabitat Mediterrancan lower

that alters the surrf)undu}g bathyal facies of sandy Group 5: Sponge,
serftbed (e.g., creating thick muds with Thenea LOWCT bathyal Deep-see} sponge coral and

spicule mat on mud). sediment aggregations

muricata (MF6511, level

5)

coralligenous beds
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Table 2. Continued

Cold-water
coral (CWC)
reefs and
gardens

Biogenic reefs formed by
scleractinian corals found on hard
substrates. This category also
includes garden-like aggregation
of corals that do not form massive
reefs but cover the seabed with a
relatively dense thicket of coral
colonies, where several coral types
can be present, as well as sponges
and ophiuroids. Coral gardens can
occur in soft or hard substrates.

We consider this habitat at depths
below 200 m and more commonly
occurs at bathyal depths.

Mixed CWC
" Mi
comml.ml 168 O Upper bathyal  Coral gardens / ixed C.WC . Group 5: Sponge,
Atlantic upper ) community on Atlantic 1 and
bathyal rock rock and Lophelia pertusa er bathyal rock and com
y biogenic reef reef upp y Coralligenous bedS
(ME123/ME1231, other hard substrata
level 4)
Mixed CWC ) Group 5: Sponge,
Coral gardens co.rcrllr;lurﬁltylon itlarguc coral and
g ALyl ol £ coralligenous beds
other hard substrata
Atlantic upper . G 5:S
Upper bathyal ) Atlantic upper bathyal roup >5: Sponge,
bathyal CWC reef Lophelia pertusa . . 1 and
rock and CWC reef (biogenic coral an
(ME221/ME2211- biogenic reef reef structure) coralligenous beds
ME2212, level 4)
Mixed CWC .
M
community on Upper bathyal ixed C.\EVC Atlanti Group 5: Sponge,
. community on Atlantic
Atlantic upper rock and Coral gardens or bathy al coarse coral and
coarse sediment biogenic reef up cll) ¢ Y coralligenous beds
imen
(ME322/ME3221) Secime

Upper bathyal
sediment

Coral gardens

Mixed CWC
community on Atlantic
mid bathyal coarse
sediment

Group 5: Sponge,
coral and
coralligenous beds
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Table 2. Continued

Cold-water
coral (CWC)
reefs and
gardens

Biogenic reefs formed by
scleractinian corals found on hard
substrates. This category also
includes garden-like aggregation
of corals that do not form massive
reefs but cover the seabed with a
relatively dense thicket of coral
colonies, where several coral types
can be present, as well as sponges
and ophiuroids. Coral gardens can
occur in soft or hard substrates.

We consider this habitat at depths
below 200 m and more commonly
occurs at bathyal depths.

Erect coral field on

Group 5: Sponge,

mud ( ) SEEITE coralligenous beds

level 4)

Mixed CWC Mixed CWC

community on Atlantic Lower bathyal community on Group 5: Sponge,
Coral gardens / . 1 sl

lower bathyal rock rock and Atlantic lower coral an

(MF121/MF1211, level
4

biogenic reef

Lophelia pertusa reef

bathyal rock and
other hard substrata

coralligenous beds

Atlantic lower bathyal

L hyal Atlantic | Group 5: Sponge,
CWC reef ower bathya Coral gardens / s e
(MF221/MF2211 rock and Lopheli rusa reef bathyal CWC reef | coral an
- . . ophelia pertusa ) ; ,
MF2212) biogenic reef P p (biogenic structure) | coralligenous beds
Mixed CWC

community on Atlantic
lower bathyal coarse
sediment
(MF321/MF3211, level
4)

Lower bathyal
sediment

Coral gardens

Mixed CWC
community on
Atlantic lower
bathyal coarse
sediment

Group 5: Sponge,
coral and
coralligenous beds
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Table 2. Continued

Cold-water
coral (CWC)
reefs and
gardens

Biogenic reefs formed by
scleractinian corals found on hard
substrates. This category also
includes garden-like aggregation
of corals that do not form massive
reefs but cover the seabed with a
relatively dense thicket of coral
colonies, where several coral types
can be present, as well as sponges
and ophiuroids. Coral gardens can
occur in soft or hard substrates.

We consider this habitat at depths
below 200 m and more commonly
occurs at bathyal depths.

Coral gardens /
Lophelia pertusa
reef

Atlantic mid bathyal
CWC reef (biogenic
structure)

Group 5: Sponge, coral
and coralligenous beds

Coral gardens

Erect coral field on
Atlantic mid bathyal
mud

Group 5: Sponge, coral
and coralligenous beds

Erect coral field on
Atlantic lower

Erect coral field on

Lower bathyal i Group 5: Sponge, coral
bathyal mud sediment Coral gardens Atlantic lower bathyal | 4 genous beds
(ME623/ME6231, mud
level 4)

I gard Atlantic upper abyssal | Group 5: Sponge, coral
Coral gardens biogenic structure and coralligenous beds
Coral gardens Atlantic mid abyssal Group 5: Sponge, coral
reef biogenic structure and coralligenous beds
| oard Atlantic lower abyssal | Group 5: Sponge, coral
Coral gardens biogenic structure and coralligenous beds
Black Sea upper
bathyal biogenic Upllzer bdathyal Coral vard Group 5: Sponge, coral
habitat (ME24, level r(-)c an- oral gardens and coralligenous beds
4) ’ biogenic reef
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Table 2. Continued

Proposed
habitat

Cold-water
coral (CWC)
reefs and
gardens

Description

Biogenic reefs formed by
scleractinian corals found on hard
substrates. This category also
includes garden-like aggregation
of corals that do not form massive
reefs but cover the seabed with a
relatively dense thicket of coral
colonies, where several coral types
can be present, as well as sponges
and ophiuroids. Coral gardens can
occur in soft or hard substrates.

We consider this habitat at depths
below 200 m and more commonly
occurs at bathyal depths.

Facies with
Corallium rubrum

Circalittoral
rock and

Coral gardens

High-Level Nature
Restoration and
Amending
Regulation (EU)
2022/869

Group 5: Sponge, coral
and coralligenous beds

(MC1522, level 5) biogenic reefs
Mediterranean upper
) Upper bathyal i
thyal L Group 5: Sponge, coral
bathyal Lophelia rock and Lophelia pertusa reef

pertusa reefs
(ME1511, level 5)

biogenic reef

and coralligenous beds

Mediterranean upper
bathyal Madrepora
oculata reefs
(ME1512, level 5)

Upper bathyal
rock and
biogenic reef

Group 5: Sponge, coral
and coralligenous beds
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Table 2. Continued

Cold-water
coral (CWC)
reefs and
gardens

Biogenic reefs formed by
scleractinian corals found on hard
substrates. This category also
includes garden-like aggregation
of corals that do not form
massive reefs but cover the
seabed with a relatively dense
thicket of coral colonies, where
several coral types can be
present, as well as sponges and
ophiuroids. Coral gardens can
occur in soft or hard substrates.

We consider this habitat at depths
below 200 m and more
commonly occurs at bathyal
depths.

Mediterranean upper

bathyal Madrepora Upper bathyal

oculata and Lophelia  rock and biogenic  Lophelia pertusa reef
pertusa reefs reef

(ME1513, level 5)

Group 5: Sponge, coral
and coralligenous beds

Mediterranean lower
bathyal Lophelia
pertusa reefs
(MF15111, level 5)

Lower bathyal
rock and biogenic  Lophelia pertusa reef
reef

Group 5: Sponge, coral
and coralligenous beds

Mediterranean lower Lower bathyal

bathyal Mad
athtya’ Madrepora rock and biogenic

oculata reefs

(MF1512, level 5) reef

Group 5: Sponge, coral
and coralligenous beds

Mediterranean lower

bathyal Madrepora Lower bathyal

oculata and Lophelia  rock and biogenic  Lophelia pertusa reef
pertusa reefs reef

(MF1513, level 5)

Group 5: Sponge, coral
and coralligenous beds

Mediterranean lower bathyal facies of compact muds with Isidella elongata
(MF6513, level 5)

Lower bathyal sediment

Group 5: Sponge, coral
and coralligenous beds
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Table 2. Continued

Proposed
habitat

Deep-sea cold
seeps

Description

Areas of seabed where
hydrocarbon-rich fluids (e.g.,
methane and hydrogen sulphide)
or brines seep out at ambient
temperatures, creating chemically
reduced, often anoxic micro-
environments on the seafloor.
Often associated with features like
mud volcanoes, pockmarks, deep
hypersaline anoxic basins
(Mediterranean brine pools), and
support specialized fauna such as
siboglinid tube worms,
bathymodiolin mussels, and
vesicomyid clams hosting
chemoautotrophic bacterial
symbionts. We considered deep-
sea cold seeps (i.e., found below
200 m).

High-Level Nature
Restoration and
Amending
Regulation (EU)
2022/869

Group 6: vents and
seeps

19




Table 2. Continued

High-Level Nature

Restoration and
Proposed

habitat

Description Amending
Regulation (EU)
2022/869

Openings on the seafloor,
typically found in volcanically
active regions such as mid-ocean
ridges, where geothermally heated
water rich in dissolved minerals is

D ) 1 1 . . . .
h e(:rIZ) tslf:rmal expelled. The mixing of hot vent Oceanic ridges with Group 6: vents and
VZnts fluids with cold seawater creates hydrothermal vents seeps

mineral deposits and supports
unique ecosystems based on
chemosynthesis. We consider
deep-sea hydrothermal vents (i.e.,
found below 200 m).

Extensive soft-sediment seabed
consisting of sand, mud and mixed

Deen-sea soft sediments. Sea pen and borrowing Atlantic upper Group 7: soft
segiments megafauna communities are bathyal sand (ME52 Upper bathyal Atlantic upper sediments (not deeper
included here too. /ME521, MES211, sediment bathyal sand than 1 000 metres of
MES5212, MES213, depth)
Considered only below 200 m MES522, level 3) p
including bathyal and abyssal ’
depths.
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Table 2. Continued

High-Level Nature

Proposed - Restoration and
habitat Description Amending Regulation
(EU) 2022/869
Atlantic upper
bathyal mud (MEG62,
level 3/ ME621,
MEG6211, ME6212, ) Group 7: soft sediments
ME622, MEG221,  Lpper bathyal Atlantic upper | ¢ deeper than 1 000
’ ’ sediment bathyal mud

Extensive soft-sediment seabed ME623, ME6231, metres of depth)
consisting of sand, mud and mixed | ME624, ME6241,
sediments. Sea pen and borrowing | ME625, ME6251,
megafauna communities are ME626)

included here too.

Deep-sea soft
sediments

Atlantic mid

Considered only below 200 m bathyal sand
including bathyal and abyssal
g;c zlsmg atyal and abyssa Atlantic mid
pths. bathyal mud
Atlantic lower
bathyal sand (MF52, Lower bathyal Atlantic lower
level 3/ MF521, sediment bathyal sand

MF5211)
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Table 2. Continued

Proposed
habitat

Deep-sea soft
sediments

Description

Extensive soft-sediment seabed
consisting of sand, mud and
mixed sediments. Sea pen and
borrowing megafauna
communities are included here
too.

Considered only below 200 m
including bathyal and abyssal
depths.

Atlantic lower
bathyal mud (MF62,
level 3/ MF621,
MF6211, MF6212,
MF622, MF6221,
MF623, MF6231,
MF624, MF6241,
MF625)

Lower bathyal
sediment

Atlantic lower bathyal mud

High-Level Nature
Restoration and
Amending
Regulation (EU)
2022/869

Atlantic upper abyssal sand

Atlantic upper abyssal mud

Atlantic mid abyssal sand

Atlantic mid abyssal mud

Atlantic lower abyssal sand

Atlantic lower abyssal mud
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Table 2. Continued

Proposed
habitat

Deep-sea soft
sediments

Description

Extensive soft-sediment
seabed consisting of sand, mud
and mixed sediments. Sea pen
and borrowing megafauna
communities are included here
too.

Considered only below 200 m
including bathyal and abyssal
depths.

High-Level Nature
Restoration and

Amending Regulation
(EU) 2022/869

Mediterranean upper U bathval Group 7: soft sediments
bathyal sand (MES55, l:il,)er atiya (not deeper than 1 000
level 3) sediment metres of depth)
Mediterranean upper bathval Group 7: soft sediments
bathyal mud (MES6S, Ul(’il,’er ?t ya (not deeper than 1 000
level 3/ ME6514)  cormen metres of depth)
Mediterranean lower

L thyal
bathyal sand (MF55, ov‘ver bathya

sediment
level 3)
Mediterranean lower
bathyal mud (MF65, Lower bathyal
level 3/ MF6511, sediment
MF6513)
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2  Materials and Methods

2.1 Reports of habitat degradation at MSFD
We revise the official reports on habitat degradation to the present day based on the Marine Strategy
Framework Directive (MSFD). At the publicly available assessments from MSFD taken from the WISE

Marine Water Information System for Europe (https://water.europa.eu/marine) we looked for

assessments in the MSFD reporting data explorer (article 8) and filtered GES component for D6 — Sea-
floor integrity / D1 — Biodiversity — benthic habitats and D10 — Marine litter, since these are the most
relevant to assess deep-sea habitat degradation. We downloaded the file and filtered the “Elements”
column for deep-sea bathymetries (i.e., “Abyssal”, “Lower bathyal rock and biogenic reef”, “Lower
bathyal sediments”, “Upper bathyal rock and biogenic reef”, “Upper bathyal sediments” and “Upper

bathyal sediments or Lower bathyal sediment”) and we summarised the total numbers.

2.2 Literature review and meta-analyses of degraded habitats

To assess the degree of degradation of our selected deep-sea habitats we propose a measure of change
of specific components that relate to habitat integrity. We conducted a systematic review of studies that
report certain ecosystem metrics (density, species diversity indices, and/or functional diversity indices)
in a pre-disturbed, background or baseline community and a degraded or disturbed state of that
community. We included studies from any location and depth if they reflected threats and habitats found
in European deep seas (e.g., we included trawling sites but excluded heatwave effects on benthic
communities). Following our definition of degradation the disturbance reported needed to be of
anthropogenic origin and therefore, we excluded studies reporting on mixed effects between
environmental and anthropogenic drivers. Included studies assessed degradation against a reference site
in space or time but excluded Marine Protected Areas as they typically reflect recovery states rather
than degradation. All included studies involved field-based work, and we excluded laboratory
experiments. Finally, for a study to be included, its data must be accessible and manageable.

The systematic review included published studies, and we measured the proportion of change in the

following manner:

Dx = (df/ Xi — 1) * 100

where x is the variable being analysed (e.g., density of a Habitat Forming Species), x; and xr are the

variable under initial and final conditions, respectively. The relative nature of the measurement allows

for comparisons between ecosystems and therefore a ranking of degraded locations.
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2.3  Assessment of degradation risk

2.3.1 Habitat distribution

We used various approaches to map European deep-sea habitats, however, in all cases, we considered
data between 40° W and 45° E and 27° to 75° N deeper than 200 m. To cover such a broad area, we
mapped all the habitats at a resolution of 10 x 10 km.

2.3.1.1 Deep-sea sponge aggregations

We obtained data from deep-sea sponge aggregations from present-day models of Pheronema
carpenteri published in Gregorio et al. (2024). These are the most recent models representing habitat
suitability of the species in a continuous suitability index. To increase species coverage, we also report
models from geodid species and aggregations from Howell et al. (2016). The models in this case,
represent presence/absence rather than a continuum index of suitability.

2.3.1.2 Cold-water coral reefs and gardens

2.3.1.2.1 Models
We plotted the species distribution models for the cold-water coral (CWC) reefs and gardens from the

most recent publication available (Tong et al., 2023), with estimates both for the Northeast Atlantic and
the Mediterranean Sea. The final model presented, is a combination of 10 species models (i.e., Acanella
arbuscula, Desmophyllum pertusum, Enallopsammia rostrata, Goniocorella dumosa, Madrepora
oculata, Oculina varicosa, Paragorgia arborea, Paramuricea placomus, Primnoa resedaeformis,
Solenosmilia variabilis). For each cell, we added the values of habitat suitability for each species and
divided the value per total number of species (i.e., 10). We then standardized final values from 0 to 1
to produce the final map of CWCs potential distribution below 200 m depth.

2.3.1.2.2 Systematic mapping

For this habitat, systematic mapping is also in place. Regarding coral-reef and coral forest habitats, a
systematic bibliographic review of peer-reviewed publications is currently in progress to support the
mapping of habitat distribution. The literature search was carried out using two major platforms, Web
of Science (WOS) and Scopus. In WOS, the query applied was ((ALL=(Mediterran*)) AND
ALL=(Coral*)) AND ALL=(Deep) AND ALL=(Sea)), while in Scopus the search string was (TITLE-
ABS-KEY (Mediterran*) AND TITLE-ABS-KEY (coral*) AND TITLE-ABS-KEY (deep AND sea)).
As of 26 June 2025, the searches retrieved 763 results from WOS and 446 from Scopus. After merging
the two outputs and removing 336 duplicates using the bibliometrix package in R, a unified dataset of
865 unique records was obtained.

The dataset spans from 1924 to 2025 and includes contributions from 252 different sources. The annual
growth rate of publications is 3.15%, with an average document age of 10.7 years and a mean of 33.47
citations per publication. A total of 5088 authors contributed to the dataset, with an average of 9.19 co-
authors per document and an international co-authorship rate of 43.12%. Most records are research

articles, followed by reviews, book chapters, and proceedings papers (Table 3).
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Table 3. Overview of dataset composition, document types, and author collaboration metrics.

Main information about data

Timespan 1924 - 2025
Sources (Journals, Books, etc) 252
Documents 865
Annual Growth Rate % 3.15
Document Average Age 10.7
Average citations per doc 33.47
References 0
Document contents

Keywords Plus (ID) 2962
Author's Keywords (DE) 2419
AUTHORS

Authors 5088
Authors of single-authored docs 46
Authors collaboration

Single-authored docs 48
Co-Authors per Doc 9.19
International co-authorships % 43.12
Document types

article 712
article; book chapter 19
article; early access 2
article; proceedings paper 22
article; retracted publication 1
book chapter 36
conference paper 6
editorial material 4
meeting abstract 1
news item 1
note 2
proceedings paper 20
review 34
review; book chapter 2

Metadata quality was also assessed, showing completeness for core bibliographic fields such as
authorship, title, journal, year, and language. Missing values were more frequent in keywords (18.73%
missing for DE; 7.98% for ID) and in Digital Object Identifiers (DOI, 5.90%). Information on cited
references (CR) and science categories (WC) was entirely absent (100%), reflecting limitations in
database export formats.

Temporal analysis of scientific output indicates a marked increase from the early 2000s, with a peak of
more than 60 articles per year in 2019. The geographical distribution of publications highlights Europe

(particularly Italy, France, and Spain) and North America as primary contributors. Keyword co-
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occurrence network analysis reveals two strongly interconnected conceptual clusters: one centred on

9 Ge

the “Mediterrancan Sea,” “cold-water corals” (notably “Lophelia pertusa”), and oceanographic
processes; the other focused on “biodiversity”, “benthic communities”, and “conservation”. Their
interconnection reflects the integration of ecological and geological perspectives in Mediterranean

deep-sea research (Fig. 1).

L 4 = ;
-® @ A —e !
v v
. ] ‘?*o.'u 3 : .
- > ',‘ — |
’ ® mediterranean sea

—

> biodiversity

Fig. 1 - Keyword co-occurrence network highlighting main research themes.

For each publication, spatial information on species distribution was retrieved whenever possible, either
directly from the text or by georeferencing figures and maps. All information was structured into an
Excel dataset including key metadata such as publication details, study location (site name, latitude,
longitude, depth), time frame, data acquisition device, substrate type, resolution scale, habitat type, taxa
list, protection status, degradation status, and sources of anthropogenic impact.

The bibliographic review is still ongoing. However, as of 26 June 2025, a total of 160 publications has
been selected, contributing to a dataset of over 3000 spatially referenced records documenting the
presence of species in various deep-water habitats. Reported habitats include coral reef-like structures
dominated by Madrepora oculata Linnaeus, 1758 and Desmophyllum pertusum (Linnaeus, 1758), coral
forests dominated by black corals such as Antipathella subpinnata (Ellis & Solander, 1786) and
Leiopathes glaberrima (Esper, 1792), as well as soft-bottom habitats hosting Isidella elongata (Esper,
1788).

A preliminary map has been generated to illustrate the spatial distribution of the records collected so
far. This representation remains provisional and will be progressively updated as the bibliographic

review advances. All validated spatial data will ultimately be integrated into the REDRESS geoportal
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(Deliverable 1.1 — Milestone 2), ensuring open access and harmonised use of these datasets for further
analyses and restoration planning.

2.3.1.3 Deep-sea cold seeps

Given the difficulties in identifying seepage habitats, we mapped cold seeps distribution using two
proxies: mapping the occurrence of VME indicators (Vulnerable Marine Ecosystems), mostly tube
worms and bottom simulating reflectors (BSRs) as indicators of hydrates. VME indicator approach
includes data from OBIS, GBIF, ICES, Isramarbio, CHESS (Ramirez Llodra, et al. 2003) and
SEAFLEAs (Phrampus et al., 2019). The hydrate distribution maps based on BSR were taken from the
European MIGRATE COST action.

2.3.1.4 Deep-sea hydrothermal vents

Given that hydrothermal vents are highly localised habitats, we plotted their actual occurrences from
the InterRidge vents database (Beaulieu et al. 2013, 2020).

2.3.1.5 Deep-sea soft sediments

To map deep-sea soft sediments, we sourced benthic habitats from EMODnet EUSeaMap 2023
(https://emodnet.ec.europa.eu/en/seabed-habitats). We pooled together all soft sediment habitats
according to the EUNIS 2019 classification: “sand”, “mud”, and “sediment”. A considerable
proportion of the abyssal Atlantic is classified as “deep-sea bed” and therefore falls outside the soft-
bottom classification. However, we can safely assume these are soft sediments, most likely mud, and
therefore we included it in our soft-sediment habitat classification. To improve the mapping of soft
sediment habitats, we used the ocean geomorphological mapping developed by Harris et al. (2014) to
mask the data layer with the distribution of features that typically have a harder and mixed substrates
(e.g., escarpments, submarine canyons, seamounts) (Errore. L'origine riferimento non ¢ stata

trovata.).

2.3.2 Human activities

A comprehensive list of human activities and resulting pressures was used to identify those with
potential negative effects on deep-sea benthic habitats, which can lead to their degradation. This list
was adapted from an existing database (Borgwardt et al., 2019).

We mapped human activities using publicly available data (Table 4). The data on fishing intensity was
expressed as the annual average number of fishing hours. Information on cruise and shipping vessels
was originally available as the density of routes per square kilometre, while data on dredging and
military and law enforcement operations was available as vessel density. Finally, for point and line data
layers representing information for telecommunication and power cables, oil and gas installations,
marine dumped munitions, and shipwrecks, a buffer was applied to determine the area affected. When
information of human activities was available for multiple years, we calculated the average across the

entire time range to obtain the yearly average of the activity intensity. The original datasets were
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processed into a raster format with a 10 x 10 km grid resolution. More details on the processing steps

required to generate these data layers can be found in Matos et al. (2025).

29



Table 4 - List of human activities and potential pressures on deep-sea benthic habitats. Activities are grouped by category, and an “X” indicates which
activities contribute to a given pressure. EMODnet - European Marine Observation and Data Network

Pressures
Human activities Chemical changes,
Physical change chemicals and other Biological disturbance Energy
pollutants
= Te e s = © S oo s & S = £E5., £3
Primary Specific E gn ;‘2 ':é E % ,E % *;2, E 'g E E % % E g '% % c:)D éﬂ 0
Activity Primary Data Source & E '?j é £ = é § 2 '§ E 2 '§ E 3 § § 82 ¢ -§
Type Activity 28 £ g Z2F EBZE EZE £ 3 £ £ EZS B
58 & 7 E 8 EswS E 3 F€ Es® £F
Benthic Global
Fishing trawls and Fishing X X X X X X X X
dredges Watch
o Long-line G}obal
Fishing clagic Fishing X X X X X X X
pelag Watch
_ Fixed gears G}o‘pal
Fishing Fishing X X X X X X X
and nets
Watch
Non-
Renewable  Oil and Gas EMODnet X X X X X X X
Energy
Marine
Military dumped EMODnet X X X X
munitions
.- Military:
Military Qoo EMODnet X X
Shipping:
Shipping Qﬁiﬁzn;sf EMODnet X X X X X X X
wrecks
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Table 4. Continued

Pressures
Human activities i i
Physical change Chemical changes, chemicals Biological disturbance
and other pollutants
. ds w2 5 s fas TR Y
: = e £ =g 2 .88 E%°T S E Tey =2 S5 8 2%
Primary Activity Sp.e S Data = =T o &= ?:1 g 3 ?:s) £ 3 E s §<E 2 g S E§
Primar = 5= £ X = Ss=£8 =< ES Sse g 232§ S = S8 S o=
Type y Source = 2w B g = S5 S5E S-S & S = SE< 50
Activity 2 £° g =27 S =E EfZE S 5 S E58 £ = S8 5o
= = 2 = o = o S = =]
< Z§ @ O E S E£%8 E 3 O L= ER N
Shipping:
General (anti-
fouling,
Shipping ballast water ~ EMODnet X
exchange,
litter,
Mooring)
Tourlsn}/ Cruise ships ~ EMODnet X
Recreation
Telecoms and
Electricity:
Telecoms an .
elecomsand gy o EMODnet X X X X X X
Electricity .
cables - active
operational
Telecoms and
Electricity:
Telecqms and Communicati EMODnet X X X X X
Electricity on cables -
active
operational
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2.3.3 Degradation risk
Given the significant knowledge gap in mapping and identifying degraded deep-sea ecosystems, we

used a Halpern cumulative impact assessment approach (Halpern et al., 2008) to evaluate the combined
effects of multiple human pressures (Table 4) on selected habitats. This method allows the
identification of potential areas at a higher risk of containing degraded deep-sea ecosystems.

Pressures layers were derived from the aggregation of one or more human activity layers resampled to
a 10 x 10 km grid (Table 4). To calculate the combined effect for a particular habitat, we first multiply
the normalized pressure intensities (ranging from 0 to 1) by their corresponding habitat sensitivity
scores (adapted from Kallio et al., 2025, Table 5). When specific sensitivity data for a pressure was
unavailable, we used the average score from the available sensitivity data for that habitat. This ensured
that all identified pressures were included in the analysis, resulting in a more comprehensive map of
potential deep-sea habitat degradation. The sum of these products is then weighted by the presence or
probability of occurrence (ranging between 0 and 1) of each habitat at that grid cell. The overall
combined effect score was obtained by aggregating all pressure-ecosystem pairs across the study area.
This score highlights high-risk areas where pressures and ecosystem vulnerable to that pressures

overlap, serving as a proxy for the likelihood of finding degraded deep-sea ecosystems.
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Table 5. Sensitivity scores for deep-sea habitats determined for each pressure based on Kallio et al. (2025) - values shown in bold. Scores in italics represent

an average score derived from available data for the habitat when no direct information was available for a given pressure.

Abrasion/Damage

Artificialisation of habitat

Changes in Siltation

Changes in input of organic matter
Electromagnetic changes

Extraction of flora and/or fauna
Introduction of Microbial pathogens
Introduction of non-synthetic compounds
Introduction of Radionuclides
introduction of synthetic compounds
Litter

Smothering

0.788
0.654
0.645
0.650
0.645
0.788
0.275
0.645
0.778
0.645
0.460
0.770

0.792
0.642
0.686
0.620
0.686
0.515
0.686
0.686
0.550
0.686
0.686
1.000

0.792
0.642
0.686
0.620
0.686
0.515
0.686
0.686
0.550
0.686
0.686
1.000

0.670
0.417
0.584
0.667
0.584
0.584
0.584
0.584
0.584
0.584
0.584
0.584

0.670
0.417
0.584
0.667
0.584
0.584
0.584
0.584
0.584
0.584
0.584
0.584
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3  Results

3.1 Reports of habitat degradation at MSFD

Current knowledge on habitat integrity according to the Marine Strategy Framework Directive (MSFD)
is ambiguous in the distinction between deep and shallow ecosystems (i.e., some categories are not
depth-related, e.g., “Reefs”). Portugal has the highest number of deep-sea assessments and together
with France and Greece are the only countries including abyssal elements (Table 6). All reports fall
into the Descriptor 6 — habitat integrity including criteria 3 (Adverse effects of physical disturbance on
benthic habitats), 4 (Benthic habitat extent — extent of habitat loss from anthropogenic pressures) and 5
(Benthic habitat condition — extent of adverse effects from anthropogenic pressures). Criteria 3 and 5
considers adversely affected habitat through changes in its biotic an abiotic structure and its functions,
which includes changes in species composition, key species and size structure. Criteria 4 focuses on
habitat loss instead. Criteria 3 focuses on physical disturbance while criteria 4 and 5 on anthropogenic
stressors (DIKE WG 2013). There are no assessments based on the deep sea in D10 — Marine Litter.

3

In most assessments, GES are “not assessed”, “not relevant”, or ‘“unknown” and only 45, from
Portuguese seas and 3 from Greece, achieved GES according to evaluations from 2011 to 2018 (Table
7). All the assessments are from bathyal and abyssal depths and include sediments and rocky substrates
with biogenic reefs. GES is achieved at all depths and substrates for criteria 3, little for criteria 4 and
none for criteria 5 (Table 7). The assessments highlight the lack of information available for GES in
the deep seas. There is a severe lack of data on habitat types across most areas, preventing evaluation
of criteria and therefore not permitting the assessment of those areas or making them impossible to

classify (i.e., “not assessed” or “unknown”).
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Table 6. Number of Good Environmental Status assessments in the deep sea per country and its characteristics.

NUM. OF GES GES NOT GES NOT GES
COUNTRY BATHYMETRY HABITAT

ASSESSMENTS ACHIEVED ASSESSED RELEVANT UNKNOWN

Bathyal (upper and lower)  Rock and biogenic reef
PORTUGAL 203 45 158 0 0
and abyssal and sediment
Bathyal (upper and lower)  Rock and biogenic reef
FRANCE 18 0 0 18 0
and abyssal and sediment
Bathyal (upper and lower)
GREECE 9 3 0 0 6 Sediment
and abyssal
Rock and biogenic reef
MALTA 8 0 8 0 0 Bathyal (upper and lower)
and sediment
DENMARK 2 0 0 0 2 Bathyal (upper) Rock and biogenic reef
CROATIA 1 0 0 0 1 Bathyal (upper) Sediment
SWEEDEN 1 0 1 0 0 Bathyal (upper) Sediment
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Table 7. Number of deep-sea Good Environmental Status assessments with their criteria status per depth and substrate type.

ELEMENT D6C3 D6C4 D6CS

Adverse effects of physical Habitat loss from anthropogenic Adyverse effects from anthropogenic

disturbance pressures pressures

Good Unknown Not assessed | Good Unknown Not assessed | Good Unknown Not assessed

UPPER BATHYAL SEDIMENT 3 10 3 1 11 3 0 4 11
UPPER BATHYAL SEDIMENT
OR LOWER BATHYAL 0 0 0 0 0 0 0 3 0
SEDIMENT
LOWER BATHYAL

4 10 1 0 11 4 0 11 4
SEDIMENT
ABYSSAL 4 7 1 0 4 8 0 4 11
UPPER BATHYAL ROCK AND

2 11 2 1 12 2 0 11 3
BIOGENIC REEF
LOWER BATHYAL ROCK

2 9 1 0 10 2 0 10 2
AND BIOGENIC REEF
TOTAL 15 47 8 2 48 19 0 43 31
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3.2 Literature review and meta-analysis of degraded habitats

3.2.1 Quantitative assessment

Our review highlights a small number of studies and observations, evaluating degradation in European
deep seas, therefore, we extended our meta-analysis to a global scale. From the 35 studies included, six
are based in European deep seas (Fig. 2, Annex II). Hydrothermal vents and cold seeps could not be
included in the meta-analysis because there is a lack of studies quantifying degradation. The distribution
of studies and observations across the included habitat types shows a strong bias toward soft sediments,
which account for the vast majority of recorded observations (close to 150). In contrast, coral gardens
and reefs, as well as sponge grounds and reefs, are far less represented, with 70 and 33 observations
each, respectively. This highlights a clear imbalance in research effort and frequency of impact, with
soft sediment habitats being much better studied and more frequently impacted than structurally

complex habitats such as coral and sponge systems.

1501

1004

. Num. observations

. Num. studies

50 1

Fig. 2. Number of observations (green) and studies (black) that quantify habitat degradation and are
therefore included in the metanalysis, per habitat type.
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Density of Habitat-Forming Species (HFS) is the most widely used metric to quantify degradation of
sponge aggregations, both in number of studies and in number of observations (Fig. 3). Diversity
indices also dominate in number of observations. Trawling is the dominant activity quantified and

reported, whereas cables are mentioned in only one study.
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Fig. 3. Number of studies and observations of degraded sponge aggregation per metric (densities,
diversity and physical damage measures) and threat (cable and trawling).

Physical damage is the most widely reported metric in terms of number of studies and observations.
Most of this evidence relates to oil spills, although fishing activities are also an important source.
Density measures of Habitat-Forming species (HFS), as well as overall diversity (HFS and associated
species), are the second most frequently assessed variables (Fig. 4). Among human activities, trawling
and oil spills emerge as the primary threats that have been both reported and quantitatively evaluated

for these habitats.
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CORAL REEF AND GARDENS
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Fig. 4. Number of studies and observations of degraded coral reef and gardens per metric (densities,
diversity and physical damage measures) and threat (oil spill and trawling).

Density and diversity measures are the most frequently used metrics to quantify degradation status in
soft sediments in both number of studies and observations (Fig. 5). Trawling is the main activity

quantified in these habitats.
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Fig. 5. Number of studies and observations of degraded soft sediment per metric (densities, diversity,
biomass and size) and threat (habitat fragmentation and trawling).
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Density metrics showed the highest variability and the greatest percentage of decline in the three
different habitats (Fig. 6). We found reductions of 15-55% in sponge aggregations, from a few percent
to up to ~60% in coral reefs and gardens, and 20 — 60% in soft sediments. Diversity metrics are also
commonly used in soft-bottom habitats, with a high range of values that span 20 to 80% of reduction
from the reference site. In coral reefs and sponge grounds, diversity metrics have a much smaller range
of % change but still report changes of 20 to 60%. Physical damage reported positive values given the
nature of the metric (i.e., a degraded habitat is the one that increases the number of individuals
physically damaged) and was only applicable to Habitat-Forming Species. The percent increase ranges
from 30— 60% and from a small percentage to more than 70% damage in sponge aggregations and coral
reefs, respectively. Trait-based metrics are also included in soft sediment habitat and CWCs from
studies reporting changes in size of individuals. Although less commonly used, they remain highly
informative.

Overall, the evidence confirms that trawling drives the strongest and most widespread impacts across
the three environments, while cables and oil spills remain understudied but still measurable at local
scales. Despite the low number of studies, the impact of sponge grounds associated to cables is similar

to trawling (~40%).
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specific threat (i.e., trawling, cables, oil spills, and habitat fragmentation).
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3.2.2 Qualitative assessment

Cold seeps

Ubiquitous along continental margins globally, cold seeps are sites of hydrocarbons or similar
(petroleum, gas, CO», etc.) emission (in dissolved form, gas bubbles, or viscous fluid outpour) from the
seafloor. Since their discovery in the 1960s, deep seafloor cold seeps and their associated features (e.g.
pockmarks, hydrates, etc.) and habitats have been mapped and investigated in increasing numbers,
globally and along the European margins (e.g. Judd and Hovland, 2009; Vanreusel et al., 2009).
Mapping have been based on a variety of indicators, including bathymetric and geophysical imaging of
relevant geomorphic and subsurface features, acoustic imaging of emitted bubbles’ flares,
biogeochemical anomalies, seafloor core samples, and visual seafloor surveying and sampling. Lately,
also sea-surface oil slicks were used as indicators of seafloor cold seeps (e.g. Jatiault et al., 2024).
Particularly, cold seeps are commonly associated with the formation and dissolve of gas hydrates near
the seafloor (Beaudoin et al., 2024a,b). Thus, the distribution of seafloor hydrates along European
margins may provide an indication for the potential distribution of seepage. This distribution was
investigated and mapped by the European Commission COST action ES1405 - Marine gas hydrate - an
indigenous resource of natural gas for Europe (MIGRATE), as summarized by Minshull et al. (2020).
The various indicators used for seepage mapping have differing levels of certainty, which make it
difficult to incorporate into a single robust map. For example, a recent attempt to provide a
comprehensive database of seismically mapped pockmarks in the Mediterranean Sea, as a base for
evaluating the distribution of seepage in the region, was carried out by Spatola et al. (2025). However,
our examination revealed this compilation to include several entries with dubious validity and to be
missing multiple verified entries, thus casting a doubt on the utility of this database. Moreover, seafloor
geomorphological pockmarks do not provide a certain indication for seepage habitats, as some of these
morphologies may be associated with different formation processes and habitat types. Similarly, cold
seeps harbour a large diversity of habitats (Han et al., 2023), ranging from primarily chemosynthetic
organisms, where the seepage flux is highest, through a succession of ecological communities
associated with the decreased seepage flux and reduction in chemosynthetic dependence (e.g.
Straughan, 1982; Fischer et al., 2012; Argentino et al., 2022). Particularly, cold seeps are commonly
surrounded by broad zones that are cultivated by the effects of the seeps (e.g. Rubin-Blum et al., 2025)
and can have a broad effect on the marine environment at large (Levin et al., 2016; Sisma-Ventura et
al., 2022). Moreover, cold seeps habitats may shift significantly throughout their evolution cycle (e.g.
Arréazola and Acosta, 2024).

Deep-sea cold seep distribution proxies reported here, probably constitute an under-representation of
seepage habitats distribution around the European margins yet probably represent the general scope and
importance of these habitats as we know them today. Importantly, we have found no information on the

degradation of European deep-sea seepage habitats or a discussion of how such degradation may affect
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them, which probably represents a major knowledge gap to be addressed. Moreover, the distribution
and fluxes of deep-sea cold seeps may be already undergoing changes due to global and regional

anthropogenic changes, which require to be addressed.
Hydrothermal vents

Hydrothermal vents are rare and patchy habitats that occur along mid-ocean ridges, back arc basins and
volcanic chains. Vent ecosystems are sustained by the primary productivity of chemoautotrophic
organisms, both free-living and in symbiosis with fauna, which sustain a high abundance of highly
specialised organisms (Van Dover et al., 2018). Until now, the main anthropogenic activity taking place
at deep hydrothermal vents has been scientific research. To ensure policy is developed to protect and
sustainably use marine ecosystems, fundamental knowledge acquired through research is necessary.
The goal must be to minimise impact as much as possible while collecting essential samples and data.
Some of the impacts of sampling at hydrothermal vents include physical disturbance of the habitat,
oversampling and pollution, including from discarded submersible weights and sampling plastic debris
but also noise and light from ROVs and submersibles (Van Dover, 2014). To address scientific impact,
the InterRidge Community developed the Code of Conduct on responsible science at hydrothermal
vents (Devey et al., 2007).
The only major threat projected to significantly impact hydrothermal vent ecosystems in the near future
is the onset of commercial deep-sea mining. This emerging industry targets mineral accumulations of
copper, zinc, gold and rare earth elements found on large seafloor massive sulphide (SMS) deposits.
Although to-date commercial extraction of deep-sea minerals has not begun and the International
Seabed Authority has not finalized its Mining Code, seven SMS exploration licenses exist in the
Atlantic Ocean and Indian Oceans in areas beyond national jurisdiction (ISA, 2025) In addition, nations
such as Papua New Guinea, Cook Islands, Tonga, Fiji, Solomon Islands, Vanuatu and Norway are
opening for mineral exploration within their national jurisdiction.
SMS mining would result in open-pit mineral extraction, followed by the transportation of the SMS
slurry to a support vessel via a riser and the discharge of wastewater through a return pipe (Van Dover,
2014). The expected impacts of such activities on hydrothermal vents include:

e Physical habitat destruction: elimination of the habitat by mining machinery.

e Modification of fluid flux regimes with potential impact on food webs.

e Ecosystem destruction: elimination of the biological communities on the exploited area.

e Biodiversity loss: potential for losing genes or species before we know they exist, including

marine genetic resources.
o Sedimentation: capping of adjacent ecosystems through the deposition of sediment plumes

caused by the mining machinery.
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e  Water turbidity: impact on the pelagic community, particularly zooplankton, by the increased
sediment concentration in the water column from the sediment plumes resulting from seabed
activities and the return of overburden water from the support vessel.

e Chemical pollution: re-suspension and transport of chemicals

e Light and noise pollution resulting from the seabed machinery and support vessel.

The scientific community has stated a number of arguments for the protection of active hydrothermal
vents, including their rarity, faunal uniqueness, vulnerability, potential loss of unknown marine and the
increasing evidence of a limited mineral resource opportunity (Van Dover et al., 2018). Although there
is a common understanding amongst industry that active hydrothermal vents should be considered no-
go areas for mineral extraction, the is no legal requirement to date to protect these ecosystems. On the
other hand, our understanding of the sphere of influence of hydrothermal vents (Levin et al., 2016) and
the distribution and ecology of inactive hydrothermal vents (Van Dover et al., 2019) is scarce. This
results in major knowledge gaps that significantly hinders the development of robust management
measures. Until knowledge on such ecosystems is available, the precautionary approach should be

implemented (Jaeckel, 2017)
Sediment re-suspension in submarine canyons

Deep-sea trawling, in addition to causing massive destruction of long-lived engineer species in a matter
of minutes, has an indirect effect on deep-sea communities. First, organic matter content is significantly
reduced (up to 50%) in chronically trawled areas (Pusceddu et al., 2014), limiting the recovery potential
of a number of species, particularly deposit-feeders. Another insidious effect is the impact of sediments
resuspended by trawling on the overlying continental slopes and shelves, which are exported to depth.
Trawling activities on the shelf have been directly linked to sediment transfer into canyons (Puig et al.,
2012). This sediment influx settling in the canyons does not serve as a food source but rather buries and
suffocates benthic species.

We currently still lack precise data on the effects of sedimentation on Habitat Forming Species. In situ
and aquaria experiments conducted on scleractinian corals reveal the impact of suspended sediment
concentration, from decreasing respiration rates and grow and increasing mucus production to mortality
(Larsson and Purser, 2011; Chapron et al., 2020; Bilan et al., 2023; Féhse et al., 2023). In the field,
small colonies (< 25 cm high) are particularly exposed to burial, such as the coral gardens of the Bay
of Biscay and their high associated biodiversity (van den Beld et al., 2017). But larger sized colonies
are also exposed, particularly for the energy cost of mucus production to clean themselves, that limits
other physiological functions. The resulting habitat degradation is difficult to restore without stopping

the pressure through closures and exclusion of trawling close to the most sensitive areas.
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3.3 Assessment of degradation risk

3.3.1 Habitat distribution

Most of the European deep seas represent soft sediment habitats (See Habitat maps - html file), with
scattered and smaller areas representing other habitat types, most likely hard bottoms and biogenic reefs.
For example, habitat suitability models predict CWCs along the Mid-Atlantic Ridge (MAR) and
seamounts along the Macaronesia. CWCs are also likely to be found in the Norwegian and Celtic seas
and around the Faroe Islands. They are also likely to be found around the Mediterranean Sea and the
Bay of Biscay. The predicted distribution based on habitat suitability agrees with the occurrences
reviewed so far (Fig. 7). Sponge aggregations are mostly found in the northern part of the N Atlantic,
MAR and the Mediterranean.

The distribution of vents follows the MAR and certain areas of the Mediterranean whereas cold seeps
are found mostly in northern waters along the Norwegian seas but also the Celtic Sea, Bay of Biscay
and Mediterranean. The predictions of cold seeps based on VMEs and BRS are mostly in agreement

apart from certain locations in the Black Sea (See Habitat maps - html file and Fig. 8).
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3.3.2 Human activities, pressures and degradation risk distribution
The combined effect of human-derived pressures resulted in the identification of areas with higher risk

of harbouring degraded deep-sea habitats (See Activity and Pressure maps — html file). Based on the
pressures considered in the assessment, most of the study area is subject to a low or negligible risk at
the spatial resolution of this assessment. However, areas with a higher risk were identified. These high-
risk areas are concentrated primarily along the upper continental slope in the Northeast Atlantic,
extending from the Iberian Peninsula to the Irish continental slope. A similar pattern was observed in
the Mediterranean Sea however, areas of potential degradation were also identified beyond the
continental slope, extending to the abyssal plain. This was primarily attributed to pressures associated
with marine dumped munitions in soft sediment habitats (See Risk assessment map — html file).

Based on an assessment of combined effects, soft sediment habitats in the Mediterranean Sea face the
highest risk of being degraded (see map of risk by habitat — html file). The second-highest risk is for
cold-water coral (CWC) habitats, also in the Mediterranean Sea but also along the continental slope of
the Northeast Atlantic Ocean. The risk for other habitat types, such as the sponge Pheronema

carpenteri, cold seeps, and hydrothermal vents, was found to be comparatively lower. The total
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contributions of different anthropogenic pressures to combined effect across the five deep-sea habitats
are summarized in (Fig. 9). Smothering emerges as the dominant pressure across most habitats, while
pressures such as electromagnetic changes contribute minimally. Soft sediment habitats experience the
highest total contributions, primarily from smothering, artificial habitat alteration, and introduction of
radionuclides, whereas hydrothermal vents are the least impacted overall. CWCs and Pheronema
carpenteri are moderately affected, with litter and artificial habitat pressures ranking highly. Cold seeps

show lower overall contributions, with smothering and abrasion damage being the most significant.
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Fig. 9. Total contribution of anthropogenic pressures to combined effects across deep-sea habitats.

The relatively coarse resolution of this assessment may overestimate the extent of risk in certain areas.
Furthermore, the use of generalized habitat and pressure sensitivity scores necessitated by a lack of
more detailed information also impacts the results. Despite these limitations, this exercise represents a
crucial first attempt to identify priority areas for future surveys. By doing so, it can help verify the

occurrence of degraded deep-sea habitats and optimize the allocation of resources.

4 Discussion

4.1 Habitat degradation
The results from the meta-analyses and the degradation risk assessment show how soft-sediment

habitats are the most degraded (reported) and at risk of degradation. These are widely distributed
ecosystems in European deep seas and therefore their influence is broad. Despite their apparent
uniformity, they harbour high levels of biodiversity, play a crucial role in biogeochemical cycles, and
provide ecosystem services such as carbon sequestration and nutrient regeneration (Snelgrove, 1999).
Successful trawling requires soft habitats free of obstacles to prevent damage to equipment. Together
with the wide distribution of soft sediments, this explains why these habitats have the largest number

of studies and observations regarding their degradation status and their high degradation risk. Published
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expert knowledge further corroborates that soft sediments are highly vulnerable to bottom trawling,
including deep-sea environments (Kallio et al. 2025).

The meta-analyses revealed less reports on sponge aggregations and CWC reefs and gardens
degradation when compared to soft sediments. The risk of degradation assessment further identified
CWCs as being at higher risk than sponges. Most likely because the data available for the sponge
distribution included one species with low habitat suitability in the Mediterranean Sea, where most
activities and pressures occur. CWC distribution included 10 species and a good coverage in the
Mediterranean Sea. Looking at the Geodia spp. and ostur distribution, its presence is predicted in the
Mediterranean Sea but were not included in the risk assessment because of lack of a Habitat Suitability
Index. Furthermore, reef-like formations have been reported in the Mediterranean despite a probable
lower presence when compared to CWCs distributions (Bo et al., 2012; Maldonado et al., 2015). Despite
their minimal risk of degradation, these are crucial habitats supporting key functions in deep-sea
ecosystems by providing essential habitats for deep-sea biodiversity, including refuge for commercially
important species such as shrimps (Pandalus spp.) and rockfishes (Sebastes spp.) (Buhl-Mortensen et
al., 2010; Maldonado et al., 2015). Trawling poses the most serious threat to these environments: it
destroys HFS structures, reduces associated fauna, and leaves long-lasting physical damage (FAO,
2009). Through expert knowledge, corals are often classified as particularly sensitive to dredging,

dumping, and pressures such as physical damage and climate change, as well (Kallio et al., 2025).

4.2  Activities and pressures

Bottom trawling is one of the most widespread human activities with strongest impact on the ocean
floor and as such has attracted the attention of ecologists and conservationists (Steadman et al., 2021).
Given the present-day societal demands and previous overexploitation, fisheries are currently operating
in the deep sea, where species are typically slow growing, have low fecundity, extreme longevity, and
late maturity which reduce their capacity to recover after disturbances (FAO, 2024; Koslow et al., 2000).
Alternatives to deep-sea trawling include long-line fishing, which has minimal impact on VMEs,
reduces bycatch of CWCs and sponges, and limits damage to benthic communities (Pham et al., 2014).
Deep-sea habitats are increasingly threatened by human activities beyond trawling, with impacts that
are often long-lasting and poorly reversible. Deep-sea mining, for example, disturbs fragile seafloor
ecosystems by physically removing substrates (e.g., crusts and sulphides) and degrading habitat with
sediment plumes, changes in biogeochemistry of the seafloor and contaminant release, which results in
habitat loss and habitat quality degradation (Levin et al. 2020). Oil and gas exploration introduces
drilling, infrastructure, and the risk of spills, contaminating waters with hydrocarbons and heavy metals
(Fisher et al., 2014). Climate change adds further pressure, as ocean warming and acidification alter
deep-sea chemistry, threatening species adapted to stable conditions (Sweetman et al., 2017). Finally,
marine debris can accumulate in deep waters, with microplastics ingested by deep-sea organisms and

toxic compounds persisting for centuries (Chiba et al., 2018). Their lower relevance in our meta-
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analysis highlights lack of quantitative studies and should not exempt them from the attention they

deserve.

4.3  Measuring degradation

The approach used in the meta-analyses quantifies the percentage of change in key ecosystem metrics
to assess the degradation state of habitats. This method is particularly useful for comparing different
sites and habitats, as well as for tracking changes over time. By providing standardized, quantitative
measures of degradation, the tool offers a clearer picture of ecosystem health and supports evidence-
based decision-making in restoration and management. It further provides a common framework for
placing future degradation studies within a global context. Similar approaches to calculating effect sizes
have been applied in the framework of deep-sea restoration and the assessment of marine ecosystem
degradation caused by human stressors (Claudet and Fraschetti, 2010; Danovaro et al., 2025).

The great variability in percentage change observed in the most common metrics (i.e., density in all
habitats and diversity metrics only in soft sediments) can be partly explained by various factors. For
example, measurements taken at different times after a disturbance may capture systems that are starting
to recover or not, depending also on the biotic characteristics of the species. The magnitude of the
impact of a physical disturbance such as trawling, depends on multiple factors such as sediment
composition, topography, trawling frequency, speed, construction and weight of trawling gear, species
present in the area and their biological traits (O’Neil and Ivanévic, 2016; Colago et al., 2022). Still,
assessing the percentage of change using multiple metrics provides a wide range of ecosystem
degradation states that can serve as a reference for evaluating the severity of a particular degraded
ecosystem. This information also allows prioritization of systems that are most degraded and require
special attention or even urgent restoration actions.

Moving forward we recommend a standardization of metrics to measure habitat degradation. The most
commonly used metric and therefore the easiest and most accessible metrics are densities of Habitat
Forming Species or communities, particularly in their absence and diversity metrics such as Shannon
diversity index and species richness. For comparison among studies, we recommend those metrics. We
further encourage the introduction of trait-based metrics to increase precision and fine tune the
degradation state of the habitat. For example, trawling in the soft sediments of the NW Mediterranean
Sea transform functionally distinct and diverse assemblages into areas where opportunistic and mobile

species dominate (de Juan et al. 2007).
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5 Conclusions

There is still a considerable lack of data on habitat degradation in the European deep sea, and in the
deep sea more broadly, as evidenced by systematic reviews conducted for meta-analyses and MSFD
assessments. Nevertheless, approaches that combine information on habitat distribution with human
activities and pressures can provide valuable insights into areas most at risk of degradation. Such
information can guide governing bodies and research institutions in ground-truthing these risk areas
and in directing survey efforts more efficiently. To improve assessments, we recommend the use of
standardized density and diversity metrics and further encourage the inclusion of functional diversity

indices and trait-based approaches to enhance precision and ecological relevance.
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7  Annex I - Icelandic case study — cold-water coral habitats

Introduction

Cold-water corals (CWC) are considered vulnerable marine ecosystems (Burgos et al., 2020) as these
comprise of fragile and long-lived species with exceedingly slow growth rates (Roberts et al., 2006;
Gass and Roberts, 2011). CWC reefs provide structural complexity that can support diverse marine
communities. Redfish (Sebastes marinus), Ling (Molva molva), haddock (Melanogrammus aeglefinus),
starry ray (Amblyraja radiata), cod (Gadus morhua) and blue ling (Molva dipterygia) have been
observed in CWC habitats in Icelandic waters and can be in greater abundance within these than outside
them (Ragnarsson and Burgos, 2018; Steingrimsson and Einarsson, 2004; Husebg et al., 2002).

The reef-forming CWC species Desmophylum pertusum (formerly known as Lophelia pertusa) is the
most common coral species in Icelandic waters (Olafsdottir et al., 2020). It is found in the northeast
Atlantic and is commonly found in waters >6°C and at depths of 200-300 m but can be found below
1000 m (Buhl-Mortensen et al., 2015).

Fisheries represent the main anthropogenic pressure on the marine ecosystem within Iceland’s
Exclusive Economic Zone (EEZ). Bottom-contacting gears, principally bottom trawls, physically
disturb the seabed and degrade benthic habitats (Ragnarsson et al., 2017). These impacts are particularly
concerning for deep-sea ecosystems, where many species (e.g., cold-water corals and sponges) are long-
lived, slow-growing, and highly sensitive to physical disturbance. Bottom trawling accounts for by far
the largest share of landings from Icelandic waters, with Danish seines still contributing a substantial
proportion (Fig. 1), while other towed bottom-contact gears have seen limited use in recent years. In
Icelandic waters, long-liners target cold-water coral habitats as these are perceived to provide higher
catches. While it is clear that the longlines can snag on animals including coral branches, and line-
segments can be left on the seafloor, there is limited knowledge on the impacts of longlines on coral

habitats (Ragnarsson et al., 2017).
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Fig. 1. Annual landings by towed bottom contact fishing gear from the Icelandic Exclusive Economic
Zone from 1982 to 2023 (Statistics Iceland, 2025).

Bottom trawling around Iceland began in the late 19th century, initially carried out by foreign fleets
from Britain and Germany. The first Icelandic trawler was launched in 1905 and by 1925 the fleet had
grown to 40 side trawlers. Vessels became progressively larger, and after 1970 stern trawlers were
introduced, and their numbers expanded rapidly, exceeding 100 by the 1980s (Gunnarsson et al., 1998).
This development enabled fishing to extend into deeper offshore waters, where habitats are typically
more vulnerable to trawling impacts. Since then, fleet size has declined and stabilized at around 40
active trawlers in recent years (Statistics Iceland, 2025).

Knowledge of the impacts of fishing on cold-water corals in Icelandic waters is limited, but evidence
indicates substantial damage from bottom trawling. Steingrimsson and Einarsson (2004) carried out
study based on interviews with retired fishermen from demersal trawlers. They were asked to identify
and delineate areas where they had encountered corals prior to 1970. Active fishermen were also
interviewed for the same purpose. These data can be compared with known distribution of coral habitats
from dedicated surveys carried out by Marine and Freshwater Research Institute (MFRI) and various
other research projects. Steingrimsson and Einarsson (2004) concluded that of the eleven coral grounds
known off the west and south coast of Iceland before 1970, four of these are likely to exist whereas the
remaining ones have been largely destroyed. Since 1970, a number of other thriving coral-grounds have

been discovered.
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Olafsdottir et al. (2020) summarises research on cold-water corals in Icelandic waters between 2009
and 2012, where underwater platforms fitted with cameras and other equipment were used to assess the
status of the coral habitats. Multibeam bathymetry data were used to locate potential cold-water coral
mounds. The image material obtained during these cruises were used to evaluate the status of the coral
habitats, including the degree to which these have been impacted by towed bottom trawls, based on the
presence of trawl marks on the seafloor and coral structure that has been broken down. The data derived
from regular surveys carried out on cold-water coral grounds from 2004 onwards have led to delineation
of 14 closures where all fishing is banned except for pelagic trawls, covering an area of ~3100 km?. The
first closures established in 2006 (73 km?).

The aim of this study was to identify cold-water corals habitats at risk of degradation from fishing
activities. This was done by reconstructing historical distribution of cold-water corals habitats using
habitat suitability models and overlay these with fishing effort footprint to highlight areas where
vulnerable coral habitats may be at risk. The results contribute to the identification of priority
conservation areas and improve understanding of where fishing activities may impact vulnerable deep-

sea ecosystems.
Methods
Study area

The study area (~294,000 km?) is located within the Icelandic EEZ, extending from 62.5°N to 67.7°N
and from 28.3°W to 10.3°W, with a maximum depth of 2034 m (Fig. 2)

Broadly speaking, two water masses meet in Icelandic waters, polar and arctic water masses originating
from the north (e.g. East Greenland and East Icelandic Current) and warmer and more saline Atlantic
water masses (e.g. [rminger Current) from the south. The oceanography in the area is influenced by the
strength of these water masses, that can exhibit large changes between years, in addition to the variation
in the strength of the overflows, mainly at the Iceland-Faroe Ridge and the Denmark Strait (Astthorsson
et al 2007). The bottom temperature ranges between -4.3 to 9.1°C (Fig. 3).

The Icelandic shelf itself has been strongly shaped by glacial processes until the early Holocene
(~10,000 years ago). Sea levels were lower, leaving coarse sediments such as sand and gravel on bank
areas, while glacially carved troughs were incised into the shelf margin. These troughs, dominated by
fine sediments and glacier plough marks and moraine ridges, can host cold-water corals, particularly

along their slopes and near the continental break.
Habitat suitability model

Habitat suitability modelling approach was used to reconstruct historical distribution of CWC habitats
using data on the occurrence of both live and dead reef forming taxa (Desmophylum pertusum and

Madrepora oculata). D. pertusum is the most common CWC species in the North Atlantic (Buhl-
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Mortensen et al 2015) and M. oculata have been shown to live with similar conditions (Arnaud-Haond
et al 2017, Buhl-Mortensen et al 2023).

Data for this study were obtained from two main sources. Annotated data from still images and videos
obtained with underwater camera platforms (mostly CAMPOD and ROV) during regular habitat
mapping surveys in Icelandic waters between 2004 and 2021. The second originated from the BIOICE
project (1991-2004), in which samples were collected mostly using towed sledges and dredges. In total,
data from 1188 BIOICE samples from 571 stations were used for analysis. In addition, data from
annotated 13553 still images or video frame grabs were used from 301 stations. The total number of
stations included was thus 872.

Data were aggregated to a 100 x 100 m grid with the final dataset containing 2,350 absence records and

284 presence records of cold-water corals (Fig. 2).
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Fig. 2. Map of the study area. Locations of presence (Live or Dead coral) and absence (No Coral) data
on a 100x100m grid along with bathymetry. The grey line represents the 200 m isobath.
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Fig. 3. Location of presence (Live or Dead coral) and absence (No Coral) data on a 100x100m grid
along with bottom temperature. The grey line represents the 200 m isobath.

Predictor variables included seabed morphology metrics: mean depth, slope, aspect (northness and
eastness), vector ruggedness (calculated for 5 x 5 and 21 x 21 cell windows), and bathymetric position
index (BPI, for both 5 x 5 and 21 x 21 windows). They also included environmental variables: bottom
temperature, bottom salinity, nitrate (NOs), phosphate (PO.), silicate (Si2), and aragonite saturation
state. Variable importance was assessed using the Boruta algorithm (Kursa and Rudnicki, 2010)
implemented in R (R Core Team, 2025), which compares original predictors to randomly permuted
“shadow” variables. Collinearity was investigated by calculating pairwise correlation between predictor
variables and threshold of [r>0.7 (Dormann et al 2013) was used to eliminate variables and the less
important variable based on the result from the Boruta analysis was eliminated. This process resulted
in the exclusion of PO, Siz, and BPI (5 x 5).

Habitat suitability for CWC in Icelandic waters was modelled using a random forest (RF) algorithm
(Liaw and Wiener, 2002) in R. To assess model uncertainty and reduce bias, a bootstrap resampling
approach was applied. In each bootstrap iteration, the dataset was split into training and evaluation
subsets. For the training set, presence and absence observations were sampled with replacement, with
the number of absences equal to the number of presence records. Observations of presence not used in
the training dataset went into the evaluation data set and the same number of absence data was sampled
for the evaluation data. This process resulted in evaluation datasets with varying sample sizes across

bootstrap iterations. The procedure was repeated 50 times.
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Each bootstrap training dataset was used to fit an RF model. Predictor selection was performed using
the caret package (Kuhn, 2008) with spatially separated 5-fold cross-validation, implemented with the
blockCV package (Valavi et al 2019). The blocks that were put into each fold were chosen at random
in such a way that the absence and presence data was evenly distributed between folds, and that the
space of each block was 80 km. The subset of variables that resulted in the highest Cohen’s Kappa was
retained. The model was further tuned by optimizing the parameter mf¢ry (number of predictors
considered at each split) using the same 5-fold cross-validation method. Model performance was
evaluated using the area under the curve (AUC) and True Skill Statistics (TSS), which were averaged
across spatially independent test sets from the 5-fold cross-validation. The model performance was also
evaluated on the evaluation data that was not used in the training but is not spatially separated from the
training data.

The final model was applied to predict habitat suitability across the study area on a 100x100 m grid.
For each cell, the mean predicted suitability across the 50 bootstrap models was used as the final
estimate, while the standard deviation of predictions provided an uncertainty measure.

Predicted habitat suitability for CWC was classified into four categories: unsuitable, low, medium, and
high suitability. The threshold of 0.39, which maximized the TSS, was used to distinguish suitable from
unsuitable habitat. Within the suitable range, habitats were equally subdivided into low (0.39-0.60),
medium (0.60-0.80), and high suitability (0.80-1.00).

Relative importance of predictor variables was quantified using the Gini index. The mean relative
importance across bootstrap iterations was used as the measure of importance for habitat suitability
predictions.

Partial dependence was used to assess the marginal effect of the predictor variables on the predicted
habitat suitability. For each variable, predictions were generated across its range of values while holding

all the other predictors constant. This analysis was done with the pdp package in R (Greenwell 2017).
Activities map

Bottom-trawling effort was estimated by combining mandatory electronic logbook records with vessel
tracking data from the Automatic ship reporting system for Icelandic ships (STK). Between 1991 and
2007, skippers were required to manually record only the starting position of each haul. From 2008
onwards, electronic logbooks were legally required for all fishing activities and contain information on
each haul, including accurate time stamp and geographical position of the start and end positions of
each haul. To reconstruct accurate tow tracks, these records were linked with high-resolution STK data,
which record vessel positions approximately every 10 minutes.

Vessel speed was derived from successive STK positions and used to distinguish active towing from
other vessel activities. Fishing effort was defined as vessel track segments within the recorded start and

end of each haul that fell within the expected towing speed range of 2.6-5.5 knots. This approach helps
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to correct for inaccuracies in logbook-reported haul end positions, which are not always reliable. Tow
tracks that exceeded 60 km in length were considered unrealistic and excluded from the dataset.

Vessel tracks were reconstructed by interpolating between successive position records, producing
continuous tow lines. Tow length was calculated as the length of each reconstructed line. These lines
were intersected with a 100 X 100 m grid, and the total tow length within each grid cell was summarized
to represent fishing effort. Analyses were based on data from 2008 to 2011, as the current STK vessel
tracking system started late 2007, while data prior to 2011 were selected to reflect conditions before the
expansion of marine protected areas at the end of that year. All spatial analyses were conducted in R (R

Core Team, 2025) using the packages terra (Hijmans 2023) and sf (Pebesma 2018).
Identifying areas at risk

For spatial analyses, the predicted suitable coral habitats which were restricted to the region south of
Iceland, were divided into three subregions (Southwest, South, and Southeast) to allow for finer-scale
assessment. Bottom-trawl fishing effort was classified into two categories: low (<0.1 km annual tow
length per 100 x 100 m cell) and high (>0.1 km). Areas of suitable coral habitat overlapping with high-

effort fishing cells were identified as areas at risk.
Results and discussion
Predicted coral habitat

The habitat suitability model demonstrated strong predictive performance, with an average AUC of
0.90 and a TSS of 0.73 when evaluated on spatially separated test data (Table 1). As expected,
performance metrics were higher when evaluated against the standard evaluation test data than against
the spatially separated test data. This is because the evaluation data is not truly independent from the
training data as it contains observations that are very close to the ones used in the training of the model.

The metrics for the spatially separated dataset give more realistic assessment of the model performance.

Table 1. Performance metrics based on spatially separated test dataset and evaluation dataset.

Test dataset AUC TSS
Spatially separated 0.90 0.73
Evaluation 0.93 0.77

The model predicted suitable habitat for cold-water corals (CWC) south of Iceland, within a depth range
of 37-2009 m, with the highest suitability concentrated between 226 and 841 m (Fig. 4). Predicted
suitable habitat covered approximately 3.6% of the study area (~10,700 km?) and thereof medium
suitability (0.6-0.8) areas accounted for ~2700 km?, while areas of highest suitability (>0.8) covered
~740 km? (Fig. 5).
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The threshold used to distinguish between unsuitable and suitable habitat was 0.39. However, 5% of
presence records (14 locations) fell below this value and six of them had live records. The predicted
suitability for the presence data was lowest 0.11 for the location off the east fjord (65.840N, 12.012W,
Fig. 2). It is very likely that this record is an error as CWC have not been observed east of the Faroe-
Iceland ridge.

The habitat suitability model predicted very sparse suitable coral habitats west of Iceland, despite a few
coral records from the area, most of which were dead. Coral reefs were historically known in Vikurall
trough (65.8°N, 25.9°W) and Hryggurinn (64.7°N, 27.4°W) before 1970, but according to fishermen,
these reefs have already been damaged (Steingrimsson and Einarsson 2004). Dead specimens of M.
oculata and D. pertusum have been recorded at the outer margin of the trough, and both species have
also been found dead at Hryggurinn.

Southwest of Iceland the highest suitability was in the SW-part of the Reykjanes ridge (62.8°N,
25.0°W), but this area was not surveyed during the BIOICE or the habitat mapping projects. However,
a study on the Geology of the Reykjanes ridge revealed that both D. pertusum and M. oculata were
found on the ridge between 59.5°N and 62°N (Copley et al 1996).

The model predicted medium suitability on the ridges south of the shelf-break. This area has very
limited data. There were two samples with dead corals specimens found in this area from the BIOICE
project but one transect from 2004 showed live corals in this area.

Uncertainty, expressed as the standard deviation across 50 bootstrap replicates, reached a maximum of
0.26 (Fig. 6). The standard deviation gives a measure on how consistent the predictive suitability was
between the 50 bootstrapping iterations. Areas where unsuitable habitats were predicted had very low
standard deviation (mean = 0.04) meaning they consistently predicted suitability close to zero and are
therefore highly unlikely to support coral habitats. In contrast, areas of predicted suitability displayed
greater variability between iterations (mean = 0.12). This suggests that while these regions are

consistently identified as suitable, the exact level of suitability is less certain.
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Fig. 4. Predicted suitability of cold-water corals (Desmophylum pertusum and Madrepora oculata) in

Icelandic waters. The light blue line represents the 200 m isobath.
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Fig. 5. Predicted suitability of cold-water corals (Desmophylum pertusum and Madrepora oculata) in
Icelandic waters shown as suitability categories. The light blue line represents the 200 m isobath.
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Fig. 6. Uncertainty associated with predicted suitability of cold-water corals (Desmophylum pertusum
and Madrepora oculata) in Icelandic waters. The light blue line represents the 200 m isobath.
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The predictor variables that were most important in predicting habitat suitability of CWC were slope,
nitrate, bottom temperature and depth (Fig. 7). They had the highest relative importance and were
selected in almost all the models from the 50 bootstrapped datasets. The predictors aspect (both eastness
and northness) along with BPI had markedly lower influence on the predicted suitability than the other

variables.

Slope 49/50

Nitrate (NO3) 50/50

Bottom Temperature _ 50/50
Mean Depth (m) _ 50/50
Bottom Salinity _ 49/50
Aragonite Saturation _ 47/50
Vector Ruggedness (21x21) _ 35/50
Vector Ruggedness (5x5) - 33/50
Aspect Northness . 17/50
Aspect Eastness I 12/50
Bathymetric Position Index (21x21) I 10/50
0 5 10 15 20

Mean relative importance

Fig. 7. Mean relative importance of predictor variables in the habitat suitability model. Numbers to
the right of the bars indicate the frequency (out of 50 bootstrap iterations) in which each variable was
selected.

The relationships between predictors and predicted habitat suitability were assessed using partial
dependence analyses (Fig. 8). Corals typically occur on hard substrates with limited sedimentation
(Roberts et al. 2009) making slopes favourable for their growth. The analysis showed that predicted
suitability was higher in areas with lower nitrate concentrations. The effect of nitrate needs to be
interpreted with caution as this is based on lower resolution data than the other variables. The predicted
suitability increased after 5.5°C, but in the N Atlantic D. pertusum is mostly found in water temperatures
between 6 and 9°C (Dorey et al. 2020). The present study did not have observations to determine the

upper limit for the corals, but the highest temperature recorded where corals were observed was 7.7°C.
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Depth was another important predictor, but corals were recorded in the 188-1683 m depth range. The
suitability declined rapidly at depths shallower than 250 m. The highest suitability was predicted to be
between 35.1 and 35.2 ppt and where aragonite saturation ranged between 2.2 and 2.5. Seabed
ruggedness had a positive effect on suitability, with higher suitability predicted in more rugged areas.
Aspect and geomorphology were also influential, with suitability being higher on south- and east-facing
slopes and on ridges compared to valleys, as indicated by the bathymetric position index (BPI).

Interpretation of relationships between individual predictors and habitat suitability scores should be
made with caution in regions where data are sparse, as indicated by the predictor quantiles (Fig. 8).
Model responses outside the central range of the data (beyond the 5th-95th percentiles) have higher

uncertainty and are therefore less reliable than responses near the median and interquartile range.
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Fig. 8. Partial dependence plots showing the marginal effects of predictors on predicted habitat
suitability scores for cold-water corals. Each grey line represents one of 50 model bootstrap replicates.
Coloured tick marks along the x-axis indicate the distribution of the predictor values in the training
data (5th and 95th percentiles, 25th and 75th percentiles, and the median). Predictors are ordered
according to their relative importance in the models.
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Fishing activities

Bottom-trawl fishing effort footprint within the Icelandic EEZ was approximately 82,000 km?. Effort
was most intense northwest of Iceland and lowest in the northeast (Fig. 9). Effort is expressed as tow-
length per 100 x 100 m cell or surface swept area ratio per cell (assuming a mean door spread of 100
m), i.e. 0.2 km in the former metric would translate to the whole surface area of the cell being towed
twice annually. Areas of very high bottom fishing intensity (>0.4 km annual tow length per 100 x 100
m cell, i.e. swept area ratio equivalent to 4 and greater) accounted to about 17% of the total fished area.
At depths greater than 500 m, the highest effort occurred in the far western region, with additional high-
intensity fishing south of Iceland. The most extensive and persistent deep-water effort, however, was
concentrated along the slope northwest and southeast of Iceland, with notable activity also south of the
southern peninsula, Reykjanes (Fig. 9 and 10). These slope and deep-sea regions are of particular
concern, as they are known to host vulnerable marine ecosystems (VMEs), including cold-water corals
and sponge grounds, which are highly sensitive to bottom-contact fishing and may take centuries to

recover once disturbed (Williams et al. 2010).
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Fig. 9. Average annual bottom-trawl tow length on the seafloor within the Icelandic marine area
(2008-2011) below 200 m depth, summarized at a 100 x 100 m resolution. Categories represent
approximate annual surface swept area ratio per cell (assuming a mean door spread of 100 m): >10,
4-10, 14, and <I. Percentages in parentheses show each category’s share of the total fished area
(~82,000 km?). Data are derived from electronic logbooks and STK vessel tracking.
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Fig. 10. Bottom-trawling footprint across depth zones in the Icelandic marine area, 2008-2011.

In this study, only bottom trawling was considered, as it is the most common fishing gear used in
Icelandic waters, and it has decreased by about 60% since 1991 (Hafrannsdknastofnun 2024). It can
therefore be assumed that the effort was higher and more spatially widespread in the past. Although
logbook data exist from 1991, it was not possible to reconstruct tow tracks prior to 2008, since only the
starting position of each haul was recorded in the earlier logbooks and the current STK vessel tracking
system was not in place.

Other fishing gears should also be considered when evaluating potential impacts on coral habitats.
Lobster trawling occurs in and around predicted coral habitats, while Danish seine may also pose some

risk. However, Danish seine is mostly operated in shallower waters (https://veidar.hafogvatn.is/) and is

therefore expected to have less impact on deep coral grounds than bottom trawling.

Landings from longline doubled from 1982 to 2005 but both landings and effort have declined in more
recent years (Hafrannsoknastofnun 2024, Statistics Iceland 2025). Longline can be used on a bottom
that is too rugged for bottom-trawling and off the south coast of Iceland long line fishing takes place in
and around coral habitats (Ragnarson et al 2017). There is limited knowledge about the effects of
longlines on coral habitats, but studies have shown that corals come up as bycatch with longline fishing
on coral grounds and the frequency of hooks with coral fragments can be in the range of 0-2.5%
(Ragnarson et al 2017). A study by Pham et al (2014) showed that 4,000 deployments of long line would
be needed to remove 90% of high branching coral while 13 bottom-trawl tows would do the same

damage.
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Landings and effort from gillnet have decreased from 2000 but has been stable in recent years
(Hafrannsoknastofnun 2024, Statistics Iceland 2025). The knowledge on the effects of gillnets is limited

but considered to be much less than of bottom-trawling (Ragnarson et al 2017, Fossa et al 2002).
Areas at risk

Predicted coral habitats with an average fishing effort greater than 0.1 km (~1 tow per 100 x 100 m cell
per year) were classified as areas at risk. While the choice of threshold is subjective, Pham et al. (2014)
showed that just 1-2 tows can reduce cold-water coral density by 20-30%. Even areas subject to less
frequent trawling may still be vulnerable, given the extremely slow growth of corals. For example, a
single tow every other year over a four-year period could cause similar cumulative impacts as two tows
occurring within a single year. Efforts to quantify fishing impacts on vulnerable species have also been
made by NAFO (2021), who estimated that an average annual fishing intensity of 4 km tows km™ could
remove 95% of sponge biomass, while only 0.9 km tows km? would result in the same level of removal
for large gorgonians.

Almost all predicted suitable coral habitats were south of Iceland (Fig. 5). To focus on coral habitats at

risk, this region was divided into three areas, Southwest, South and Southeast (Table 2).

Table 2. Area (km?) of predicted suitable coral habitats in each region south of Iceland. Percentage of
area that was identified at being at risk from fishing pressure is shown in paratheses.

Suitability Southwest South Southeast
Low 0.39-0.60 1784 (22%) 2332 (19%) 3238 (8%)
Medium 0.60-

0.80 381 (2%) 658 (6%) 1498 (24%)
High 0.80-1.00 84 (1%) 111 (4%) 449 (23%)
Southwest off Iceland

The seafloor on the Reykjanes ridge (63.2°N, 24.2°W) has too rugose seafloor to allow trawling to be
carried out, while there can be intensive fishing effort on the flanks (Fig. 11). In the present study, an
area at risk from bottom trawling was identified just east of the protected area on the ridge (Fig. 12).
According to fishers operating before 1970, coral reefs once occurred in this area (Steingrimsson and
Einarsson, 2004), but only dead corals have since been recorded when the area has been surveyed.

The suitability scores along the shelf slope in the east of this region (south of the Reykjanes peninsula)
was quite low and overlaps considerably with trawling effort (Fig. 11) and is therefore identified at
being at risk (Fig. 12, Table 2). Based on preliminary analysis of recent video surveys (not included in
the present study) in the slopes in this region, no live coral was observed, and only dead coral was

recorded by the BIOICE project.
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In this area there are now two protected areas (Fig. 11) that were not in place during 2008-2011 but the

area to the south has in the past had some temporarily closures.
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Fig. 11. Spatial distribution of average annual bottom-trawling effort (classified as low, < 0.1 km, and
high, > 0.1 km, per 100 x 100 m grid cell) from 2008-2011overlaid with predicted suitable suitability
of cold-water corals (Desmophylum pertusum and Madrepora oculata) Southwest off Iceland. Habitat
protection areas are presented in green: areas closed prior to 2011 are shown in dark green, whereas
areas designated after 2011 are shown in light green. The grey line represents the 200 m isobath.
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Fig. 12. Predicted suitability of cold-water corals (Desmophylum pertusum and Madrepora oculata)
Southwest of Iceland. Predicted areas at risk is based on overlap of suitable areas with bottom-
trawling effort higher than 0.1 km in a 100x100 m cell is shown in grey (light grey = low suitability
area at risk, medium grey = medium suitability area at risk, dark grey = high suitability area at risk).
Habitat protection areas are presented in green: areas closed prior to 2011 are shown in dark green,
whereas areas designated after 2011 are shown in light green. The light blue line represents the 200 m
isobath.

South off Iceland

The area on the shelf slope in the western part of the South region, which was predicted to have low
suitability scores, overlaps with bottom trawl fishing effort (Fig. 13) and can therefore be considered
at risk (Fig. 14, Table 2). Corals are believed to occur in deep canyons in this area and are naturally
protected by the complex terrain that hinders bottom trawling in the area. The area on the slope in
Hafadjup (63.2°N, 20.1°W) was predicted to have high suitability and appears to have been avoided
by fishers both historically (Steingrimsson and Einarsson, 2004) and today. Most of the area with the
high suitability scores are found along the slope towards Skaftardjup trough (63.3°N, 17.9°W) has not
been trawled (Fig. 13), but when it gets closer to the trough there are areas that were identified to be at
risk. An area closure was established at the outer margin of the Skaftardjap trough in 2006 and
therefore vessel tracking data cannot be used to determine whether the area was trawled before the
closure. The closure was divided into two parts to allow continued fishing between them, as the
region was frequently visited by the fleet.

Three area closures have been established in this area (two in Skaftardjup and one in Reynisdjup)
where all fishing, apart from pelagic trawls, is banned with the aim to safeguard vulnerable coral
habitats. These closures were active during 2008—2011 in the South region (Fig 13) and therefore

vessel tracking data cannot be used to determine whether the areas have been trawled.
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Fig. 13. Spatial distribution of average annual bottom-trawling effort (classified as low, < 0.1 km, and
high, > 0.1 km, per 100 x 100 m grid cell) from 2008-2011overlaid with predicted suitable suitability
of cold-water corals (Desmophylum pertusum and Madrepora oculata) South off Iceland. Habitat
protection areas are presented in green: areas closed prior to 2011 are shown in dark green, whereas
areas designated after 2011 are shown in light green. The grey line represents the 200 m isobath.
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Fig. 14. Predicted suitability of cold-water corals (Desmophylum pertusum and Madrepora oculata)
South of Iceland. Predicted areas at risk is based on overlap of suitable areas with bottom-trawling effort
higher than 0.1 km in a 100x100 m cell is shown in grey (light grey = low suitability area at risk,
medium grey = medium suitability area at risk, dark grey = high suitability area at risk). Habitat
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protection areas are presented in green: areas closed prior to 2011 are shown in dark green, whereas
areas designated after 2011 are shown in light green. The light blue line represents the 200 m isobath.

Southeast off Iceland

The areas with the highest predicted suitability were concentrated along the slope, within glacial
troughs, and on ridges in deeper waters. In this region, there was substantial spatial overlap between
predicted suitable habitats and bottom-trawl fishing effort (Fig. 15). Consequently, areas classified with
medium and high suitability can be considered degraded or at risk of degradation due to trawling
impacts (Fig. 16). This region had the largest area with medium and high suitability, and the area were
the largest portions of them are at risk, 24 and 23%, respectively (Table 2).

In Skeidarardjup trough (63.4°N, 16.8°W), areas at risk were concentrated along the outer margins and
fisheries closures enclosing these was established there in late 2011. Vessel tracking data show the two
trawl lanes previously intersected into the area now closed. Coral reefs can sometimes be detected from
multibeam bathymetry and in Skeidarardjip two areas have been identified and one of them seems to
have been avoided by fishermen. Underwater video observations have also revealed the presence of
cold-water corals in that region. Another reef-like feature is located midway between Skeidarardjap and
Breidamerkurdjip (63.5°N, 15.6°W), that also seems to be largely avoided by trawlers.

A large area was identified to be at risk in Breidamerkurdjup which is consistent with reports from
fishermen who noted that corals were up on the edges of all the troughs in this region but now they have
all been damaged (Steingrimsson and Einarsson, 2004). Multibeam data indicate coral reef structures
in Breidamerkurdjup, but the presence of trawl tracks in and around these features places them in the
at-risk category.

In Hornafjardardjip (63.7°N, 14.8°W), a protected area was designated in 2006, and therefore the area
inside them cannot be identified at being at risk even if it had experienced fishing pressure prior to that
year. This closure was divided into two parts to maintain access to an established tow lane through the
area.

East of the Lonsdjup trough (63.9°N, 14.0°W), the entire region was identified as being at risk of
degradation. Historical accounts report that German trawlers broke down coral reefs in this area before
Icelandic vessels began fishing there (Steingrimsson and Einarsson, 2004), and today fishing effort in
these grounds remains very high.

At present, five fisheries closures (Skeidarardjup, Hornafjardardjup, Lonsdjup, Papagrunn and
Roésagardurinn) have been designated within this region. Of these, two were already established during
the period 2008-2011. As a result, it is not possible to see from the vessel tracking data if these areas

have experienced fishing pressure (Fig. 15).
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Fig. 15. Spatial distribution of average annual bottom-trawling effort (classified as low, < 0.1 km, and
high, > 0.1 km, per 100 x 100 m grid cell) from 2008-2011overlaid with predicted suitable suitability
of cold-water corals (Desmophylum pertusum and Madrepora oculata) Southeast off Iceland. Habitat
protection areas are presented in green: areas closed prior to 2011 are shown in dark green, whereas
areas designated after 2011 are shown in light green. The grey line represents the 200 m isobath.
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Fig. 16. Predicted suitability of cold-water corals (Desmophylum pertusum and Madrepora oculata)
South of Iceland. Predicted areas at risk is based on overlap of suitable areas with bottom-trawling effort
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Conclusion

This study identified areas where coral habitats are predicted to occur and showed that a large portion
of these, overlap with bottom fishing activities. Many of these areas are classified as at risk correspond
with historical accounts of coral reef loss. Nevertheless, there are uncertainties in the predictions, and
the model may overestimate the spatial extent of coral habitats. For example, the ridges south of the
slope have limited data to confirm coral presence, and survey coverage in the upper parts of the troughs
Southeast of Iceland was sparse, with most records concentrated along the shelf break.

The analysis reflects areas at risk between 2008 and 2011, but it is likely that more areas have been
exposed to fishing impacts in earlier decades, when trawling was less spatially concentrated. Some areas
may have been trawled in the past but are now largely avoided, as cold-water corals (that are currently
found in rugged seafloors) are well known to damage fishing gear and such interactions may have
discouraged continued trawling in these locations.

This study highlights the importance of monitoring benthic habitats, map vulnerable marine ecosystems

and emphasizes the need for fishery closures to protect them from damage caused by fishing activities.
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