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Impact chains for the deep
seafloor: assessing pressures
footprint under limited
knowledge and uncertainty

Fabio L. Matos*, Ana Hilario and Heliana Teixeira

Centre for Environmental and Marine Studies (CESAM), Department of Biology, University of Aveiro,
Aveiro, Portugal

Pressures on the marine environment threaten biodiversity, ecosystem functions
and services. Current marine environmental policies, such as the European
Marine Strategy Framework Directive, require the assessment of combined
effects and the application of ecosystem-based management approaches to
maintain or achieve Good Environmental Status (GES) of marine ecosystems. We
mapped the major activities and pressures affecting deep-sea benthic habitats in
the mainland component of the Portuguese EEZ to assess their combined effects
and support decision-making on management and conservation. Activities
related to marine traffic, fisheries, and climate change processes are among
the most prevalent in the study area. As a data-poor case study, most of the
pressure layers were only partially mapped due to a lack of information or the
inadequacy of the available data on activities to derive suitable proxies of
pressure intensity. Pressures related to chemical changes, chemicals and other
pollutants were the most widespread, while abrasion and damage were the most
geographically limited. Endogenic pressures dominate in bathyal benthic habitats
and decrease their prevalence with depth, while exogenic pressures are more
widespread in the abyss than in the bathyal area. Benthic habitats in the bathyal
zone, closer to the 200-meter bathymetric contour, consistently exhibited
higher combined effect scores, suggesting higher risk of potential impacts on
these ecosystem components. Research directed towards these areas is required
to assess the state of these habitats and develop conservation and restoration
measures, if necessary, to achieve GES. A continuous support for open-access
databases containing high-quality, standardized, and harmonized marine data is
crucial for future assessments of the combined effects of human pressures on
deep-sea ecosystems.

combined effect assessment, human activities, climate change, data-poor, deep sea,
benthic habitats
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1 Introduction

Marine ecosystems are increasingly affected by human activities
(Borja et al., 2024), and the deep sea is no exception (Jouffray et al.,
2020; Ramirez-Llodra, 2020). The largest biome on Earth is located
in the ocean’s aphotic zone, below 200 meters depth, and covers
approximately 65% of the planet’s surface. However, the remoteness
of deep sea does not protect this environment from anthropogenic
impacts (Benn et al.,, 2010). Human activities such as fishing and the
introduction of pollutants contribute to a multitude of pressures in
the deep sea, including physical disturbances, litter concentration,
and climate change effects such as ocean acidification and warming
(Glover and Smith, 2003; Sweetman et al.,, 2017). However, our
understanding of the deep sea and impacts of anthropogenic
activities remains limited because of sampling/observing/
monitoring constrains, both technical and logistical, arising from
deep sea remoteness and vastness (Paulus, 2021). Nevertheless, it is
already acknowledged that the deep sea harbors a rich variety of
lifeforms and supports various ecosystem functions and services
[e.g., habitat provision, nutrients regeneration, carbon storage
(Thurber et al., 2014; Hilmi et al., 2023; La Bianca et al., 2023)].

International organizations and national governments are
developing marine environmental policies and adopting
mechanisms to address the protection of marine ecosystems while
ensure the sustainable use of the ocean [e.g., ecosystem-based
management - EBM, maritime spatial planning - MSP (Fraschetti
et al, 2018; O’Hagan, 2020)]. At the European level, the Marine
Strategy Framework Directive (MSFD) (European Commission,
2008) establishes a framework for EU member states to develop
and implement individual marine strategies to achieve or maintain
“Good Environmental Status” (GES) in their marine waters. The
implementation of the MSFD requires the application of an
ecosystem-based approach to the management of human
activities, enabling a sustainable use of marine goods and services.
For this purpose, comprehensive and consistent information on
human activities is needed, as well as information on the resulting
pressures and consequent state changes of ecosystem components
(Smith et al., 2016; Borgwardt et al., 2019).

The concept of activities and pressures is central to
environmental impact assessment and marine management.
Activities refer to human actions within the system to be
managed, whereas pressures are the mechanisms resulting from
activities that directly impact the environment (Elliott et al.,, 2017).
Pressures can be classified as endogenic, if generated within the
system under study, or exogenic, if they result from outside the
system (e.g., due to climate change or seismic activity) (Elliott,
2011). While endogenic pressures can be locally manageable,
exogenic pressures are not and management decisions can only
respond to their effects (Elliott, 2011). Another key aspect of the
assessment of the impact of human activities and derived pressures
is the identification of the ecosystem components (EC) potentially
affected (Eastwood et al.,, 2007). In addition to our limited
understanding of the impacts resulting from human activities on
the deep sea, our knowledge of the distribution of deep-sea
ecosystem components is also basic. The European Nature
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Information System (EUNIS) developed a comprehensive and
hierarchical classification system for benthic habitats considering
environmental factors that impact biological communities
(Galparsoro et al, 2012). Although the EUNIS classification for
deep-sea habitats has been improved (Howell, 2010; Galparsoro
et al., 2012), its application in the European broad-scale seabed
habitat map (EUSeaMap 2023; Vasquez et al., 2021) still relies solely
on depth and substrate information (EUNIS 2019 - level 3), mostly
due to a generalized lack of knowledge of the distribution of
biological communities at deeper environments to support habitat
mapping with higher resolution. The scarcity of readily accessible,
long-term, and spatially extensive datasets on human activities and
pressures coupled with limited representation of the heterogeneity
of the deep-sea benthic habitats, significantly challenges the
assessment of the human impacts on marine ecosystems (Smith
et al., 2016). Moreover, the absence of reference or other baseline
conditions hinders the identification of state changes in
ecological indicators.

Several approaches have been developed to support the EBM of
marine ecosystems. Spatial explicitly Cumulative Impact
Assessment/Combined Effects Assessment (CIA/CEA)
approaches, enable the quantification of the combined effects of
multiple pressures on the marine environment and guidance to
targeted management action [e.g., Halpern et al. (2008)]. These
approaches incorporate spatial information on the intensity of
human pressures, the distribution of ecosystem components, and
the vulnerability of ecosystem components to pressures affecting
them. However, applying this approach is not trivial, especially for
the deep sea, due to the limited availability of data on anthropogenic
activities and pressures affecting this environment, as well as how
ecosystem components respond to these pressures (Howell et al.,
2020). This makes any attempt to conduct a CEA in a deep-sea area
a typical case study characterized by poor data availability (e.g.,
Rodrigues et al,, 2023). Spatial Cumulative Assessment of Impact
Risk for Management (SCAIRM) is another CEA approach that
calculates Impact Risk (IR) by integrating expert judgment and
quantitative methods into a single framework (Piet et al., 2023).
Because it allows the integration of qualitative and quantitative
information into a single approach, this method is more easily
applied in data-poor areas. SCAIRM relies on a linkage framework
consisting of impact chains that connect activities to pressures, and
pressures to ecosystem components. To calculate the IR, this
approach incorporates estimates of Exposure (i.e., the spatial
overlap of an EC with a given pressure) and Effect Potential (i.e.,
the degree to which an EC is likely to be affected by a pressure).
However, CEA approaches typically make several assumptions
(Halpern and Fujita, 2013) and therefore, the results might be
subject to high uncertainty. Hence, assessing the uncertainty of
model results is a crucial component of CEA, directly relevant to the
management process of ecosystem components (Stelzenmiiller
et al., 2018; Murphy et al., 2024).

Located within the Northeast Atlantic Ocean, the Portuguese
maritime space holds significant potential for natural resources and
cultural heritage (Fernandes et al., 2017). The Exclusive Economic
Zone (EEZ) of Portugal extends over 1.7 million km? and is divided
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into three sub-areas: the Azores, Madeira, and Mainland Portugal.
The Mainland component extends from the continental shelf to the
abyssal plain, encompassing several topographic features such as
submarine canyons and seamounts. The narrow continental shelf is
followed by a steep continental slope, which reduces the extent of
the seabed within the 200-2000 m depth bands, culminating in large
abyssal plains (Stratoudakis et al., 2019). Two Ecologically or
Biologically Significant Areas (EBSAs), considered essential for
key ecological functions and processes by the Convention on
Biological Diversity (Dunn et al., 2014), are included within the
Mainland Portugal EEZ: the West Iberian Canyons and the Banks
and Madeira-Tore. These areas are marine hotspots with diverse
benthic communities, characterized by enhanced productivity
compared to adjacent areas and supporting important spawning
grounds for various species. Among deep-sea environments, the
Mainland Portugal EEZ hosts vulnerable marine ecosystems
(VMEs) indicators and habitat types, such as cold-water corals,
sponge aggregations, and cold seeps (e.g., mud volcanoes) (ICES,
2020). Marine Protected Areas (MPAs) have been recognized as key
elements in the suite of measures designed to attain GES under the
MSFD (European Commission, 2008). Portugal has proposed and/
or designated (sensu Grorud-Colvert et al., 2021) over 140 MPAs,
encompassing various protection levels and habitats, but fully
protected marine reserves are still limited in number and area
covered (Stratoudakis et al., 2019). At present, there are no fully
protected MPAs in the Mainland Portugal EEZ encompassing deep-
sea ecosystems.

Previous studies aiming to assess the combined effect of human
activities within the Mainland Portugal EEZ focused essentially
within the limits of territorial waters (12 nautical miles) (Batista
et al., 2014; Fernandes et al., 2017). Currently, there is no clear
picture of the mains activities affecting deep-sea ecosystems within
the Mainland Portugal EEZ and resulting impact chains. With this
study we aim to (i) map activities affecting the deep-sea areas within
the Mainland Portugal EEZ, (ii) determine how these activities
generate pressures on deep-sea ecosystems and set a baseline of the
pressures effects, and (iii) identify areas with high levels of human
impacts that might require conservation and management measures
to mitigate negative effects on marine ecosystems.

2 Materials and methods

The study area encompasses the seabed below the 200 meters
depth, within the Portuguese EEZ sub-area Mainland Portugal. It
includes four MPAs, either proposed or designated, that cover deep-
sea regions: the Nazare Canyon, Gorringe Bank, Amperé - Coral
Patch and Mud Volcanoes. The Ampere - Coral Patch MPA partially
encompass areas within the Extended Continental Shelf claimed
under the United Nations Convention on the Law of the Sea, as
well as of the EEZ of the Madeira Archipelago (Figure 1). The data
sources about the geographical limits and bathymetric information
are identified in Table 1. The coordinate reference system used in this
study is the ETRS89-extended/LAEA Europe (EPSG:3035), and the
resolution adopted for the data layers is 3 x 3 km.
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The CEA was limited to the seabed ecosystem components (i.e.,
benthic habitats) because the available data on human activities
would not provide the depth ranges at which activities occurred for
most of the datasets, requiring a different approach to discriminate
the effects of the associated pressures across the different pelagic
habitats. The list of human activities and pressures occurring or
potentially occurring within the study area was derived from a
subset of an existing database adapted from Borgwardt et al. (2019).

Data processing and analysis were conducted using QGIS 3.34
(QGIS.org, 2023) and the packages raster (Hijmans, 2024) and sf
(Pebesma, 2018) for R (R Core Team, 2024). Data visualization was
produced using the R packages ggplot2 (Wickham, 2016),
ggOceanMaps (Vihtakari, 2024), ggalluvial (Brunson, 2020) and
ggrepel (Slowikowski, 2024).

2.1 Ecosystem component

Ecosystem component data layers were generated from the
most updated version of EMODnet broad-scale seabed habitat
map for Europe (version 2023). Habitat descriptions were derived
from the EUNIS 2022 full description, or from other unpublished
classifications where EUNIS 2022 was not applicable as specified in
Mickaél et al. (2023). We rasterized the EC spatial data intoa 3 x 3
km grid, calculating the proportion of EC coverage area (ranging
from 0 to 1) within each grid cell for all ECs present in the cell. This
means that within the same area (i.e., grid cell) information for
multiple ECs can be available, although it is separated in different
data layers, one for each ecosystem component.

2.2 Human activities

Data on human activities were compiled using multiple data
sources (Supplementary Table S1) drawing on the best available
open-access information. When information of human activities
was available for more than one year, we calculated the average
across the entire time range, except for climate change. We should
also mention here that this study considered the recent past to select
data for mapping only “current” activities. However, the term
“recent past” encompasses a broad timeframe, especially
considering the slow dynamics of deep-sea environments and the
poor temporal resolution of the information available. Original
datasets were processed into a raster format with 3 x 3 km
resolution prior to CEA analysis as detailed in the sub-sections
below. A summary of processing steps is listed in Table 2. Due to the
lack of detailed information to differentiate between specific
primary activities (e.g., general vs. operational), the same
indicator of activity intensity (e.g., average annual fishing hours)
was used for each grouped primary activity (e.g., fishing).

2.2.1 Fishing

To assess the fishing activities footprint, we used data from
Global Fishing Watch, which is based on AIS-derived fishing effort
and vessel presence datasets (Souza et al., 2016; Kroodsma et al.,
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Map of the study area, encompassing the Mainland component of the Portuguese Exclusive Economic Zone (EEZ) beyond the 200-meter depth.
Dashed lines indicate the spatial limits of four proposed or designated MPAs which include deep-sea areas: Amperé-Coral Patch (including portions
of the Madeira Archipelago’s EEZ and the claimed Portuguese Extended Continental Shelf), Mud Volcanoes, Gorringe Bank, and the Nazare Canyon.

2018). These datasets cover the period from 2012 to 2020 and
allowed to estimate fishing intensity for various fleets: net and fixed
gear (including purse seines, set longlines, gillnets, and fixed gear),
as well as pelagic longlines and benthic trawlers. We assumed the
available data on trawling fishing effort from the Global Fishing
Watch database corresponds to benthic trawls within the study area.
This decision was based on the locations with identified fishing
activity and the composition of the current Portuguese fishing fleet
(Campos et al,, 2021). The original datasets are provided at a 0.01-

TABLE 1 Data sources for the spatial and political boundaries of the
Portuguese Exclusive Economic Zone, proposed deep-sea marine
protected areas (MPAs), and bathymetry considered in this study.

Description  Source Link

Economic

Exclusive Marine Regions www.marineregions.org
Zone limits

Directorate-General | https://webgis.dgrm.mm.gov.pt/

for Natural portal/apps/webappviewer/

P -
roposed deep-sea index html?

Resources, Safety

MPA 5
s and Maritime id=df8accb510bc
Services - DGRM 4f33963d9b03bf3674b8
European Marine
Bathymetry Observation and https:/

Data Network
- EMODnet

emodnet.ec.europa.eu/geoviewer/
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degree grid resolution and represent the hours of fishing effort by
gear type for each year. We aggregated this data into a 3 x 3 km
resolution data layer based on fishing gear and year, and then
calculated the fishing intensity for each gear type by averaging the
available information across years. Finally, this information was
summed whenever more than one gear type contributed to a
specific primary activity to produce a single data layer of the
activity intensity (e.g., Nets — fixed/set/gillnets/other nets/lines,
Supplementary Table S1).

2.2.2 Non-renewable energy - oil and gas

Information on the intensity of oil and gas activities was obtained
from the Directorate-General for Energy and Geology (DGEG),
namely data on seismic survey, piston core samples, and survey/
drilling operations. Given the absence of current hydrocarbon
exploitation activities within the study area, only proxies for the
intensity of oil and gas exploration activity were generated. Due to
the absence of data regarding sound propagation resulting from
2D seismic surveys, important for CEA (Carroll et al, 2017),
this information was not considered when generating the data
layer representing the intensity of oil and gas exploration.

2.2.3 Research
To estimate the intensity of the Research activities in the study
area data was sourced from SeaDataNet - Pan-European
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TABLE 2 List of data layers on human activities considered in the study and indicators of activity intensity, along with details on the data processing
to generate the respective activity layer.

Specific Primary Activity

Indicator of the
activity intensity

Data processing

Primary Grouped
activity type = Primary Activity
Exogenous/

Unmanaged (e Climate Change

due to

climate change)

Climate Change

Weekly average values of pH,
temperature and salinity

Weekly average values were calculated
from daily average values

Fishing: Benthic trawling

and suction/
hydraulic dredges

Benthic trawls and dredges - general
(anti-fouling, ballast water, litter,
lost gear)

Average annual fishing hours

Benthic trawls and dredges -
operations (interaction with
seafloor, catch, bycatch,
waste products)

Average annual fishing hours

Fishing: Pelagic trawls and
long-line pelagic (including

steaming, operations,
mooring/anchoring)
Fishing

Long-line pelagic - general (anti-
fouling, ballast water, litter, lost
gear, waste products)

Long-line pelagic - operations
(catch, bycatch, waste products)

Average annual fishing hours

Average annual fishing hours

Fishing: Nets, potting/
creeling (set up/
recovery, operations)

Non-Renewable

Oil and Gas
Energy
Research Research

Military
Services

Shipping

Nets (fixed/set/gillnets/other nets/
lines) - general (litter, lost gear,
antifoulants, steaming,

waste products)

Average annual fishing hours

Nets (fixed/set/gillnets/other nets/
lines) - operational (catch, bycatch,
waste products)

Average annual fishing hours

Nets (fixed/set/gillnets/other nets/
lines) - set up/recovery (interaction
with seafloor,

atmospheric emissions)

Oil and Gas - exploration (seismic
surveys, exploratory drilling and
anchoring, oil spills)

Research: Operations (specific to
activity but can include interaction
with seafloor, catch, bycatch)

Military: General (anti-fouling,
ballast water exchange, litter)

Military: Operations (specific to
activity but can include seismic
activities, sonar)

Shipping: Accidents, sinking
of wrecks

Average annual fishing hours

Number of sites reported

Geographic position for
boreholes, geophysical and
multibeam surveys. For fish
trawl surveys, activity intensity
was determined by calculating
the annual average cumulative
swept area.

Average density of vessels
expressed as hours per square
kilometer per year

The original dataset was converted from
text files (.csv) with spatial information
to a raster format with a spatial
resolution of 3 x 3 km. For each gear
type, average data for the years 2012 to
2020 were calculated and then summed
within the same specific primary activity
(e.g., fishing effort of purse seines, other
purse seines, set longlines, set gillnets,
and fixed gear within the activity “Nets -
fixed/set/gillnets/other nets/lines”)

Geographic position

The fish trawl trajectories were estimated
from haul initial and final locations. The
total number of transects within a grid
cell of 3 x 3 km was determined by
overlapping the midpoints of the
transects with the grid cells. The average
swept area was calculated by dividing the
total swept area by the number of
surveys transects within a grid cell

Average vessel density from 2017 to 2022
and extrapolated to each grid cell

Presence or absence defined by
delimited areas of military use

Average density of vessels
expressed as hours per square
kilometer per year

Geographic position

Average vessel density from 2017 to 2022
and extrapolated to each grid cell

Presence or absence defined by
delimited areas of military use

Number of sites reported

Geographic position

Geographic position

Average vessel density from 2017 to 2022
and extrapolated to each grid cell
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TABLE 2 Continued

Primary Grouped

Primary Activity

activity type

Specific Primary Activity

10.3389/fmars.2025.1532964

Indicator of the

activity intensity P preseeslig

Shipping: General (anti-fouling,

ballast water exchange,
litter, Mooring)

Telecoms and Electricity:

Communication and electric cables

Telecoms and Electricit
Y - active operational (localized

electro-magnetic changes)

Tourism/Recreation

and Non- Cruise shi
Commercial uise ships

Harvesting

Infrastructure for Ocean and Marine Data Management (Schaap
and Lowry, 2010), EMODnet - European Marine Observation and
Data Network and DATRAS, the online database of trawl surveys of
the International Council for the Exploration of the Sea (ICES).
From SeaDataNet, we extracted information available for the years
between 2014 and 2023, licensed under Creative Commons
Attribution 4.0 International, and directed toward the deep-sea
floor sampling or mapping, which included only data for multibeam
surveys. The data extracted from EMODnet included information
on boreholes and geophysical survey lines. As with 2D seismic
surveys for oil and gas exploration, no data was available on sound
propagation for the geophysical and multibeam survey, therefore
this information was not included in the data layer generated to
represent the intensity of the Research activity. For the data
extracted from DATRAS, since exact trajectories were unavailable,
estimated survey trajectories were determined using the start and
end locations of the hauls. As swept area values are provided by
transect, the midpoint of each transect was used to calculate the
activity intensity of fishing trawlers within the intersected 3 x 3 km
grid cell. When multiple transects intersected the same grid cell, the
cumulative swept area was estimated and divided by the total
number of transects. The Research activity intensity layer was
constructed by determining the total area affected within each
grid cell, after merging potential overlapping areas.

2.2.4 Services

Human activities related to Services identified in the study area
include Shipping, Telecommunications and Energy activities, and
Military operations. Shipping activity intensity was calculated by
summing the routes density of tankers and cargo ships. The original
routes density datasets, derived from AIS data, were extracted from
the EMODnet database for the years 2019 to 2023 at a 1 km
resolution. These data were subsequently aggregated to a 3 x 3 km
resolution and expressed as a yearly average of vessel routes per
square kilometer. Information for shipwrecks location was also
available. Information regarding Telecommunications and Energy
activities was obtained by combining data from schematic and
actual submarine cable routes. When actual route information was
available, it replaced the closest schematic route. The area of
coverage in each grid cell was used to encode the intensity of the
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Average route density expressed
number of routs per square
kilometer per year

Cable routes Geographic position

Average route density expressed .

Average vessel density from 2017 to 2022

number of routs per square .

. and extrapolated to each grid cell
kilometer per year

impacts resulting from this activity. For Military activities, data
layers were derived from polygons delineating military areas. Given
the intermittent nature of activities within these areas, the derived
data layer was encoded as presence-absence information with low
confidence. Additionally, information on vessel density related to
military and law enforcement vessels extracted from EMODnet was
aggregated into a 3 x 3 km grid data layer and encoded as the annual
average number of hours per square kilometer.

2.2.5 Tourism - commercial cruises

As for Shipping activities, data on Commercial cruises were
obtained from EMODnet. The intensity of related activities was
assessed by calculating the routes density of vessel of passenger
ships. This density was determined by calculating the average routes
density for the years 2019 to 2023, measured as total number per
square kilometer per year, and aggregated into a 3 x 3 km resolution
data layer.

2.2.6 Climate change

Climate change was the only exogenous activity assessed for its
pressures in this study. Data on daily average ocean conditions for
seawater temperature, salinity and pH were extracted from the
Copernicus Marine Environment Monitoring Service (CMEMS,
Supplementary Table S1) for the period between 1993 and 2021.
The data include information for 50 unevenly distributed depth
layers, ranging from near the sea surface to a depth of 5698 meters.
We then calculated weekly averages from this data to derive the
pressure layers (see section 2.3.5).

2.3 Pressures

Pressures were broadly categorized into five groups: Physical
Change, Biological Disturbance, Chemical Changes, Chemical and
Other Pollution, Energy and Exogenous/Unmanaged Processes
(Supplementary Table S2). They can originate from single or
multiple activities and there is often lack of information to
accurately measure pressure magnitude or spatial distribution,
leaving little alternative but to use human activity information as
proxies of pressures. In this study, pressure layers were estimated
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from single or multiple datasets on human activities, each capturing
distinct aspects of the same pressure, while some activities could
contribute to more than one pressure layer. Moreover, the datasets
available within each activity were included in the data aggregation
process to generate the pressure indicator layer only if deemed
adequate for estimating pressure intensity. Similarly to the
activities, the derived layers for pressures reflect the recent past
pressures footprint (generally from 2012 onwards), i.e., pressures
that are no longer acting or stopped long time ago (e.g., associated
deployment stage of a given activity such as cables) were
not considered.

To estimate the pressure intensity resulting from activities
where only geographic location was available (e.g., point data,
cable routes), buffers were applied to estimate the area potentially
affected. For piston core samples and survey/drilling operations
associated with Oil and Gas exploration, buffers of 10 centimeters
and 25 meters (Eastwood et al., 2007) were defined, respectively. For
each borehole related to Research activities, a 12.5 cm buffer was
defined to estimate the potential impact area (Todd, 2017). The
pressures exerted by Telecommunications and Energy activities in
the study area were estimated by defining a buffer area of 1.5 meters
around the cable locations (HELCOM, 2023). For the shipwrecks
we used a 1000 m buffer area around wreck locations to determine
the affected area (Lonsdale et al., 2020). Finally, to account for the
uncertainty level in the spatial prevalence of the military activity
resulting from the dataset defining military areas, the contribution
of this dataset to pressure layers was weighted by a factor of 0.5
(Andersen et al., 2013).

All pressure data layers were normalized before use in the CEA
analysis to ensure consistent comparability across layers on a 0-1
scale. The normalized pressure layers represent the relative spatial
distribution of pressure within the study area. For pressure layers
influenced by activities quantified using different metrics, we
normalized the individual activity data layers before aggregation,
then summed them and renormalized to obtain the final pressure
layer (Halpern et al., 2009). Pressure layers were not log-
transformed prior to normalization as in Halpern et al. (2008), to
avoid enhancing the relative impact of low-intensity pressures
(Hammar et al, 2020). Activities with negligible contribution
within the study area for a given pressure were omitted from the
data aggregation process to produce the pressure data layers
(Supplementary Table S2).

2.3.1 Pressure inducing physical change

To generate the pressure layer ‘Abrasion/damage’, data on
trawling fishing and research activity intensity was used. For the
pressure layer ‘Artificialization of habitat’, datasets for submarine
cables and shipwrecks were considered. Datasets contributing to
each of these pressure layers were merged to avoid spatial overlap
and then intersected with a 3 x 3 km grid to calculate the affected
area within each cell. Finally, the pressure layers generated for
“Changes in Siltation”, and “Smothering” were originated from
activities with intensities measured using different metrics
(Supplementary Table S2). Therefore, each dataset was
normalized, and the layers were subsequently summed and
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renormalized to create the final pressure layer. No pressure layer
was generated for ‘Barriers to species movement,” ‘Death or Injury
by Collision,” or ‘Selective Extraction of Non-Living Resources:
Substrate (e.g., gravel, mineral resources)’ due to their lack of
relevance for benthic habitats, insufficient data, or the minor scale
of impact in the study area, given the spatial resolution of this study.

2.3.2 Chemical changes, chemicals and
other pollutants

The impacts resulting from “Changes in input of organic
matter” were estimated based primarily in fishing specific primary
activities. Fish discards and the deleterious effects of fishing gear on
benthic communities, including injury and mortality, can lead to
localized organic enrichment of the seabed (Clark et al., 2016). Data
on the operations of benthic trawls, longline pelagic gear, and nets/
fixed gears were aggregated to estimate the change in organic matter
input resulting from these activities. For this pressure, information
from research operations resulting from fishing surveys was also
considered. The sources of “Introduction of Synthetic Compounds”
and “Introduction of Non-Synthetic Compounds” in the deep sea
are multiple (e.g., fishing, maritime traffic, waste disposal, and
accidental spillage). For these pressure layers, information from
multiple activities was considered, namely fishing activities,
shipping and military operations. The pressure layer “Litter”
resulted from the aggregation of activities from fisheries, military
operations, shipping and commercial cruises. Given their nature
and the spatial resolution of this study, the contribution of activities
with available data that could result in the “Introduction of
Radionuclides” and “N&P Enrichment” was assumed to
be negligible.

2.3.3 Energy

Operational power and telecommunication cables equipped
with power relays, generate electromagnetic changes in their
surroundings. Localized electric and magnetic fields can influence
the behavior and migration patterns of species such as
elasmobranchs, potentially affecting actions like attraction,
repulsion, feeding, and orientation (Hermans et al., 2024).
However, the available information for the study area only
reports the cables as communication cables, without specifying
any energy transmission. Consequently, we did not consider the
pressure ‘electromagnetic changes’ in our analysis. Likewise, the
pressure resulting from ‘Noise (Underwater and Other)’ was
omitted from the analysis due to the lack of publicly available
data on noise propagation. Sound propagation in water is not linear,
instead sound waves are subject to reflection, refraction, and
diffraction, altering their trajectory (Erbe et al., 2022). While
vessel routes density can provide information on noise energy
emission, this data is inadequate for assessing the impacts of
underwater noise at the seabed. Nonetheless, increasing levels of
underwater noise generated by human activities have negative
consequences for marine life. Noise disrupts critical behaviors
such as communication, navigation, and feeding, and induce high
levels of stress in organisms including whales, dolphins, fish, and
invertebrates (Duarte et al., 2021).
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2.3.4 Biological disturbance

The pressure layers for “Extraction of flora and/or fauna” and
“Translocations of species (native or non-native)” were derived
from aggregated data on benthic trawling, fisheries utilizing nets
and fixed gears, and fishing surveys conducted in the context of
research. For the pressure layer “Introduction of Microbial
Pathogens,” information was aggregated from benthic trawling,
fisheries using nets and fixed gears, and longline fisheries as a
result of gear loss and discharge. Additionally, fishing surveys and
information on military activity were also included. The
“Introduction of non-indigenous species” into the marine
environment is facilitated primarily by maritime traffic
(Katsanevakis et al., 2023), through ships’” ballast water tanks and
hull biofouling. Given that this study focuses on the pressures
impact on the seafloor below 200 meters depth resulting from
human activities, the impact of the introduction of non-indigenous
species was considered negligible.

2.3.5 Exogenous/unmanaged processes:
temperature, salinity and pH changes

Changes in sea water conditions due to climate change were
determined following the method described in Halpern et al., 2008
to calculate a metric of change. To establish a baseline for seawater
temperature and salinity levels, we calculated the long-term weekly
average for each grid cell within each depth layer using data
spanning 1993 to 2021 (ie., 1515 weeks). We then determined
the number of weeks where the anomaly in each variable (i.e., the
difference between the weekly average and the long-term weekly
average) exceeded the standard deviation for each location (i.e., grid
cell) and week of the year. To quantify change over time, we then
compared the frequency of positive anomalies between the recent
period (2016-2021, 315 weeks) and the early period (1993-1998, 315
weeks). For pH, we employed a similar approach but compared the
frequency of negative anomalies (decrease of pH level) between the
two periods. Finally, for each variable, data were extrapolated onto
the study area’s bathymetry at a 3 x 3 km resolution by matching
cell grid depths to the closest available depth layer within the
variable’s dataset, resulting in a continuous representation of

near-seafloor conditions.

2.4 Overall impact risk for the study area

The interplay among human activities (A), pressures (P), and
ecosystem components (EC) has typically been conceptualized
within linkage-based frameworks, facilitating the identification
and analysis of impact chains (Knights et al., 2013, 2015). For the
activities and pressures with available data, we weighted each APEC
chain following the SCAIRM approach (Piet et al., 2023) to estimate
the overall Impact Risk by EC. The spatial extent of a pressure was
determined by the relative overlap of an activity with the total area
of each ecosystem component within the study area. Frequency was
estimated as the average number of events per year co-occurring
with each EC (e.g., average number of trawl passages/fishing sets per
year), using the indicator of the pressure intensity and information
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from literature (Supplementary Table S3). Magnitude was
calculated based on the average pressure intensity within the EC.
The value used to define the highest magnitude of a pressure
(maximum), necessary to standardize the parameter for
calculating the IR, was determined based on the pressure
indicator. For indicators based on areas, we used the average area
impacted in the EC divided by the total area of the EC. For pressures
measured in hours, we used the total number of hours in a year to
standardize the magnitude value. For exogenous pressures, we
average by the total number of weeks in a 6-years period. For
vessels/routes density, we used the maximum density recorded in
each EC over the analysis period. Finally, for the military area,
defined as presence or absence, we set the magnitude as low to
account for the uncertainty of the pressure proxy (magnitude set at
0.01; adverse effects expected but < 1% of maximum).

Dispersal, hazard, behavior, and recovery time were defined
using information estimated by expert judgment for the North Sea
(Piet et al., 2023). Some degree of interchangeability in the values of
these parameters can be expected between regions for the same
pressures and ecosystem components, although some differences
may exist. The impact risk score (0-1) represents the likelihood that
an ecosystem component status or function will decrease by a
certain proportion because of a pressure. In this work, the impact
risk score was not spatially explicit determined, therefore it does not
account for the spatial variability within ecosystem components
identified in the study area. This risk score is presented as a
complimentary information to the spatially explicit CEA
(next section).

2.5 Spatial distribution of combined effects

For the CEA we applied the algorithm developed by Halpern
et al. (2008), considering additive effects of multiple pressures. A
vulnerability score was used to weight the potential impact of the
pressure on a given ecosystem component (Supplementary Table S4).
The vulnerability scores represent the relative impact of
anthropogenic activities on an ecosystem component when both
are present and were selected from Halpern et al. (2007). Considering
that, the classification of ecosystem components differed from the
original source of the vulnerability scores, we adopted the closest
available classification. This correspondence was established based on
the bathymetric distribution and substrate type of the EC. For
example, “Atlantic upper bathyal rock” was classified as equivalent
to ‘Hard slope’ in the original source of the vulnerability scores. For
ECs classified as ‘seabed’ in the EUNIS, we assumed they were
dominated by soft substrate due to their location (e.g., abyssal
plains). Similarly, for pressures, we selected the vulnerability scores
that most closely matched the related pressure. For example, for
changes in salinity levels, we used the vulnerability scores for
“thermal change”, while for litter, we adopted the scores estimated
for “Pollution input: trash, urban runoft”. When multiple activities
contributed to a single pressure, the vulnerability scores were
averaged within each ecosystem component to obtain a single
vulnerability value to that particular pressure.
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The combined effect in each grid cell was calculated by
multiplying the intensity of each pressure by the proportion of
the ecosystem component’s coverage area (ranging from 0 to 1) and
the vulnerability of the respective EC to the pressure being analyzed.
We then sum the individual pressure impact scores for each grid cell
to obtain the combined effect score.

2.5.1 Uncertainty and sensitivity analyses

To quantify the uncertainty in the estimates of the
spatial combined effect assessment and the sensitivity of the model
to various settings, we used the open-source software
EcolmpactMapper (Stock, 2016). These analyses were based on
seven factors related to modelling assumptions and user options:
(1) missing data, (2) vulnerability score errors, (3) multiple pressure
effect model: additive, antagonistic, dominant, (4) mean or sum over
habitats, (5) reduced spatial resolution, (6) improved pressure
resolution, and (7) ecological thresholds instead of linear responses
of EC to increasing pressure. Uncertainty analysis was conducted
using Monte Carlo simulations with 2500 interactions by randomly
varying the seven factors. The output of this analysis estimates for
each EC and pressure the percentage of simulation runs where each
term was among the largest and smallest contributors to overall
combined effect scores. Moreover, the simulations help identify areas
consistently classified with high and low combined effect scores, using
this information to recognize ‘hot spots’ and ‘cold spots’ of combined
effect (e.g., Murphy et al., 2024). Finally, a sensitivity analysis was
conducted to identify the factors that most influence the combined
effect model outputs. The sensitivity analysis was based on the
elementary effects method (Morris, 1991), as adapted by Stock and
Micheli, 2016. A total of 1000 runs with random factor starting points
were conducted. The absolute values of the elementary effects from
these runs were then averaged for ecosystem components and for
pressures to calculate the metric ‘mu*’, where higher mu* values
indicate greater importance of the factor on the estimate of the
combined effect model.

3 Results

The study area (i.e., the seafloor below the 200 m depth)
includes 92% of the seabed area of the Mainland Portugal EEZ.
The combined effect of endo- and exogenic pressures was assessed
for a total of 15 benthic ECs (Supplementary Figure SI). Abyssal
benthic habitats were the most representative ECs, accounting for
85% of the total area (Table 3), followed by Atlantic lower bathyal
seabed (approximately 7%). The remaining ECs together occupy
less than 8% of the study area.

3.1 Activities

From a total of 47 specific primary activities identified as
occurring or potentially occurring within the study area, we were
able to compile information for 16 (Supplementary Figures S2-S8).
The temporal coverage of the datasets used varied depending on the
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TABLE 3 Total area of each ecosystem component identified within the
study area, below 200 meters depth.

Ecosystem Total Percentage
component area (kmz) of coverage
Atlantic lower abyssal seabed 135966.7 45.0%
Atlantic mid abyssal seabed 87119.9 28.9%
Atlantic upper abyssal seabed 33249.4 11.0%
Atlantic lower bathyal seabed 21964.6 7.3%
Atlanto-Mediterranean mid

bathyal seabed 14454.2 4.8%
MEG62: Atlantic upper

bathyal mud 4509.5 1.5%
Atlantic upper bathyal seabed 2522.8 0.8%
Atlanto-Mediterranean mid

bathyal mud 999.5 0.3%
MES52: Atlantic upper

bathyal sand 668.5 0.2%
MEI12: Atlantic upper

bathyal rock 215.3 0.1%
Atlanto-Mediterranean mid

bathyal sand 130.0 <0.1%
MF62: Atlantic lower

bathyal mud 494 <0.1%
Atlanto-Mediterranean mid

bathyal rock 39.9 <0.1%
ME42: Atlantic upper bathyal

mixed sediment 9.4 <0.1%
ME32: Atlantic upper bathyal

coarse sediment 0.6 <0.1%

data source. The oldest data refers to 1969 while the most recent
records extend to 2023. The oldest records included in the study
concerns to seismic survey and boreholes related to oil and gas
exploration and research activities. Nevertheless, most of the
information is related to the period from 2000 onwards. The most
widespread activities in the study area, based on the number of affected
cells, are marine traffic (with shipping virtually present everywhere —
in 100% of the grid cells - followed by tourism cruises recorded in
81.2% of the study area) and longline fishing (83.7%). The least
dispersed activities are shipwrecks (0.4%) and fish surveys (0.4%).

Fishing intensity varied across gear types. Benthic trawls and
dredges had the highest fishing intensity (up to approximately 975
average annual hours per km” per year), predominantly in the
southern part of mainland Portugal, followed by nets and fixed
gears (up to 300 average annual hours per km® per year),
concentrated more in the center-northeast of the study area.
Pelagic longlines had the lowest fishing intensity recorded (up to
around 55 hours, Supplementary Figure S2); however, this fishery is
more dispersed across the study area. The most intense pelagic
longline fishing activity occurred around the Gettysburg and
Ormonde seamounts (Gorringe Bank) and the Ampére Seamount
within the Ampere-Coral Patch MPA.
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Oil and gas exploration operations concentrated along the
continental slope while research activity was more spread
throughout the study area. Regarding oil and gas exploration, 61
piston cores and survey operations were identified, affecting less
than 0.008 km” of the study area. Additionally, information about
six transects of 3D seismic surveys covering approximately 8532
km? (about 3% of the study area) was compiled as well as data about
1047 transects of 2D seismic surveys. However, the total affected
area for the 2D surveys could not be estimated. The negligible area
affected by these operations or the unsuitable format of the available
information to derive adequate proxies of pressures caused by these
activities led to the exclusion of information about oil and gas
exploration from the estimation of activity intensity and associated
pressures and consequently from the CEA. This limitation was also
observed for some of the datasets related to research operations.
Information about 686 boreholes, representing an affected area
smaller than 0.001 km? 23 geophysical survey lines and seven
multibeam surveys was collected but not considered in the CEA.
The exception was the data from fishing trawling surveys, which
was used to estimate the intensity of research operations in the
study area. On average, around 19 km* was swept annually.

Within the activities identified for Services and Tourism,
shipping and commercial cruises have maximum route densities
of 4059 and 76 per km? per year, respectively. These activities were
mostly concentrated along the continental slope and more offshore
areas along the western coast of mainland Portugal, while in the
southern part of the study area, shipping and cruise traffic began to
diverge towards the Strait of Gibraltar. For military activity, the
vessel density follows a similar spatial pattern to shipping, although
at lower densities (maximum density 0.06 average hours per km*
per year) and more concentrated in areas closer to territorial waters.
Finally, the submarine cable routes cross the study area in various
directions, converging in the region closer to Lisbon and Setubal.

Regarding climate change, the overall variation in average
seafloor conditions for salinity and temperature (°C) in the study
area was greater during the early period (1993-1998) compared to
the recent period (2016-2021, Figure 2). When comparing the two
periods for areas where anomalies were detected (Supplementary
Figure S9), there is no clear trend in the salinity and temperature
weekly averages over time, with differences observed between
periods ranging from -0.014 to 0.033, and -0.082 to 0.131,
respectively (Figure 2). Conversely, a clear decreasing trend in
average pH was observed over time, becoming more pronounced
when comparing the two periods, with differences between weekly
averages ranging from 0.003 to 0.008. If considering the overall
spatial variation for the entire study area, then more clear trends are
detected for the three parameters. When analyzing the variation of
each variable at the grid cell scale, the differences in the mean
weekly averages between the two periods become more
pronounced. Salinity and pH present an overall decreasing trend,
varying respectively from -1.840 to 0.423, and from -0.082 to 0.019
(Figures 3A, B), while temperature shows increasing trends, with
differences ranging from -3.880 to 5.320°C (Figure 3C). During the
early period (1993-1998), 45.6% of grid cells displayed at least one
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week with a positive salinity anomaly that exceeded the standard
deviation for a given week of the year. This proportion increased
slightly to 48.4% in the recent period (2016-2021). For temperature,
52.9% of cells exhibited at least one week with a positive anomaly
exceeding the standard deviation in the early period, decreasing
slightly to 51.0% in the period between 2016 and 2021. With respect
to pH, the frequency of cells with at least one week with a negative
anomaly exceeding the standard deviation increased from 43.9% in
the early period to 52.9% in the recent period.

3.2 Pressures

Pressure layers were generated for 14 out of the 27 pressures
identified as occurring or potentially occurring within the study area
(Figure 4; Supplementary Figures S9-S12). Based on the linkage
framework of activities-pressures-ecosystem components, only the
pressures related to changes in salinity, temperature and pH were
fully represented, encompassing contributions from all the relevant
specific primary activities that lead to them. For other pressures, data
on contributing activities was either partly available or not used due
to result in an inadequate proxy for pressure intensity. Hence,
the overall characterization of pressures distribution and intensity
in the study area is underestimated and only partially mapped.

The most widespread pressures in the study area, based on the
number of affected grid cells, were related to chemical changes,
chemicals and other pollutants: litter affects virtually the entire
study area (100%), followed by the introduction of synthetic
(88.2%) and non-synthetic compounds (87.9%). Additionally, the
introduction of microbial pathogens (biological disturbances) was
also considerably widespread, impacting 87.9% of the study area.
Conversely, the less widespread pressures identified were abrasion
and damage (6.2%; physical disturbance) and salinity changes
(9.8%; climate change).

3.3 Combined effect assessment

3.3.1 Overall impact risk for the study area

The overall IR calculated using SCAIRM for the study area
identified activities related to fisheries, military operations,
shipping, and climate change as the main sources of impact
(Figure 5). Impact Risk from endogenic pressures decreases with
depth, whereas IR from exogenous pressures tends to increase with
depth, representing the pressures contributing most to the IR at the
abyssal level. Activities related to military operations and shipping,
which are the main pressures contributing to the IR at the bathyal
level (Supplementary Figure S13), primarily cause chemical
changes, pollutants, and other contaminants. These are followed
by benthic trawling and dredging operations, where their
contribution to the IR results largely from the abrasion and
damage of ECs. On the other hand, the exogenous pressure
contributing most to the IR in the ECs results from changes in
pH. Excluding climate change, the primary activity type
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FIGURE 2

Average pH, salinity, and temperature (°C) at near seafloor conditions for the early (1993-1998, brown line) and recent (2016-2021, green line)
periods. This analysis was based on grid cells where anomalies — positive for salinity and temperature, negative for pH — exceed one standard
deviation at least once in the analysed period. The shaded areas indicate the standard deviation from the mean.

contributors to the overall IR in the study area are Services (55.7%)
and fisheries (13.9%). The top three pressures affecting the study
area in terms of aggregated IR are litter (44.1%), changes in pH
(29.4%), and introduction of non-synthetic compounds (9.2%). The
pressures of less concern include salinity changes due to climate
change, translocation of species and artificialization of habitat. The
average value of IR aggregated by ecosystem components was 0.424
+ 0.266 (mean + standard deviation). The ecosystem component
under the highest IR is the ME32 - Atlantic upper bathyal coarse
sediment (0.966), particularly due to risk of impact resulting from
litter and introduction of non-synthetic compounds while the least
impacted is the Atlantic mid abyssal seabed (0.097), primarily
affected by changes in pH level.

3.3.2 Spatial explicit assessment of
combined effect

When analyzing the combined effects on the scale of grid cells,
changes in pH levels were again identified as among the most
important pressures affecting the study area (Supplementary Table
S5). Pressures related to chemical changes, chemicals, and other
pollutants were also identified as a major pressure class affecting
deep-sea ecosystems, with litter assuming the position of the second
most relevant pressure. The physical disturbance resulting from
changes in siltation was identified as the third most relevant.
Changes in salinity levels and artificialization were once again
identified as among the least relevant pressures impacting the
study area.
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The combined effect score (CES) in the study area varied from
nearly zero to 15.20 (1.09 + 1.13, mean = standard). High-intensity
effects were mostly found on the edges of the continental shelf,
especially in the south areas located closer to the mainland
(Figure 6A). Based on the third quartile of distribution of the
CES, the combined effect score was generally below 2.5
(Supplementary Figure S14). When standardized by the area
covered by benthic habitats, the ecosystem component with the
highest average effect score identified was the Atlantic upper bathyal
mixed sediment (CES = 3.12), while the Atlantic mid abyssal seabed
had the lowest (CES = 0.06). The shallower benthic habitats were
consistently ranked among the most impacted in the study area, in
all tested scenarios of the uncertainty analysis (Figure 6B), namely
the Atlantic upper bathyal coarse sediment, mixed sediment and
rock (>77% of Monte Carlo simulation runs, Supplementary Table
S6). Conversely, the more remote Atlantic mid and upper abyssal
seabed were among the least impacted ECs (>98% of Monte Carlo
simulation runs) with a substantial area defined within the
proposed deep-sea MPAs (Figure 6B). When vulnerability of the
ecosystem components is ignored in the calculation of the
combined effect score, the overall spatial pattern remains
consistent (Figure 6C). However, the change in the magnitude of
the CES could approach 50%, with larger differences observed in the
shallower ECs (Figure 6D). Overall, the combined effect on benthic
habitat results from multiple pressures with relatively balanced
contributions (Figure 7). However, as depth increases, the
number of these pressures decreases, while the contribution of
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FIGURE 3

Spatialised differences in the mean weekly average (n = 315 weeks per cell) seafloor conditions for (A) pH, (B) salinity, and (C) temperature (°C)
between the two 6-year periods: 2016-2021 vs. 1993-1998. Greater differences between means are represented by darker shades.
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pressures related to climate change and chemical changes,
chemicals and other pollutants gains more influence.

The sensitivity analysis averaged over all ecosystem components
and pressures highlighted that, of all the factors tested, the output of
the CEA is less influenced by the type of aggregation process chosen
(i.e., using the sum of impacts on all ecosystem components in a
grid cell or the mean of impacts, Figure 8). Factors such as the use of
finer resolution of the pressures data, the type of cumulative model
applied (i.e., additive or antagonistic), or the omission of pressures
from the model, showed greater influence on the CEA output.
However, their influence was lower compared to the impact of
assuming linear responses of ecosystem components to increasing
pressures rather than ecological thresholds. For the ECs, sigma*
values were higher than mu* values, indicating that the effects of
these factors on CEA output depended on the values of other factors
and the stochastic elements of the model.

4 Discussion

Our understanding of deep-sea ecosystems and their response
to anthropogenic pressures remains limited. However, the extensive
coverage of deep-sea ecosystems within the European EEZs requires
a comprehensive assessment of threats to mitigate pressures and
achieve an environmental status aligned with the objectives of the
EU Marine Strategy. We mapped multiple pressures occurring in
deep-sea areas of the Mainland Portuguese EEZ to identify where
they are most pronounced. This information indicates where
protection and pressure mitigation measures are most needed and
where the ecosystems components are under higher risk of being in
poorer conditions.
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In the study area, fisheries (i.e., trawling, nets and fixed gear,
longlines), shipping, and military operations dominate the bathyal
level, contributing primarily to physical disturbances on deep-sea
benthic habitats and chemical changes and pollution. Trawling is a
well-known threat to benthic habitats. Despite being less prevalent
in terms of area coverage in the study area compared to other
activities, its negative effects on the benthic ecosystem can be severe.
In heavily fished areas, it can lead to the loss of up to 95% of large
sessile fauna in heavily fished areas compared to unfished areas
(Koslow et al., 2000), reshaping the seabed and provoking
sedimentological changes (Duran et al., 2023). These disturbances
affect not only the seabed integrity but also the ecosystems
functioning (Ramalho et al., 2020) with significant consequences
for the GES of the ecosystems (Ramalho et al., 2017; Paradis et al.,
2021). Longlines, nets, and traps are less harmful fishing methods
for deep-water habitats. However, the amount of lost fishing gear,
especially gillnets, is a major problem as they can continue to kill for
extended periods. Fisheries were also determined as the primary
source of marine litter, for instance, in seamounts present in the
study area (Vieira et al,, 2015). The amount of litter produced is
reportedly different across fishing gear types (Richardson et al,
2022). For instance, according to Eurostat, between 2012 and 2019,
the average number of vessels operating trawls in Portugal
Mainland was 127. Assuming an average loss of fishing gear of
2120.98 m” for bottom trawls annually per vessel (Richardson et al.,
2022), the estimated amount of marine litter resulting solely from
this activity in all study area would be 0.27 km®. However, as the
number of vessels operating in the area within the remaining gear
types (i.e., fixed-nets and long-lines) could not be established,
fishing hours per cell was the common indicator available across
gear types used as proxy for litter pressure derived from fishing
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FIGURE 4

Sankey diagram representing the linkage framework of activities occurring or with potential to occur within the study area and resulting pressures.
The height of the strata (white boxes) indicates the number of activities represented within each activity/pressure category. Red flows represent
activities for which there is no information available. Yellow flows represent linkages with available information on activities but considered
inappropriate proxies for estimating the resulting pressures or deemed negligible within the study area. Green flows indicate linkages included in the
combined effect assessment. Pressure names in bold indicate the pressures for which data layers were generated. FishBent, Benthic trawls and
dredges; FishNet, Nets (fixed/set/gillnets/other nets/lines); FishPel, Long-line pelagic; Milit, Military; Tect, Tectonics events.

activities. Future attempts to generate pressure layers, integrating
literature-based information, will enhance future CAE by more
accurately representing pressure intensity and combined effects. In
addition, when selected indicators reflect more accurately the
amount of pressure (e.g., litter) produced by each of the specific
activities, they will also support a more efficient evaluation of the
impact of the measures implemented to reduce that pressure in the
marine environment.

In abyssal areas, exogenous/unmanaged processes related to
climate change are the most widespread. These processes led to
changes in pH over large areas and, to a lesser extent, changes in
water temperature and salinity. Climate change is recognized as one
of the top pressures on deep water habitats in regions like the Scotian
Shelf in Atlantic Canada and the area influenced by the California
Current, due to the widespread distribution and high vulnerability of
many ecosystems (Halpern et al., 2009; Murphy et al., 2024). Changes
in water conditions near the seafloor, including temperature and pH,
can directly impact deep-sea organisms by altering their metabolism
and body structure (Sweetman et al., 2017), which can hinder the
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recovery of ecosystem components from pressures like physical
damage. The observed decreasing trend in pH levels in the study
area aligns with predictions that by 2100, the North Atlantic
Ocean’s seafloor below 500 meters may experience a reduction in
pH levels greater than 0.2 units (Gehlen et al., 2014). This decrease in
pH causes a rise of the carbonate compensation depth (CCD)
submerging important geomorphological features, such as canyons
and seamounts, below the CCD (Harris et al., 2023). In our study area
several of these features are included in proposed or designated
MPAs that will not be effective in protecting from climate change,
but may minimize the compounded effects with other pressures.
In this study, we examined positive salinity anomalies under the
assumption that increased salinity poses a higher risk to biological
communities. However, the limited understanding of deep-sea
ecosystems constrains our ability to accurately assess the impacts
of salinity changes (Rothig et al., 2023). Given the overall
decreasing trend in this parameter in the study area over time,
future assessments may also consider negative anomalies in
their analysis.
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FIGURE 5
Sankey diagram representing the impact chains of activities, resulting pressures and ecosystems components affected weighted according to the
Impact Risk (IR) calculated using SCAIRM. The different shades of green group impact chains within the same group of primary activities. The height
of the strata (white boxes) corresponds to the value of the aggregated IR. The top three pressures, based on aggregated IR, are highlighted in bold.
FishBent, Benthic trawls and dredges; FishNet, Nets (fixed/set/gillnets/other nets/lines); FishPel, Long-line pelagic; Milit, Military.

Although mapped, some activities were only partially
represented in this study due to a lack of data or their low
frequency. In this study, research activities are one of those
examples although a large fraction of the study area remains
essentially unexplored (Stratoudakis et al., 2019). Moreover,
except for fisheries-related research, research activities generally
cause localized impacts of a few square meters (Benn et al., 2010).
Other activities that might result in considerable impacts on deep-
sea benthic habitats are related to oil and gas operations. Currently,
no exploitation rights have been granted in Portugal due to
uncertainties related to the economic viability of the operations
and public opposition to these activities. No changes on this
situation are foreseen (DGEG; Pinto and Castro, 2021)
consequently, it is not anticipated that this activity will pose a
threat to the benthic ecosystem within the study area in the future.
Conversely, the exploitation of mineral resources on the deep
seafloor has received increased attention worldwide in recent
years (Levin et al, 2020). In the mainland component of the
Portuguese EEZ, the presence of Fe-Mn crusts rich in cobalt are
reported from seamounts and polymetallic nodules in abyssal areas,
although the latter have not been explored for this purpose
(Madureira and Ribeiro, 2023). The Portuguese authorities have
called for a moratorium on mining in the Area (the seabed and
ocean floor and subsoil thereof, beyond the limits of national
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jurisdiction) but no clear position was yet taken regarding
exploiting mineral resources in the seafloor under national
jurisdiction. Consequently, potential pressures resulting from
these activities, currently absent in the study area, could become
threats in the future.

4.1 Combined effect assessment

Overall, the results of the CEA for the entire study area were
comparable to the assessment of combined effect at the grid cell
scale. However, some differences arise regarding the ecosystem
components potentially under higher threat. SCAIRM identifies
examples both of bathyal and abyssal ECs among the most
impacted, while when using the combined effect score at the grid
cell scale, the habitats potentially more impacted are located at the
bathyal area. These differences arise from the method used to
calculate pressure effects on ecosystem components. The SCAIRM
approach we applied estimates the IR for the total area of the EC.
For ecosystem components in the bathyal zone with relatively large
areas but activities concentrated in specific locations (e.g., benthic
trawling), SCAIRM reduces the estimated overall effect of related
pressures and tends to attribute more weight to pressures that
are widespread.
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FIGURE 6

(A) Distribution of combined effects across the study area, with warmer colours indicating higher combined effects. (B) Hot and cold spots areas of
combined effects (CE): hot spots (red shades) represent regions in the combined effect map with CE scores in the top 25" percentile of the combined
effects and were identified in at least 75% of 1000 Monte Carlo simulations. Robust hot spots are those consistently appearing in the top 25"
percentile in at least 90% of simulations. Cold spots (blue shades) represent areas in the bottom 25" percentile of CE scores, also detected in at least
75% of simulations, while robust cold spots are consistently identified in the bottom 25" percentile in at least 90% of simulations. (C) Distribution of
combined effects ignoring the vulnerability of ecosystem components to pressures. (D) Map showing differences in CE scores between CEA outputs,

with and without accounting for ecosystem vulnerability to pressures.

The spatially explicit CEA identified areas in the bathyal zone,
closer to the 200 m bathymetric contour and extending from the
Lisbon region to the south, as the most impacted. These areas are
near shallower waters where a higher concentration of human
activities occurs along Mainland Portugal’s EEZ (Fernandes et al.,
2017). All the three categories of endogenic pressures considered
are present in this area (i.e., physical change, biological disturbance,
chemical changes, chemical and other pollution). Notably, for most
bathyal habitats, no single pressure truly stands out from the others.
This could result from multiple factors, including the clustered
distribution of human activities, limitations due to poor habitat
mapping and the partial availability of information on activities
contributing to each pressure. As we move deeper, some pressures
gain relevance, particularly those related to physical disturbances
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(e.g., changes in siltation, smothering) and chemical changes and
pollution (e.g., introduction of synthetic compounds and litter). For
abyssal benthic habitats, the dominance of some pressures is more
evident, particularly the change in pH levels, and again litter and
introduction of synthetic compounds. The reduction or absence of
the effects of other pressures at abyssal depths can be explained by
the distance of these habitats (hundreds of kilometers) from where
most human activities take place. However, and despite that this
CEA focused on the benthic components of the deep-sea, we cannot
disregard the cascade effects from pressures harassing the pelagic
environment, particularly those capable of disrupting benthic-
pelagic coupling of critical processes such as e.g., nutrient cycling
or energy transfer across food webs (Graf, 1989; Griffiths et al.,
2017). Such pressures may have indirect implications to the deep
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Contribution (%)

Relative contribution of pressures (measured by the number of grid cells affected within the total number of cells impacted) to the combined effect

by ecosystem component.

seafloor components (Zhulay et al., 2023; Wurz et al., 2024),
through impacts on the water column biotopes or pelagic
processes and should be integrated in future assessments.

In addition to the distribution of pressures, the spatial variation
in combined effects is also largely influenced by the distribution and
relative vulnerability of marine ecosystems (Halpern et al., 2009).
The most sensitive ECs occur in the bathyal zone, where the
pressure intensity is also higher. Ecosystem components already
affected by multiple endogenic pressures face an increased risk of
further negative impacts from climate change (Levin, 2019).
However, in the study area, the overlap between endogenic and
exogenic pressures seems limited so far and synergistic effects have
not been considered in this assessment. Vulnerability of the
ecosystems to pressures is an important component of the
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approaches applied here, the SCAIRM (Piet et al.,, 2023) and the
CEA using the Halpern et al. (2008) method. Both methods rely on
expert judgement-based criteria to distinguish between degrees of
vulnerability as characterized by complimentary elements (e.g.,
hazard - negligible to highly lethal, behavioral - likelihood of
interaction based on avoidance response, time to recovery
(ranging, from example from up to a year to over a century).
Grasping how hazardous a pressure can be, its functional impact
and how resistant are deep-sea communities or creating
expectations about behavioral responses of yet unknow species
and entire ecosystems let alone their recovery times, calls for
highly conservative and precautionary use of vulnerability or
sensitivity scores in deep-sea CEA studies (Smith et al., 2020).
The poor resolution of global deep-sea environments habitat
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mapping, which this study so well illustrates, reflects the poor
knowledge of deep-sea communities’ composition and
distribution, and in this context, discriminating and prioritizing
based on ecosystems’ vulnerability becomes even more challenging.

4.2 Implications for policy

Ensuring the sustainable use of the deep sea is a complex
endeavor, given the uncertainty surrounding how deep-sea
ecosystems will respond to exo- and endogenic pressures and the
consequent implications for the ecosystem services and functions
they provide (Armstrong et al., 2019). Achieving this objective is
even more challenging when confronted with potentially competing
business and policy objectives. Our results provide a snapshot of the
recent impacts of multiple pressures, excluding older historical
effects and omitting human activities for which data were
insufficient, lacking or their presence is limited in space. This
baseline serves as a reference point for comparing future
combined effect assessments in the study area. As new data
become available, these results must be continuously refined to
reflect the evolving state of the ecosystem components and address
the objectives of the MSFD. The areas identified with higher
combined eftfects should be considered as priority locations for
additional research and may require conservation/restoration
actions. For instance, the area between 200 and 500 meters depth
from the Lisbon region to the south of mainland Portugal is among
the most intensively fished in European waters by trawling fleets
(Bueno-Pardo et al., 2017; Eigaard et al., 2017). Currently, measures
like the European Council EC Regulation 2016/2336, which
prohibits bottom trawling below 800 meters for vessels targeting
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deep-sea fish species, do not protect these highly impacted
locations. On the other hand, the decreasing trend in the intensity
of human activities and resulting pressures as depth increases
suggests that remote areas are potentially in better condition than
those closer to the mainland, as observed for deep-sea areas in
contiguous Spanish waters (Kazanidis et al., 2020). However, is
important to note that the comparison of the combined effects is
relative within the study area and not necessary reflect the real state
of the ecosystem component (Micheli et al., 2013).

The results presented herein might also contribute to achieve
the Aichi and the Kunming-Montreal Global Biodiversity
Framework targets of the Convention on Biological Diversity by
supporting targeted conservation measures. Of the four proposed or
designated deep-sea MPAs, three are consistently classified as cold
spots of combined effects. Additionally, these areas experience
relatively low levels of exogenic pressures, which are particularly
challenging to mitigate, compared to other pressures in the study
region. These results indicate that these areas may be among the
most suitable for effectively protecting deep-sea benthic habitats in
the Portuguese Mainland EEZ. The Nazare Canyon MPA, however,
in its portion that is closer to the shore, is consistently classified as
hot spot of combined effects. Considering the role of submarine
canyons as transport pathways of litter and chemical pollution from
the shelf to the deep-sea, this process deserves especial attention in
the next steps of the implementation of this MPA. Similar hot spots
of combined effects have been detected in the areas of Cascais,
Lisbon and Settibal canyons. As recognized by the designation of
the West Iberian Canyons EBSA (CBD, 2019), these are important
areas for the maintenance of biological diversity and ecosystem
processes. EBSAs do not confer management obligations, but they
do highlight areas where additional management measures may be
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appropriate. Our results contribute to prioritizing precautionary
efforts and to the design of activity-specific management zones,
both within and outside MPAs. Nevertheless, several other points
need to be considered when defining Area-Based Management
Tools, including MPAs, such as ensuring the representativeness of
geomorphic features and benthic habitats (Fischer et al., 2019). The
current resolution of deep-sea benthic habitat poorly represents the
study area’s habitat diversity (e.g., occurrences of cold-water coral
and sponge aggregations), due to the lack of biological and
ecological data. Addressing this gap is crucial to support the
conservation of deep-sea habitats and enhance future CEAs.

4.3 Sources of uncertainty

The reliability of CEA results heavily depends on the quality
and accuracy of the underlying data (Halpern and Fujita, 2013;
Stock and Micheli, 2016; Korpinen et al., 2021). Data on the
distribution of human activities and ecosystem components at
appropriate spatiotemporal scales is a fundamental requirement
(Solaun et al., 2021). This study is a case study constrained by data
limitations. While some data is available, it may not be sufficient to
fully characterize all activities and pressures identified or with
potential to occur within the study area. Also, ecosystem
components within the study area are poorly mapped. The largest
proportion of the study area has been classified solely based on
bathymetry to distinguish between EC, while the substrate
classification has been simplified to ‘seabed’. Vulnerable marine
ecosystems like habitat-forming species are not identified in the
study area using the most recently available EUSeaMap, despite the
known presence of VMEs indicators such as deep-sea sponge
aggregations, cold-water corals (ICES, 2020). Hence, the low
spatial resolution of deep-sea benthic habitat mapping limits our
ability to accurately identify and assess the risk of pressure effects.
This gap can be partially overcome in the future with more survey
effort and ecological modeling techniques (e.g., Morato et al., 2020).
Regarding human activities, the AIS data, for example, are a
valuable source for mapping the potential fishing footprint, but
they may not fully capture the total extent of the activity or all shifts
in fishing locations over time (Morgan and Baco, 2021). The same
issues apply to pressures; for instance, in addition to the intensity of
various human activities (e.g., maritime traffic, fishing), topography
(e.g., the presence of submarine canyons) and oceanography
determine the concentration of litter in the deep sea (Mordecai
et al,, 2011; Mecho et al., 2020). Nevertheless, the estimated spatial
distribution of combined effects on benthic habitats is expected to
accurately represent the actual conditions. Human activities should
generally be more concentrated in the shallowest areas and become
more diffuse as they extend into deeper regions.

In this study, the overlap of human activities with ecosystem
components was used as the baseline to define a proxy for pressures.
To reduce the uncertainty of this type of proxies, future studies
might also include dispersal/diffusion models to better estimate the
pressure extension and intensity in the study area (Loiseau et al.,
2021). The sensitivity analysis identified the omission of pressures
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from the model as a major factor influencing the CEA output. The
omission of pressures from the CEA may lead to the
misrepresentation of key drivers, resulting in the underestimation
of the overall effect score and limiting the effectiveness of mitigation
measures. One pressure considered important in marine ecosystems
is underwater noise. However, it was not possible to include this
pressure in this assessment due to the lack of studies on underwater
noise propagation. Nevertheless, despite the potential for
widespread underwater noise pollution along major shipping
routes, the impact on deep-sea benthic organisms may be limited
(Glover and Smith, 2003). Vulnerability scores are a fundamental
part of the CEA approach. Evaluating potential negative impacts of
multiple human-induced pressures on deep-sea ecosystems depend
primary on expert knowledge (e.g., Teck et al., 2010). Nevertheless,
expert knowledge is also subject to uncertainty when estimating the
sensitivity of ECs to a given pressure. This uncertainty should be
considered during the CEA and can be addressed by estimating
score ranges based on different sensitivity scenarios to improve the
reliability of assessment results and their use for management (e.g.,
Jones et al., 2018). However, the sensitivity of CEA results to
different vulnerability scores was not a major influence in this
study. Finally, because pressures often impact ecosystem
components in non-linear ways causing cascading effects within
ecosystems, approaches based linear models may oversimplify or
underestimate the consequences of such impacts (Griffiths et al.,
2024). We tested the effect of changing the nature of the pressure
effect (i.e., additive, antagonistic, dominant) on the CEA results.
The sensitivity analysis identified this factor as the second most
influential for the ranking of the ECs. Assuming the interactions
among pressures as solely additive may lead, for instance, to an
underestimation of combined effects compared to synergistic
interactions, potentially resulting in misleading management
decisions and increasing risks to ecosystems. Although accounting
for the nature of interactions between pressures is crucial to
estimate their effect on EC, its implementation remains difficult
(Hodgson et al., 2019). Methods based on tipping point detection
could help overcome this limitation. However, their application,
especially in the deep sea, is hindered by the scarcity of long-term
datasets (Orejas et al., 2020). These datasets are essential for
comparing current conditions to baseline data and identifying
trends over time.

4.4 The way forward

Addressing the multiple pressures on the deep sea requires
effective conservation and management measures. However,
significant knowledge gaps and governance challenges hinder our
ability to adequately manage these pressures and ensure GES of
deep-sea ecosystems (Johnson et al,, 2018). We identified the
improvement of benthic habitat mapping as a primary need to
enhance the assessment of cumulative effects in deep-sea
ecosystems. The characteristics of deep-sea benthic habitats, such
as their low resilience to impact, combined with the absence of
baseline information (i.e., habitat distribution, vulnerability and

frontiersin.org


https://doi.org/10.3389/fmars.2025.1532964
https://www.frontiersin.org/journals/marine-science
https://www.frontiersin.org

Matos et al.

ecosystem responses to pressure effects) and the lack of long-term
data series to evaluate trends, hampers the effective assessment of
the environmental status of the deep sea. Enhancing international
scientific collaboration through global initiatives like Challenger
150 (Howell et al., 2020) and fostering industry partnerships is
therefore essential to address this limitation through monitoring,
evaluation and adaptative management. Another important
limitation to the application of the methodology followed in this
study originates from the availability and quality of data related to
activities and pressures, which affect, for instance, the development
of more suitable pressure proxies. The continued provision of open-
access databases with quality-assured, standardized, and
harmonized marine data (e.g., EMODnet, European Atlas of the
Seas) is crucial for future attempts to assess the combined effect of
human activities and the ecological status of deep-sea ecosystems.
Also, the development and increasing availability of global
numerical ocean models with high temporal resolution provide
valuable hindcast information to estimate climate change trends for
various dynamic ocean variables, including those not covered in this
study but having a significant impact on marine ecosystems (e.g.,
dissolved oxygen). This approach is not limited to open ocean areas
but can also be applied to coastal marine ecosystems where regional
ocean models are available. These models typically offer higher
spatial resolution and better representations of ocean conditions,
enabling the assessment of combined effects derived from climate
change on shallow marine ecosystems. The spatial resolution used
in CEA is ultimately determined by the quality of the available data
and its relevance to the geographical scope of the assessment.
Nevertheless, integration with spatial scales of higher or lower
spatial resolution is technically feasible, supporting its application
in localized assessments (e.g., management plans for specific Marine
Protected Areas) or regional frameworks, such as within the scope
of the OSPAR Regional Sea Convention and the North-East
Atlantic Ocean marine region under the MSFD.
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